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Abstract
Background. Masseter muscle pathologies include hypertrophy and the experience of pain, which clinically 
manifest with increased stiffness and tension. Assessment of muscle stiffness has been gaining importance 
among physicians dealing with temporomandibular disorders (TMD). Currently, shear wave elastography 
(SWE) is still often performed by radiologists, while dentists diagnose, treat and monitor TMD.

Objectives. In this cohort study, we investigated whether dentists trained to use SWE can obtain reliable 
measurements of masseter muscle stiffness following participation in a short training program and hands-
on workshop.

Materials and methods. A group of healthy volunteers was examined by an experienced radiologist and 
a novice dentist before and after the training.

Results. The mean values of stiffness obtained by the operators were consistent and ranged from 10.20 kPa 
to 10.84 kPa. Intraobserver agreement was excellent for measurements of the radiologist (intraclass correlation 
coefficient (ICC) 0.92 and 0.93, respectively). The training improved the agreement between measurements 
made by the dentist from poor before the training (ICC = 0.46) to good after the training (ICC = 0.89). 
Also, the operator agreement between the radiologist and dentist increased from poor (ICC = 0.48) before 
the training to good (ICC = 0.84) after the training.

Conclusions. The diagnostic accuracy of measuring masseter muscle stiffness was acceptable among 
dentists after the training. For this reason, the patient can be diagnosed by a single TMD specialist. This can 
shorten the diagnostic process and reduce treatment costs.

Key words: elasticity, temporomandibular disorders, shear wave elastography, intraobserver agreement, 
interobserver agreement
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Background

Assessment of muscle stiffness using shear wave elas-
tography (SWE) has been gaining importance and greater 
interest among physicians dealing with temporomandib-
ular disorders (TMD).1 First, it  is an objective method 
for the  evaluation of  muscle and soft tissue stiffness 
in  general. Second, it  provides repeatable and reliable 
measurements that can be compared with other results 
over the treatment period and against the normal val-
ues. Third, muscle stiffness measured with SWE reflects 
the condition of the muscle.2 Shear wave elastography was 
developed to differentiate between malignant and benign 
thyroid and breast nodules, but now the method is gain-
ing wider application in other areas, including in muscles. 
In addition, the method is quick – a reliable examination 
by a skilled examiner takes about 1 min. Other meth-
ods of masseter muscle assessment have been reported 
to be useful (including electromyography, portable muscle 
hardness meter and manual palpation), but they are of less 
importance.3,4 The precision of SWE is rooted in shear 
waves created by ultrasound push beams that lead to tis-
sue displacement that is detected using pulse-echo ul-
trasound. Young’s modulus is used to calculate stiffness 
based on wave velocity.5

Most studies on SWE do not provide information about 
the specialty and experience of the examiner6,7; however, 
many reports on TMD indicate that masseter muscle ex-
aminations were performed by radiologists.8–13 Attempts 
have been made to engage radiologists in the monitoring 
of the treatment results of other pathologies of the sto-
matognathic system using SWE, such as bruxism and many 
other oral and maxillofacial diseases.12,14 To the best of our 
knowledge, no studies have investigated SWE performed 
by a dentist.

The TMD consists of a group of symptoms whose clas-
sification and taxonomy are evolving.15 The current diag-
nostic system for TMD (Diagnostic Criteria for Temporo-
mandibular Disorders (DC/TMD)) focuses on physical 
symptoms of the temporomandibular joints and masseter 
muscles (axis I) and assessment of psychosocial and behav-
ioral factors (axis II).16 This being said, the current criteria 
are based on clinical symptoms and disturbed functioning, 
which are mostly subjective. Masseter muscle pathologies 
include hypertrophy and the experience of pain, which 
clinically manifest with increased stiffness and tension.15–17 
Treatment of TMD is complex, especially if other chronic 
diseases coexist.18,19 The diagnostic process of TMD can be 
performed by dentists and maxillofacial surgeons. Physi-
cal therapists are usually engaged in treatment. Patients 
benefit from this multidisciplinary approach20; however, 
at the same time, late or mistaken diagnosis and delayed 
treatment due to other reasons contribute to the chronicity 
of the disease.21 For this reason, methods of rapid assess-
ment of the patient’s condition, which could be used during 
routine check-ups by dentists.

Due to the specificity of TMD, the diagnostic process 
and treatment are conducted by dentists. Currently, SWE 
of the masseter muscles is performed by radiologists who 
have limited knowledge about TMD. In contrast, in other 
specialties of medicine, SWE of internal organs can be 
conducted by physicians who treat the disease themselves 
and, at the same time, can use this examination as a fast, 
cheap and non-invasive modality to evaluate disease pro-
gression or to check the effectiveness of the treatment 
being used.22,23 Furthermore, SWE can be performed 
by a trained radiology technician.24 Such approaches may 
help in designing faster pathways for diagnosis and treat-
ment evaluation as well as reducing treatment costs.

Objectives

The aim of this study was to investigate whether TMD 
specialists and dentists trained to use SWE can obtain 
reliable measurements of masseter muscle stiffness follow-
ing participation in a short training program and hands-
on workshop. We hypothesized that stiffness of the mas-
seter muscle could be measured with similar accuracy 
by experienced radiologists and trained dentists with lim-
ited experience. For this purpose, interobserver agreement 
was analyzed.

Materials and methods

Study design

This cohort study included 51 healthy adult volunteers. 
Patients were recruited in September 2020 and examined 
through October 2020. All SWE examinations were per-
formed by a radiologist with 7 years of experience and 
a dentist with limited experience who participated in a tai-
lored training program. This 1.5-hour training program 
included ultrasound anatomy of  the  masseter muscle, 
technicalities of the Aixplorer Ultimate device (Super-
Sonic Imagine, Aix-en-Provence, France), and stiffness 
measurements. Masseter muscle stiffness measurements 
were performed twice. In the 1st round, measurements 
were made by the experienced radiologist and the novice 
dentist (30 people). After the 1st round, the dentist partici-
pated in the training seminar, which included experience 
sharing during which they could dispel doubts, discuss 
difficult cases, improve skills, and learn how to perform ex-
aminations correctly. In the 2nd round, measurements were 
made by the experienced radiologist and the novice dentist 
who participated in the training seminar (21 people). Dur-
ing the study, both observers were blinded to each other’s 
measurements as well as to the participant’s condition. 
Measurements conducted by the dentist were made imme-
diately after (obligatory within 10 min) the examinations 
by the radiologist. 
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Participants

Masseter muscle stiffness was measured in an outpatient 
setting. Fifty-one healthy adult volunteers were enrolled 
in the study. Volunteers were divided into 2 groups and 
examined by the radiologist and dentist before and after 
the training. The 1st group consisted of 30 people (12 men 
and 18 women) with a median age of 42 years. In the 2nd 
round, 21 people (6 men and 15 women) with a median age 
of 43 years were examined.

Only subjects without signs and symptoms suggestive 
of TMD based on DC/TMD were included.15 The ex-
clusion criteria were the following: any neuromuscular 
disorders, malignancy or pain within the masseter mus-
cles; a diagnosis of TMD in the history with or without 
treatment of TMD; current treatment with muscle re-
laxants and/or other drugs affecting muscle function; 
pregnancy; and breastfeeding. The study was conducted 
in  accordance with the  Declaration of  Helsinki, and 
the protocol was approved by the Bioethical Committee 
of the Wroclaw Medical University. All subjects gave their 
informed consent for inclusion before they participated 
in the study.

Masseter muscle stiffness expressed in kilopascals was 
a continuous variable. The condition of the masseter mus-
cles was confirmed during the physical examination and 
medical history of the participants.

Data sources/measurement

To measure masseter muscle stiffness, the Aixplorer 
Ultimate device with a high-frequency linear probe SL 
18–5 (5–18 MHz) with a width of 55 mm was used. Prop-
agation of shear waves in tissues varies between 1 m/s 
and 10  m/s, which corresponds to  elasticity of  1  kPa 
to 300 kPa. The tests were performed in the morning, 
before the first meal. The subjects were asked to lie down 
in the supine position, remain relaxed and comfortable 
during the examination, and refrain from swallowing. 
Before the  examination, the  probe was covered with 
an ultrasound gel for better visualization. The patients’ 
tissues were not compressed. The probe was placed lon-
gitudinally to the long axis of the masseter muscle, and 
a region of interest (ROI) with a circle size of 4 mm was 
positioned in the center of the muscle (the widest part 
of the muscle belly). The center of the masseter muscle 
was defined as the widest part of the masseter muscle 
belly and confirmed by ultrasound. With each patient, 
10 measurements of the left masseter muscle and 5 mea-
surements of the right masseter muscle were recorded 
and analyzed.

All measurements were performed in the same settings 
and conditions to ensure that the impact of other factors 
on muscle stiffness was eliminated. The study group in-
cluded healthy people without any pathology of the mas-
seter muscles.

Statistical methods

The collected data were stored in an Excel spreadsheet 
(Microsoft Excel 2013; Microsoft Corp., Redmond, USA) and 
statistically analyzed using the MedCalc v. 19.5.3 (MedCalc 
Software Ltd., Ostend, Belgium). Means and standard devia-
tions (SDs) were calculated. Reproducibility of the results 
was assessed using a descriptive statistic – intraclass cor-
relation coefficient (ICC).25 Intraobserver agreement was 
evaluated based on a comparison of the first 5 measurements 
and the last 5 measurements of the left masseter muscle 
by the same examiner. For interobserver agreement, mea-
surements carried out by the radiologist and the dentist were 
compared (the first 5 measurements from before the training 
and the 5 measurements after the training were considered). 
The ICC values were interpreted as poor for ICC below 0.5, 
moderate for ICC between 0.5 and 0.75, good for ICC be-
tween 0.75 and 0.9, and excellent for ICC above 0.9.26 The ICC 
estimates and their 95% confidence intervals (95% CIs) were 
calculated using the MedCalc v. 19.5.3 based on the reliabil-
ity of single ratings (k = 2), consistency, two-way model, and 
the same raters for all subjects. Graphical presentation of op-
erator agreements was presented on Bland–Altman plots.

Results

The overall mean stiffness of the masseter muscle mea-
sured by the radiologist was 10.73 kPa. Table 1 presents details 
(means with mean SDs) of stiffness values recorded by the ra-
diologist and the dentist before and after the training. Opera-
tor agreement, measured with ICC, between the radiologist 
and dentist increased from 0.48 before the training to 0.84 
after the training. The ICC values are presented in Table 2.

A graphical presentation of the interobserver agreement 
is depicted in Fig. 1. The plots showed a mean difference 
of −0.1 kPa between operators before the training and 
−0.07 kPa after the training. The limits of agreement were 
larger before the training (from −1.01 to 0.98) than after 
the training (from −0.94 to 0.80).

The mean values of stiffness of the healthy masseter 
muscles obtained by the operators were consistent and 
ranged from 10.54 kPa to 10.88 kPa. However, SD val-
ues were higher for the dentist’s measurements than for 
the radiologist’s measurements, which indicates greater 
variability for the measurements of the novice operator. 
The operator agreement between the radiologist and den-
tist increased from moderate (ICC = 0.48) before the train-
ing to good (ICC = 0.84) after the training.

Discussion

The main strength of the study is that its design excluded 
other sources of variability, such as patient characteristics 
(e.g., amount of subcutaneous fatty tissue and age), known 
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to contribute to interobserver differences.27 All examina-
tions were performed on the same subjects and in the same 
environment, so the  experience of  the  examiner was 
the only variable that changed during the study. We believe 
this is the first study aimed at evaluating the interobserver 
accuracy of SWE in the evaluation of masseter muscle 
stiffness.

Although SWE has been proven to be a reliable method 
that produces reproducible results in kPa, allowing for 
comparison between patients and different time points 

in the patient, its results can be affected by many factors. 
One factor is the experience and knowledge of the exam-
iner and the associated learning curve.28,29 Several ap-
proaches have been used to quantify differences among 
observers reporting the same measurements, with interob-
server agreement being the most commonly used.

Interobserver and intraobserver reproducibility of SWE 
has been investigated for other organs, but not for the mas-
seter muscle until now. For example, Ferraioli et al.30 evalu-
ated the reproducibility of real-time SWE in the evaluation 
of liver stiffness. They reported an ICC of 0.93–0.95 for 
intraobserver agreement between measurements per-
formed in the same subject on the same day. The ICC 
for intraobserver agreement dropped to 0.65–0.84 when 
the examination was carried out in the same subject but 
on different days. The ICC for interobserver agreement was 
0.88. The study was performed on 42 healthy volunteers 
by 2 examiners. The 1st examiner, a radiologist, had more 
than 20 years of experience in abdominal ultrasound and 
4 years of experience in elastography, while the 2nd opera-
tor had limited experience (3 months of training in ultra-
sound and 1 day of training in SWE). They determined 
that based on their experience, a novice examiner should 
perform at least 50 supervised scans to obtain consistent 
results. In another study on liver stiffness measurements 
carried out by Grădinaru-Taşcău et al.31 on 371 consecu-
tive subjects, the number of reliable examinations was 

Fig. 1. Measurement of stiffness of masseter muscles carried out by the radiologist and dentist before and after the training (Bland–Altman plots)

Table 1. Measurement of stiffness

Measurement
Radiologist Dentist

mean mean SD mean mean SD

Left masseter – before training [kPa] 10.72 2.32 10.85 3.13

Right masseter – before training [kPa] 10.88 2.34 10.80 3.65

Left masseter – after training [kPa] 10.67 2.23 10.73 2.50

Right masseter – after training [kPa] 10.54 2.38 10.58 2.79

SD – standard deviation.

Table 2. Operator agreement

Agreement Comparison ICC

Intra-observer
(left masseter)

radiologist – before training
0.92 (95% CI: 

0.84–0.96)

radiologist – after training
0.93 (95% CI: 

0.83–0.97)

dentist – before training
0.46 (95% CI: 

0.13–0.7)

dentist – after training
0.89 (95% CI: 

0.75–0.95)

Inter-observer
(all measurements)

before training
radiologist–dentist

0.48 (95% CI: 
0.26–0.65)

after training
radiologist–dentist

0.84 (95% CI: 
0.71–0.91)

CI – confidence interval; ICC – intraclass correlation coefficient.

mean of the measurements of radiologist and dentist mean of the measurements of radiologist and dentist
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significantly higher for an experienced examiner than for 
a novice (87.4% compared to 72.8%; p = 0.001). However, 
this difference disappeared when overweight patients were 
excluded from the comparison. Their findings suggest 
that there might also be some factors in masseter muscle 
stiffness measurements that make the examination more 
difficult for novice operators. Those factors were not inves-
tigated in the present study. We recommend the investiga-
tion of such factors in future research.

Ultrasound examinations are the domain of radiologists; 
however, reports from the literature indicate that ultra-
sound scans can also offer clinical benefits to patients when 
performed by treating physicians or physicians of other 
specialties. A number of studies suggest that the results 
of ultrasound examinations for screening purposes carried 
out by residents with minimal training have acceptable 
diagnostic accuracy. Ruddox et al.32 compared the diagnos-
tic accuracy of pocket-size cardiac ultrasound performed 
by experienced echocardiographers and residents with 
minimal experience. At the start of the study, all internal 
medicine residents participated in a 2-hour introductory 
course in pocket-size cardiac ultrasound. The comparison 
included data on 303 patients suspected of having heart 
failure or experiencing chest pain. The overall agreement 
reported was moderate (k = 0.50). The authors concluded 
that ultrasound examinations performed by residents were 
good enough to help with rapid differential diagnosis upon 
patient admission. Another study by Lucas et al.33 investi-
gated the diagnostic accuracy of hand-carried ultrasound 
echocardiography performed by physicians who had par-
ticipated in a 27-hour training program. After comparing 
the results of initial hand-carried ultrasound echocardiog-
raphy with standard echocardiography, the authors con-
cluded that the diagnostic accuracy of detecting 6 cardiac 
abnormalities was moderate-to-excellent. The authors also 
highlighted that echocardiography performed by physi-
cians with limited experience may fill an important gap 
in cases where cardiac pathologies need to be diagnosed 
quickly, but standard echocardiography is unavailable.

Limitations

This study has some limitations that need to be men-
tioned. First, it included a relatively small number of sub-
jects, and all were healthy volunteers who did not present 
any pathologies of the stomatognathic system. For this rea-
son, we could not investigate whether SWE could be used 
to distinguish normal from pathological findings within 
the masseter muscle. Another limitation is that this study 
evaluated SWE only, so it did not compare this technique 
to other techniques used to assess the condition of masseter 
muscles. Also, up-to-date, normal ranges of masseter mus-
cle stiffness have not yet been developed. Finally, no associa-
tion between higher stiffness of the masseter muscle and 
TMD has been fully proven yet. For this reason, we could 
not calculate the sensitivity and specificity of this method.

Conclusions

The diagnostic accuracy of measuring masseter mus-
cle stiffness was acceptable among dentists after a short 
training program and hands-on  workshop. These re-
sults suggest that patients could benefit from a complete 
evaluation performed by one specialist during a single 
visit. This would shorten the  diagnostic process and 
reduce costs.
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Abstract
Background. In vivo prevascularization followed by pedicled transfer has emerged as a promising strategy 
for tissue engineering in recent years. We recently demonstrated that capsule tissue could serve as a novel 
axial in vivo vascular bed, although its high-density microvessels could only be maintained for about a week.

Objectives. In this present study, we aimed to demonstrate whether low-intensity pulsed ultrasound (LIPUS) 
promotes angiogenesis in capsule tissue.

Materials and methods. After successful induction of capsule tissue using a skin expander, 24 rabbits were 
randomly divided into the LIPUS group and the control group. The LIPUS group received LIPUS treatment 
3 times per week. After 2 and 4 weeks of treatment, angiogenesis of the capsule tissue was assessed using 
in vivo and in vitro methods, including contrast-enhanced ultrasound (CEUS), photoacoustic imaging (PAI), 
photoacoustic microscope (PAM), and CD31 immunohistochemistry.

Results. In vivo assessments (CEUS, PAI and PAM) showed that tissue perfusion, hemoglobin content and 
vascular density were all significantly higher in the LIPUS group, which was consistent with CD31 immu-
nohistochemistry. The LIPUS also promoted protein and mRNA expression of vascular endothelial growth 
factor α (VEGFα) and basic fibroblast growth factor (bFGF) in capsule tissue. Furthermore, cell experiments 
showed that LIPUS enhanced tube formation of human microvascular endothelial cells (HMECs) and promoted 
secretion of VEGFα and bFGF.

Conclusions. The LIPUS treatment promoted angiogenesis of the capsule tissue by stimulating release 
of angiogenic factors such as VEGFα and bFGF from endothelial cells, making the capsule tissue more potent 
and sustained when acting as in vivo vascular bed.

Key words: low-intensity pulsed ultrasound, capsule tissue, angiogenesis, vascular bed, tissue engineering
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Background

Timely vascularization to establish blood supply after 
implantation is essential for successful reconstruction and 
is one of the major challenges currently faced by tissue en-
gineering. Classical approaches, including optimization 
of the material properties of the scaffolds, addition of an-
giogenic factors and inclusion of microvascular networks 
in the constructs, are barely suitable for large grafts.1 Pre-
vascularization on in vivo or in vitro vascular beds and fabri-
cation of vascularized constructs with vascular pedicles have 
been proven to be promising solutions to this problem.2,3

Capsule tissue induced by  an  expander can serve 
as an in vivo vascular bed due to its unique blood supply. 
Bengtson et al. demonstrated that an isolated flap of capsule 
tissue can survive as a local pedicle flap to provide sufficient 
inherent vascularity to support a split-thickness skin graft 
in pigs.4 This study was the first to use the capsule tissue 
as an in vivo vascular bed. Schoeller et al. utilized pouch-like 
capsule tissue to cultivate urothelial cells suspended in fi-
brin glue and fabricate a pre-laminated flap for bladder re-
construction in a rat model.5 In addition, capsule tissue can 
be used as a tissue-engineered blood vessel for arteriovenous 
grafting by changing its shape to a tubular shape.6 More-
over, capsule tissue can be directly used to rebuild tissue 
defects or redefine the tissue border in clinical practice.7,8

In  our previous study, the  capsule tissue induced 
by an expander served as a novel in vivo vascular bed for 
cultivating smooth muscle cell sheets or buccal mucosa 
and fabricating vascularized and pedicled constructs that 
can be successfully used for bladder or urethra reconstruc-
tion.9–12 However, according to our findings, the vascular 
density within the capsule tissue was highest 1 week af-
ter the full expansion, rapidly declined in the next week, 
and then tended to remain stable at a relatively low level.9 
This phenomenon may limit the application of the method 
in multilayered engineered tissues, which usually need 
a few weeks to stack together and form integrated tissues.

Low-intensity pulsed ultrasound (LIPUS) has been 
proven to be effective in promoting angiogenesis under 
many conditions, such as cardiac dysfunction, tissue injury 
and tissue engineering.13–15 However, LIPUS has rarely 
been applied to promote angiogenesis in the vascular bed 
for tissue engineering.

Thus, in  the  present study, we  aimed to  determine 
whether LIPUS ameliorates vascularization of the cap-
sule tissue through therapeutic angiogenesis and enhances 
the potency and durability of this in vivo vascular bed for 
tissue engineering.

Objectives

The purpose of  the study was to promote angiogen-
esis in the capsule tissue by LIPUS, which may enhance 
the efficacy and sustainability of this in vivo vascular bed 

for tissue engineering, and to preliminarily investigate 
the mechanism of this proangiogenic effect.

Materials and methods

Animals and study design

The animal protocol was approved by the Ethics Com-
mittee of Shanghai Sixth People’s Hospital affiliated with 
Jiao Tong University, China. Twenty-four male New Zealand 
white rabbits, purchased from Shanghai Jiao Tong Univer-
sity and raised in the same feeding room, were randomly 
divided into 2 groups (n = 12 per group) using a random 
number table. Only the authors in charge of research design 
and conduct of the treatment were aware of the group al-
location. The LIPUS group was treated with LIPUS 3 times 
per week (every Monday, Wednesday and Friday) after a suc-
cessful induction of the capsule tissue (2 weeks after im-
plantation of an expander), and the control group received 
the same treatment with the LIPUS device turned off. An-
giogenesis in the capsule tissues of rabbits in the 2 groups 
was evaluated 2 and 4 weeks after LIPUS treatment (n = 6 
per time point for each group). Obvious complications such 
as infection, wound disruption or poor healing at any point 
throughout the whole process were criteria for exclusion.

Expander capsule induction

Following general anesthesia, inguinal incisions were 
made at an average length of 2 cm, and the superficial 
circumflex iliac vessels (SCIs) were carefully isolated 
from the surrounding tissue. An empty spherical skin ex-
pander (10 mL) was placed around separated SCIs to in-
duce the capsule tissue (Fig. 1A). Starting from day 8 after 
the implantation, 3 mL of saline solution was injected into 
the expanders every other day until the expanders were 
fully expanded (Fig. 1B). Full expansion took 2 weeks after 
skin expander implantation, and the capsule tissue was 
fully formed at this time point.

LIPUS application

After full expansion, LIPUS treatment was applied 
3 times per week for 2 or 4 weeks using a portable ul-
trasound device (LIFU-DT100; Institute of Ultrasound 
Imaging of Chongqing Medical University, Chongqing, 
China). Comprehensive comparison of  previous stud-
ies suggested the following conditions for LIPUS treat-
ment: a pulse frequency of 1.0 MHz, an output intensity 
of 200 mW/cm2, a duty cycle of 20%, and a repetition rate 
of 100 Hz.14–16 Rabbits were anesthetized, and the skin 
around the expander was cleaned. Then, LIPUS was ad-
ministered to the skin around the expander for 20 min for 
each rabbit (Fig. 1C). The probe was slowly moved over 
the skin to ensure that the capsule tissue was treated evenly 
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and to prevent local overheating. The rabbits in the control 
group received the same anesthesia and treatment proce-
dures with the device turned off.

Contrast-enhanced ultrasound

Contrast-enhanced ultrasound (CEUS) was performed 
with a MyladTwice eHD instrument (Esaote, Genoa, Italy) 
using a CA541 probe (1–8 MHz bandwidth). The rab-
bits were anesthetized and placed in the prone position. 
The best image plane was confirmed under greyscale ultra-
sonography scanning. The examination data were acquired 
immediately after a 0.1 mL bolus injection of SonoVue 
(Bracco Suisse SA, Geneva, Switzerland) followed by a sa-
line flush into the ear vein of each rabbit. The images were 
obtained before and during microbubble passage through 
the capsule tissue. The region of interest (ROI) was manu-
ally selected in each image based on the border of the cap-
sule tissue, and the time-intensity curves were plotted 
using Sonomath software (developed by the Department 
of Ultrasound in Medicine, Shanghai Sixth People’s Hos-
pital affiliated with Jiao Tong University, Shanghai, China).

Photoacoustic imaging

Photoacoustic imaging (PAI) was performed using 
a PrexionLED AcousticX instrument (PreXion Co. Ltd., 

Tokyo, Japan) with a  10  MHz transducer (L100AAN) 
immediately after CEUS. The  lower part of the bodies 
of the rabbits were placed in a basin with warm water, 
and the sensor was pressed against the local skin to achieve 
better acoustic coupling between the sensor and the cap-
sule tissues. The imaging parameters were set as follows: 
display mode: PA+B; frequency: 9 MHz; gain: 45 dB and 60 
dB; and depth: 4 cm. Images were acquired at a wavelength 
of  850  nm corresponding to  oxygenated hemoglobin. 
The results were recorded as images. The ROI was manu-
ally selected in each image based on the border of the cap-
sule tissue, and the signal intensity was calculated using 
ColorQuantification software (developed by the Depart-
ment of Ultrasound in Medicine, Shanghai Sixth People’s 
Hospital affiliated with Jiao Tong University).

Photoacoustic microscope scanning

A photoacoustic microscope (PAM) (Hadatomo™ 
Z  WEL5200; Advantest, Tokyo, Japan) was used for 
three-dimensional (3D) imaging of  the  vasculature 
within the capsule tissue under the following settings: 
frequency: 500 MHz, wavelength: 532 nm, measurement 
range: 9 × 9 × 6 mm. The results were recorded, and 
the 3D distribution of the vessels was reconstructed us-
ing the software for enhanced calculation of the vascular 
density.

Fig. 1. Induction of the capsule tissue using a skin expander. A. A skin expander was placed to surround the separated superficial circumflex iliac 
vessels (SCIs) in the groin; B. The skin expander was fully injected 2 weeks after the implantation; C. The application of LIPUS on rabbit capsule tissue; 
D. The application of LIPUS on HMECs in vitro; E. Gross appearance of the induced capsule tissue; F. H&E staining showed that SCIs were located 
in the central layer of the capsule tissue. Black arrow – SCIs; scale bars = 200 μm
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Histological analysis

After general anesthesia, the capsule tissue of each rab-
bit was fully exposed. Then, the capsule tissues were har-
vested and placed in liquid nitrogen or 4% paraformalde-
hyde. The samples were embedded in paraffin and sectioned 
into 4-μm thick sections, and hematoxylin and eosin (H&E) 
staining was performed according to the standard protocols. 
In addition, the sections were deparaffinized and blocked 
with 3% bovine serum albumin (BSA) for 30 min followed 
by incubation with a mouse anti-CD31 monoclonal antibody 
(1 : 500; Abcam, Cambridge, UK). The images were acquired 
using fluorescence microscopy. Each slide was carefully 
examined at ×40 magnification to identify the area with 
the highest density of vessels. Then, 3 fields of view were se-
lected at ×200 magnification. The number of CD31-positive 
vessels and the area ratios were quantified using ImageJ 
software (National Institutes of Health, Bethesda, USA).

ELISA

The tissue samples were stored at 2–8°C after thawing and 
manually ground to homogeneity in phosphate-buffered 
saline (PBS) followed by centrifugation at 10,000 × g for 
20 min at 4°C. The supernatant was collected, and the pro-
tein levels of vascular endothelial growth factor α (VEGFα) 
and basic fibroblast growth factor (bFGF) in the superna-
tant were measured using enzyme-linked immunosorbent 
assay (ELISA) kits (Keshun, Shenzen, China) according 
to the manufacturer’s instructions.

Real-time PCR

RNA was extracted from the samples using TRIzol re-
agent (Invitrogen, Carlsbad, USA). Total RNA was con-
verted to cDNA using an RT reagent kit (TaKaRa, Tokyo, 
Japan). The primer sequences were as follows: (forward) 
5’-TGGCAGAAGAAGGAGACAATAA-3’ and (reverse) 
5’-GCACTCCAGGCTTTCATCATT-3’ for VEGFα; (for-
ward) 5’-AGACTGCTGGCTTCTAAATGTGTT-3’ and 
(reverse) 5’-TTCGTTTCAGTGCCACATACCA-3’ for 
bFGF; and (forward) 5’-CCGCCCAGAACATCATCCCT-3’ 
and (reverse) 5’-GCACTGTTGAAGTCGCAGGAGA-3’ 
for glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Reverse transcription was performed at 37°C for 15 min; 
then, quantitative real-time polymerase chain reaction 
(qPCR) was performed using a SYBR5 Premix Ex Taq kit 
(TaKaRa). The qPCR was performed for 5 min at 95°C, fol-
lowed by 40 cycles of 15 s at 95°C and 30 s at 65°C. The results 
are presented as the copy number of the target gene relative 
to that of GAPDH, which was used as a housekeeping gene.

Cell culture and LIPUS treatment

Human microvascular endothelial cells (HMECs) were 
purchased from the American Type Culture Collection 

(ATCC, Manassas, USA) and used for in vitro experi-
ments. The HMECs were reseeded into six-well cell culture 
plates overnight in complete MCDB 131 medium (Gibco, 
Waltham, USA) and then stimulated with LIPUS (Fig. 1D). 
The in vitro-cultured cells were in a fragile external en-
vironment different from the ones in vivo, and a previous 
study showed that an intensity over 200 mW/cm2 might 
be harmful to cultured endothelial cells.17 Thus, the pa-
rameters for cell treatment were set as follows: frequency 
of 1 MHz, intensity of 100 mW/cm2 and duration of 10 min 
per day for 3 days. Control cells were subjected to the same 
treatment with the machine turned off. After the last stim-
ulation, the cells were cultured in complete medium for 
another 30 min and harvested for tube formation assays 
and protein extraction.

Endothelial cell tube formation assay 
and ELISA

Matrigel matrix (Becton Dickinson Biosciences, Frank-
lin Lakes, USA) was added to prechilled 96-well plates 
at a dose of 50 µL/well and then incubated at 37°C for 
3  min. The  HMECs suspended in  complete medium 
at a density of 2 × 104 cells/well were seeded in Matrigel-
coated wells. After incubation for 8 h, tube formation was 
detected using an inverted microscope. The tube forma-
tion indicators (total length and total nodes) were mea-
sured using ImageJ software.

The HMECs were lysed using whole cell lysis buffer 
(Keshun) containing 1% phenylmethylsulfonyl fluoride 
(PMSF) and placed on ice for 30 min to extract total pro-
tein. Then, the protein levels of VEGFα and bFGF in the ly-
sates were measured using ELISA kits (Keshun) according 
to the manufacturer’s instructions.

Statistical analyses

All statistical analyses were performed using GraphPad 
Prism v. 8.0 software (GraphPad Prism, San Diego, USA). 
The results are expressed as mean ± standard deviation 
(SD). Statistical analyses were performed using Student’s 
t-test for two-group comparisons. A value of p < 0.05 were 
considered statistically significant.

Results

Characteristics of the capsule

Capsule tissues were successfully induced in  all 
of the rabbits, and no rabbit was excluded due to obvious 
complications during the whole process. The morphol-
ogy of the capsule tissue was hollow with a smooth sur-
face. Pulsatile SCIs were located inside the capsule tissue, 
and numerous small vessels originated from axial SCIs 
and extended to the periphery of the capsule (Fig. 1E). 
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The H&E staining showed 3 layers of the capsule tissue: 
the cellular layer (closest to the expander), central layer and 
fibrous layer. The SCIs were located in the central layer 
surrounded by numerous microvessels (Fig. 1F).

Effects of LIPUS on angiogenesis 
in the capsule tissue

Angiogenesis in the capsule tissue was assessed in vivo 
with CEUS (Fig. 2A), PAI (Fig. 2B) and PAM (Fig. 2C), which 
detected tissue perfusion, hemoglobin content and vessel 
density, respectively. The recordings were processed using 

the corresponding software as described in the Materials and 
methods section to quantify the signal intensity (Fig. 2D–F). 
The results showed that the signal intensities of CEUS, PAI 
and PAM were significantly higher in  the LIPUS group 
(p < 0.01) 2 and 4 weeks after LIPUS treatment (Fig. 2G–I).

The results of CD31 immunohistochemistry showed 
a significantly higher number of vessels and greater CD31-
positive areas in the LIPUS group (Fig. 3A,B). Although 
there was a decline in the LIPUS group at 4 weeks (p < 0.01), 
the vascular density remained relatively high. In addition, 
there was no significant difference between the 2 time 
points in the control group.

Fig. 2. LIPUS promoted tissue perfusion, increases in hemoglobin content and vascular density in the capsule tissue detected using CEUS, PAI and PAM, 
respectively. A. CEUS images of each group. Red arrow – the wall of the expander; L – greyscale ultrasonography scanning of the capsule tissue; M – before 
the injection of microbubbles; R – microbubbles passing through the capsule tissue; ca – capsule tissue; B. PAI of each group; C. Images obtained with 
PAM of each group (color scale: percentage of oxygen saturation); D. Time-intensity curve of CEUS; E. Quantitative analysis of the PAI signal intensity; 
F. Reconstructed 3D distribution of the vessels used for quantification; G–I. Comparison of CEUS, PAI and PAM signal intensities in each group and at each 
time point. The data are shown as mean ±SD; **p < 0.01
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Effects of LIPUS on the expression 
of protein and mRNA of VEGFα and bFGF 
in the capsule tissue

We  then determined the  effect of  LIPUS treatment 
on the secretion of VEGFα and bFGF in the capsule tissue. 
The expression of protein and mRNA of VEGFα and bFGF 
in the capsule tissue was detected using ELISA and real-
time PCR (RT-PCR), respectively. The results demonstrate 
that LIPUS enhanced the expression of VEGFα and bFGF 
at the protein and mRNA levels (Fig. 3C,D).

Effects of LIPUS on HMECs

An in vitro tube formation assay was performed to assess 
the potential proangiogenic effects of LIPUS treatment 
on HMECs. The results indicated that LIPUS treatment 
apparently promoted tube formation in treated HMECs 
compared with that in the control cells (p < 0.01), includ-
ing total length and total nodes (Fig. 4A,B). Furthermore, 
the results of ELISA of HMEC lysates showed that LIPUS 
treatment also enhanced the secretion of VEGFα and bFGF 
in HMECs (p < 0.01, Fig. 4C). These results indicate that 
LIPUS stimulated VEGFα and bFGF expression in HMECs 
and enhanced tube formation.

Discussion

The lack of timely and functional vascularization has 
become a common shortcoming in tissue engineering.18 
For example, the clinical results of bladder reconstruc-
tion showed that engineered bladder tissues usually de-
velop into fibrotic tissue due to insufficient blood supply.19 
Therefore, in recent years, the field of tissue engineering 
has turned towards angiogenesis, which is being actively 
pursued by a variety of physical and chemical methods, 
such as co-culture with endothelial cells and application 
of angiogenic growth factors using topographical engi-
neering or 3D bioprinting.1 However, these traditional 
strategies cannot produce a marked effect on large or thick 
tissue since the average growth rate of newly formed vas-
culature in transplanted tissue is only approx. 5 μm/h.20 
Pre-vascularization on a vascular bed with a pedicle, which 
can be finally transplanted together with the construct, has 
been recently proven to be an effective strategy because 
the vascular pedicle can provide sufficient and continuous 
blood supply for the graft.

Capsule tissue is a valuable in vivo vascular bed for tissue 
engineering4 due to its unique blood supply and the flex-
ibility to generate it in locations without sacrificing any 
normal tissue. In our previous studies, a tissue expander 

Fig. 3. LIPUS increased the number and area of blood vessels and upregulated the expression of VEGFα and bFGF at the protein and mRNA levels 
in the capsule tissue. A. CD31 immunohistochemical staining of each group; B. The number of CD31-positive vessels and CD31-positive areas in each group; 
C. Expression of VEGFα and bFGF detected using ELISA; D. Expression of VEGFα mRNA and bFGF mRNA detected using real-time PCR. The data are shown 
as mean ±SD; **p < 0.01; *p < 0.05; scale bars = 100 μm
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was placed to surround separated SCIs in the groin region 
to generate capsule tissue that contained an axial vascular 
pedicle influenced by SCIs. The effectiveness of the cap-
sular vascular bed was verified by  comparison with 
the subcutaneous vascular bed.9 Subsequently, we used 
the capsule tissue as a vascular bed to cultivate free buccal 
mucosa grafts or multilayered smooth muscle cell sheets 
and fabricated pedicled vascularized constructs that can 
be successfully used for anterior and posterior urethra 
or bladder reconstruction, respectively.10–12 The results 
were encouraging since the vascular pedicle continuously 
provided independent blood supply for the construct. How-
ever, we still encountered certain problems in the previous 
experiments. We demonstrated that the vascular density 
of the capsule tissue continued to increase after full ex-
pansion and reached its peak approx. 1 week later. Then, 
the vascular density rapidly decreased in the next week 
and remained stable. Thus, high efficiency of the capsu-
lar vascular bed can be maintained only for several days, 
which may limit the application of this method in the fab-
rication of multilayered constructs, such as full-thickness 
bladder tissue, that usually need multistage implantations 
and a long build time. Therefore, maintaining a sufficient 
blood supply of the capsule tissue for a sufficiently long 
time represents one of the major challenges.

The change in vascular density in the capsule tissue 
is related to its formation. Capsule tissue is the product 
of foreign body reaction against the implanted expander, 
which can be generally divided into 5 phases: 1) protein 
adsorption; 2) acute inflammation; 3) chronic inflamma-
tion; 4) foreign body giant cell formation; and 5) fibrosis 
or fibrous capsule formation.21,22 Macrophages are pre-
dominant in the chronic inflammation phase and secrete 
many proangiogenic growth factors, such as VEGF, FGF 
and platelet-derived growth factor (PDGF), which play 
important role in angiogenesis. Therefore, a subsequent 

decrease in inflammation results in gradual maturation 
of the initial capsule tissue into less cellular and more col-
lagenous and thicker tissue. The concentration of angio-
genic growth factors is thus reduced, leading to a decrease 
in vascular density.

The LIPUS is a noninvasive and straightforward tech-
nology that has been proven to be effective in promot-
ing angiogenesis under many conditions. In the present 
study, we aimed to verify the angiogenic effect of LIPUS 
on the capsular vascular bed. The LIPUS treatment was 
applied 3 times per week after the expander was fully filled 
with saline solution, and the results show that tissue perfu-
sion and vascular density of the capsule tissue were sig-
nificantly enhanced by LIPUS treatment. After 2 weeks 
of LIPUS treatment, the vascular density of the capsule 
tissue almost reached the peak level of the untreated tissue 
registered 1 week after full expansion. Although the vascu-
lar density in the LIPUS group was decreased after 2 weeks, 
it remained relatively high, indicating that LIPUS treat-
ment of the in vivo vascular bed enhanced the efficacy 
and sustainability of the capsule tissue. In addition, LIPUS 
resulted in prolonged upregulation of VEGFα and bFGF, 
2 fundamental growth factors involved in angiogenesis, 
at the protein and mRNA levels.

The potential mechanism for the angiogenic effect of LI-
PUS has been explored before. Previous studies demon-
strated that endothelial cells are sensitive to ultrasound 
waves, and LIPUS can alter their morphology, prolifera-
tive activity, gene expression, and protein secretion.23 
The acoustic streaming of LIPUS affects caveolae in en-
dothelial cells, which play a key role in mechanotransduc-
tion via embedded mechanosensors, such as integrin and 
caveolin. Mechanical stimuli are then transmitted to sev-
eral intracellular signaling pathways, such as the PI3K-
Akt, Hippo and HIF-1α signaling pathways, to upregu-
late the expression of angiogenic growth factors and thus 

Fig. 4. LIPUS enhanced tube 
formation and upregulated 
the expression of VEGFα and 
bFGF in HMECs. A. Tube formation 
assay of HMECs; B. Quantified 
results of tube formation assay; 
C. Expression of VEGFα and 
bFGF in HMECs detected using 
ELISA. The results are expressed 
as mean ±SD; **p < 0.01
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enhance angiogenesis.23–25 In addition, ultrasound can 
induce sonoporation on the endothelial cell membrane 
that results in an influx of calcium ions, which is corre-
lated with this bioeffect.26 Moreover, ultrasound can be 
used for the promotion of angiogenesis and monitoring 
of angiogenesis in vivo. The CEUS is a common method 
for the detection of angiogenesis, and targeted ultrasound 
contrast agents can produce stronger signals associated 
with angiogenesis.27 The PAI technique is based on a com-
bination of  laser and ultrasound, which is particularly 
suitable for visualization of microvasculature due to high 
optical absorption of hemoglobin; it has proven valuable 
for monitoring neovascularization in tissue engineering.28 
The PAM is a new method for in vivo imaging of the micro-
vasculature using high contrast and deep penetration, and 
has great potential for biomedical research.29 Real-time 
in vivo monitoring of the vasculature enhances visualiza-
tion of angiogenesis to provide an intuitive understanding 
of these processes for investigators.

Limitations

The results of the present study are encouraging; how-
ever, some limitations remain. First, we selected a single 
set of parameters of LIPUS treatment based on previous 
studies. The best stimulation condition for capsule tissue 
requires additional exploration. Second, the effect of LI-
PUS on inflammation of the capsule tissue was not investi-
gated, and inflammation plays an important role in capsule 
formation and angiogenesis. Finally, we only examined 
the proangiogenic effect on endothelial cells, while several 
types of cells in the capsule tissue, such as fibroblasts and 
smooth muscle cells, might be stimulated using LIPUS 
to some extent.

Conclusions

The LIPUS treatment of vascular beds in vivo can en-
hance angiogenesis of the capsule tissue by stimulating 
microvascular endothelial cells to secrete proangiogenic 
growth factors. This approach can enhance the potency 
and sustainability of the capsule tissue and is thus ex-
tremely important for thick or multilayered constructs.
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Abstract
Background. Although long non-coding RNAs (lncRNAs) have been reported to serve as potential bio-
markers of atherosclerosis (AS), the role of lncRNA small nucleolar RNA host gene 12 (SNHG12) in AS still 
remains to be elucidated.

Objectives. The present study aimed to  investigate the regulatory effects and potential mechanisms 
of SNHG12 in human vascular smooth muscle cells (hVSMCs).

Materials and methods. Reverse-transcription quantitative polymerase chain reaction (RT-qPCR) was 
employed to determine the expression of SNHG12, miR-766-5p and eukaryotic translation initiation factor 5A 
(EIF5A) in oxidized low-density lipoprotein (ox-LDL)-induced hVSMCs. After transfection with short hairpin 
RNA (shRNA)-SNHG12, cell viability was estimated using the Cell Counting Kit-8 (CCK-8) assay. Wound heal-
ing and transwell assays were used for evaluating migratory capacities of hVSMCs. To further investigate 
the regulatory mechanisms, binding sites between SNHG12 and miR-766-5p, and EIF5A and miR-766-5p were 
predicted using starBase database and validated using luciferase reporter gene assays. Moreover, cell viability 
and migration were detected following EIF5A overexpression and SNHG12-knockdown.

Results. SNHG12 was significantly upregulated in ox-LDL-induced hVSMCs. SNHG12 silencing inhibited 
ox-LDL-induced proliferation and migration of hVSMCs. Moreover, SNHG12 acted as a sponge of miR-766-
5p, and miR-766-5p also interacted with EIF5A. EIF5A plasmids promoted the capacities of proliferation and 
migration in ox-LDL-induced hVSMCs. However, shRNA-SNHG12 counteracted the facilitation of EIF5A plasmids 
on hVSMCs biological behaviors.

Conclusions. Taken together, these findings demonstrated that silencing of SNHG12 blocks the proliferation 
and migration of hVSMCs via targeting the miR-766-5p/EIF5A axis.

Key words: migration, SNHG12, human vascular smooth muscle cells, miR-766-5p, eukaryotic translation 
initiation factor 5A
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Background

Long non-coding RNAs (lncRNAs) are a heterogeneous 
class of non-coding RNAs greater than 200 nucleotides 
in  length without protein-coding capacity.1 Recently, 
studies have found that lncRNAs emerge as crucial regu-
lators of atherosclerosis (AS).2,3 Atherosclerosis is com-
monly recognized as a lipid-induced chronic inflamma-
tion of the vascular wall associated with activation and 
dysfunction of resident vascular cells4 and contributes 
to stenosis of internal arteries due to plaque accumula-
tion.5 The number of lncRNAs was reported to be impli-
cated in regulating cholesterol and lipid metabolism, and 
they also play diverse roles in a variety of atherosclerotic 
processes including cell proliferation, migration, inflam-
mation, differentiation, and apoptosis.6

Small nucleolar RNA host gene 12 (SNHG12) is one 
of the classes of SNHGs.7 Studies revealed that SNHG12 
regulates cell proliferation, migration, invasion, and metas-
tasis in several cancers,8–12 indicating a potential target for 
cancer-directed interventions.13 Except for its role in can-
cers, SNHG12 could also ameliorate brain microvascular 
endothelial cell injury.14 To date, a number of well-studied 
lncRNAs gave us important clues about their potential 
for AS treatment.15 For instance, lincRNA-p21 is down-
regulated in atherosclerotic plaques of ApoE(−/−) mice, 
and it can suppress vascular smooth muscle cell (VSMC) 
proliferation and induce apoptosis.16 HIF1α-AS1 regulates 
the proliferation and apoptosis of VSMCs.17 The expres-
sion of H19 is higher in serum of AS patients,18 serving 
as  a  potential biomarker for diagnosing AS. However, 
the status, biological function and regulatory mechanisms 
of SNHG12 in AS are still unknown.

Objectives

We  examined the  expression of  SNHG12 in  human 
VSMCs (hVSMCs) exposed to oxidized low density lipo-
protein (ox-LDL) and evaluated the influence of SNHG12 
on cell migration. Furthermore, the regulatory mecha-
nisms of SNHG12 on hVSMCs were explored.

Materials and methods

Cell lines and transfection

The hVSMCs (Cell Bank of the Shanghai Institute of Cell 
Biology, Shanghai, China) were cultured in  Dulbecco’s 
modified Eagle’s medium (DMEM; ProCell, Wuhan, China) 
containing 10% fetal bovine serum (FBS; Gibco, Waltham, 
USA) under an atmosphere of 95% air and 5% CO2 at 37°C. 
The ox-LDL (Solarbio, Beijing, China) was used to stimulate 
hVSMCs for 48 h. miR-766-5p mimic, miR-NC (negative 
control), and 2 pairs of short hairpin RNA (shRNA)-SNHG12 

(sh-SNHG12-1, sh-SNHG12-2) were obtained from GenePh-
arma Co., Ltd. (Shanghai, China). Overexpression plasmids 
of EIF5A and the negative control were generated with 
the help of Sangon Biotech (Shanghai, China). Cells were 
collected 24 h following transfection, and transfection ef-
ficiency was evaluated using reverse-transcription quantita-
tive polymerase chain reaction (RT-qPCR).

RT-qPCR

Total RNA was harvested (TRIzolTM Plus RNA Pu-
rification Kit; Invitrogen, Carlsbad, USA) and reverse 
transcribed into cDNA (M-MLV Reverse Transcriptase; 
Promega, Madison, USA). TaqMan MicroRNA Assay kit 
(Applied Biosystems; Thermo Fisher Scientific, Waltham, 
USA) was employed to quantify miR-766-5p, the relative 
expression of miR-766-5p was normalized to U6, and others 
were normalized to GAPDH based on the 2−ΔΔCt method.19 
The primers used in this study were as follows: SNHG12, 
forward: 5′-GTGATACTGAGGAGGTGAG-3′ and re-
verse: 5′-CCTTCTGCTTCCCATAGAG-3′; EIF5A, for-
ward: 5′-AGGCCATGGCAAAATAACTG-3′ and reverse: 
5′-GGGTGGGGAAAACCAAAATA-3′; GAPDH, forward: 
5′-AGCCTCCCGCTTCGCTCTCTGC-3′ and reverse: 
5′-ACCAGGCGCCCAATACGACCAAA-3′; miR-766-5p, 
forward: 5′-TCGAGTACTTGAGATGGAGTTTT-3′ and 
reverse: 5′-GGCCGCGTTGCAGTGAGCCGAG-3′; U6, 
forward: 5′-CTCGCTTCGGCAGCACA-3′ and reverse: 
5′-AACGCTTCACGAATTTGCGT-3′.

Cell viability assay

The hVSMCs were seeded into a 96-well plate, then cells 
were incubated with 10 μL Cell Counting Kit-8 (CCK-8) 
solution (Beyotime, Jiangsu, China) at 24 h, 48 h and 72 h. 
Absorbance values were recorded on a BioTek microplate 
reader (BioTek, Winooski, USA) at 450 nm.

Wound healing assay

An amount of 1 × 105 of hVSMCs were plated into each 
well of a 12-well plate. When 100% confluence was achieved, 
the culture medium was removed and drew straight from 
the plate using a 200 μL plastic pipette. The sample was 
washed gently to remove the floating cells, then serum-
free medium was added and maintained in the incubator 
for 24 h. Samples were photographed at 0 h and 24 h un-
der a microscope (Axioscope 5; Carl Zeiss, Oberkochen, 
Germany).

Transwell migration assay

For the transwell migration assay, serum-free media con-
taining 5 × 104 of hVSMCs were seeded into the upper 
chamber of a 24-well transwell filter with 8-µm pore size. 
The lower chamber was filled with media supplemented 
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with 10% FBS. Cells were allowed to transgress through 
the porous filters for 24 h at 37°C. Then, VSMCs were fixed 
with 4% paraformaldehyde for 20 min. Cells that migrated 
through the pores of the filter were stained with 1% crystal 
violet for 30 min. The images were photographed under 
a fluorescence microscope (BX51; Olympus Corp., Tokyo, 
Japan), and the number of migrated cells was calculated 
using ImageJ software (National Institutes of  Health, 
Bethesda, USA).

Luciferase reporter gene assay

SNHG12 or EIF5A sequences containing the wild-type 
(WT) binding site or mutated-type (Mut) binding site for 
miR-766-5p were synthesized by Vigorous Biotechnology 
Beijing Co. Ltd. (Beijing, China) and cloned into the pmiR-
GLO vector (Promega). Prior to transfection, cells were 
seeded into 24-well plates (5 × 103 cells/well) and cul-
tured for 24 h. Afterward, the WT or Mut of SNHG12 
was transiently co-transfected with miR-766-5p mimics 
or miR-NC using Lipofectamine 3000 reagent for another 
48 h. The firefly luciferase activity normalized to Renilla 
represented the value of relative luciferase activity. Like-
wise, EIF5A WT or Mut co-transfected with miR-766-5p 
mimic or miR-NC was similar to the above method.

Western blotting

Total protein from treated cells was extracted using 
a radio immunoprecipitation assay lysis buffer containing 
proteinase inhibitors (Beyotime). After the determina-
tion of protein concentrations, equal protein samples 
(40 µg) were loaded on SDS-PAGE gels and transferred 
onto polyvinylidene dif luoride (PVDF) membranes 
(Merck Millipore, Madison, USA). Then, the membranes 
were blocked with 5% non-fat milk for 2 h and incubated 
with primary antibodies against EIF5A and GAPDH 
(both obtained from Cell Signaling Technology, Inc., 
Danvers, USA) at 4°C overnight. Horseradish peroxidase 
(HRP)-conjugated antibody (Santa Cruz Biotechnology, 
Santa Cruz, USA) was used to incubate membranes for 
2 h at room temperature. The blots were visualized using 
the Odyssey Infrared Imaging System (LI-COR Biosci-
ences, Lincoln, USA) and subsequently quantified using 
ImageJ software v. 1.52r (National Institutes of Health).

Statistical analyses

All data were presented as the mean ± standard de-
viation (SD). The results were analyzed using GraphPad 
Prism v. 6.0 (GraphPad Software, Inc., San Diego, USA). 
An unpaired student’s t-test was employed to evaluate dif-
ferences between 2 groups, and one-way analysis of vari-
ance (ANOVA) followed by Tukey’s post hoc test was used 
for comparison of differences between 3 or more groups. 
A value of p < 0.05 was considered statistically significant.

Results

Interference with SNHG12 inhibits 
proliferation and migration  
of ox-LDL-induced hVSMCs

We  first investigated the  expression of  SNHG12. 
The hVSMCs were stimulated with different concentra-
tions of ox-LDL, and, as shown in Fig. 1A, ox-LDL could 
promote the expression of SNHG12 in a dose-dependent 
manner. A  volume of  100  mg/L ox-LDL was consid-
ered an optimal concentration to induce the transcrip-
tion of SNHG12. To elucidate the function of SNHG12 
in hVSMCs, a loss-of-function study was performed via 
transfecting sh-SNHG12 into cells. It was identified that 
sh-SNHG12-1 presented a better outcome for silencing 
SNHG12 (Fig. 1B). Afterward, we estimated the cell vi-
ability of hVSMCs in the absence of SNHG12, and results 
showed that sh-SNHG12-1 transfection significantly inhib-
ited the increased cell proliferation caused by ox-LDL stim-
ulation (Fig. 1C). Moreover, the wound healing assay and 
transwell migration assay indicated that ox-LDL-triggered 
cell migration was overturned by silencing of SNHG12 
(Fig. 1D–G). These results suggest that disturbing the ex-
pression of SNHG12 could inhibit the viability and migra-
tion of hVSMCs induced by ox-LDL.

SNHG12 functions as a sponge  
of miR-766-5p

The LncRNAs are considered competing endogenous 
RNAs (ceRNAs) to  bind with miRNAs and modulate 
gene expression.20 Jia et  al. demonstrated that miR-
766-5p participated in cell proliferation, migration and 
invasion in  colorectal cancer.21 Of note, binding sites 
between SNHG12 and miR-766-5p were predicted using 
starBase v. 2.0 (http://starbase.sysu.edu.cn) (Fig. 2A), and 
miR-766-5p mimic was validated to be effective to elevate 
the expression of miR-766-5p (Fig. 2B). The luciferase re-
porter gene assay demonstrated that miR-766-5p mimic 
inhibited luciferase activity in hVSMCs transfected with 
SNHG12-WT (Fig. 2C). Additionally, it was found that sh-
SNHG12-1 elevated the expression of miR-766-5p (Fig. 2D). 
Moreover, the level of miR-766-5p in hVSMCs treated with 
ox-LDL was notably decreased (Fig. 2E). Collectively, this 
data reveal that miR-766-5p is remarkably downregulated 
in ox-LDL-treated hVSMCs, and SNHG12 directly targeted 
miR-766-5p.

EIF5A is a direct target gene of miR-766-5p

As mentioned above, SNHG12 directly targeted miR-
766-5p and served as a ceRNA to bind with miR-766-5p. 
The ceRNA activity forms a  large-scale cross-talk net-
work among the transcriptome. The miRNAs are gener-
ally regarded as active regulatory elements which reduce 
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the stability of target RNAs or inhibit their translation.22 
Therefore, target mRNAs are considered as  silencing 
objects of miRNAs. EIF5A is a small molecule protein 
in eukaryotic cells, which plays an important role in cell 
growth, survival and senescence. It  is especially essen-
tial for cell proliferation.23 Of note, EIF5A was predicted 
as a potential target of miR-766-5p (Fig. 3A). Lucifer-
ase reporter gene analysis was employed to test the po-
tential interaction between them. It was observed that 
miR-766-5p mimic apparently decreased the luciferase 
activity of EIF5A-WT in hVSMCs, and mutation of EIF5A 
abrogated the function of miR-766-5p mimic (Fig. 3B). 
Subsequently, overexpression of  miR-766-5p reduced 
the transcription and translation of EIF5A (Fig. 3C,D). All 
of these data indicate that EIF5A may be a target mRNA 
of miR-766-5p.

SNHG12 regulates the proliferation  
and migration of ox-LDL-induced hVSMCs 
via regulating EIF5A

In  order to  further explore the  interaction between 
EIF5A and SNHG12, gain-of-function and loss-of-function 
studies were applied in subsequent experiments. Overex-
pression plasmids were constructed and transfected into 
hVSMCs with or without sh-SNHG12-1, and high-expres-
sion of EIF5A validated the plasmids could overexpress 
EIF5A successfully. However, sh-SNHG12-1 drastically im-
peded the mRNA and protein levels of EIF5A (Fig. 4A,B). 
Cell viability was elevated in EIF5A overexpression group, 
while the effect was abolished by knockdown of SNHG12 
(Fig. 4C). Migratory capacity represented by wound width 
illustrated that EIF5A promoted hVSMCs migration, while 

Fig. 1. Interference with SNHG12 inhibits proliferation and migration of hVSMCs

A. hVSMCs were stimulated with different concentrations of ox-LDL (0 mg/L, 25 mg/L, 50 mg/L, 75 mg/L, 100 mg/L), and the expression of SNHG12 was 
explored using RT-qPCR; *p < 0.05, ***p < 0.001 compared to 0 mg/L ox-LDL; B. The expression of SNHG12 in hVSMCs transfected with sh-SNHG12-1 
or sh-SNHG12-2 was estimated using RT-qPCR; **p < 0.01, ***p < 0.001 compared to the sh-NC group; C. hVSMCs were stimulated with 100 mg/L ox-LDL 
for 24 h, 48 h and 72 h, and the cell viability was explored using CCK-8 assay; **p < 0.01, ***p < 0.001 compared to the control group; ##p < 0.01 compared 
to the ox-LDL+sh-NC group. The capability of cell migration was assessed using wound healing assay (D and E) and transwell migration assay (F and G); 
**p < 0.01, ***p < 0.001 compared to the control group; #p < 0.05, ##p < 0.01 compared to the ox-LDL+sh-NC group; ×100 magnification.
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Fig. 3. EIF5A is target gene of miR-766-5p

A. The potential binding sites were predicted using starBase v. 2.0; B. The interaction between miR-766-5p and EIF5A was validated using luciferase reporter 
gene assay; **p < 0.01 compared to miR-NC group; C. RT-qPCR was used to determine the expression of EIF5A in hVSMCs transfected with miR-766-5p 
mimic or miR-NC; **p < 0.01 compared to the miR-NC group; D. western blotting was used to determine the protein levels of EIF5A in hVSMCs; ***p < 0.001 
compared to the miR-NC group.

Fig. 2. SNHG12 functions as a sponge of miR-766-5p

A. The potential binding sites were predicted using starBase v. 2.0; B. RT-qPCR was used to determine the expression of miR-766-5p in hVSMCs transfected 
with miR-766-5p mimic or miR-NC; ***p < 0.001 compared to miR-NC group; C. The interaction between SNHG12 and miR-766-5p was validated using 
luciferase reporter gene assay; *p < 0.05 compared to miR-NC group; D. The expression of miR-766-5p in hVSMCs transfected with sh-SNHG12-1 or sh-NC; 
**p < 0.01 compared to the sh-NC group; E. RT-qPCR was used to determine the expression of miR-766-5p in hVSMCs exposed to ox-LDL (0 mg/L, 25 mg/L, 
50 mg/L, 75 mg/L, 100 mg/L); *p < 0.05, ***p < 0.001 compared to 0 mg/L ox-LDL.
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SNHG12 knockdown exhibited an inhibition of cell migra-
tion (Fig. 4D,E). Consistently, transwell migration assays 
showed a similar result with that of the wound healing as-
say (Fig. 4F,G). Taken together, these results indicate that 
SNHG12 mediated the migratory capacities of hVSMCs 
through regulating EIF5A.

Discussion

In recent years, numerous studies have demonstrated 
that lncRNAs regulate various cellular process including 
cell proliferation, migration, invasion, and apoptosis.24–26 
It was reported that lncRNA MIAT activates the PI3K/Akt 

Fig. 4. SNHG12 regulates the proliferation and migration of hVSMCs via mediation of EIF5A

A. The expression of EIF5A was examined using RT-qPCR; ***p < 0.001 compared to the OE-NC group; ##p < 0.01 compared to the OE-EIF5A+sh-NC group; 
B. western blot analysis was used to determine the protein levels of EIF5A in hVSMCs; ***p < 0.001 compared to the OE-NC group; #p < 0.05 compared 
to the OE-EIF5A+sh-NC group; C. The cell viability was estimated using CCK-8 assay; ***p < 0.001 compared to the OE-NC group; ###p < 0.001 compared 
to the OE-EIF5A+sh-NC group. The capability of cell migration was assessed using wound healing assay (D and E) and transwell migration assay (F and G); 
**p < 0.01, ***p < 0.01 compared to the control group; #p < 0.05, ##p < 0.01 compared to the ox-LDL+sh-NC group; ×100 magnification.
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signaling pathway, thereby exacerbating atherosclerotic 
damage in AS mice.3 LncRNA activated by transform-
ing growth factor (TGF) expression is significantly higher 
in AS patients compared with healthy patients, and it could 
enhance the expression of caspase-3 in human vascular 
endothelial cells (HUVECs).27 Furthermore, the prolifera-
tion and migration of VSMCs were promoted by lncRNA 
430945.28

The hVSMCs are the major cell type observed in blood 
vessel walls, and play a considerable role in the regula-
tion of  multiple physiological and pathological situa-
tions.29 Aberrant proliferation and migration of VSMCs 
are key events in the progression of AS and restenosis after 
percutaneous coronary intervention.30 A large amount 
of studies have suggested that ox-LDL exert a promotion 
effect in the development of AS by stimulating the pro-
liferation of hVSMCs within the vessel wall; therefore, 
ox-LDL was widely used to stimulate hVSMCs for inves-
tigating the related mechanisms of AS.31,32 Studies have 
implicated SNHG12 in various cancers, and it functions 
as  a  potential candidate for cancer-directed interven-
tions.33,34 The altered expression of SNHG12 is associated 
with cell viability, proliferation, metastasis, and invasion, 
thereby affecting the progression and diagnosis of cancer.13 
However, the function of SNHG12 in AS has not yet been 
clearly elucidated. In this study, it was found that ox-LDL 
facilitated the expression of SNHG12 in hVSMCs. Deletion 
of SNHG12 impeded cell migration induced by ox-LDL.

Previous reports have described that lncRNAs interact 
with miRNA as ceRNAs and protect miRNAs from binding 
to and repressing target RNAs,22,35 suggesting a compli-
cated crosstalk among diverse RNA species. Accumulating 
reports have been made to understand the effect of miR-
NAs in VSMC biology, especially in cellular proliferation 
and migration.36–38 In our study, luciferase reporter gene 
assays revealed an interplay between SNHG12 and miR-
766-5p, and SNHG12 knockdown enhanced the expres-
sion of miR-766-5p. To further examine the target RNA 
regulated by lncRNA-miRNA, binding sites between miR-
766-5p and EIF5A sequence were predicted using starBase 
v. 2.0. Subsequently, the interaction between miR-766-5p 
and EIF5A was further validated using luciferase reporter 
gene assay and RT-qPCR. Finally, we found that overexpres-
sion of EIF5A expedited the proliferation and migration 
of hVSMCs, whereas the effect was reversed by SNHG12 
silencing.

Conclusions

The present study illustrates that SNHG12 was highly 
expressed in ox-LDL-challenged hVSMCs. An intricate 
interplay among SNHG12, miR-766-5p and EIF5A was dis-
covered, and all of these results indicated that SNHG12-
knockdown inhibited the  proliferation and migration 
of hVSMCs through targeting the miR-766-5p/EIF5A axis. 

Further research is necessary for investigating the impact 
of SNHG12/miR-766-5p/EIF5A signaling pathway on other 
pathological alterations in AS progression.

The data supporting our findings are available from 
the corresponding author upon reasonable request.
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Abstract
Background. Leukemic stem cells (LSCs) play an important role in the pathogenesis of  leukemia. This 
research attempted to clarify effects of the telomere system on ginsenoside Rg1-induced senescence of LSCs.

Objectives. This research attempted to clarify effects of the telomere system on ginsenoside Rg1-induced 
senescence of LSCs.

Materials and methods. CD34+CD38− LSCs were isolated, sorted, and divided into a control group 
and a Rg1 group (treated with 40 μmol/L Rg1). Cell Counting Kit-8 (CCK-8) was used to evaluate cell pro-
liferation, and flow cytometry was used to assess the cell cycle of CD34+CD38− LSCs. The senescence-
associated β-galactosidase (SA-β-Gal) staining and CFU-Mix assay were conducted to measure senescence 
of CD34+CD38− LSCs. The mRNA transcription and protein expression of p16INK4a and human telomerase 
reverse transcriptase (hTERT) were determined using a real-time polymerase chain reaction (RT-PCR) and 
western blot assay, respectively.

Results. The Rg1 treatment significantly attenuated proliferative activity and decreased the proliferative 
index (PI) of CD34+CD38− LSCs compared to those of the control group (p < 0.05). It remarkably increased 
positive SA-β-Gal staining rate, and suppressed formation of the CFU-Mix of CD34+CD38− LSCs compared 
with those of the control group (p < 0.05). The Rg1 treatment markedly boosted telomere effector, p16INK4a, 
in CD34+CD38− LSCs compared with that of control group (p < 0.05). Such treatment obviously reduced 
telomere regulator, hTERT, in CD34+CD38− LSCs compared with the control group (p < 0.05).

Conclusions. Ginsenoside Rg1-induced senescence of CD34+CD38− LSCs through upregulating p16INK4a and 
downregulating hTERT expression, both of which are associated with telomere systems. The present study 
would be beneficial for the treatment of leukemia by providing a promising strategy to induce senescence 
of CD34+CD38− LSCs.

Key words: senescence, telomere, ginsenoside Rg1, leukemic stem cells
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Background

Leukemic stem cells (LSCs), important pathogenic fac-
tors of leukemia, play an important role in the initiation 
of leukemia.1,2 The clinical recurrence or relapse of leu-
kemia is correlated with decreased therapeutic response 
for LSCs.3 Strong resistance of LSCs to traditional, cell 
cycle-dependent drugs, it leads to a poor therapeutic ef-
fect, easy recurrence and drug resistance.4 Drug resistance 
has become a difficult problem in the treatment of leuke-
mia.5 Therefore, it will be a breakthrough in the treatment 
of leukemia to find drugs that can specifically target LSCs 
and effectively inhibit the proliferation of LSCs without 
damaging normal tissue cells.

Cell aging or senescence is closely related to a tumor 
and is considered to be one of the mechanisms of tumor 
self-inhibition.6 Therefore, inducing tumor cell senes-
cence is considered to be an effective way to treat cancer. 
The CD34+CD38− LSCs are the  first identified LSCs; 
therefore, their inhibition might be beneficial to the cell 
senescence of tumor cells in  leukemia patients.7,8 Gin-
senoside Rg1 (shorter: Rg1) is an important pharmaco-
logical active component of Panax ginseng and functions 
as an anti-tumor agent by promoting the proliferation 
of  blood cells.9 It  can effectively promote the  prolif-
eration of normal hematopoietic stem/progenitor cells 
in the blood system and delay their aging.10 Moreover, 
Rg1 can inhibit the proliferation and induce the senes-
cence of leukemia K562 cells within an abnormal blood 
system.11

The human telomerase reverse transcriptase (hTERT) 
is an important catalytic component for regulating telom-
erase activity and, therefore, could be effective in inhibit-
ing telomerase activity, thereby preventing the progres-
sion of the cell cycle, and suppressing tumor growth.12,13 
The p16INK4A is considered to be a cyclin-dependent ki-
nase inhibitor illustrating many biological functions, such 
as inhibition of the cell cycle.14,15 Therefore, we speculated 
that hTERT and p16INK4A might be involved in the aging 
or senescence of the LSC, and furthermore, participate 
in tumor growth.

Objectives

In this study, Rg1 was applied to the CD34+CD38− LSCs, 
and the Rg1-induced targeted regulation and mechanism 
in CD34+CD38− LSCs were discussed. This study provides 
an experimental basis for the application of aging, pro-
motes novel research methods in cancer treatment and 
provides new ideas for the research of leukemia balanced 
utilizing effective components of natural drugs.

Materials and methods

Experiment grouping

According to  the  previous study by  our team,1 the 
CD34+CD38− LSCs were successfully sorted and identi-
fied by staining with an allophycocyanine (APC)-labeled 
anti-CD38 antibody and a FITC-labeled anti-CD34 anti-
body. Therefore, the formerly sorted CD34+CD38− LSCs 
were used in this study.

In our present research, the CD34+CD38− LSCs were 
grouped into a control group and a Rg1 group (subdi-
vided into 20 μmol/L, 40 μmol/L and 80 μmol/L groups). 
In the control group, the CD34+CD38− LSCs were cul-
tured in the Iscove’s modified Dulbecco’s medium (IMDM; 
Gibco, Grand Island, USA) supplemented with 10% fetal 
bovine serum (FBS; Gibco) and 5% CO2 at 37°C for 48 h. 
In the Rg1 group, the CD34+CD38− LSCs were cultured 
as those in the control group, but also treated with Rg1 
(dissolved in dimethyl sulfoxide (DMSO)) for 48 h at final 
dosages of 20 μmol/L, 40 μmol/L and 80 μmol/L. More-
over, an equal volume of DMSO was also added to the cell 
medium of the control group. The ginsenoside Rg1, with 
purity of more than 95% (Cat. No. 060427), was purchased 
from Jinlin Hongjiu Biotech (Changchun, China).

Measurement for proliferative activity  
with CCK-8 assay

The proliferative activity for the CD34+CD38− LSCs was 
measured with the Cell Counting Kit-8 (CCK-8) method 
using a commercial CCK-8 Kit (Cat. No. C0037; Beyotime, 
Shanghai, China), and introduced protocol of the manufac-
turer. In short, the density of cells was adjusted to 1 × 108 
cells per well (96-well plates) and cultured for 48 h at condi-
tions of 5% CO2 and 37°C. Then, the above cells were incu-
bated with the CCK-8 reagent at a final dosage of 20 μL/well 
for 2 h. Optical density (OD) values for the cells in 96-well 
plates were determined with a professional enzyme-linked 
immunosorbent assay (ELISA) reader (ELx808; Bio-Tek, 
Winooski, USA) at 450 nm. The cell proliferation inhibi-
tive rate (%) calculation was described in our previous study.1

Evaluation for cell cycle  
with flow cytometry assay

The CD34+CD38− LSCs were cultured, harvested, washed 
using phosphate-buffered saline (PBS), fixed with 70% eth-
anol (cold), and incubated with bovine pancreatic ribonu-
clease (1 mg/mL medium; Sigma-Aldrich, St. Louis, USA), 
as described in our previous study.16 The CD34+CD38− 
LSCs were stained using propidium-iodide (with a dosage 
of 50 μg/mL) for 30 min in the dark, and then analyzed with 
a flow cytometer (FACS Aria IIU; Becton Dickinson Bio-
sciences, Oxford, UK). Finally, the cell cycle was analyzed 
with the Multi-Cycle software (Phoenix, Tokyo, Japan).
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Colony formation assay

In the present study, the colony formation assay was 
carried out as described in previous studies, with some 
modifications.1,17 Briefly, the CD34+CD38− LSCs were 
seeded onto 96-well plates, cultured and incubated with 
methylcellulose (final concentration of  0.8%; Sigma-
Aldrich) with 5% CO2 at 37°C for 2 weeks. A total of 50 
or more colony formation units (CFU) of cells were de-
fined as 1 mixed CFU (CFU-Mix). The formed CFU-Mix 
was counted with a  light microscope (BX51; Olympus 
Corp., Tokyo, Japan).

Determination for senescence  
with SA-β-Gal staining

The  senescence-associated β-galactosidase (SA-β-
Gal) staining was conducted as reported in our previous 
study.12 The SA-β-Gal staining was carried out according 
to the protocol of the SA-β-Gal Staining Kit (Cell Signaling 
Technology, Beverly, USA). In short, the cells were stained 
with the SA-β-Gal reagent, seeded on slices, and sealed us-
ing 70% glycerol (Sigma-Aldrich). Eventually, slices carry-
ing 400 or more LSCs were selected, and the positive-stain-
ing LSCs were counted under the inverted microscope.

Evaluation for p16INK4a and hTERT 
expression using western blot assay

Total protein in CD34+CD38− LSCs was extracted with 
the protein lysate buffer (Applygen Tech. Inc., Beijing, 
China). Concentrations for the total proteins were evalu-
ated using the BCA Protein Detection Kit (Cat. No. P0010S; 
Beyotime) according to the protocol of the manufacturer. 
The same dosage of proteins was separated with the SDS-
PAGE and transferred onto a polyvinylidene difluoride 
(PVDF) membrane (Beyotime), and then incubated us-
ing 5% skimmed milk. The PVDF membrane was incu-
bated with rabbit anti-human p16INK4a antibody (Cat. No. 
ab108349), rabbit anti-human hTERT antibody (Cat. No. 
ab32020) and rabbit anti-human GAPDH antibody (Cat. 
No. ab8245) at 4°C overnight. Subsequently, the PVDF 
membranes were washed using phosphate-buffered saline 
with Tween (PBST) buffer and incubated with the horse-
radish peroxidase (HRP)-conjugated goat anti-rabbit an-
tibody (Cat. No. ab6721) at room temperature for 1.5 h. 
All of the above antibodies were purchased form Abcam 

(Cambridge, USA). The bands in the PVDF membranes 
were visualized using the enhanced ECL Western Blot-
ting Substrate (Cat. No. 32106; Thermo Fisher Scientific, 
Rockford, USA) and analyzed with the Gel Imaging System 
GelDoc It TS2L (Bio-Rad, Hercules, USA).

Evaluation for p16INK4a and hTERT mRNA 
transcription with RT-PCR assay

The cells were lysed using TRIzol solution, and to-
tal RNAs were extracted and reversely transcribed 
to the complementary DNA (cDNAs) under the follow-
ing conditions: 42°C for 30 min, 99°C for 5 min and 5°C 
for 5 min. The mRNA transcriptions of p16INK4a, hTERT 
and GAPDH were amplified using a real-time polymerase 
chain reaction (RT-PCR) assay, under the following con-
ditions: 95°C for 2 min, 40 cycles of 95°C for 15 s, 60°C 
for 1  min, and termination at  72°C for 10  min. Here, 
the GAPDH was defined as the internal control for ampli-
fying hTERT mRNA, and actin was defined as the internal 
control for amplifying p16INK4a. The primers for amplify-
ing the above targeting genes are illustrated in Table 1. 
The RT-PCR data were analyzed with the previous re-
ported 2−ΔCt method.18

Statistical analyses

Data are presented as mean ± standard deviation (SD) 
and analyzed using IBM SPSS v. 19.0 (IBM Corp., Armonk, 
USA). Data were analyzed using a one-way analysis of vari-
ance (ANOVA) test followed by Tukey’s post hoc test for 
comparing the differences between the groups. A p-value 
less than 0.05 was defined as a statistically significant.

Results

Rg1 treatment attenuated proliferative 
activity of CD34+CD38– LSCs

The CCK-8 assay findings showed that the Rg1 treat-
ment (all dosages of 20 μmol/L, 40 μmol/L and 80 μmol/L) 
significantly attenuated the proliferative activity compared 
with the control group (Table 2, all p < 0.05). The inhibi-
tive rates of CD34+CD38− LSCs were increased with in-
creases in Rg1 treatment concentrations, with an obvious 
Rg1 concentration-dependent manner. The  condition 

Table 1. The specific primers for the PCR assay

Primers Sense (5’-3’) Anti-sense (5’-3’) Length [bp]

p16INK4a AAGACATCGTGCGATATTTGCG TGAGCTGAAGCTATGCCCGTC 121

β-actin TGACGTGGACATCCGCAAAG CTGGAAGGTGGACAGCGAGG 205

hTERT TTGGAATCAGACAGCACTTG GTAGTCCATGTTCACAATCG 155

GADPH AGATCCCTCCAAAATCAAGTGG GGCAGAGATGATGACCCTTTT 130
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of the 40 μmol/L Rg1 treatment for 48 h (with an inhibi-
tive rate of  52.01%), demonstrated a  half-proliferation 
inhibition. Therefore, the regimen of 40 μmol/L Rg1 for 
48 h in treating CD34+CD38− LSCs was used for the fol-
lowing experiments and tests (in the Rg1 group).

Rg1 treatment decreased proliferative 
index (PI) of CD34+CD38− LSCs

The  cell cycle findings indicated that CD34+CD38− 
LSCs in the G0/G1 phase were remarkably increased, and 
in  the G2/M phase and S phase were significantly de-
creased in the Rg1 group compared with the control group 
(Table 3, all p < 0.05). Through calculating the cell amounts 
in G0/G1, G2/M and S phases, we found that the Rg1 treat-
ment markedly decreased the proliferative index (PI) com-
pared with the control group (Table 3, p < 0.05).

Rg1 treatment raised positive SA-β-Gal 
staining rate of CD34+CD38− LSCs

According to the SA-β-Gal staining images, there were 
obviously SA-β-Gal-stained CD34+CD38− LSCs in the Rg1 
group, with no obvious staining in  the  control group 
(Fig. 1A). The statistical analysis illustrated that the SA-
β-Gal staining rate in the Rg1 group (44.74%) was signifi-
cantly higher compared with the control group (12.03%) 
(Fig. 1B, p < 0.05).

Rg1 treatment suppressed formation 
of CFU-Mix of CD34+CD38− LSCs

As a marker for cell aging, CFU-Mix, is also observed 
in the CD34+CD38− LSCs (Fig. 2A).19 The results exhibited 
that the Rg1 treatment markedly suppressed the formation 
of the CFU-Mix of CD34+CD38− LSCs compared with 
the control group (Fig. 2B, p < 0.05).

Rg1 treatment boosted telomere effector, 
p16INK4a, in CD34+CD38− LSCs

The telomere damage system associated effector, p16INK4a 
was also determined using both a RT-PCR assay (Fig. 3) 
and a western blot assay (Fig. 4A).20 The findings showed 
that the Rg1 treatment obviously boosted both p16INK4a 
mRNA transcription (Fig. 3) and p16INK4a protein ex-
pression (Fig. 4B) in CD34+CD38− LSCs compared with 
the control group (p < 0.05). These results suggest that 
CD34+CD38− LSCs undergoing Rg1 treatment demon-
strate obvious aging characteristics of stem cells.

Fig. 1. SA-β-Gal staining for the CD34+CD38− LSCs (± SD, n = 8). A. Negative 
SA-β-Gal staining of cells in control group; B. Positive SA-β-Gal staining 
of cells in Rg1 group. Black arrow represents the positive SA-β-Gal staining 
cells; ×400 magnification; *p < 0.05 compared to the control group

Table 3. Effect of Rg1 on distribution of cell cycle to CD34+CD38− LSCs (±SD, n = 8)

Groups Dosage [μmol/L] G0/G1 phase [%] G2/M phase [%] S phase [%] PI

Control — 70.35 ±5.02 17.24 ±2.12 12.41 ±1.35 29.65 ±1.06

Rg1 40 86.89 ±4.32* 6.12 ±1.03* 6.99 ±1.06* 13.11 ±1.17*

*p < 0.05 compared to the control group.

Table 2. Inhibiting rate of Rg1 on proliferation of CD34+CD38– LSCs in vitro (±SD, n = 8)

Groups Dosage [μmol/L]
Inhibitive rate [%]

24 h 48 h 72 h

Control — 1.57 ±0.24 5.68 ±0.36 12.47 ±1.21

Rg1 20 13.63 ±1.02* 24.16 ±1.21* 31.44 ±2.02*

Rg1 40 28.13 ±1.44*,# 52.01 ±2.14*,# 62.47 ±2.03*,#

Rg1 80 38.76 ±2.01*,Δ 64.46 ±3.12*,Δ 76.04 ±0.92*,Δ

*p < 0.05 compared to the control group; #p < 0.05 compared to the 20 μmol/L group; Δp < 0.05 compared to the 40 μmol/L group.
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Rg1 treatment reduced telomere regulatory 
biomarker, hTERT, in CD34+CD38− LSCs

The telomere regulatory biomarker, hTERT,21 was eval-
uated using a RT-PCR (Fig. 3) and a western blot assay 
(Fig. 5A). As the results demonstrated, Rg1 treatment re-
markably reduced the hTERT mRNA transcription (Fig. 3) 
and hTERT protein expression (Fig. 5B) when compared 
with the control group (p < 0.05). These results imply 
that CD34+CD38− LSCs undergoing Rg1 treatment in-
directly attenuate telomere activity by reducing hTERT 
expression.

Discussion

The LSCs have been proven as a risk factor for acute 
myeloid leukemia (AML) and are associated with chemo-
therapy resistance and relapse of disease.22,23 Therefore, 
discovering a novel reagent or drug targeting LSCs might 
hold promise for the clinical treatment of AML. Accord-
ing to former studies,24,25 Traditional Chinese medicine 
(TCM) normally demonstrates drug acceptance when 
applied in the disease therapy. Therefore, we speculated 

Fig. 5. Effects of Rg1 on the hTERT protein expression in CD34+CD38− LSCs 
(± SD, n = 8). A. Western blot image of the hTERT protein expression;  
B. Rg1 treatment decreased hTERT protein expression; *p < 0.05 compared 
to the control group

Fig. 4. Effects of Rg1 on the p16INK4a protein expression in CD34+CD38− LSCs  
(± SD, n = 8). A. Western blot image of the p16INK4a protein expression;  
B. Rg1 treatment increased p16INK4a protein expression; *p < 0.05 compared 
to the control group

Fig. 3. Effects of the Rg1 on the p16INK4a mRNA transcription and hTERT 
mRNA transcription in CD34+CD38− LSCs (± SD, n = 8). The mRNA 
transcriptions were determined using the RT-PCR assay; *p < 0.05 
compared to the control group

Fig. 2. Effects of Rg1 on the colony formation of CFU-Mix of CD34+CD38− 
LSCs (± SD, n = 8). A. CFU-Mix formation in control group; B. CFU-Mix 
formation in Rg1 group; *p < 0.05 compared to the control group
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that TCM might play a feasible role in treating the se-
nescence of  CD34+CD38− LSCs in  certain signaling 
pathways.

Ginsenoside Rg1, in TCM, could benefit the Qi and 
nourish the blood, as described by Chinese medicine 
theory,26 as well as protect against injury, aging and oxi-
dants, and promote immunity, as described by modern 
medicine theory.27 Many reports have documented and 
proved the anti-senescence function of Rg1 through dif-
ferent pathways, including activating the SIRT1/TSC2 
signaling pathway,1 the SIRT3/SOD2 signaling pathway16 
and the SIRT6/NF-kB signaling pathway,15 all of which 
target CD34+CD38− LSCs. In  this study, we  clarified 
a  novel signaling pathway that promotes the  effects 
of Rg1 on senescence of CD34+CD38− LSCs.

We found that Rg1 treatment remarkably attenuated 
CD34+CD38− LSCs proliferation and obviously decreased 
proliferative index (PI) by modulating cell cycle, which 
is  consistent with the  findings of  previous studies.1,28 
Therefore, the Rg1 significantly inhibits the proliferation 
and blocks the cell cycle of CD34+CD38− LSCs. The previ-
ous study29 reported that SA-β-Gal staining could reflect 
the senescence of CD34+CD38− LSCs. Our results indi-
cated that Rg1 treatment increased the positive SA-β-Gal 
staining rate of CD34+CD38− LSCs and suppressed the for-
mation of the CFU-Mix of CD34+CD38− LSCs. These re-
sults suggest that Rg1 inhibits the CFU-Mix formation and 
senescence of CD34+CD38− LSCs, which is consistent with 
the previous study.1

The activation of the telomerase could protect against 
telomere damage by delaying the senescence of cells and 
mediating the apoptosis.30 Therefore, the status of telo-
mere might be correlated with the senescence of cells. 
The p16 plays a critical role in the telomere damage-asso-
ciated senescence by limiting the apoptosis.31 Meanwhile, 
the telomerase reverse transcriptase (TERT) modulates 
the telomere-associated senescence by triggering the DNA-
damage response of cells.32 Previous research33,34 also docu-
ments that ginsenoside Rg1 could ameliorate proliferation 
of hematopoietic progenitor cells/hematopoietic stem cells 
(HPCs/HSCs) through reducing the expression of p16INK4a. 
Therefore, in the present study, expressions of both telomere 
damage system-associated effector (p16INK4a)20 and telomere 
regulatory biomarker (hTERT)21 in CD34+CD38− LSCs ad-
ministrated with Rg1 were determined. Our findings il-
lustrated that Rg1 treatment boosted p16INK4a expression 
and reduced hTERT expression in the CD34+CD38− LSCs. 
These results suggest that Rg1 triggers the  senescence 
of CD34+CD38− LSCs via upregulating p16INK4a expres-
sion and downregulating hTERT expression.

Limitations

In this study, whether ginsenoside Rg1 plays role in Rg1-
triggered enhancive effects on CD34+CD38– LSCs growth 
have not been clarified, which is a limitation of this study.

Conclusions

Our findings indicate that Rg1 could suppress prolifera-
tion and decrease the proliferative index of CD34+CD38− 
LSCs. Ginsenoside Rg1 demonstrated positive SA-β-Gal 
staining and inhibited formation of the CFU-Mix, both 
of which are indicators for senescence of cells. Also, Rg1 
boosted p16INK4a expression and reduced hTERT expres-
sion in CD34+CD38− LSCs. In summary, ginsenoside Rg1 
induces the senescence of CD34+CD38− LSCs through up-
regulating p16INK4a expression and downregulating hTERT 
expression, both of which are associated with the telomere 
system. The present study would be beneficial in the treat-
ment of AML by providing a promising strategy to induce 
senescence of CD34+CD38− LSCs.
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Abstract
Background. Myocardial ischemia/reperfusion injury (MIRI) usually induces serious health problems.

Objectives. This study attempted to explore protective effects of (−)-epigallocatechin-3-gallate (EGCG) 
on MIRI and the associated mechanism.

Materials and methods. Ischemia/reperfusion of an isolated rat heart (I/R model) and the MIRI model 
were used in this study. Myocardial infarction was measured with staining with 2,3,5-triphenyltetrazolium 
chloride (TTC). Ca2+ and troponin T (TnT) concentrations in coronary perfusion fluid were evaluated using 
the chromatometry method. Ca2+ concentration in cardiomyocytes was determined with detecting Ca2+ 
fluorescence intensity. The ultrastructure of cardiomyocytes was observed using transmission electron 
microscopy (TEM). β-nicotinamide adenine dinucleotide (NAD+) of cardiomyocytes was also determined.

Results. The EGCG (I/R+EGCG) significantly reduced myocardial infarction size of isolated rat heart compared 
to I/R rats (p < 0.05), remarkably increased Ca2+ and decreased TnT concentrations in coronary perfusion fluid 
of I/R rats compared to the I/R model (p < 0.05), as well as markedly decreased intracellular Ca2+ concen-
tration and promoted NAD+ concentration in cardiomyocytes compared to I/R rats (p < 0.05). It also obvi-
ously maintained the mitochondrial structure in cardiomyocytes of I/R rats and improved the ultrastructure 
of cardiomyocytes of MIRI rats. Lonidamine (LND) treatment (I/R+EGCG+LND group) significantly blocked 
the effects of EGCG on I/R injury compared to the I/R+EGCG group (p < 0.05). The EGCG (MIRI+EGCG) sig-
nificantly decreased myocardial infarction size compared to MIRI rats (p < 0.05) and remarkably enhanced 
Ca2+ and reduced TnT concentrations in the pulmonary artery compared to that of MIRI rats (p < 0.05).

Conclusions. The EGCG decreased myocardial infarction size in both I/R models and MIRI models by reducing 
intracellular Ca2+ concentration, increasing TnT concentration, promoting NAD+ concentration, and improving 
the ultrastructure of cardiomyocytes.

Key words: myocardial infarction, protective effect, cardiomyocytes, EGCG, myocardial ischemia/reperfusion  
injury
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Background

Myocardial ischemia/reperfusion injury (MIRI) caused 
by cardiac surgery or myocardial infarction usually in-
duces serious health problems.1,2 It commonly accompa-
nies coronary heart disorder and has been proven to be 
a leading factor for heart failure clinically.3,4 It may also 
aggravate myocardial dysfunction and induce damage 
of  cardiac cells, causing an  overload of  calcium, cell 
apoptosis and inflammatory response in heart tissues.5 
At present, there are many proven risk factors for MIRI, 
such as excess of reactive oxygen species (ROS) and re-
lease of  inflammation-associated cytokines or  factors, 
all of which eventually induce cardiomyocyte death re-
sulting in damage to myocardial functions.6,7 Although 
plenty of  research8,9  has reported strategies for pre-
venting MIRI and decreasing myocardial infarct size, 
the clinical outcomes or efficacy for animal models are 
still unsatisfactory. Therefore, it  is critical to discover 
a promising strategy for preventing MIRI with clinical 
applications.

Objectives

The (−)-epigallocatechin-3-gallate (EGCG) is an impor-
tant bioactive ingredient derived from green tea, which 
has anti-oxidant and free radical scavenging proper-
ties.10,11 Previous studies10,12 have reported that EGCG 
plays a series of cardiovascular protective roles, includ-
ing alleviating heart ischemia/reperfusion (I/R) injury, 
reducing myocardial ischemia associated dysfunction 
of the heart, and protecting cardiac muscle of ischemic 
heart in  vivo and in  vitro. Kim et  al.13 reported that 
EGCG modulated Ca2+ influx by eliciting extracellular 
Ca2+ in cells. The present study attempted to determine 
the protective effects of EGCG on I/R injury of the heart 
and clarify whether Ca2+ influx is involved in the protec-
tive effect of EGCG.

Materials and methods

Animals

Twenty-four specific pathology-free (SPF) rats weigh-
ing 230 ±20 g were provided by the Experimental Animal 
Department of Zunyi Medical College, China. All rats had 
free access to water and food and were housed at 25°C 
with a  light/dark cycle of 12 h/12 h. All of the animal 
experiments or tests complied with the National Insti-
tutes of Health (NIH) Guidelines for Usage of Labora-
tory Animals revised in 1996. This study was approved 
by the Ethical Committee of The Third Affiliated Hospi-
tal of Zunyi Medical University (The First People’s Hos-
pital of Zunyi), China.

Ischemia/reperfusion model  
of isolated rat heart (I/R model) 

The ischemia/reperfusion model of isolated rat heart (I/R 
model) of isolated rat heart was generated as previously de-
scribed,14 with some modifications. Twelve Sprague Dawley 
rats were anesthetized by intraperitoneal injection with 
pentobarbital sodium (50 mg/kg body weight) and treated 
with heparin (3000 U/kg body weight) to establish the I/R 
model. Post-anesthesia, the anterior abdominal wall, dia-
phragm, and chest were fully cut open to expose the heart. 
About 5–6 mm remote from the beginning of the aorta, 
the aorta and the other blood vessels were cut off, and 
the heart was quickly harvested and pre-cooled at 4°C 
in KH buffer. Next, the heart was suspended on a Langen-
dorff system through the aortic cannula and fixed with 
wires. A mixture of 95% O2 and 5% CO2 (37°C) was con-
tinuously injected into the KH buffer and the heart was 
perfused at a constant rate of 8 mL/min in a non-circular 
manner. A small incision was made above the left auricle, 
and a latex balloon connected to the multi-channel physio-
logical recorder was inserted into the left ventricle through 
the left atrium and mitral valve. The end diastolic pressure 
of the left ventricle was adjusted between 8 mm Hg and 
12 mm Hg. For the whole process, the volume of the bal-
loon was kept constant. The whole operation, starting from 
the heart in vitro to the beginning of perfusion, should be 
completed within 1 min. Attention is needed to prevent air 
and tissue fragments from entering the coronary artery and 
causing embolism. The heart started beating a few seconds 
after perfusion began. The KH buffer was used to balance 
perfusion for 15 min, and treatment was then performed ac-
cording to the trial grouping scheme described in the Trial 
groups and drug regimen subsection. Finally, the heart was 
ischemic for 30 min and reperfused for 120 min.

MIRI rat model

The MIRI rat model was created as described in a pre-
vious study15 with a few modifications. In brief, a total 
of 6 Sprague Dawley rats were anesthetized by intraperi-
toneal injection with pentobarbital sodium (50 mg/kg 
body weight), intubated using 16-gauge cannulas and 
connected to ventilators (Zhenghua Bio. Tech., Anhui, 
China). The MIRI was generated by carrying out coronary 
artery ligation. Through the left thoracotomy, the heart 
of the rat was fully exposed to demonstrate the left anterior 
descending (LAD) coronary artery, which was then ligated 
for 30 min and followed by 120 min of reperfusion.

Trial groups and drug regimen

There were 3 groups of rats in this study: 12 I/R rats, 
6 MIRI rats and 6 control (or sham) rats (a total of 24 rats).

The I/R rats were subdivided into an I/R group (n = 3), 
I/R+EGCG group (n = 3; I/R rats were perfused with 10 mg 
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of EGCG for 30 min, induced to global ischemia for 30 min 
and reperfused for 120 min), I/R+lonidamine (LND) group 
(n = 3; I/R rats were induced to global ischemia for 30 min, 
perfused with 30 μM LND for 30 min and reperfused for 
120 min), and I/R+EGCG+LND group (n = 3; I/R rats were 
perfused with 10 mg of EGCG for 30 min, induced to global 
ischemia for 30 min, perfused with 30 μM LND for 20 min, 
and reperfused for 120 min).

The MIRI rats were divided into a MIRI group (n = 3; 
as described above) and MIRI+EGCG group (n = 3; 30 min 
before MIRI modeling, the femoral vein was injected with 
EGCG at a dosage of 10 mg/kg body weight).

The control group was also divided into 2 subgroups. 
Three rats control group rats were perfused with KH 
buffer, while 3 other were perfused with normal saline.

Measurement of myocardial infarction

Hearts of the rats were rapidly injected with 1% 2,3,5-tri-
phenyltetrazolium chloride (TTC; Sigma-Aldrich, St. Louis, 
USA; pH 7.4) at 120 min of reperfusion and then stained for 
15 min in a 37°C water bath in the dark. At the end of stain-
ing, the dye was stopped by washing with distilled water 
and then the heart was refrigerated at −20°C for 20 min. 
After fixation, the heart was cut into sections of a 1–2-mil-
limeter thickness. The myocardial infarction area appeared 
grayish white, while the non-myocardial infarction area 
was dark red. Finally, myocardial infarction was analyzed 
using Image Pro-Plus v. 6.0 image analysis software (Media 
Cybernetics Inc., Bethesda, USA). Myocardial infarction 
in the rats was represented as the ratio of  infarct area 
(IA)/ischemic area at risk (AAR).

Evaluation of Ca2+ and troponin T 
concentrations in coronary perfusion fluid

The Ca2+ and troponin T (TnT) concentrations in coro-
nary perfusion fluid were evaluated using the chromatom-
etry method in this study. A total of 1 mL of coronary per-
fusion fluid of the rats in each group was collected, treated 
with anticoagulant, and centrifuged at 4°C and 1000 rpm 
for 8 min. The isolated serum was stored at −70°C until 
the experiment. The Ca2+ concentration in coronary per-
fusion fluid was examined using the calcium colorimetric 
assay kit (Cat. No. K380-250; BioVision, Milpitas, USA) 
as instructed by the manufacturer. The TnT concentration 
in coronary perfusion fluid was examined using the TnT 
assay kit (Cat. No. 48T/96T; RapidBio, Calabasas, USA) 
according to the protocol of the manufacturer.

Determination of Ca2+ concentration 
in cardiomyocytes

Cardiomyocytes were obtained by  homogenizing 
the heart tissues. After culture of the cardiomyocytes, 
the  medium was removed and washed with Hank’s 

balanced salt solution (HBSS; Gibco, Grand Island, 
USA). Cardiomyocytes were incubated with Fluo-4/AM 
(at a concentration of 20 μM; Cat. No. S1060; Beyotime, 
Shanghai, China) and Pluronic F-127 (at a concentration 
of 1 μM; Cat. No. ST501; Beyotime) at 37°C for 20 min. 
Next, cells were washed twice with phosphate-buffered 
saline (PBS) and cultured for 20–30 min again to confirm 
that Fluo-4/AM was completely transformed into Fluo-4. 
The green fluorescence intensity of the cardiomyocytes 
was detected using laser scanning confocal microscopy 
(ELX800; Bio-Tek Inc., Winooski, USA). A  total of 25 
cardiomyocytes were randomly selected as the regions 
of interest (ROIs). The green fluorescence intensity was 
analyzed using Las AF software (Leica, Wetzlar, Germany) 
to evaluate the change in intracellular calcium concen-
tration. The  fluorescence intensity of  the  cardiomyo-
cytes in the control group was assigned a value of 100%. 
The  Ca2+ fluorescence intensity in  each experimental 
group was represented as the percentage of the fluores-
cence intensity of cardiomyocytes.

Measurement of NAD+ 

The NAD+ was measured using the commercial NAD+/
NADH cell-based assay kit (Cat. No. 600480-1; Cayman 
Chemical, Ann Arbor, USA) as instructed by the manu-
facturer. In brief, heart was homogenized using the NAD+ 
extraction buffer (at a concentration of 100 μL/5 mg heart 
tissues). The  resulting heart extracts were incubated 
in a 60°C water bath for 5 min, treated with NADH ex-
traction buffer (100 μL) and then centrifuged for 5 min 
at  12,000 rpm. The  supernatants were subsequently 
mixed with the cell-based assay alcohol dehydrogenase 
and cell-based assay NAD+ diaphorase. The optical density 
at a wavelength of 565 nm was measured and recorded 
at 0 min (OD0) and 15 min (OD15) using a spectropho-
tometer. The standard curve was drawn and the content 
of NAD+ was analyzed. The NAD+ concentration was cal-
culated using the following formula: NAD+ (nM) = [(cor-
rected absorbance-(y-intercept))/slope].

Transmission electron microscopy (TEM) 

The cardiomyocytes were fixed using 2.5% glutaralde-
hyde (Cat. No. G5882; Sigma-Aldrich) at 4°C for 2 h and 1% 
osmium tetrachloride (Cat. No. S837067; Sigma-Aldrich) 
at 4°C for 25–30 min, and then washed using PBS 2 times 
(10  min each time). Subsequently, the  cardiomyocytes 
were dehydrated using a graded series of acetone solu-
tions (50% acetone 1 time, 70% acetone 1 time, 90% ac-
etone 2 times, and 100% acetone 3 times, 12 min per time), 
cleared in propylene oxide solution, embedded in 3–4 mL 
of acetone-EPON812-embedding agent for 30 min, and 
then in pure-embedding agent for 2 h for complete em-
bedding. The embedded samples were baked at 60°C for 
24 h  to obtain the embedded hard blocks, which were 
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then cut into sections with a thickness of 1 μm and dried. 
The sections were stained using methylene blue dye solu-
tion (Cat. No. M9140; Sigma-Aldrich) at 60°C for 30 s and 
then complex dye solution (0.25% sodium borate : 0.5% ba-
sic fuchsin = 1 : 1) for 10 s. Subsequently, the sections were 
re-cut into ultra-thin sections with a thickness of 50 nm. 
The ultra-thin sections were laid onto 0.45% Formvar pre-
treated copper grids and stained with uranyl acetate dye 
solution for 10 min and lead dye solution for 12 min at room 
temperature. Finally, the ultra-thin sections were observed 
under a Philips TECNAI-10 transmission electron micro-
scope (TEM; Philips, Amsterdam, the Netherlands).

Statistical analyses

Data are reported as mean ± standard deviation (SD) 
and analyzed using IBM SPSS software v. 20.0 (IBM Corp., 
Armonk, USA). Differences between data were analyzed 
using analysis of variance (ANOVA) with the Bonferroni 
post hoc test. A p-value <0.05 indicated statistically sig-
nificant differences.

Results

EGCG reduced myocardial infarction size 
of the I/R model of isolated rat heart

Myocardial infarction was determined in the I/R model 
of isolated rat heart (Fig. 1A). The results indicated that 

the myocardial infarction size of the I/R group was sig-
nificantly increased compared to  the  control group 
(p = 0.000). We found that EGCG treatment (I/R+EGCG 
group) remarkably reduced the myocardial infarction size 
compared to the I/R group (Fig. 1B, p = 0.001). Further-
more, LND treatment (I/R+EGCG+LND group) blocked 
the reductive effects of EGCG (I/R+EGCG group) on myo-
cardial infarction size of the I/R model of isolated rat heart 
(Fig. 1B, p = 0.003).

EGCG increased Ca2+ and decreased 
TnT concentrations in the coronary 
perfusion fluid of I/R rats

The results showed that the Ca2+ concentration of the I/R 
group was significantly lower than in the control group 
(Fig. 2A, p = 0.000). However, EGCG treatment (I/R+EGCG 
group) remarkably increased Ca2+ concentration compared 
with the I/R group (Fig. 2A, p = 0.000). The LND treatment 
(I/R+EGCG+LND group) significantly decreased Ca2+ con-
centration compared to the I/R+EGCG group (Fig. 2A, 
both p = 0.000).

At the same time, TnT concentration for the I/R group was 
significantly higher compared to the control group (Fig. 2B, 
p = 0.000). However, EGCG treatment (I/R+EGCG group) 
significantly decreased TnT concentration compared with 
the I/R group (Fig. 2B, p = 0.000). The LND+EGCG treat-
ment (I/R+EGCG+LND group) significantly increased TnT 
concentration compared to the I/R+EGCG group (Fig. 2B, 
both p = 0.000).

Fig. 1. Effects of EGCG treatment 
on myocardial infarction in the I/R 
model of isolated rat heart. A. Images 
of myocardial infarction in I/R rats 
undergoing EGCG and/or LDN treatment; 
B. Determination of the effects of EGCG 
and/or LDN treatment on myocardial 
infarction size (IA/AAR ratio) according 
to statistical analysis. For the I/R 
group compared to the control group 
p = 0.000; for the I/R+EGCG group 
compared to the I/R group p = 0.001; for 
the I/R+EGCG+LND group compared 
to the I/R+EGCG group p = 0.003
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EGCG decreased intracellular Ca2+ 
concentration in cardiomyocytes  
of I/R rats

Intracellular Ca2+ in cardiomyocytes was evaluated us-
ing green fluorescence staining in this study (Fig. 3A). 
The fluorescence findings showed that the intracellular 
Ca2+ concentration in cardiomyocytes of the I/R group was 
significantly increased compared with the control group 
(Fig. 3B, p = 0.000), but decreased in the EGCG treatment 
group (I/R+EGCG group) compared with the I/R group 
(Fig. 3B, p = 0.000). The LND treatment (I/R+LND group) 
also increased Ca2+ concentration compared with the I/R 
group (Fig. 3B, p = 0.000). In addition, LND+EGCG treat-
ment (I/R+EGCG+LND group) significantly increased Ca2+ 
concentration compared to the I/R+EGCG group (Fig. 3B, 
p = 0.000).

EGCG promoted NAD+ concentration 
in the cardiomyocytes of I/R rats

According to  the  NAD+ measurement findings, rats 
in the control group exhibited the highest concentration 
of NAD+ (Fig. 4). The NAD+ concentration in the I/R+EGCG 
group was significantly higher than the I/R group (Fig. 4, 
p = 0.003). The LND treatment (I/R+LND group) slightly 
increased NAD+ concentration compared to  the  I/R 
group (Fig. 4, p = 0.113). However, LND+EGCG treatment 
(I/R+EGCG+LND group) significantly decreased NAD+ 
concentration compared to the I/R+EGCG group (Fig. 4, 
p = 0.006).

EGCG maintained mitochondrial structure 
in cardiomyocytes of I/R rats

Cardiomyocytes derived from I/R rats were pre-treated us-
ing EGCG and/or LND. As shown in Fig. 5, cardiomyocytes 
derived from rats in the control group demonstrated tightly 
arrayed cristae structures; by contrast, after I/R injury, the mi-
tochondrial structures were destructed and vacuoles were 
formed (Fig. 5). However, EGCG treatment (I/R+EGCG group) 
remarkably improved the mitochondrial structures and only 
a few smaller vacuoles were observed (Fig. 5). Moreover, there 
were no obvious improvements in mitochondrial structures 
in the I/R+LND and I/R+EGCG+LND groups (Fig. 5).

EGCG decreased myocardial infarction size 
in the MIRI rat model

The myocardial infarction size in MIRI rats was also de-
termined in this study (Fig. 6A). Statistical analysis showed 
no infarction in the sham group rats (Fig. 6B). The myocar-
dial infarction size (IA/AAR ratio) in the MIRI group was 
significantly higher compared to the sham group (Fig. 6, 
p = 0.000). The EGCG treatment (MIRI+EGCG group) 
remarkably decreased the IA/AAR ratio compared to that 
of the MIRI group (Fig. 6, p = 0.019).

EGCG enhanced Ca2+ and reduced 
TnT concentrations in the pulmonary 
artery of MIRI rats

At 120 min post-perfusion, the Ca2+ and TnT concentra-
tions in the pulmonary artery of MIRI rats were measured. 

Fig. 2. Enhancive effects of EGCG on Ca2+ 
concentration and reductive effects of EGCG 
on TnT concentration in the coronary perfusion 
fluid of I/R rats. A. EGCG treatment enhanced 
Ca2+ concentration in I/R rats. For the I/R group 
compared to the control group p = 0.000; 
for the I/R+EGCG group compared to the I/R 
group p = 0.000; for the I/R+EGCG+LND group 
compared to the I/R+EGCG group p = 0.000; 
B. EGCG treatment decreased TnT concentration 
in I/R rats. For the I/R group compared 
to the control group p = 0.000; for the I/R+EGCG 
group compared to the I/R group p = 0.000; 
for the I/R+EGCG+LND group compared 
to the I/R+EGCG group p = 0.000
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The results showed that the Ca2+ concentration was signifi-
cantly lower (Fig. 7A, p = 0.000) and the TnT concentration 
was significantly higher (Fig. 7B, p = 0.000) in the MIRI 
group compared to the sham group. However, the EGCG 
treatment (MIRI+EGCG group) obviously enhanced 
the Ca2+ concentration (Fig. 7A, p = 0.000) and signifi-
cantly reduced the TnT concentration (Fig. 7B, p = 0.001) 
compared to the MIRI group.

EGCG improved the ultrastructure 
of cardiomyocytes of MIRI rats

Cardiomyocytes derived from sham group rats demon-
strated a normal and tightly arrayed ultrastructure (Fig. 8). 

However, the ultrastructure of cardiomyocytes from MIRI 
rats was destroyed (Fig. 8). Interestingly, EGCG treatment 
(I/R+EGCG group) significantly improved the ultrastruc-
ture of cardiomyocytes (Fig. 8).

Discussion

Clinically, blood flow restoration via the coronary artery 
can reduce the infarct area and aggravate the outcome post-
myocardial infarction; however, reperfusion usually induces 
damage for the ultrastructure of cardiomyocytes in cell 
metabolism diseases, followed by inflammation of heart 
tissues.6,16 The present research discovered that EGCG can 

Fig. 4. Evaluation of NAD+ concentration 
in the cardiomyocytes of I/R rats administered 
EGCG and/or LND. For the I/R group compared 
to the control group p = 0.000: for the I/R+EGCG 
group compared to the I/R group p = 0.000; for 
the IR+LDN group compared to the I/R group 
p = 0.113; for the IR+EGCG+LND group compared 
to the I/R+EGCG group p = 0.000

Fig. 3. EGCG decreased 
intracellular Ca2+ 
concentration in the 
cardiomyocytes 
of I/R rats according 
to Ca2+ fluorescence 
staining results. 
A. Green fluorescence 
staining for Ca2+ 
in the cardiomyocytes 
of I/R rats. Green 
fluorescence-stained 
cells represent Ca2+ 
in cardiomyocytes; 
B. Statistical analysis 
of Ca2+ concentration. 
For the I/R 
group compared 
to the control 
group p = 0.000; for 
the I/R+EGCG group 
compared to the I/R 
group p = 0.002; for 
the I/R+EGCG+LND 
group compared 
to the I/R+EGCG group 
p = 0.006
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significantly inhibit myocardial infarction in I/R or MIRI 
rats by modulating Ca2+ and TnT levels in cardiomyocytes.

The EGCG, which is characterized by a series of bio-
logical and pharmacological properties, plays promising 
protective roles in cardiovascular disorders.11,17 However, 
previous studies18,19 have not clarified the specific mecha-
nisms of the protective functions of EGCG on myocardial 
I/R injury. Therefore, the present research attempted to ex-
plore the protective effects of EGCG on myocardial infarc-
tion of rat hearts using both I/R models and MIRI models.

In  the  present research, both I/R models and MIRI 
models were created as described in previous studies.14,15 
The treatment dose was 10 mg of EGCG for perfusing 

the heart for 30 min in both I/R and MIRI rats, which 
was determined from pre-experimental findings of animal 
studies by our team. Our findings showed that both I/R 
and MIRI rats demonstrated serious myocardial infarction 
compared with rats in the control/sham group. Interest-
ingly, EGCG treatment significantly inhibited myocardial 
infarction in both I/R and MIRI rats, which suggests that 
EGCG plays critical roles in protecting against I/R injury. 
For the I/R and MIRI models used in this study, we must 
acknowledge that the sample size (rat numbers) of each 
group is relatively small, which is a limitation of this study.

Previous studies20,21  have reported that myocardial 
I/R injury is related to the overload of intracellular Ca2+. 

Fig. 6. EGCG treatment decreased 
myocardial infarction in MIRI rats. A. Images 
of myocardial infarction in MIRI rats 
undergoing EGCG treatment; B. Statistical 
analysis of the effects of EGCG treatment 
on myocardial infarction size (IA/AAR 
ratio) in MIRI rats. For the MIRI group 
compared to the sham group p = 0.000; for 
the MIRI+EGCG group compared to the MIRI 
group p = 0.019

Fig. 5. Ultrastructure and mitochondrial structure 
of cardiomyocytes from I/R rats undergoing EGCG 
and/LND treatment as determined with TEM
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Intracellular Ca2+ homeostasis maintains the cardiac func-
tions of the heart, and imbalance of homeostasis is com-
monly correlated with I/R associated injury.22 Therefore, 
we examined the Ca2+ levels in coronary perfusion fluid 
of I/R rats and intracellular Ca2+ levels in cardiomyocytes 
of MIRI rats. The results showed that EGCG treatment 
significantly increased Ca2+ concentration in coronary per-
fusion fluid of I/R rats and enhanced Ca2+ concentration 
in the pulmonary artery of MIRI rats. Moreover, we found 
that EGCG decreased the intracellular Ca2+ concentration 
in cardiomyocytes of I/R rats. The EGCG modulated con-
centration changes of Ca2+ suggest that EGCG treatment 
significantly inhibited the overload of intracellular Ca2+ 
in the cardiomyocytes of I/R rats and MIRI rats. Further-
more, we  found that EGCG enhanced the  intracellular 
concentration of TnT, which is a molecule reflecting car-
diac functions,23,24 in cardiomyocytes of I/R and MIRI rats. 
Our findings show that EGCG treatment significantly de-
creased TnT concentration in the coronary perfusion fluid 
of I/R rats and increased intracellular TnT concentration 

in  the pulmonary artery of MIRI rats, which hint that 
EGCG treatment remarkably improved heart functions 
in I/R and MIRI rats.

The content of NAD+ in  the myocardium can reflect 
the opening of mitochondrial permeability transition pores 
(mPTP): the lower the content of NAD+, the greater the de-
gree of mPTP opening and the more serious the myocardial 
injury.25 Thus, we evaluated NAD+ levels in the cardiomyo-
cytes of both EGCG-administered I/R rats and MIRI rats. 
The  results illustrated that EGCG treatment promoted 
NAD+ concentration in  the cardiomyocytes of  I/R rats, 
which suggests that the I/R model-induced myocardial in-
jury was suppressed and cardiac functions were improved. 
In fact, during myocardial I/R injury, excessive Ca2+ is pro-
duced and transferred into the  mitochondrial matrix, 
which then causes mPTP opening, production of ROS and 
ultimately cardiac dysfunction.26 Our findings prove that 
EGCG-induced NAD+ changes are consistent with varia-
tion in intracellular Ca2+ in the cardiomyocytes of I/R and 
MIRI rats. The EGCG also maintained the ultrastructure 

Fig. 8. TEM images illustrating the ultrastructure of cardiomyocytes in MIRI rats

Fig. 7. Ca2+ was enhanced and TnT was reduced in the pulmonary 
artery of MIRI rats undergoing administration of EGCG. A. EGCG 
administration enhanced Ca2+ concentration in MIRI rats. For the MIRI 
group compared to the sham group p = 0.000; for the MIRI+EGCG 
group compared to the MIRI group p = 0.000; B. EGCG administration 
decreased TnT concentration in MIRI rats. For the MIRI group 
compared to the sham group p = 0.000; for the MIRI+EGCG group 
compared to the MIRI group p = 0.001
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of mitochondria in cardiomyocytes of I/R and MIRI rats, 
which suggests that EGCG-triggered cardiac function im-
provement also involves improvement in the ultrastructure 
of mitochondria. However, the specific mechanism has not 
been clarified in this study. Moreover, LND participates 
in the modulation of conventional chemotherapy and ra-
diotherapy for tumors.27 In recent years, LND, as a mPTP 
opener, has been proven to reduce cardiac protection in I/R 
injury.28 Therefore, LND was employed as a negative regu-
lator for improvement of I/R injury in this study. However, 
we found no or only slight effects of LND treatment on myo-
cardial infarction size, intracellular Ca2+, decreased TnT 
concentration, and the ultrastructure of cardiomyocytes 
in  I/R isolated heart rat models. Moreover, LND treat-
ment significantly blocked the effects of EGCG on cardiac 
protection in the I/R rat models. This result suggests that 
EGCG might modulate improvement in I/R injury medi-
ated by mPTP pathways, which should be explored in future 
research.

Limitations

The sample size in this study was relatively small, but 
it would be enlarged in the further study. Moreover, ex-
cept for the Ca2+ and TnT participating in EGCG effects, 
the specific molecule signaling pathway has not been clari-
fied in this study.

Conclusions

EGCG treatment decreased myocardial infarction size 
in both I/R and MIRI rat models by decreasing intracel-
lular Ca2+ concentration, increasing TnT concentration, 
promoting NAD+ concentration, and improving the ultra-
structure of cardiomyocytes. The EGCG treatment used 
in this study is a potential source of therapeutic strategies 
for ischemic stroke-associated diseases.
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Abstract
Background. Sepsis is one of most common causes of death in the intensive care unit (ICU) due to infection 
and inflammation. The Duffy antigen receptor for chemokines (DARC) regulates pro-inflammatory cytokines, 
thus playing an important role in inflammation.

Objectives. This study aimed to elucidate the correlation among erythrocyte transfusion, macrophage 
pyroptosis and inflammation in the progression of sepsis.

Materials and methods. Alanine aminotransferase (ALT/GPT) activity was measured with the ALT/GPT 
activity measurement kit (Jiancheng Bio, Nanjing, China) according to the kit manual. The ET-1 concentration 
was measured with enzyme-linked immunosorbent assay (ELISA) using the endothelin-1 (ET-1) measure-
ment kit (Jiancheng Bio) according to the kit manual. Apoptosis was evaluated using flow cytometry-based 
Annexin V staining assay. The cells were collected using centrifugation and resuspended in binding buffer. 
Ultrastructural analysis of pyroptotic body, the levels of interleukin (IL)-1β, IL-18, IL-33, MIP-2, CXCL8, reactive 
oxygen species (ROS), and LTB4 were measured with ELISA.

Results. Our results showed that septic rats had impaired hepatic function and ET-1 levels. Erythrocyte 
transfusion upregulated DARC expression in the sepsis model. Erythrocyte transfusion also affected pyrop-
tosis in macrophages, reduced the production of inflammatory cytokines, such as IL-1β, IL-18 and IL-33, and 
alleviated cytotoxicity in the sepsis model.

Conclusions. Erythrocyte transfusion may function as a therapeutic tool against sepsis by regulating 
pyroptosis, inflammation and cytotoxicity.

Key words: transfusion, erythrocyte, pyroptosis, sepsis, DARC
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Background

The Duffy antigen receptor for chemokines (DARC) 
is an atypical receptor that regulates pro-inflammatory 
cytokines.1 It is expressed in multiple tissues, including 
kidney and brain.2,3 It has also been reported that DARC 
plays a role in erythrocyte function. For example, DARC 
found on the surface of erythrocytes facilitates chemokine 
reception.4 Staphylococcus aureus has been shown to target 
DARC to lyse erythrocytes within the mammalian host.5 
The DARC is also engaged in Plasmodium spp.-induced 
red blood cell invasion.6 Furthermore, DARC regulates 
inflammatory responses in adipose tissues,7 asthma1 and 
fractures.8 Thus, DARC may act as a critical regulator 
in inflammation-related pathological processes.

Sepsis is  one of  the  most common causes of  death 
among hospitalized patients in the  intensive care unit 
(ICU).9 It has multiple effects on erythrocytes.10 Sepsis 
alters erythrocyte morphology and blood flow in capil-
lary networks.11 The mechanism underlying the effect 
of sepsis on erythrocytes remains unclear; however, sev-
eral factors such as  inflammation and oxidative stress 
are involved in this process.12 Previous studies have ex-
plored the effect of erythrocyte transfusion in patients 
with sepsis.13 However, the mechanism is still contro-
versial. More and more studies demonstrate that oxygen 
delivery remains sufficient during sepsis while erythro-
cyte transfusion increases the oxygen-carrying capacity 
of the blood flow.14

Pyroptosis is a programmed and inflammatory form 
of cell death, which is different from the long-standing 
form of cell death. It  is one of the mechanisms of pro-
grammed cell death (PCD). Pyroptotic cells undergo 
nuclear condensation and chromatin DNA fragmenta-
tion,15 releasing pro-inflammatory mediators.16 Pyrop-
tosis contributes to the pathogenesis of several diseases, 
including cancer,17 atherosclerosis,18 liver disease,19 etc. 
In sepsis, pyroptosis is a hallmark that marks progress 
and recovery.20,21 In this study, we found that erythro-
cyte transfusion affected pyroptosis in macrophages and 
attenuated inflammation in a sepsis model. This work 
elucidated the correlation among erythrocyte transfusion, 
macrophage pyroptosis and inflammation in the progres-
sion of sepsis, thereby presenting a potential therapeutic 
method for treating sepsis.

Materials and methods

Establishment of a rat sepsis model

Two-month-old male Sprague Dawley rats (250 g) were 
purchased from Shanghai Model Organisms (Shanghai, 
China). Rats were housed under pathogen-free conditions 
with a 12-hour light/dark cycle. Rats received a  single 

intraperitoneal injection of 10 mg/kg of lipopolysaccha-
ride (LPS; Sigma-Aldrich, St. Louis, USA). Control animals 
received an equal volume of intraperitoneal saline.

Measurement of ALT/GPT activity

Alanine aminotransferase (ALT/GPT) activity was mea-
sured with the ALT/GPT activity measurement kit (Jian
chen Bio, Nanjing, China) according to the kit manual.

Measurement of endothelin-1 
concentration

The endothelin-1 (ET-1) concentration was measured 
using enzyme-linked immunosorbent assay (ELISA) us-
ing the ET-1 measurement kit (Jiancheng Bio) according 
to the kit manual.

Erythrocytes isolation and transfusion

Whole blood was centrifuged at 500 × g  for 10 min 
at 4°C. The supernatant containing plasma was aspirated 
and erythrocyte pellets were rinsed with wash buffer. 
Then, erythrocytes were again centrifuged at 500 × g for 
10 min at 4°C and rinsed with wash buffer. Freshly col-
lected erythrocytes were transfused into the sepsis model 
via tail vein injection.

Flow cytometry

Erythrocytes membrane protein DARC was determined 
using anti-DARC-FITC antibody (Abcam, Cambridge, 
UK). Followed by the fixation with 2% paraformaldehyde 
for 15 min, citrated blood was incubated with HEPES 
for 2 min. The antibody was added to the sample and 
incubated for 45  min in  the  dark. Cells were washed 
and suspended in Dulbecco’s phosphate-buffered saline 
(DPBS). Flow cytometry was performed using a BD Ac-
curi C6 (Becton Dickinson Biosciences, Franklin Lakes, 
USA). Data were analyzed using CFlow Plus software 
v. 1.0.227.04 (Becton Dickinson). Macrophage population 
was differentiated using flow cytometry (FCM) as previ-
ously described.22

Annexin V staining assay

Apoptosis was evaluated using FCM-based Annexin V 
staining assay. Briefly, cells were collected using centrif-
ugation and resuspended in binding buffer. Then, 5 µL 
of Annexin V-FITC and 5 µL of propidium iodide (PI) were 
added to the cells and incubated at room temperature for 
5 min in the dark. Finally, Annexin V-FITC binding was 
analyzed (Ex = 488 nm; Em = 350 nm) using FITC signal 
detector and PI staining using a phycoerythrin emission 
signal detector.
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Ultrastructural analysis  
of pyroptotic body

Ultrastructural alteration in the pyroptotic body was 
detected with a scanning electron microscope (SEM). Sam-
ples were prepared as previously reported.23 Images were 
captured under the JEOL NeoScope JCM-7000 Scanning 
Electron Microscope (JEOL Ltd., Tokyo, Japan).

ELISA

The levels of interleukin (IL)-1β, IL-18, IL-33, macro-
phage inflammatory protein 2 (MIP-2), Invitrogen anti-
IL-8 (CXCL8) (Invitrogen, Carlsbad, USA), reactive oxygen 
species (ROS), and leukotriene B4 (LTB4) were measured 
with ELISA. The ELISA kit (Jiancheng Bio) was used to 
detect the changes in the concentration of the abovemen-
tioned cytokines. The measurement was performed ac-
cording to the kit manual.

Cytotoxicity assay

The concentration of LDH was measured with the LDH 
detection kit (Jiancheng Bio) according to the kit manual.

Statistical analyses

Data were expressed as  mean  ±  standard error 
of the mean. Statistical significance was determined using 
unpaired Student’s t-test or one-way analysis of variance 
(ANOVA) followed by the Bonferroni post hoc test using 
GraphPad Prism software v. 5.0 (GraphPad Software, San 
Diego, USA). A p-value <0.05 was considered statistically 
significant.

Results

Septic rats showed impaired hepatic 
function and altered endothelin-1 levels

Firstly, we examined the hepatic function and ET-1 levels 
in the sepsis model. The concentration of ALT/GPT was 
significantly higher in septic rats at 6 h, 9 h and 12 h after 
model establishment (Fig. 1A, p < 0.001, n = 3) compared 
with those measured at the 0 h. Meanwhile, ET-1 concentra-
tion at 6 h, 9 h and 12 h after model establishment (Fig. 1B, 
p < 0.001, n = 3) was also significantly higher than at the 0 h. 
Thus, the sepsis model was successfully established.

Erythrocyte transfusion affected 
macrophages in septic rats

Secondly, we injected rats with erythrocytes to evaluate 
the potential benefit of erythrocyte transfusion. Flow cy-
tometry results showed that the expression of DARC in sep-
tic rats injected with erythrocytes (Fig. 2A) was upregulated 
compared to the control animals (Fig. 2B). Flow cytometry 

Fig. 1. The alteration in the levels of ALT/GPT (A) and ET-1 (B) in septic 
rats. The statistical difference was determined using a one-way ANOVA 
followed by the Bonferroni post hoc test; ***p < 0.001 compared 
to 0 h after model establishment

Fig. 2. Flow cytometry 
showed that (A) 
erythrocyte injection 
enhanced DARC 
level in septic rats 
in comparison 
to those injected with 
saline (B)
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analysis also indicated that the  ratio of  macrophages 
in the blood collected from rats treated with erythrocyte 
transfusion was different from that of the control group 
(Fig. 3A,B). Furthermore, macrophages of erythrocyte-
injected rats underwent more severe apoptosis compared 
to those administered with saline (Fig. 4A,B). Ultrastruc-
tural alteration in the pyroptotic body was detected us-
ing SEM. Compared to the saline controls, erythrocyte-
injected rats had fewer pyroptotic bodies in macrophages 
(Fig. 5A,B). Thus, erythrocyte transfusion could attenuate 
the pyroptosis of macrophages in septic rats.

Erythrocyte transfusion attenuated 
inflammation in septic rats

Thirdly, we explored whether erythrocyte transfusion 
could affect inflammatory responses in the sepsis model. 
The ELISA results showed that the concentration of in-
flammatory factors (i.e., IL-1β, IL-18, IL-33) and other 
inflammation-related proteins (i.e., MIP-2, CXCL8, ROS, 
LTB4) was significantly lower in septic rats injected with 

erythrocytes as compared with the control animals (Fig. 6). 
Thus, erythrocyte transfusion suppressed inflammation 
in the sepsis model.

Erythrocyte transfusion inhibited LDH 
activity in the sepsis model

To further analyze the effect of erythrocyte transfusion, 
lactate dehydrogenase (LDH) activity in the sepsis model 
was measured. The LDH activity of septic rats injected 
with erythrocytes was significantly lower compared with 
the control group (Fig. 7), suggesting that erythrocyte 
transfusion alleviated cytotoxicity in the sepsis model.

Discussion

The  DARC is  a  transmembrane protein expressed 
on erythrocytes.24 Since erythrocytes function as a pri-
mary reservoir of macrophage migration inhibitory fac-
tor in the whole blood, DARC might be correlated with 

Fig. 4. Flow 
cytometry showed 
the alteration 
in the ratio 
of apoptotic cells 
in the blood 
collected from 
erythrocyte-
injected (A) and 
saline-injected 
septic rats (B)

Fig. 3. Flow cytometry indicated that the ratio of macrophages 
was significantly different between sepsis model rats injected 
with erythrocytes (A) or saline (B)
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inflammation.25 We found that the expression of DARC 
was upregulated in septic rats injected with erythrocytes 
when compared to the control model animals (Fig. 2). These 
findings provide direct evidence that DARC is involved 
in the therapeutic effect of erythrocyte transfusion in sep-
sis. Furthermore, we showed that erythrocyte transfusion 
decreased the level of pro-inflammatory factors (Fig. 6), 
indicating that transfused erythrocytes attenuate inflam-
mation in sepsis. This is the first demonstration of its kind 
that shows the therapeutic effects of erythrocytes in sepsis 
treatment. Considering that inflammation is one of the bio-
markers in sepsis,26 a decrease in the level of pro-inflamma-
tory factors may be a promising strategy in treating sepsis. 

Further investigations of the levels of lactate and C-reactive 
protein (CRP), and procalcitonin, neutrophil and monocyte 
activation are needed to comprehensively evaluate the ef-
fect of erythrocyte transfusion on sepsis.

Erythrocyte transfusion alleviated pyroptosis in the sep-
sis model (Fig. 5). Unlike apoptosis and necrosis, pyroptosis 
is accompanied by the release of pro-inflammatory me-
diators.27 Attenuation in pyroptosis inhibited the release 
of pro-inflammatory factors, which is consistent with our 
findings that erythrocyte transfusion inhibited the level 
of pro-inflammatory factors in septic rats (Fig. 6). However, 
the underlying mechanism of sepsis-induced inflammation 
is still unclear. Several factors may contribute to poten-
tial mechanisms, including cAMP metabolism,28 NLRP3 
activation29 and inflammasome activation.30 All of these 
require further investigation.

Fig. 7. LDH activity was affected in septic rats injected with erythrocytes

Fig. 6. ELISA showed that the levels of MIP-2, CXCL8, IL-1β, IL-18, IL-33, ROS, 
and LTB4 were different between erythrocyte-injected (A) and saline-
treated (B) septic rats; * p < 0.05

Fig. 5. Ultrastructural alteration of the pyroptotic body of macrophages collected from erythrocyte-injected (A) and saline-treated (B) septic rats was 
detected with SEM
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Limitations

The results in this paper showed that septic rats had 
impaired hepatic function and altered ET-1 levels. Erythro-
cyte transfusion upregulated DARC expression in the sep-
sis model. Erythrocyte transfusion also affected pyroptosis 
in macrophages, reduced the production of inflammatory 
cytokines, such as IL-1β, IL-18 and IL-33, and alleviated 
cytotoxicity in the sepsis model.

Macrophages polarize to the classical M1 macrophage 
activation pathway and promote inflammatory cytokine re-
sponse. Studies on the interaction between stored RBCs infu-
sion and macrophages mainly focus on macrophages in pe-
ripheral blood. However, due to time constraints and small 
sample size, sepsis is affected by a variety of factors. Consider-
ing that the purpose of the study is to group and compare ac-
cording to a single index, and other factors among the groups 
have not been corrected, a more rigorous, multi-center, large 
sample and further analysis are still needed to improve the ac-
curacy and universality of the research results.

Conclusions

Erythrocyte transfusion may function as a therapeutic 
tool against sepsis by regulating pyroptosis, inflammation 
and cytotoxicity.
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Abstract
Background. Diabetic peripheral neuropathy (DPN) is one of the most common complications of diabetes, 
but the molecular mechanisms of DPN are still unclear.

Objectives. To investigate the role of miR-221 in DPN and the related molecular mechanisms.

Materials and methods. Streptozotocin (STZ) was used to establish an in vivo DPN model. An in vitro 
DPN model was established using high glucose-induced SH-SY5Y cells. The pain condition of rats was 
measured by evaluating the 50% paw withdrawal threshold (PWT) and paw withdrawal latency (PWL). 
Serum exosomes were extracted and identified. Expression of miR-221 in serum exosomes and serum SOCS3 
expression were determined using reverse-transcription quantitative polymerase chain reaction (RT-qPCR). 
Western blotting was used to measure the protein levels of SOCS3, bradykinin (BK) and prostaglandin E2 
(PEG2). The dual luciferase reporter assay was performed to confirm SOCS3 3’-UTR as a target of miR-221. 
The serum or cell supernatant levels of PEG2, BK, interleukin (IL)-6, IL-1β, and tumor necrosis factor alpha 
(TNF-α) were measured using enzyme-linked immunosorbent assay (ELISA).

Results. Induction of the lenti-miR-221 inhibitor significantly decreased the expression of miR-221 in DPN 
rats. Both 50% PWT and PWL values were markedly decreased in DPN rats. When miR-221 was inhibited, 
the 50% PWT and PWL values were both significantly increased. Knockdown of miR-221 significantly in-
creased the expression of SOCS3 and decreased the expression of NF-κB. Furthermore, knockdown of miR-221 
remarkably decreased the expression of PEG2, BK, IL-6, IL-1β, and TNF-α in both STZ-treated DPN rats and 
high glucose-induced SH-SY5Y cells, which was reversed by inhibition of SOCS3. The dual luciferase reporter 
assay showed that miR-221 directly targeted and negatively regulated SOCS3.

Conclusions. Inhibition of miR-221 can reduce pain and decrease expression of  inflammatory factors 
through targeting SOCS3 in DPN.

Key words: exosomes, miR-221, SOCS3, diabetic peripheral neuralgia
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Background

Diabetic peripheral neuropathy (DPN) is one of the most 
common complications of diabetes. Almost 50% of dia-
betic patients develop DPN during their lifetime and about 
10–26% of newly diagnosed diabetic patients suffer from 
DPN.1,2 Compared to other types of peripheral neuropa-
thy, the development of DPN is more rapid. Research has 
reported that DPN is the primary cause of diabetic foot 
ulcer and amputation, which lead to disability.3–5 Gener-
ally, it is considered that DPN is the result of many fac-
tors related to the hyperglycemic condition. Many factors 
influence DPN incidence, including glycosylation of tissue 
protein, oxidative stress, mitochondrial damage, inflam-
mation activation, and activation of the polyol pathway.6–8 
However, the  molecular mechanisms of  DPN are still 
unclear.

MicroRNA (miRNA) is a kind of endogenous non-cod-
ing RNA with a length of about 20–24 bases that plays 
wide roles in organisms.9 Among miRNAs, miR-221 plays 
important roles in many diseases. Oh et al. found that 
miR-221 could inhibit oxidative stress through regulating 
DJ-1 in Parkinson’s disease.10 Fornari et al. demonstrated 
that miR-221 could induce sorafenib resistance by inhib-
iting caspase-3-mediated apoptosis in hepatoma cells.11 
In addition, miR-221 was found to be upregulated in diabe-
tes and promote diabetes development.12 However, the role 
of miR-221 in DPN has not been elucidated yet.

Objectives

In the present study, we aimed to investigate the role 
of  miR-221 in  DPN. We  demonstrated that inhibition 
of miR-221 led to reduction of pain and decreased in-
flammatory factors through targeting SOCS3 in the DPN 
model. This research might give deeper insights into 
the molecular mechanisms of DPN.

Materials and methods

Animals and treatment

For establishment of the DPN in vivo model, 40 male 
Sprague Dawley (SD) rats (215 ±15 g, 3-month old) were 
purchased from the Laboratory Animal Center of Xuzhou 
Medical University, China. The rats were kept in micro-
isolator cages in a light-controlled room under a 12 h/12 h 
light/dark cycle and a controlled temperature (23–25°C), 
and had free access to food and water. All efforts were 
made to avoid unnecessary pain suffered by the animals. 
This study was approved by the Institutional Animal Care 
Committee at Xuzhou Children’s Hospital.

Animals were divided into 4 groups (n = 10 per group): 
1) control group; 2) streptozotocin (STZ)-induced DPN 

group; 3) DPN and miR-221 inhibitor group; and 4) DPN 
and inhibitor negative control (NC) group. For establish-
ment of the DPN model, rats received daily intraperitoneal 
injection of STZ (Sinopharm Group, Co. Ltd., Shanghai, 
China) at a dose of 60 mg/kg. After 7 days of injection, 
the blood glucose level of  the rats was evaluated using 
a blood glucose meter (Abbott Laboratories, Chicago, USA), 
and a blood glucose level >16.7 mol/L was regarded as suc-
cessful establishment of the diabetes model. After 14 days 
of injection, a von Frey fiber pain meter (Stoelting, Wood 
Dale, USA) was used for measurement of the 50% paw with-
drawal threshold (PWT), and 50% PWT < 4 g was regarded 
as successful establishment of the DPN model. The rats 
in the control group received daily injections of normal 
saline with the same volume.

For the DPN and miR-221 inhibitor or DPN and in-
hibitor NC group, the miR-221 inhibitor was designed 
and synthesized by  GeneChem Corp. (Shanghai, 
China). The  sequence of  the  miR-221 inhibitor was: 
5’-GAAACCCAGCAGACAAUGUAGCU-3’. The  con-
struction and packaging of the lentivirus of the miR-221 
inhibitor (lenti-miR-221-inhibitor) and lenti-miR-NC 
were accomplished by GeneChem Corp. Briefly, miRNA 
oligos with the  miR-221 inhibitor/NC sequence were 
synthesized and subcloned into the  pcDNA6.2TM-
GW/EmGFP-miR vector (Invitrogen, Carlsbad, USA). 
The lenti-miR-221-inhibitor/NC vector was obtained af-
ter att B and att P mediated recombination (BP reaction) 
between the miRNA vector and pDONR221 vector, and 
att L and att R mediated recombination (LR reaction) be-
tween the entry vectors and pLenti6.3/V5-dest. The lenti-
miR-221-inhibitor/NC vector was then packaged with ac-
tive titer 2 × 108 TU/mL. The rats the in DPN and miR-221 
inhibitor/NC group were DNP rats who received tail vein 
injection of 100 μL lenti-miR-221-inhibitor/NC vectors 
(2 × 108 TU/mL). Treatment was conducted immediately 
after injection of STZ. All experiments were repeated 
in triplicate.

Measurement of PWT and PWL

The PWT was measured using a von Frey fiber pain 
meter (Stoelting). Briefly, rats were placed in a transpar-
ent plexiglas box with a hole of 0.5 × 0.5 cm2 in the bot-
tom. The plantar of the rats was stimulated by gradu-
ally increasing the buckling force from 0.57 g. The force 
of the leg retraction reaction was regarded as the PWT 
and 50% PWT was calculated. Each animal was evaluated 
5 times. The paw withdrawal latency (PWL) was measured 
using an automatic thermal pain stimulator (BMC-410C; 
Institute of Biomedical Engineering, Chinese Academy 
of Medical Sciences, Beijing, China). Briefly, rats were 
put on a glass plate and exposed to thermal radiation. 
The time from the beginning of irradiation to the emer-
gence of leg raising avoidance was regarded as the PWL. 
Each animal was evaluated 5 times.
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Extraction and identification  
of serum exosomes

Blood samples were obtained from the rats after 14 days 
of treatment. Samples were centrifuged at 3000 × g at 4°C 
for 5  min. The  serum exosomes were extracted using 
ExoQuick Exosome Precipitation Solution (ExoQuick; 
System Biosciences, Palo Alto, USA) in strict adherence 
with the manufacturer’s instructions. For identification 
of the extracted exosomes, a flow cytometer (Beckman 
Coulter, Brea, USA) was used for measurement of the sur-
face biomarkers CD63, CD90, CD45, and CD34. Briefly, 
acetaldehyde/sulfate latex beads (4 μM) were added into 
30 μg extracted exosomes to achieve 100 μL. After adding 
1 mL of phosphate-buffered saline (PBS) and incubation for 
2 h, glycine (100 mmol) was added and the samples were in-
cubated with primary antibodies of anti-CD63 (ab108950; 
Abcam, Cambridge, USA), anti-CD90 (ab226; Abcam), 
anti-CD45 (ab10558; Abcam), and anti-CD34 (ab81289; 
Abcam) at 4°C overnight. After incubation with the cor-
responding secondary antibody Goat Anti-Rabbit IgG H&L 
(horseradish peroxidase (HRP); ab205718; Abcam) at 37°C 
for 30 min, the biomarkers were analyzed using flow cy-
tometry (FCM).

For observation of the morphology of the extracted exo-
somes, the exosomes were also observed using a transmis-
sion electron microscope (Hitachi, Tokyo, Japan).

Cell culture and transfection

For the in vitro DPN model, the SH-SY5Y cell line from 
American Type Cell Culture (ATCC, Manassas, USA) was 
treated with 50 mmol/L of D-glucose (Sigma-Aldrich, 
St. Louis, USA). Cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM; Gibco, Gaithersburg, USA) with 
10% fetal bovine serum (FBS; Gibco), 100 IU/mL of penicil-
lin, and 100 μg/mL of streptomycin at 37°C with 5% CO2. 
Normal cells were treated with 5 mmol/L D-glucose.

For cell transfection, cells were transfected with miR-221 
inhibitor/mimics or inhibitor/mimics NC, as well as si-
SOCS3 or si-NC (all 5 nM) using Lipofectamine 3000 
(Invitrogen, Carlsbad, USA) in serum-free Opti-MEM 
medium (Gibco) according to the manufacturer’s instruc-
tions. The miR-221 mimics/inhibitor, mimics/inhibitor 
NC, si-SOCS3, and si-NC were designed and synthesized 
by GeneChem Corp.

RT-qPCR

Total SOCS3 RNA was extracted from the serum samples 
or cells using TRIzol reagent (Thermo Fisher Scientific, 
Waltham, USA). The extraction of miR-221 was performed 
using a mirVana miRNA isolation kit (Ambion, Austin, 
USA) strictly according to the manufacturer’s instructions. 
RNA concentration was determined using a NanoDrop 
ND-1000 spectrophotometer (NanoDrop Technologies, 

Wilmington, USA). The TaqMan® RNA Reverse Tran-
scription Kit (Applied Biosystems, Foster City, USA) was 
used to convert RNA into cDNA. The TaqMan® MicroRNA 
Reverse Transcription Kit (Applied Biosystems) was used 
for reverse transcription of miRNA. The SYBR Premix 
Ex Taq™ II Kit (Solarbio Science & Technology Co. Ltd., 
Beijing, China) was used for reverse-transcription quan-
titative polymerase chain reaction (RT-qPCR) in an ABI 
StepOnePlus system (Applied Biosystems). The thermo-
cycling conditions were as follows: initial activation step 
at 95°C for 15 min, 40 cycles, denaturation at 94°C for 
15 s, annealing at 55°C for 30 s, and extension at 72°C for 
30 s. Primers are listed Table 1. The relative RNA levels 
were calculated using the 2−ΔΔCq method. U6 and GAPDH 
were used as internal controls for miR-221 and SOCS3, 
respectively.

Western blotting

Western blotting was used to measure the protein levels 
of SOCS3, bradykinin (BK) and prostaglandin E2 (PEG2). 
Proteins were extracted from serum samples or cells using 
radioimmunoprecipitation assay (RIPA) buffer (Vazyme 
Biotec Co. Ltd., Nanjing, China) and the concentrations 
were determined using a BCA assay kit (Sigma-Aldrich). 
After being subjected to 10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to polyvinylidene difluoride (PVDF) film, samples 
were blocked using non-fat milk at room temperature for 
1 h. The same samples were then incubated with primary 
antibodies of anti-SOCS3 (ab16030; Abcam), PEG2 (ab2318; 
Abcam) and BK (ab47864, Abcam) at 4°C overnight fol-
lowed by incubation with the corresponding secondary 
antibody (Goat Anti-Rabbit IgG H&L, ab205718; Abcam). 
The films were scanned using the Pierce ECL Western 
Blotting Substrate (Pierce, Shanghai, China) and analyzed 
using a Bio-Rad gel imaging system (Bio-Rad, Hercules, 
USA).

Dual luciferase reporter assay

The dual luciferase reporter assay was performed to con-
firm the SOCS3 3’-UTR as a target of miR-221. Briefly, 
the wild-type (WT) SOCS3 3’-UTR or mutant (Mut) type 

Table 1. Sequences used in PCR

Genes Sequence

miR-221
F 5’-CAGCATACATGATTCCTTGTGA-3’
R 5’-CTTTGGTGTTTGAGATGTTTGG-3’

SOCS3
F 5’- CCTGCGCCTCAAGACCTTC-3’
R 5’-GTCACTGCGCTCCAGTAGAA-3’

GAPDH
F 5’-AGCGAGCATCCCCCAAAGTT -3’
R 5’-GGGCACGAAGGCTCATCATT-3’

U6
F 5’-TGCGGGTGCTCGCTTCGGCAGC-3’

R 5’-CCAGTGCAGGGTCCGAGGT-3’
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was amplified and sub-cloned into a  pGL4.10 lucifer-
ase reporter vector and the cells were transfected with 
miR-221 mimics, inhibitor or mimics/inhibitor NC using 
Lipofectamine 3000 (Invitrogen). Luciferase assays were 
performed using a Bright-Glo™ Luciferase Assay System 
(Promega, Madison, USA) after 48 h of transfection and 
the luciferase activity was normalized to the values of Re-
nilla luciferase activity.

Measurement of PEG2, BK, IL-6, IL-1β,  
and TNF-α

Serum or cell supernatant levels of PEG2, BK, interleukin 
(IL)-6, IL-1β, and tumor necrosis factor alpha (TNF-α) 
were measured with enzyme-linked immunosorbent assay 
(ELISA) according to the manufacturer’s instructions us-
ing commercial kits: Prostaglandin E2 ELISA Kit (Abcam); 
Bradykinin ELISA Kit (Abcam); Interleukin 6 (Sandwich 
ELISA) ELISA Kit (LSBio, Inc.); Interleukin 1β (Sandwich 
ELISA) ELISA Kit (LSBio, Inc.); and TNF-α ELISA Kit 
(LSBio, Inc.).

Statistical analyses

Data are expressed as the mean ± standard deviation 
(SD). Comparisons were conducted using one-way analysis 
of variance (ANOVA) followed by the Tukey’s post hoc test. 
Findings were considered to be statistically significant 
when the p-value was less than 0.05. All analyses were 
performed using SPSS v. 18.0 (SPSS Inc., Chicago, USA).

Results

MiR-221 was upregulated in serum-extracted 
exosomes in STZ-induced DPN rats

First, the exosomes extracted from the serum taken from 
the rats were identified. The morphology of the exosomes 
was photographed and the  mean diameter was about 
70 nm (Fig. 1A,B). Flow cytometry and western blotting 
results showed that CD63 and CD90 were positively ex-
pressed, while CD45 and CD34 were negatively expressed 
in the exosomes (Fig. 1C,D), indicating the successful ex-
traction of the exosomes. Next, the expression of miR-221 
was determined using RT-qPCR. It  was observed that 
miR-221 was markedly upregulated in the serum exosomes 
of the DPN rats (Fig. 1E), suggesting that miR-221 is abnor-
mally expressed and might play a role in DPN.

Inhibition of miR-221 reduced the pain 
condition of STZ-induced DPN rats

To investigate the role of miR-221 in DPN, we injected 
the lenti-miR-221 inhibitor into the rats and observed al-
terations in their pain condition. As shown in Fig. 2A, 
the blood glucose level increased remarkably in DPN rats 
compared with controls (p < 0.05). Induction of the lenti-
miR-221 inhibitor significantly decreased the expression 
of miR-221 in DPN rats compared with the NC group 
(p < 0.05, Fig. 2B). Both 50% PWT and PWL values were 
markedly decreased in DPN rats compared with controls 

Fig. 1. MiR-221 was 
upregulated in serum-
extracted exosomes from  
STZ-induced DPN rats 

A. Morphology of serum-
extracted exosomes under 
TEM (100 nm); B. Distribution 
of the diameters of exosomes; 
C. FCM results for surface 
biomarkers of CD90, CD63, 
CD34, and CD45; D. Protein 
levels of CD90, CD63, CD34, 
and CD45 measured with 
western blotting; E. Expression 
of miR-221 in serum-derived 
exosomes from DPN and 
control rats; *** p < 0.001.
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(p < 0.05, Fig. 2C). When miR-221 was inhibited, both 
the 50% PWT and PWL values were significantly increased 
compared with the NC group (p < 0.05). These results 
indicated that inhibition of miR-221 improved the pain 
condition of DPN rats.

Inhibition of miR-221 activated 
the expression of SOCS3 but suppressed 
the expression of NF-κB and inflammation 
factors in STZ-induced DPN rats

To  further reveal the  effects of  inhibiting miR-221 
in DPN, the serum protein levels of NF-κB and inflam-
mation factors were evaluated. It was found that DPN treat-
ment markedly decreased the expression of SOCS3 and 
increased the expression of NF-κB (p < 0.05, Fig. 3A). How-
ever, knockdown of miR-221 significantly reversed these 
effects. Furthermore, knockdown of miR-221 remarkably 
decreased the expression of PEG2, BK, IL-6, IL-1β, and 
TNF-α compared with the NC group, which was increased 
by STZ treatment in DPN rats (p < 0.05, Fig. 3B). Taken 
together, these results indicate that knockdown of miR-221 
also decreased the expression of inflammation-related fac-
tors in DPN and that the downregulation of SOCS3 might 
be involved in this process.

MiR-221 directly targeted  
and negatively regulated SOCS3

Next, the binding mode between miR-221 and SOCS3 
was confirmed. The  interaction between miR-221 and 
SOCS3 was predicted using TargetScan v. 7.2 (http://www.
targetscan.org/vert_72) and is shown in Fig. 4A. The dual 
luciferase reporter assay showed that luciferase activity 
significantly decreased when transfected with miR-221 
mimics and significantly increased when transfected with 
the miR-221 inhibitor in WT-SOCS3 (p < 0.05 compared 
with the NC group, Fig. 3B). However, no significant dif-
ference was found in Mut-SOCS3. The mRNA and protein 
expressions of SOCS3 were also determined. As shown 
in Fig. 3C,D, inhibition of miR-221 markedly increased 
the expression of SOCS3, while overexpression of miR-221 
led to significant downregulation of SOCS3 compared 
with the NC group (p < 0.05). These results indicate that 
miR-221 directly targeted and negatively regulated SOCS3.

Inhibition of miR-221 suppressed 
inflammatory factors through regulation 
of SOCS3 in high glucose-induced 
SY5Y cells

Lastly, miR-221 and SOCS3 were both suppressed 
in  high glucose-induced SH-SY5Y cells and the  ex-
pression of inflammatory factors was evaluated. It was 
found that the SOCS3 mRNA and protein expressions 

Fig. 2. Inhibition of miR-221 reduced the pain condition of STZ-induced DPN rats

A. Blood glucose levels for DPN and control rats; B. Expression of miR-221 in serum-derived exosomes from different groups of rats. C. 50% PWT and PWL 
were evaluated in different groups of rats; *** p < 0.001.
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were remarkably decreased in high glucose-induced cells 
compared with controls, while the expression of miR-221 
was remarkably upregulated in  high glucose-induced 
cells (p  <  0.05, Fig. 5A,B). However, the  suppression 
of  miR-221  markedly downregulated the  expression 
of miR-221 and upregulated the expression of SOCS3 
in high glucose-induced cells (p < 0.05). Co-transfec-
tion of the miR-221 inhibitor and si-SOCS3 significantly 

reversed the effects of the miR-221 inhibitor. Further-
more, suppression of miR-221 decreased the inflamma-
tory levels of PEG2, BK, IL-6, IL-1β, and TNF-α, which 
were increased by  high glucose. Inhibition of  SOCS3 
significantly reversed this effect (Fig. 5C). These results 
suggest that knockdown of  miR-221 suppressed high 
glucose-induced inflammatory factors through up-reg-
ulation of SOCS3.

Fig. 3. Inhibition of miR-221 activated the expression of SOCS3 while suppressing the expression of NF-κB and inflammation factors in STZ-induced DPN rats 

A. Serum protein levels of SOCS3 and NF-κB in different groups of rats; B. Serum PEG2, BK, IL-6, IL-1β, and TNF-α measured using ELISA; *** p < 0.001.
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Discussion

The DPN is one of  the most common complications 
of diabetes. However, the molecular mechanisms of DPN 
remain unclear. In the present study, we demonstrated for 
the first time that miR-221 is upregulated in DPN in vivo 
and in vitro models, and that inhibition of miR-221 im-
proves DPN through targeting SOCS3.

The relationship between miR-221 and diabetes has been 
noted in previous research. Lightell et al. demonstrated 
that miR-221 and miR-222 were upregulated in diabetes 
and that upregulation could promote intimal hyperplasia 
in diabetic mice.12 Qian et al. showed that inhibition of cell 
autophagy induced by miR-221 resulted in aggravation 
of diabetic cardiac hypertrophy.13 All of these results sug-
gest that miR-221 is associated with aggravation of diabetes 

Fig. 4. MiR-221 directly targeted and negatively regulated SOCS3

A. Binding mode between miR-221 and SOCS3 predicted by TargetScan v. 7.2; B. Luciferase activity assessed with the dual luciferase reporter assay; 
C. Expression of miR-221 and SOCS3 in different groups of SY5Y cells measured using RT-qPCR; *** p < 0.001.
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and its complications. In recent research, it was found that 
lncRNA GAS5 suppressed the proliferation and fibrosis 
of glomerular mesangial cells in diabetic nephropathy 
rats by targeting miR-221 and negatively regulated its ex-
pression.14 In a clinical study, Liu et al. demonstrated that 
miR-221 is also upregulated in diabetic retinopathy (DR) 
and has potential as a biomarker for DR.15 In a 2020 study, 
Fan et al. found that miR-221 and miR-222 could suppress 
the ability of islet cells to secrete insulin in a mouse model.16 
These studies further indicate that miR-221 plays a role 
as a promotor in diabetes. However, the role of miR-221 
in DPN has not been shown. In the present study, we con-
firmed that miR-221 was upregulated in a DPN rat model 
and that inhibition of miR-221 improved the pain condition 
of DPN rats and inhibited inflammatory factors.

The relationships among miR-221, inflammation and pain 
have been previously reported. It was found that miR-221 
can activate NF-κB by inhibition of A20, and that NF-κB 
is a key factor in inducing inflammatory factors.17 Wang 
et al. demonstrated that inhibition of miR-221 improved 
lipopolysaccharide (LPS)-induced inflammation in lung in-
jury by suppressing SOCS1/NF-κB signaling.18 In a study 
of pain condition, Xia et al. found that inhibition of miR-221 
improved neuropathic pain by  inhibition of  suppressor 
of cytokine signaling 1.19 In our study, we also demonstrated 
that inhibition of miR-221 improved pain condition in DPN 
rats and suppressed levels of inflammatory factors.

The SOCS3 is considered an inflammation suppressor 
and is also associated with diabetes. Research has shown 
that SOCS3 can suppress the expression of the inflam-
matory factors IL-1, IL-6 and tumor growth factor beta 
(TGF-β), as well as  the  inflammation signaling-related 
factors NF-κB and TGFβ.20,21 The SOCS3 also shows anti-
inflammation effects in LPS-induced lung inflammation, 
hepatitis B virus (HBV)-induced inflammation, oxidative 
stress, and encephalomyelitis.22–24 Regarding the relation-
ship between SOCS3 and diabetes, Zhu et al. showed that 
paeoniflorin could upregulate the expression of SOCS3 
and inhibit inflammation, leading to suppression of ma-
trix metalloproteinase-9 (MMP-9) and inflammatory 
factors in high glucose-induced renal clear cells.25 Duan 
et al. demonstrated that overexpression of SOCS3 improved 
high glucose-induced injury of pulmonary endothelial cells 
through inhibition of JAK2/STAT3 signaling.26 Another 
study observed that inhibition of IL-6 improved diabetic 
nephropathy and that the process was associated with 
upregulation of SOCS3.27 Taken together, these studies 
indicate that SOCS3 might improve diabetes, potentially 
through its anti-inflammation effects. In the present study, 
we showed that SOCS3 was downregulated in DPN rats and 
high glucose-induced cells, and that inhibition of SOCS3 
reversed the beneficial effects of the miR-221 inhibitor 
in high glucose-induced cells. The relationship between 
miR-221 and SOCS3 has been reported in many other 
diseases, including prostate cancer, pancreatic cancer, 

thrombocytosis, and bladder cancer.28–30 However, this 
is the first confirmation that miR-221 also targets SOCS3 
in DPN.

Limitations

The present study has some limitations. The upstream 
molecules that regulate the miR-221/SOCS3 axis are not 
sufficiently clear. Further research is also required to re-
veal the role of exosomes.

Conclusions

We demonstrated that inhibition of miR-221 reduced 
pain and suppressed inflammatory factors in DPN rats, 
and also inhibited inflammation in a high glucose-in-
duced SH-SY5Y cell line. This research might provide 
some novel molecular mechanisms for the development 
of DPN treatment.
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Abstract
Background. Sinus lift with a simultaneous implant placement in the residual maxilla is a common technique 
used worldwide. Nevertheless, choosing an ideal grafting material remains an object of dispute. The use 
of an autologous blood-derived graft, known as platelet-rich fibrin (PRF), has not yet been recognized to be 
as good as xenografts and alloplastic materials. However, initial results have been promising.

Objectives. To conduct a clinical and radiological comparison of implantation with a simultaneous sinus 
lift using xenograft or PRF clots.

Materials and methods. Thirty sinus lifts with simultaneous implantation were conducted using a lateral 
window approach and the tent pole technique, with xenograft (group 1 (G1)) or PRF (group 2 (G2)) as a filling 
material. To be included in the study, patients must have had an alveolar ridge height of 4–5 mm, no signs 
of inflammatory processes, good oral hygiene, and no other grafting procedures performed in region of im-
plant insertion. In each case, the measurements taken were probing pocket depth (PPD), height of keratinized 
tissue (HKT), clinical attachment level (CAL), recession depth/width (RD/RW), and, on panoramic X-rays, 
marginal bone loss (MBL), grafted sinus high (GSH), and bone gain (BG). Pre- and post-operative treatment 
was applied to reduce the chance of infection.

Results. During the study, 30 implants (hydroxyapatite-coated implants manufactured by SGS – 10 mm 
in length and 4.2 mm in diameter) were placed. The survival rate of implants in both groups was 100% 
with no implant mobility, pain, paresthesia, or inflammatory processes in the direct vicinity of the implants 
observed, except in 1 patient. After 36 months of follow-up, the radiological assessments for G1 were: GSH 
4.5 mm, MBL 0.46 mm and BG 4.53 mm; and for G2: 3.4 mm, 0.6 mm and 3.4 mm, respectively. Results 
of the clinical measurements were for G1: HKT after 36 months (HKT36) 2.46 mm, CAL 0.47 mm and PPD 
2 mm; and for G2: HKT36 3.13 mm, CAL 0.6 mm and PPD 2.07 mm.

Conclusions. After 3 years of follow-up, the results of sinus lifting solely using PRF with simultaneous 
implantation were promising, especially in terms of soft tissue management. Therefore, PRF can be regarded 
as an alternative to previously used materials.

Key words: implant, platelet-rich fibrin, sinus lift, growth factors, hydroxyapatite-coated implants
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Background

Implant treatment for patients with edentulous maxilla 
can only be performed when there is an adequate amount 
of good-quality bone tissue. Following tooth extraction, 
the bony socket undergoes a series of adaptive changes, 
in both the vertical and horizontal dimensions, in an at-
tempt to reduce bone height. It has been previously docu-
mented that the main result of alveolar bone resorption 
after tooth loss is the pneumatization of the maxillary 
sinus.1,2 Implant-supported rehabilitation in such cases 
remains a challenge. However, the treatment of choice 
in these cases is sinus augmentation.

The sinus augmentation procedure was first described 
by  Tatum and was subsequently redesigned by  Boyne 
and James.3,4 Depending on the clinical situation, such 
as the height and width of the alveolar ridge, different types 
of the procedure can be pursued. For example, in cases 
with a height over 6 mm, transcrestal techniques can be 
conducted.5 In contrast, when the bone level is  insuffi-
cient, procedures with an approach from the lateral side 
of the sinus cavity are most commonly used. This tech-
nique creates space between the maxillary alveolar process 
and the elevated Schneiderian membrane, which is filled 
with various grafting materials to maintain adequate space 
for new bone formation.3–5

Various materials, including freeze-dried bone allograft, 
β-calcium phosphate tribasic (β-TCP) and xenografts, such 
as deproteinized bovine bone mineral (DBBM), have been 
proposed as bone substitutes that can be applied during 
the sinus augmentation procedure.6 However, due to their lack 
of progenitor cells and growth factors, these materials allow 
for potential osteoconductive growth only. In order to im-
prove the osteoinductivity of alloplastic materials and xeno-
grafts, the use autologous growth factors has been proposed.7

Platelet-rich plasma (PRP) was initially used for this pur-
pose.8 However, there are potential risks associated with us-
age of this material, as PRP contains synthetic anticoagulant 
materials (e.g., sodium citrate, ethylenediaminetetraacetic 
acid, or anticoagulant citrate dextrose solution A).8–10 Other 
limitations of PRP application include a more time-con-
suming preparation and a rapid degradation of platelets that 
can result in a reduced release of growth factors. Because 
of these reasons, platelet-rich fibrin (PRF) was substituted 
for PRP in guided bone regeneration procedures.9

The PRF process, first described by Choukroun et al.10 
in 2001, begins with blood being centrifuged immediately 
after collection without anticoagulants. With this proce-
dure, coagulation starts during centrifugation. Centrifuga-
tion divides the blood sample into 3 parts: a red blood cell 
base at the bottom, an acellular plasma as a supernatant 
and a PRF clot in between. The PRF clot is transformed 
into a  membrane through compression, and contains 
the highest concentration of the platelets and more than 
half of the leukocytes from a 9-milliliter blood harvest. 
Within the PRF membrane, the platelets are tightly merged 

together within a fibrin mesh, and the enmeshed leukocytes 
remain alive and functional in the dense fibrin network.

The PRFs release a high amount of growth factors includ-
ing transforming growth factor-β1 and β2 (TGFβ-1 and 
TGFβ-2), platelet-derived growth factor (PDGF), vascular 
endothelial growth factor (VEGF), insulin-like growth fac-
tor 1 and 2 (IGF-1 and IGF-2), fibroblasts growth factor 
(FGF), and matrix glycoproteins (such as thrombospon-
din-1) for at least 7 days in vitro.10–12 The PDGF occurs 
in the form of both homodimers (PDGF-AA and PDGF-BB) 
and heterodimers (PDGF-AB), and influences the synthe-
sis of DNA strains, inducing angiogenesis, chemotaxis, 
and mitogenesis of fibroblasts, osteoblasts and monocytes. 
It cooperates with IGFs, which, in turn, leads to the differ-
entiation of fibroblasts into osteoblasts, further increasing 
the amount of bone collagen in osteoblasts. In turn, TGF-β1 
and TGF-β2 stimulate the production of connective tissue, 
synthesis and maturation of the collagen fibers, angiogen-
esis, and cell differentiation. The TGF-β1 has an impact 
on the mineralization of regenerating cells, influencing 
the speed and quality of the process. In turn, VEGF influ-
ences the synthesis of DNA strains, impacting the differ-
entiation of endothelial cells, while simultaneously activat-
ing the healing process. During the early stages of healing 
(1–2 weeks), PDGF-BB and IGF-1 play a key role by stimu-
lating and accelerating the gathering of fibroblasts. Later 
on (2–3 weeks), inflammatory tissue is replaced by connec-
tive tissue and induces production of the collagen fibers, 
where EGF and FGF lead the way. The last part of healing, 
when cells differentiate into osteoblasts and their matura-
tion occurs, is once again induced by IGF-1.12,13

In recent years, researchers have paid increased attention 
to the clinical results of PRF application in sinus augmenta-
tion procedures. However, a general consensus pertaining 
to the use of this material has yet to be reached.14,15

Objectives

The main aim of this study was to evaluate if PRF, used 
solely as a grafting material in sinus lifting procedures, 
is a reliable alternative to xenografts.

Materials and methods

The data used in this study were collected via retrospec-
tive evaluation and were obtained through a well-known 
treatment. Thus, this study did not require approval 
of the bioethical committee.

Patient selection

Thirty generally healthy patients (14 men, 16 women), 
aged 30–64 years, with atrophic maxilla due to missing 
teeth in the lateral aspects, and previously treated with 
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implant-supported oral rehabilitation, were included 
in the study. Other inclusion criteria included a apico-cor-
onal height of 4–5 mm for the alveolar ridge in the region 
of the implant insertion during pre-surgical qualification, 
a minimal width of 7 mm for the alveolar ridge in the re-
gion of interest, approximal plaque index (API) ≤35, and 
plaque index (PI) ≤25. The exclusion criteria were previous 
grafting procedures in the area of interest and systemic 
or local diseases that could affect the healing or osteoin-
tegration processes. Smokers and patients with bruxism 
were excluded from the study as well.

Patients were randomly divided into 2 equal-sized 
groups. The 1st group (G1) consisted of patients in whom 
the sinus lift was augmented with xenograft (Cerabone®; 
Botiss Biomaterials GmbH, Zossen, Germany). The 2nd 
group (G2) consisted of  patients solely receiving PRF 
as a grafting material.

Implants

In both groups, electrochemically hydroxyapatite-coated 
implants SGS (SGS Dental Implant System Holding, 
St. Gallen, Switzerland) of the same size (10 mm in length, 
4.2 mm in diameter) were used.

PRF preparation

The PRF was prepared in accordance with Choukroun’s 
protocol.10 First, venous blood samples were collected from 
the patient into 10-milliliter tubes. Next, the samples were 
placed in a centrifuge (PRF PROCESSTM (CHOUKROUN 
DUO, Nice, France) and spun for 10 min at 3000 rpm. 
The PRF clot was then isolated from the erythrocytes frac-
tion, 2 mm below platelets-rich layer. In order to obtain 
the desired PRF membrane, the PRF clots were put into 
a A-PRF™ box (Fida Tech, Copenhagen, Denmark) without 
any pressure applied.

Surgical technique

In order to aid the procedure and successfully identify 
patients who needed sinus augmentation, preoperative 
cone-beam computed tomographic (CBCT) images were 
used to carefully measure the residual bone volume. All pa-
tients were given premedication for antibiotic prophylaxis 
(Augmentin; GSK, Brentford, UK; 2.0 g), and implants were 
placed on the day of sinus augmentation surgery as a one-
stage procedure. The position of the implant insertion was 
within the premolar and molar region.

Sinus augmentation with PRF

Under local anesthesia (4% articaine, 1 : 200000 Ubis-
tesin; 3M, St. Paul, USA), a full-thickness mucoperiosteal 
flap with 2 releasing incisions was made. After creating 
an  approach to  the  buccal wall of  the  maxillary sinus, 

the smallest possible window was created with piezosur-
gery® white (Mectron Carasco, Genova, Italy) and constant 
water-cooling. The bone window was used as a new sinus 
floor, as it remained partly attached to the membrane. Next, 
the Schneiderian membrane was carefully elevated from 
the bottom of the sinus. The implant was then inserted into 
the alveolar arch with a low rpm rate to use tip of the im-
plant as a tent pole to elevate the sinus sealing membrane, 
and an extra layer of the A-PRF was placed underneath. 
These latter procedures were carried out under constant 
eye control through created window, and the autogenous 
membranes were used to prevent perforations. The PRF 
membrane was applied to prevent further complications. 
When primary stabilization of the implant was satisfac-
tory, PRF clots were placed around it to fill up the residual 
space completely. The PRFs were also positioned to cover 
the bony window, and the flap was sutured back with re-
sorbable, monofilament 5-0 sutures (Monosyn B/Braun, 
Tuttlingen, Germany). The primary closure without tension 
was achieved by using horizontal mattress or continuous 
sutures. Postoperative treatment consisted of Eludril Clas-
sic® (Pierre Fabre, Paris, France) mouthwash for 2 weeks, 
2 times per day, and an antibiotic cover (Augmentin; GSK; 
2.0 g per day). If no complications were observed, the sutures 
were removed after 7–10 days.

Sinus augmentation with xenograft

The operating procedures for creating access to the max-
illary sinus were as described above. The procedure started 
to differ after the bone window was made. Here, the Schnei-
derian membrane was elevated, and the freshly created sub-
sinus cavity was filled with xenograft. Implantation in this 
group was also conducted simultaneously. After obtaining 
primary stabilization in the residual alveolar arch, the ap-
proach to the sinus was closed with resorbable, monofila-
ment 5-0 sutures. The full-thickness flap was sutured back 
without tension using horizontal mattress or continuous 
sutures. Postoperative management also included Eludril 
Classic® mouthwash for 2 weeks (2 times per day) and an an-
tibiotic cover (Augmentin; GSK; 2.0 g per day). Sutures were 
removed after 7–10 days if there were no complications.

Implant loading

All implants were non-submerged. After 6 months, load-
ing of the implants was carried out. All implants were 
loaded with a splinted or non-splinted screwed restoration.

Clinical evaluation

The assessment was based on a clinical examination, 
including probing pocket depth (PPD) measured around 
the implants in 4 measurement points, height of the ke-
ratinized tissue (HKT), clinical attachment level (CAL), 
and the recession depth/width (RD/RW). The evaluation 
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of HKT was performed on the day of surgery (HKT0) and 
after 36 months from the implant loading (HKT36). To cal-
culate implant survival rate, criteria suggested by Albrekts-
son et al.16 (individual unattached implant that is immo-
bile when tested clinically; no evidence of peri-implant 
radiolucency; bone loss that is less than 0.2 mm annually 
after first year of service of the implant) and Buser et al.17 
(the absence of implant mobility; no pain or any subjective 
sensation and peri-implant infection; the absence of con-
tinuous radiolucency around the implants) were used.

Radiological evaluation

At least 3 digital panoramic X-rays were taken for evalu-
ation: 1st immediately after sinus augmentation, 2nd during 
the follow-up visit after 6 months after sinus augmenta-
tion and prior to loading the implant, and 3rd 36 months 
after implant loading. The X-rays were performed using 
Galileos® D3437 software (Sirona Dental, Erlangen, Ger-
many). Radiological evaluation allowed for the assessment 
of 3 main parameters: marginal bone loss (MBL); grafted 
sinus high (GSH); and bone gain (BG).

To calculate MBL, the dimensions were first calibrated 
using the known parameters of implant, including diameter 
and length. Starting from the implant shoulder, distances 
were measured to the mesial and distal points of bone-to-
implant contact, parallel to the implant axis. Both distal and 
mesial measurements were averaged. To report the change 
in the height of the grafted sinus, the lowest point of the orig-
inal sinus floor (OSH) was calculated. The BG was finally 
calculated at 36-month follow-up based upon panoramic 
X-ray examination as a distance between OSH and the high-
est point of bone structure – GSH. All measurements were 
done by S.D., a junior member of the study team who was 
not involved in performing the implant surgeries.

Statistical analysis

Statistical analysis was carried out using SPSS v. 25 (IBM 
Corp., Armonk, USA) In order to check the distribution 
of the examined variables and to test their compliance 
with the normal distribution, basic descriptive statistics 
were calculated and Shapiro–Wilk distribution normal-
ity tests were performed. Ultimately, the nonparametric 
Mann–Whitney U test was used to detect differences be-
tween groups in the following measurements: MBL, BG, 
PPD, HKT (measured immediately after surgeries, and 
after the 36-month follow-up period), CAL, RD, and RW. 
The global significance level for the study was α = 0.05.

Results

The  implant survival rate in  both groups was 100% 
at 36 months. For 1 case in the PRF group, PPD for 4 mm with 
accompanying bleeding was reported, although the implant 

was stable. Mechanical and chemical debridement was ap-
plied in this case as a first option for peri-implantitis man-
agement. In the rest of the cases, implant mobility, pain, 
paresthesia, and inflammatory processes in the direct vicin-
ity of the implants were not reported in either group. Thus, 
the cumulative success rate was calculated as 100% accord-
ing to Albrektsson et al.16 and 93% according to Buser et al.17

The  mean GSH value was 3.4  mm for the  PRF (G2) 
group and was lower than that observed for the xenograft 
(G1) group (4.5 mm). These findings were accompanied 
by poorer results for MBL and CAL in G2 (0.6 mm and 
0.53 mm, respectively) relative to G1 (0.46 mm and 0.4 mm, 
respectively). In contrast, the initial HKT in G2 was 3.4 mm, 
while in G1 the pre-surgical HKT level was 2.93 mm. De-
tailed results from the clinical and radiological evaluations 
are reported separately for each group in Tables 1,2.

As the Shapiro–Wilk tests indicated that the variables 
were not normally distributed and exhibited kurtosis 
values usually surpassing the absolute value of 2, it was 
decided to use the nonparametric Mann–Whitney U test 
to examine group differences in site, PPD, HKT0, HKT36, 
CAL, RD, RW, MBL, and BG. The rank-biserial correlation 
(r) was used as a measure of the effect size. The results 
of Mann–Whitney U tests for each of the variables are 
reported in Table 3.

Three of the 9 conducted tests turned out to be statisti-
cally significant. The HKT36 value in the G1 group was 
significantly lower than that observed for G2, and the effect 
factor r indicated a large effect. The RW value in the G1 
group was also significantly lower as compared to G2, and 
the effect factor indicated a large effect. However, the BG 
value in G2 was much lower than that observed in G1, and 
the effect factor r also indicated a large effect.

Discussion

The issue of maxillary sinus grafting is not new and has 
been evaluated by many authors before. Previously, using 
bone-substituting materials, xenografts have mostly proved 
effective. However, application of a xenograft in the sinus 
lifting procedure requires a  long follow-up period due 
to relatively slow resorption of the biomaterial. Another 
disadvantage of using heterogenic or allogenic materials 
in this procedure is the necessity for evacuation in the case 
of complications. The ethical concerns associated with 
the aforementioned materials also cannot be depreciated. 
On the other hand, the alveolar recess of the maxillary sinus, 
due to sufficient blood supply and other anatomical proper-
ties, possesses a high osteoconductive potential. Thus, a si-
nus lift without grafted bone material or with an autologous 
graft is a very natural and attractive approach.16

The existing evidence-based literature is scarce in terms 
of the sole use of platelet concentrates in maxillary sinus 
augmentation. Evaluation of this procedure is hampered 
also by the fact that the majority of the existing studies 
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included only small cohorts of patients and short-term 
follow-up periods (6–12  months). Another difficulty 
in  the  assessment of  platelet concentrate applications 
is the lack of control groups in the previous work.18

Anitua et al. were one of the first to conduct a retrospec-
tive study of platelet concentration application in maxillary 

sinus grafting with a long (36 months) follow-up period. 
When using short implants and a transcrestal approach, 
the alveolar bone height increased by 3.7 ±1.7 mm and 
4.2 ±2.0 mm at 12 ±3 months and 35 ±11 months after 
surgery, respectively.14 Previously, most studies included 
a shorter observation period. Toffler et al.19 in a study 

Table 1. Clinical and radiological results of patients included in group 1 (G1)

G1 Age/sex
Splinted 
or non-
splinted

Site 
(tooth 

number)
PPD HKT0 HKT36 CAL RD RW MBL BG

1 45/M N 16 2 3 2 0 0 0 0 4

2 30/F N 16 2 2 3 1 1 0 1 5

3 66/M N 15 2 3 3 0 0 1 1 4

4 64/M S 25 2 4 3 0 0 0 0 5

5 48/F S 15 1 4 3 1 0 0 0 5

6 59/F N 16 2 3 2 0 0 0 0 5

7 52/F S 25 3 2 2 1 1 2 1 5

8 41/M N 26 2 2 2 1 1 1 1 4

9 48/F S 26 2 3 2 0 0 0 0 5

10 35/M N 15 3 3 3 1 1 0 1 4

11 48/F S 16 3 3 3 1 1 0 1 5

12 59/M S 26 2 4 3 1 0 0 0 5

13 56/F S 16 2 3 2 0 0 0 0 6

14 61/F N 15 1 3 2 0 0 0 0 3

15 38/M N 16 1 2 2 0 0 0 0 3

Average – – – 2 2.933333 2.466667 0.466667 0.333333 0.266667 0.4 4.533333

G1 – group 1; PPD – probing pocket depth; HKT – height of the keratinized tissue; CAL – clinical attachment level; RD – recession depth; RW – recession width; 
MBL – marginal bone loss; BG – bone gain.

Table 2. Clinical and radiological results of patients included in group 2 (G2)

G2 Age/sex
Splinted 
or non-
splinted

Site 
(tooth 

number)
PPD HKT0 HKT36 CAL RD RW MBL BG

1 45/F N 16 3 4 4 1 1 2 1 3

2 57/M N 16 1 3 3 1 1 1 1 4

3 60/M S 26 1 4 3 1 1 2 1 5

4 55/M N 26 2 4 3 0 0 2 0 3

5 53/F S 25 2 3 3 0 0 2 0 4

6 63/F S 27 2 3 3 1 1 1 1 3

7 47/M S 26 2 3 3 0 0 2 0 2

8 41/F N 16 3 3 3 1 0 2 1 6

9 58/F S 15 2 4 4 0 0 2 0 4

10 55/M S 16 4 3 3 3 1 1 2 4

11 38/F N 16 2 4 3 0 0 2 0 3

12 60/M S 16 2 4 4 0 0 2 0 3

13 44/F S 26 2 3 3 0 0 2 0 3

14 49/M S 25 1 3 2 1 1 1 1 2

15 59/F N 26 2 3 3 0 1 1 0 2

Average – – – 2.066667 3.4 3.133333 0.6 0.466667 1.666667 0.533333 3.4

Bold – patient with bleeding; G2 – group 2; PPD – probing pocket depth; HKT – height of the keratinized tissue; CAL – clinical attachment level; 
RD – recession depth; RW – recession width; MBL – marginal bone loss; BG – bone gain.
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on  SLA implants with a  3-month follow-up reported 
a mean increase in the height of implant sites of 3.4 mm 
(range: 2.5–5 mm), while Diss et al.20 in a 12-month follow-
up on Astra Tech implants reported a mean endo-sinus 
BG of 3.2 ±1.5 mm. Aoki et al.21 also reported a statis-
tically significant mean BG in sandblasted acid-etched 
implants compared to hydroxyapatite implants, and Mole-
mans et al.22 reported a higher mean BG (5.4 ±1.5 mm) 
with the lateral sinus floor elevation approach compared 
to the transalveolar technique (3.4 ±1.2 mm).

The superiority of the lateral window technique was 
once again confirmed in a study by Mazor et al.,23 where 
implants were placed in residual bone with heights be-
tween 1.5 mm and 6 mm (mean ± standard deviation (SD): 
2.9 ±0.9 mm). The final bone gain with this procedure was 
very significant (between 7 mm and 13 mm (mean ±SD: 
10.1 ±0.9 mm) at 6-month follow-up. In a similar study with 
a 6-month follow-up, Tajima et al.24 observed a lower gain 
in mean residual alveolar bone height after the sinus floor 
elevation from 4.28 ±1.00 mm (range: 1.9–6.1 mm) prior 
to surgery to 11.8 ±1.67 mm (range: 9.1–14.1 mm) after 
surgery. The results of the sinus-lift procedure combined 
with PRF application also appear to remain stable with 
a  longer follow-up. Simonpieri et al.25 conducted a ret-
rospective study with 2–6 years of observation and re-
ported very stable results with between 8.5 mm and 12 mm 
of bone gain (mean ±SD: 10.4 ±1.2 mm) observed. These 
findings of very stable results for crestal bone height were 
confirmed by Pichotano et al.26 In this study, 20 patients 
treated with SLA implants placed immediately with PRF si-
nus-grafting showed a bone gain of 8.5–12 mm (mean ±SD: 
10.4 ±1.2 mm). Another study, including 27 patients who 
received 2 types of implants during the sinus-lift proce-
dure, with PRF used solely as the grafting material, re-
ported a bone gain of 4.38 mm and 4.00 mm for SLA and 
HA implants, respectively. The observation period in this 
latter study was 12 months.27

Similar to  the  abovementioned studies, the  current 
work evaluated maxillary sinus grafting by radiographic 

assessment using pre- and post-surgical panoramic X-ray. 
In this study, a comparison of the effectiveness of solely 
used xenograft or PRF was carried out. However, some 
authors have suggested that PRF could be combined with 
xenograft to  improve the  osteoconductive properties 
of the graft. This combination may accelerate bone forma-
tion and promote wound healing. The mechanism that un-
derlies both events could be the ability of PRF to increase 
blood flow in the sinus cavity and osteoblast formation 
via the release of growth factors. Pichotano et al.28 showed 
that the addition of PRF to xenograft improves resorp-
tion rates when compared to xenograft alone (22.25% and 
8.95%, respectively). Histomorphometric analysis showed 
an increased amount of newly formed bone when PRF was 
used compared with xenograft alone, and allowed, in turn, 
faster implant loading. However, Nizam et al.29 reported 
no qualitative difference in histological analyses among 
groups of patients receiving xenograft alone or in combi-
nation with PRF. In all samples, a newly formed bone was 
in direct contact with the residual material. Similar radio-
graphic bone height was observed in the augmented area, 
and the implant survival rate was 100% for both groups.

Retrospective studies based on clinical evaluations of si-
nus floor augmentation are even less common. Hadzik 
et  al.30 reported that the  HKT value changed from 
2.7 ±1.64 mm to 1.73 ±1.1 mm at 36 months following 
the direct placing of similar-sized SLA implants with si-
nus floor lifting + xenograft usage, a much bigger decline 
in comparison to the current results.

None of  the  implants were lost during the  current 
study, including during the initial-surgical phase and over 
a 36-month follow-up period. According to the criteria 
proposed by Albrektsson et al.,16 the success and survival 
rate was 100%, as no mobility of the implant or radiolu-
cency was observed. Unlike the criteria proposed by Al-
brektsson et al.,16 the criteria proposed by Buser et al.17 
include vertical bone loss and the presence of infection 
(peri-implantitis). This latter clinical evaluation allows 
for a more stringent assessment of the peri-implant hard 

Table 3. Mann–Whitney U test results for each of the variables

Variable
G2 (n = 15) G1 (n = 15)

Z p-value R
medium range Me SD IQR medium range Me SD IQR

Site 17.90 25.00 5.20 10.00 13.10 16.00 4.91 10.00 −1.56 0.118 0.29

PPD 15.60 2.00 0.80 0.00 15.40 2.00 0.66 0.00 −0.07 0.944 0.01

HKT0 18.20 3.00 0.51 1.00 12.80 3.00 0.70 1.00 −1.89 0.059* 0.35

HKT36 19.70 3.00 0.52 0.00 11.30 2.00 0.52 1.00 −3.00 0.003* 0.55

CAL 15.73 0.00 0.83 1.00 15.27 0.00 0.52 1.00 −0.17 0.868 0.03

RD 16.50 0.00 0.52 1.00 14.50 0.00 0.49 1.00 −0.73 0.464 0.13

RW 22.00 2.00 0.49 1.00 9.00 0.00 0.59 0.00 −4.32 <0.001* 0.79

MBL 16.20 0.00 0.64 1.00 14.80 0.00 0.51 1.00 −0.50 0.616 0.09

BG 11.10 3.00 1.12 1.00 19.90 5.00 0.83 1.00 −2.83 0.005* 0.52

Asterisks indicate significant results; G1 – group 1; G2 – group 2; PPD – probing pocket depth; HKT – height of the keratinized tissue; CAL – clinical attachment 
level; RD – recession depth; RW – recession width; MBL – marginal bone loss; BG – bone gain; Me – median; SD – standard deviation; IQR – interquartile range.
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and soft tissue condition, which explains the lower success 
rate according to Buser et al.17 For 1 case in G2, PPD for 
4 mm with accompanying bleeding was observed; thus, 
dropping the success rate for that group to 93% according 
to the criteria proposed by Buser et al.17

In a study on 114 HA-coated implants with a long (8–10 
years) follow-up, Binahmed et al.31 reported a survival rate 
in the maxilla of 70.59%. However, McGlumphy et al.32 
in a shorter follow-up study (5–7 years) on 429 HA-coated 
implants reported a much higher cumulative survival rate 
(96% at 5 years and 95% at 7 years of follow-up). The mean 
combined mesial/distal bone loss in this latter study was 
1.2 mm in the mandible and 1.4 mm in the maxilla af-
ter 5 years of functional loading. Schwartz-Arad et al.33 
conducted a comparison study of HA-coated and com-
mercially pure titanium implants with a 12-year follow-
up. In  this study, the  reported total mean MBL was 
1.07 ±2.16 mm. In addition, MBL was significantly lower 
with titanium implants (0.55 ±1.04 mm) compared to HA-
coated implants (1.51 ±2.71 mm; p < 0.001). Furthermore, 
the total 12-year survival rate was 91.4%, and HA-coated 
implants had a significantly higher 12-year survival rate 
than titanium implants (93.2% compared to 89%; p < 0.03). 
Atia et al.34 provided a comparison of the success rates ac-
cording to Buser et al.17 and Albrektsson et al.16 for SLA 
implants placed in maxilla previously treated with PRP 
or augmented solely with an autogenous bone graft. These 
authors reported a cumulative success rate of 93.3% (97.5% 
for the bone graft group) according to criteria proposed 
by Buser et al.17 at 15 years and 1 month of observation. 
However, the success rate according to the criteria proposed 
by Albrektsson et al.16 was generally lower, and on the PRP 
side at the 5-, 10-, and 15-year observation points it was 
96.7%, 94.4% and 43.7%, respectively, while on the control 
side it was 98.8%, 97.5% and 77%, respectively.

Conclusions

After 3 years of follow-up on the sinus lifting proce-
dure solely using PRF with simultaneous implantation, 
the results obtained appear promising, especially regard-
ing of soft tissue management. Thus, PRF can confidently 
be regarded as a credible alternative to previously used 
materials.
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Abstract
Skeletal dysplasias are a heterogeneous group of congenital bone and cartilage disorders with a genetic etiol-
ogy. The current classification of skeletal dysplasias distinguishes 461 diseases in 42 groups. The incidence of all 
skeletal dysplasias is more than 1 in every 5000 newborns. The type of dysplasia and associated abnormalities 
affect the lethality, survival and long-term prognosis of skeletal dysplasias. It is crucial to distinguish skeletal 
dysplasias and correctly diagnose the disease to establish the prognosis and achieve better management. 
It is possible to use prenatal ultrasonography to observe predictors of lethality, such as a bell-shaped thorax, 
short ribs, severe femoral shortening, and decreased lung volume. Individual lethal or life-limiting dysplasias 
may have more or less specific features on prenatal ultrasound. The prenatal features of the most common 
skeletal dysplasias, such as thanatophoric dysplasia, osteogenesis imperfecta type II, achondrogenesis, and 
campomelic dysplasia, are discussed in this article. Less frequent dysplasias, such as asphyxiating thoracic 
dystrophy, fibrochondrogenesis, atelosteogenesis, and homozygous achondroplasia, are also discussed.

Key words: prenatal diagnostic, skeletal dysplasia, lethal, life-limiting
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Background

Skeletal dysplasias (SD, also known as osteochondrodys-
plasias) are an etiologically heterogeneous group of clinical 
skeletal disorders that disturb the growth and development 
of bones and cartilage. There are 461 different diseases 
belonging to SD, which are classified into 42 groups (No-
sology and Classification of Genetic Skeletal Disorders 
2019) according to their clinical/pathological, biochemical, 
imaging, and molecular characteristics.1

In most cases, SD is the result of mutations in single 
genes. Less often, dysplasias result from chromosomal 
anomalies, environmental teratogenic agents or multifac-
torial inheritance.2–4 The average incidence of all types 
of SD is more than 1 in every 5000 newborns.5–7 The real 
incidence rate may be higher because SD includes both vi-
able as well as life-limiting and lethal disorders.2,3 It is sug-
gested that SD of the fetus has an incidence rate of about 
5 in every 1000 pregnancies.8

Objectives

The aim of the present review is to better understand 
the natural history and the course of lethal and life-lim-
iting SD, as well as  its molecular etiology. Such under-
standing will support the management and development 
of therapeutic possibilities for these conditions.

Methods of literature search

PubMed was used to search the literature. First, the key-
words “life-limiting prognosis AND skeletal dysplasia OR 
prenatal diagnosis” were used, followed by the single term 
“lethal skeletal dysplasia”, to identify all articles describing 
poor prognosis of SD diagnosed prenatally. A publication 
year filter was applied to restrict the results to 1993–2020. 
If the abstract mentioned syndromes with SD with poor 
prognosis diagnosed prenatally, the full article text was 
then analyzed (Fig. 1).

Results and discussion

Symptoms of skeletal dysplasia

A characteristic feature of SD is body disproportion 
due to shortening of the limbs, the trunk, or both.4–6,9 
If the limbs are short (short-limb dwarfism), the linear 
growth deficiency can involve the proximal segment (hu-
merus/femur), intermediate segment (radius and ulna/
tibia and fibula), distal segment (hands/feet), or all seg-
ments of the limbs, with the appropriate terms being, re-
spectively, rhizomelic, mesomelic, acromelic shortening, 
or micromelia. Short-trunked dwarfism is mainly caused 

by changes in the spine (e.g., vertebral fusion, dysplastic 
changes, platyspondyly, kyphoscoliosis) or/and chest (e.g., 
small chest, barrel-shaped chest).6,10,11 Some dysplasias 
are characterized by deformity, such as bowing of  long 
bones (campomelia) or talipes, asymmetry of limb length, 
and preaxial (radial/thumb or tibial side) or postaxial (ul-
nar/little finger or fibular) polydactyly, as well as a high 
incidence of recurrent fractures.12 Other features of SD 
may include facial dysmorphia (e.g., micrognathia, frontal 
bossing, depressed nasal bridge, midface hypoplasia) and 
a variety of extra-skeletal manifestations, such as neuro-
logical, auditory, visual, pulmonary, cardiac, renal, and 
psychological symptoms.3,11

Therefore, to establish a precise diagnosis of a particu-
lar SD, it is important to describe what segment of long 
bones and what parts of the body are affected. Specifi-
cally, it  is important to describe which segment of long 
bones and which part of the body is affected and to evalu-
ate the affected spine and thorax, hands/feet, calvarium, 
and the  face (frontal bossing, presence of  nasal bone, 
micrognathia), and to assess the  involvement of other 
organs.6,12,13 During prenatal evaluation, it  is important 

Fig. 1. Literature review strategy

From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). 
Preferred Reporting Items for Systematic Reviews and Meta-Analyses: 
The PRISMA Statement. PLoS Med. 6(7): e1000097. doi:10.1371/journal.
pmed1000097
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to assess the volume of amniotic fluid and the presence 
of fetal hydrops.12,13

The type of dysplasia and associated abnormalities af-
fect the lethality, survival and long-term prognosis of SD. 
Early parental diagnosis of  SD may improve adequate 
counseling, pre-delivery planning, pregnancy, and post-
natal management.12

Lethal or life-limiting dysplasias

A particular group of  SD is  lethal or  life-limiting. 
It  is suggested that 75–80% of prenatally detected SD 
is  lethal.8,14,15 Lethality is  defined as  inevitably caus-
ing or capable of causing death in the prenatal period 
or shortly after birth. According to Krakow, defining le-
thality in the prenatal period can be accomplished by 2 
means: 1) a certain molecular diagnosis of a known le-
thal dysplasia; or 2) precise clinical assessment or ultra-
sound showing the presence of changes correlating with 
lethality.4 The prediction of lethality is based on specific 
features, namely, the presence of a bell-shaped thorax, 
short ribs, severe femoral shortening (>4 standard de-
viations), lung volume  <5th percentile of  expected for 
gestational age, femur length to abdominal circumfer-
ence ratio <0.16 (especially with polyhydramnios), chest 
circumference to abdominal circumference ratio <0.6, 
bone bowing (although also present in viable dysplasias 
such as achondroplasia), multiple bone fractures, absent 
or hypoplastic bones, underossification of the spine, and 
severe micrognathia.4,11,12,15,16 It may occur that a fetus 
with lethal SD will survive for a prolonged period of time, 
especially if lethality was predicted based on ultrasound 
findings. In this case, clinical reassessment must be per-
formed after birth.4,17

Prenatal diagnosis of skeletal dysplasia

Ultrasound examination is  considered an  effective 
method for the diagnosis of prenatal-onset SD. However, 
studies have estimated that the sensitivity of prenatal ul-
trasound for the detection of particular SDs is approx. 
68%.15 Few SDs are apparent during the  1st trimester, 
but most can be ascertained in the 2nd or 3rd trimester 
ultrasound. A sign of severe SD is a small crown-rump 
length for gestational age and increased nuchal translu-
cency at 11–13 (+6 days) weeks of gestation if accompa-
nied by shortened or bowed limb, a small chest and ribs, 
and an undermineralized skull.2,8 More features of SD can 
be detected at 18–22 weeks of gestation when the main 
screening scan of structural defects is performed. At this 
time, other abnormalities such as congenital heart, renal 
and brain defects, as well as other anomalies comorbid 
with SD, can be observed.14,18 Additional diagnostic test 
such as 3D ultrasound can allow visualization of dysmor-
phic findings in SD, such as facial dysmorphism (low-set 
or deformed ears, micrognathia, midface hypoplasia) and 

assessment of scapular anomalies, abnormal calcification 
patterns, and a detailed evaluation of extremities.3

Other SDs become evident in the 3rd trimester, or even 
after birth, further complicating timely diagnosis.2,3,12 
Non-lethal SDs are most often diagnosed in the late pe-
riod of infancy or childhood. It has been observed that 
an earlier onset of dysplasia corresponds with a more se-
vere phenotype.2

Prenatal diagnosis of SDs may be determined using fetal 
magnetic resonance imaging (MRI) and even sometimes 
with low-dose fetal computed tomography (CT).2,12,13 Both 
MRI and CT are performed in the 2nd and 3rd trimesters 
of gestation. Fetal CT can be used to depict osseous struc-
tures in greater detail, whereas fetal MRI can be used to an-
alyze spinal anomalies or vertebral malformations.2,3,12,13

There are multiple SDs that display the same prenatal 
features, although they have different genetic etiologies. 
Conversely, some SDs display different features but have 
similar genetic changes. Additionally, pathogenic changes 
in many different genes may independently correspond 
with the same SD (genetic heterogeneity).1,19 An occurrence 
of an individual SD is rare and most SDs occur without 
known parental risk factors.20 For this reason, genetic diag-
nosis of SD in the prenatal period may be difficult regard-
ing the targeted diagnostics.19 In clinical practice, in order 
to make a definitive diagnosis and provide appropriate 
genetic counselling to enable the choice of further manage-
ment, the timing of the genetic results may be important. 
Thus, rapid diagnostics and data analysis are necessary.19 
As a result, the next generation sequencing (NGS) method 
is often used in fetal genetic diagnosis.3–5,11,12 It has been 
proposed by clinicians to use a high-throughput multigene 
sequencing approach, such as targeted exome sequenc-
ing, whole exome sequencing (WES) or whole-genome se-
quencing (WGS).19–21 Rapid diagnosis in trios is especially 
recommended. Fetal and parental DNA are sequenced 
simultaneously (“trios”) for faster and better interpreta-
tion of the results.19 A NGS assay can lead to the detection 
of pathogenic, likely pathogenic or novel variants of un-
certain clinical significance in known or unknown genes. 
Targeted exome sequencing analyzes regions of the exome 
with all known disease-causing genes, which leads to mini-
mization of the risk of identifying additional findings.19 
An identification of incidental findings possible in WES 
and WGS may be an ethical problems. However, WES and 
WGS may identify novel causative genes in SD.20 Pre-test 
genetic counselling for all patients is needed so that they 
understand the aims and limitations of the test and can 
give informed consent. Due to the fact that not all genetic 
variants are clinically relevant, the results of prenatal ge-
nomic tests must be always correlated with clinical find-
ings.2 The diagnosis of SD remains challenging, especially 
when there is no family history of the disorder.19 However, 
in all cases of suspected SD, it is necessary to collect family 
history, including information from at least 3 generations. 
Post-test genetic counselling is also necessary.20
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The final diagnosis of SD may be based on imaging re-
sults, histomorphology or genetic methods.11 Some cases 
of  SD cannot be accurately diagnosed in  the  prenatal 
or the postnatal period.

Selected examples of the most common 
lethal and life-limiting skeletal dysplasias

The most common types of lethal or life-limiting SDs 
are thanatophoric dysplasia (26%), osteogenesis imperfecta 
type II (14%), achondrogenesis (9%), and campomelic dys-
plasia (2%).22 The inheritance data, genes involved, OMIM 
code (Online Mendelian Inheritance in Man), and Or-
phanet code (portal for rare disease and orphan drugs) 
for these conditions are summarized in Table 1. Individual 
lethal or  life-limiting dysplasias may have more or less 
specific features.

1. Thanatophoric dysplasia type I or II (TD1, TD2) re-
sults from one de novo allelic mutation in the FGFR3 gene 
(OMIM 134934). This gene encodes one of the members 
of the fibroblast growth factor receptor (FGFR) family. 
The protein interacts with acidic and basic fibroblast growth 
hormone to influence bone development and maintenance. 
Mutations in the FGFR3 gene play a role in craniosynostosis 
and various types of SDs, such as those mentioned after 
achondroplasia. The incidence of TDs is 0.27 in 10,000.

The TD is characterized by shortness of  limbs, gen-
eralized micromelia, a bowed femur (telephone receiver 

shaped femur in type I; straight femurs in type II) or other 
bones of the extremities, brachydactyly, a small chest, 
thickened soft tissues of the extremities, flattened verte-
brae (platyspondyly), an unusually prominent forehead 
(frontal bossing) and depressed nasal bridge, and a clo-
verleaf skull (in type II) (Fig. 2). Additionally, polyhy-
dramnios is often present and fractures are never pres-
ent; however, bowing of the femora may be mistaken for 
a fracture.3,13,15,23,24

2. Osteogenesis imperfecta type II (OI2) is a very severe 
and lethal SD. The prevalence of OI2 is unknown. Most 
cases result from sporadic (de novo) heterozygous muta-
tions in the COL1A1 gene (OMIM 120150) or COL1A2 
gene (OMIM 120160). These genes encode collagen type 1, 
alpha 1 chain and alpha 2 chain, respectively. Collagen 
belongs to the family of structural proteins that strengthen 
and support connective tissue in the body, including bone, 
tendon and skin.

The OI typically includes fractures, bowed and irregular 
thickened bones, short/normal size extremities, and a soft, 
thin skull. Ultrasound findings are distortions of the ribs 
with fractures or irregular outlines, a narrow thorax, and 
a compressible head due to underossification of the skull 
(Fig. 3). Occasionally, hydrops is observed. The OI subtypes 
a and b are distinguished as b presents milder findings 
as a result of the less severe reduction of mechanical resis-
tance of bone structure. In type IIb, the fractures are less 
severe, the upper limbs are less affected (due to smaller 

Table 1. Selected lethal or life-limiting skeletal dysplasias

Skeletal dysplasia OMIM* ORPHA  
code** Inheritance Gene/genes

(chromosome location)

Thanatophoric dysplasia
type I
type II

187600
187601

2655
1860

93274
AD FGFR3 (4p16. 3)

Osteogenesis imperfecta 
type II

166210 216804 AD
COL1A1 (17q21.33)

COL1A2 (7q21.3)

Achondrogenesis
type Ia
type Ib
type II

200600
600972
200610

932
93299
93298
93296

AR – type Ia, Ib
AD – type II

TRIP11 (14q32) – type Ia
SLC26A2 (5q32) – type Ib

COL2A1 (12q13.11) – type II

Campomelic dysplasia 114290 140 AD SOX9 (17q24)

Asphyxiating thoracic 
dystrophy

208500 474 AR

DYNC2H1 (11q22.3), DYNC2LI1 (2p21), DYNC2I2 (9q34.11), 
DYNLT2B (3q29), DYNC2I1 (7q36.3), WDR19 (4p14), IFT140 (16p13.3), 
TTC21B (2q24.3), IFT80 (3q25.33), IFT172 (2p23.3), IFT81 (12q24.11), 

IFT52 (20q13.12), TRAF3IP1 (2q37.3), CFAP410 (21q22.3), 
CEP120 (5q23.2), KIAA0586 (14q23.1), KIAA0753 (17p13.1)

Fibrochondrogenesis
type 1
type 2

228520
614524

2021 AR – type 1
AR or AD – type 2

COL11A1 (1p21) – type 1 
COL11A2 (6p21.3) – type 2

Atelosteogenesis
type I
type II
type III

108720
256050
108721

1190
56304
56305

AD – type I, III
AR – type II

FLNB (3p14) – type I, III
SLC26A2 (5q32) – type II

Homozygous  
achondroplasia

100800 15
AD (homozygous 

mutation)
FGFR3 (4p16.3)

* OMIM – https://omim.org; ** Orphanet – https://www.orpha.net; AR (autosomal recessive) – homozygous mutation or compound heterozygous 
mutations; AD (autosomal dominant) – heterozygous mutation.
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Fig. 2. Ultrasound findings in thanatophoric dysplasia; A. bossing forehead 
and narrow chest; B. cloverleaf skull (in type II)

muscle mass than in the lower limbs), and the ribs have 
a wavy appearance, most often without fractures.

Radiographic features include Wormian bones, multiple 
fractures, crumbled bones, and characteristic beading 
of the ribs due to healing callus formation.10,15,22,24,25

3. Achondrogenesis type  Ia, Ib, II (ACG1A, ACG1B, 
ACG2) is  caused by  autosomal recessive muta-
tions in  the  TRIP11 gene (type  Ia) (OMIM 604505) 
or  the  SLC26A2 gene (type  Ib) (OMIM 606718) and 
de novo autosomal dominant mutations in the COL2A1 
gene (type II). The TRIP11 gene encodes Golgi microtu-
bule-associated protein 210 (GMAP-210). This protein 
plays a role in maintaining the structure of the Golgi ap-
paratus, in the transport of certain proteins out of cells, 
and is believed to be important in the developing skel-
eton. The SLC26A2 gene encodes a sulfate transporter 
that is responsible for adequate sulfation of proteogly-
cans in  the cartilage matrix; this process is necessary 
for proper endochondral bone formation. Mutations 

in the SLC26A2 gene can cause other disorders, such as le-
thal atelosteogenesis (described below).

The prevalence of all ACG types is unknown. This se-
vere SD presents with micromelia, thickened soft tissues, 
a poorly ossified skull, bones of the spine that are not min-
eralized or fully formed, flared ribs, a small thorax, and 
micrognathia (Fig. 4). During pregnancy, polyhydramnios 
and fetal hydrops are often observed.3,13,15,26,27

4. Campomelic dysplasia (CMPD) results from auto-
somal dominant mutations in  the  SOX9 gene (OMIM 
608160). The gene encodes the transcription factor SOX-9, 
which plays a critical role during embryonic development 
– especially in skeletal development and sex determination.

The incidence of CMPD is less than 1 in 1,000,000. This 
dysplasia is characterized by angulated femora or other 
bones of the extremities (campomelia), shortened limbs (mi-
cromelia), club feet with brachydactyly, hypoplastic scapulae 
and tibiae, 11 pairs of ribs, a bell-shaped chest, ambiguous 
genitalia (sex-reversal in males), micrognathia, flattened 

Fig. 3. Ultrasound findings in osteogenesis imperfecta type II; A. short, broken femur; B. narrow chest and shortened humerus

A B

A B
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facial features, an unusually prominent forehead, and ven-
triculomegaly (Fig. 5).3,13,15,28 Lethality is mainly due to soft-
ness of the tracheal cartilage causing respiratory failure.

Other, less common lethal 
skeletal dysplasias

1. Asphyxiating thoracic dystrophy (ATD; short-rib tho-
racic dysplasia – SRTD) is very heterogeneous regarding 
the genetic cause and results from autosomal mutations 
in 1 of  at  least 17 genes (DYNC2H1 – OMIM 603297, 
DYNC2LI1 – OMIM 617083, DYNC2I2 – OMIM 613363, 
DYNLT2B – OMIM 617353, DYNC2I1 – OMIM 615462, 
WDR19 –  OMIM 608151, IFT140 –  OMIM 614620, 
TTC21B – OMIM 612014, IFT80 – OMIM 611177, IFT172 
– OMIM 607386, IFT81 – OMIM 605489, IFT52 – OMIM 
617094, TRAF3IP1 – OMIM 607380, CFAP410 – OMIM 
603191, CEP120 – OMIM 613446, KIAA0586 – OMIM 
610178, KIAA0753 – OMIM 617112). These genes encode 
proteins involved in the formation or function of cilia, 
which play a role in the signaling pathways important for 
the growth, proliferation and differentiation of cells dur-
ing the formation and maintenance of cartilage and bone. 
The prevalence of ATD is unknown.

It includes mildly short limbs with mild bowing, a very 
narrow thorax and short ribs (a small chest), pulmonary 
hypoplasia, and renal dysplasia (renal cysts).1,19,29

2. Fibrochondrogenesis type  1 or  2 (FBCG2) results 
from autosomal recessive mutations in the COL11A1 gene 
(type 1) (OMIM 120280) or autosomal recessive or domi-
nant mutations in the COL11A2 gene (type 2) (OMIM 
120290). These 2 genes encode components of type XI 

collagen called the  pro-alpha1 chain and pro-alpha2 
(XI) chain, respectively. Type XI collagen is  important 
in the structure of cartilage, the inner ear and the nucleus 
pulposus in the spine.

The  incidence of FBCG2 is  less than 1 in 1,000,000. 
It is characterized by shortened long bones (micromelia 
with broad metaphyseal ends of bone, described as dumb-
bell-shaped) with relatively normal hands and feet and 
flattened vertebrae (platyspondyly). Other features are 
a narrow chest with short, wide ribs and a  round and 
prominent abdomen, and facial dysmorphism (prominent 
eyes, a flat midface with a small nose and flat nasal bridge, 
micrognathia).22,30

3. Atelosteogenesis type I, II or III (AO1, AO2, AO3) 
results from autosomal dominant mutations in the FLNB 
gene (type I and III) (OMIM 603381) or autosomal reces-
sive mutations in the SLC26A2 gene (type II). The FLNB 
gene encodes filamin B protein. This protein participates 
in normal cell growth and division, maturation of chon-
drocytes, and ossification of cartilage.

The incidence of all types of atelosteogenesis is less than 
1 in 1,000,000. Clinical findings are severe short-limbed 
dwarfism (micromelia); dislocated hip, knee and elbow 
joints; club feet; a narrow chest; and craniofacial dysmor-
phism (prominent forehead, hypertelorism, a depressed na-
sal bridge with a grooved tip, micrognathia, and frequently 
a cleft palate). Polyhydramnios in atelosteogenesis type 1 
and hydrocephalus in type III may occur.22,31

4. Homozygous achondroplasia (ACH) results from ho-
mozygous mutations in the FGFR3 gene (OMIM 134934). 
The prevalence of homozygous ACH is unknown. Homo-
zygous achondroplasia occurs if both parents suffer from 

Fig. 5. Ultrasound findings 
in campomelic dysplasia; 
A. distorted ribs; B. hypoplastic 
scapula

Fig. 4. Ultrasound findings 
in achondrogenesis; A. unossified skull; 
B. narrow chest and ascites

A B

A B
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achondroplasia. Sonographic findings are a femoral an-
gle >130°, dysmorphic features (frontal bossing, depressed 
nasal bridge, macrocephaly), trident hands, and severe long 
bone shortening in 1st or 2nd trimester.15

Conclusions

The final diagnosis of SD may require a multidisciplinary 
team including obstetricians, radiologists and geneticists. 
In all cases of prenatally confirmed SD, genetic counseling for 
parents is necessary. In the case of lethal dysplasias, all pos-
sibilities of further management should be presented, both 
continuation of the pregnancy and termination of the preg-
nancy (if this solution is permitted by law).3 When the preg-
nancy continues, perinatal hospice care as well as palliative 
care after birth are proposed. If a diagnosis of lethal dysplasia 
or life-limiting dysplasia is suspected in the prenatal period, 
pediatric evaluation or multidisciplinary clinical assessment 
after birth is essential to verify the diagnosis. In the case 
of intrauterine death, physical evaluation, radiographic and 
autopsy examination, and storing fetal blood or other tissues 
as a source of DNA are recommended.2,3

It  should be emphasized that genetic counselling 
of the parents of a child or fetus affected by SD is necessary 
before the next pregnancy to discuss the recurrence risk 
and the possibility of preimplantation or prenatal diagnos-
tic tests. It should also be emphasized that lethal conditions 
associated with de novo mutations may have less than a 1% 
recurrence risk (not counting the possibility of germline 
mosaicism), whereas SDs associated with autosomal reces-
sive inheritance are associated with a 25% recurrence risk.
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