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Objective. Degenerative kyphoscoliosis (DKS) is a complex spinal deformity associated with degeneration of bones, muscles, discs,
and facet joints. The aim of this study was to establish an animal model of degenerative scoliosis that recapitulates key pathological
features of DKS and to validate the degenerative changes in senescence-accelerated mouse prone 8 (SAMP8) mice. Methods.
Thirty male mice were divided into 2 groups: 10 bipedal C57BL/6J mice were used as the control group, and 20 bipedal
SAMP8 mice were used as the experimental group. Mice were bipedalized under general anesthesia. The incidence of scoliosis
and bone quality was determined using radiographs and in vivo micro-CT images 4, 8, and 12 weeks after surgery,
respectively. Histomorphological studies of muscle samples were performed after sacrifice at 12 weeks after surgery. Results. On
the 12th week, the incidence rates of kyphosis in C57BL/6J and SAMP8 groups were 50% and 100%, respectively. Overall, the
incidence and angle of kyphosis were significantly higher in the bipedal SAMP8 group compared to the C57BL/6J group
(44.7°± 6.2° vs. 84.3°± 10.3°, P<0:001). Based on 3D reconstruction of the entire spine, degeneration of the intervertebral disc
was observed in bipedal SAMP8 mice, including the reduction of disc height and the formation of vertebral osteophytes. The
bone volume ratio (BV/TV) was significantly suppressed in the bipedal SAMP8 group compared with the bipedal C57BL/6J
group. In addition, HE staining and Mason staining of the paraspinal muscle tissue showed chronic inflammation and fibrosis
in the muscles of the bipedal SAMP8 group. Conclusions. The SAMP8 mouse model can be taken as a clinically relevant model
of DKS, and accelerated aging of the musculoskeletal system promotes the development of kyphosis.

1. Introduction

Degenerative kyphoscoliosis (DKS) is a coronal deviation of
the spine, prevalent in the elderly. Most DKS cases occur in
the lumbar segment of the spine (the Cobb angle of the
coronal plane > 10°) [1, 2]. DKS involves progressive and
asymmetric degeneration of the intervertebral discs, facet
joints, and other structural spinal components, often result-
ing in nerve compression [3]. The reported incidence of
DKS was 0.087%, and the median age was 64:9 ± 9:4 years.
The incidence is significantly higher in older women than

in older men [4, 5]. With the gradual aging of the popula-
tion, DKS seriously affects the quality of life of the elderly
and poses a threat to the life of the elderly [6].

With the increase in DKS patients, in order to better
understand the pathogenesis of DKS, animal models of sco-
liosis have been established using different animals, such as
Sprague-Dawley (SD) rats [7], pigs [8], goats [9], C57BL/6
mice [10], and baboons [11]. A mouse model of DKS using
heparin has also been recently reported. Heparin increased
the incidence of scoliosis in C57BL/6J biped mice and
resulted in more severe deformity in a relatively short period
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of time [12]. The occurrence of DKS is age-related. It is
common in middle-aged and elderly people. The mean
age of the patients was approximately 60 years [13]. The
accelerated aging mouse (SAM) established by Takahashi
is the only mammalian model currently used to study accel-
erated aging. These mammals include SAMP1, SAMP6,
SAMP8, SAMP10, SAMR1, and others [14]. SAMP1 mice
are commonly used to study animal models of senile amy-
loidosis [15]. SAMP6 mice have been developed as a sponta-
neous experimental model of senile osteoporosis [16].
SAMP8 mice are a model for studying the effects of aging
on cardiovascular health [17] and neurodegenerative diseases
[18]. Notably, SAMP8 mice are frequently used to study neu-
rodegenerative diseases, but they can also be used to study
degenerative joint diseases [19]. Studies have shown that
SAMP8 mice may simultaneously develop sarcopenia, osteo-
porotic fractures, and other symptoms [20]. Sarcopenia
affects muscle performance and is considered a major cause
of functional limitation and exercise dependence in older
adults with osteoporosis [21]. Osteoporosis is a cause of
DKS. However, the association between sarcopenia, osteopo-
rosis, and DKS remains unclear, in part due to the lack of rel-
evant animal models to study. Therefore, in this study, we
aimed to construct an animal model of DKS through SAMP8
mice and to explore the relevant clinical manifestations of the
model animals of DKS.

2. Materials and Methods

2.1. Animal. Adult male C57BL/6J mice (N = 10, 10-12
weeks old, 20-24 g body weight) and male SAMP8 mice
(N = 20, 20-21 weeks old, 22-25 g body weight) were
obtained from Nanjing University Medicine obtained from
the Animal Experiment Center of the Chinese Academy of
Sciences. Animals were housed under standard conditions
(12 h light/dark cycle, 22-25°C, 50% relative humidity) with
free access to food and water. The protocol of animal exper-
iments has been approved by the Animal Care Committee of
Nanjing University School of Medicine (approval number
MSNU20210013), and the animal experiments were carried
out in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals.

2.2. The Construction of the Bipedal Upright Model. C57BL/
6J and SAMP8 mice were anesthetized by intraperitoneal
injection of 3% sodium phenobarbital (30mg/kg). After
anesthesia, the skin of the mice was incised in the supine
position at the level of the scapulae of both forelimbs. Both
forelimbs were securely ligated with silk thread above the
proximal skin edge. Then, the distal limb is excised, and
the bleeding is appropriately stopped. The skin is sutured,
and the stump is buried. The tail was firmly ligated and then
removed. Finally, a bipedal mouse model was constructed.
After surgery, animals are housed in specially designed cages
to recover for 3 to 5 days. In the cage, the mice had to stand
up to feed and remain standing for 2 weeks. Monthly, X-rays
of the entire spine were performed. Twelve weeks later, mice
were anesthetized with 3% sodium phenobarbital (30mg/kg)

and sacrificed and underwent X-ray, micro-CT, and histo-
logical examinations (Figure 1).

2.3. X-Ray Examination. Twelve weeks after surgery, mice
were placed supine on a camera table under anesthesia. Take
anterior, posterior, and lateral radiographs of the animal.
Observe the spine curve. Spinal curvature was measured by
the Cobb method (Cobb > 10° represents scoliosis). The
Cobb angle of each group of mice was measured.

2.4. Micro-CT. Twelve weeks after surgery, mice were
anesthetized with 3% sodium phenobarbital intraperitone-
ally. The spines of mice were harvested, and the continuity
and integrity of the spines were maintained. The soft tis-
sue surrounding the spine was removed and fixed in 4%
paraformaldehyde for 24h. The ratio of bone volume to
total volume (BV/TV, %) was examined using micro-CT
(Belgium Skyscan, Skyscan-1076) and scanned with 50 kV
and 200μA settings and a 0.5mm aluminum filter. Resolu-
tion is adjusted to 26.6 microns per pixel. Each rotation
step is 0.70 degrees over a range of 180 degrees. The
binarized 3D image was generated with CTVox (version
2.4) [22].

2.5. H&E Staining. Mice were anesthetized by intraperito-
neal injection of 3% sodium phenobarbital. After anesthesia,
mice were sacrificed by cervical dislocation. The paraspinal
muscle tissue of mice in each group was taken and fixed in
formalin for 1 day. Tissues were embedded in paraffin, sliced
(4μm thick), and baked in a constant temperature oven
(65°C) for 6 h. Sections were routinely dewaxed, hydrated,
stained with H&E, sealed with neutral glue, and observed
under a microscope (Leica, Germany).

2.6. Masson Staining. Collagen fibers and muscle fibers in
mouse paraspinal muscle tissue were examined using a Mas-
son staining kit (Solarbio, Beijing, China) according to the
manufacturer’s protocol. The morphology of each slice was
observed using a Leica DMI6000 B microscope (Leica,
Germany).

2.7. Statistical Analysis. Statistical analysis was performed
using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA).
Measurement data are expressed as mean ± standard
deviation (SD). Differences between two groups were com-
pared by the independent t-test, and differences among mul-
tiple groups were compared by one-way ANOVA. P < 0:05
was considered statistically significant.

3. Results

3.1. The X-Ray Examination and Micro-CT Evaluation of
Spinal Deformities in SAMP8 Mice. We constructed
C57BL/6J and SAMP8 mouse DKS models, respectively.
After twelve weeks, the mice were assessed for scoliosis by
X-ray. The results showed that 50% of C57 mice developed
kyphosis with an angle of 44:7° ± 6:2. All SAMP8 mice
developed kyphosis with a Cobb angle of 84:3° ± 10:3°.
Overall, the incidence of kyphosis was higher in the SAMP8
group than in the C57 group (Figure 2(a), P < 0:001). Spinal

2 Oxidative Medicine and Cellular Longevity
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deformities were further investigated using micro-CT. 3D
reconstruction images showed that SAMP8 mice exhibited
more severe kyphosis, decreased intervertebral height, and
vertebral osteophyte formation. The bone volume ratio
(BV/TV) of the SAMP8 group was significantly lower than
that of the C57 group (Figures 2(b) and 2(c), P < 0:001).

3.2. The Histological Changes of SAMP8 Mice. Inflammation
and muscle fibrosis in paraspinal muscle tissue of C57BL/6J
and SAMP8 mice were examined by HE staining and Mas-
son staining. HE staining showed that adipocytes and
inflammatory cells were more concentrated in the muscle
tissue of SAMP8 mice compared with C57BL/6J mice. Mas-
son staining showed that the area of adipose and fibrotic tis-
sue increased in the paraspinal muscle tissue of SAMP8
mice, suggesting significant chronic inflammation and fibro-
sis in their muscles (Figure 3).

4. Discussion

The lateral deviation of the spine usually occurs after age 50.
As the population ages, the incidence of DKS also increases
[2, 23]. The etiology of the disease remains poorly under-
stood, but the most common causes include osteoporosis
and degenerative disc disease [24]. Surgery is currently the
most common strategy for the treatment of DKS. However,
surgery is indicated for patients with moderate symptoms,
large or progressive deformity, moderate spinal or foraminal
stenosis, or sagittal imbalance. It is not suitable for patients
with mild symptoms and less stable deformity but without
sagittal imbalance or moderate stenosis, especially in elderly
patients with multiple complications [25]. Therefore, estab-
lishing a suitable animal model will lay the foundation for
studying the pathogenesis and treatment strategies of DKS.
In this study, we used SAMP8 mice to establish a bipedal

erection model. Our results showed that the incidence and
angle of kyphosis were significantly higher in the bipedal
SAMP8 group than in the C57BL/6J group, suggesting that
the SAMP8 mouse model can be used as a clinical research
model for DKS.

The SAM model was first established in 1981 and
includes 9 major SAMP subtypes and 3 major aging-
accelerated mouse resistance (SAMR) subtypes. Each sub-
type exhibits characteristic symptoms. Recently, SAMP8
mice have attracted the attention of gerontological studies
due to their characteristic learning and memory impairment
in old age [26]. SAMP8 mice are widely used in the study of
aging-related diseases such as AD [27], cardiovascular dis-
ease [28], and age-related hearing loss [29]. More impor-
tantly, when SAMP8 mice underwent ovariectomy (OVX-
SAMP8) 4 months after birth, osteoporosis was rapidly
induced and bone mineral content was greatly reduced
[30]. However, this study only focused on female mice, and
secondary osteoporosis is caused by a lack of estrogen. Myo-
fibrillar protein was significantly attenuated in skeletal mus-
cle of SAMP8 mice compared to control SAMR1 mice [31,
32]. DKS usually occurs in elderly patients. Sarcopenia and
osteoporosis are significantly associated with DKS [33, 34].
Therefore, SAMP8 mice can better mimic the development
of DKS.

X-ray and micro-CT can be used for the diagnosis of
DKS in clinical practice. In the case of osteoporosis and
intervertebral disc degeneration, the morphological changes
determined by X-ray are very important for the judgment
of the diagnosis. Therefore, X-rays cannot be replaced by
bone mineral measurements, CT, MR, or other imaging
techniques. Micro-CT is a nondestructive 3D imaging tech-
nique that can generate nondestructive 3D images of trabec-
ular bone microstructure, demonstrate the microstructure of
trabecular bone, and determine bone parameters. The X-ray

Bipedal surgery

5 m
Bipedal induction

Sacrifice

Clinical and radiographic assessment

Mirco-CT: BMD and Facet joint evaluation

Muscle histology: Fat infiltration and
fibrosis evaluation

SAMP8

C57B6

Bipedal surgery

8 m

5m SAMP8/C57B6 Induce standing

Analysis Longitudinal monitoringSacrifice

Figure 1: The schematic diagrams of experimental designs.

3Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
DC57B6 SAMP8 0 4

0

50

100

Ky
 an

gl
e

Week
128

Kyphosis angle

C57
SAMP 8

(a)

SAMP8C57B6

(b)

C57B6

SAMP8 BV
/T

V

0.10

0.15

0.20

0.25

0.30

C57 SAMP8

C57
SAMP 8

BV/TV

⁎

(c)

Figure 2: X-ray and micro-CT assessment of spinal deformities in SAMP8 mice. (a) X-ray examination of mouse spine morphology and
calculation of mouse Cobb angle. ∗P < 0:001, n = 10/group. (b, c) Micro-CT was used to assess trabecular bone microstructure in mice by
3D imaging and to measure the bone volume ratio (BV/TV). ∗P < 0:001, n = 8/group.
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films are reflected in the scoliosis model established using
FGFR3-/- mice; the spines of FGFR3-/- mice showed a
clear curve and a larger Cobb angle. Micro-CT showed
sparse pyramidal foramen structure, decreased BV/TV
ratio, and significantly increased vertebral body length in
FGFR3-/- mice [35]. Here, we harvested the entire spine
of the mice following 12-week modeling. X-ray films sug-
gested that 50% of C57 mice developed kyphosis with an
angle of 44:7° ± 6:2, and 100% of SAMP8 mice manifested
kyphosis with a Cobb angle of 84:3° ± 10:3°. Micro-CT fur-
ther examined spinal deformities. 3D reconstructed images
displayed that the kyphosis of SAMP8 mice was much
more severe, and the BV/TV ratio of the SAMP8 group
was considerably lower than that of C57 group. All these
findings demonstrated that we successfully established a
DKS mouse model in SAMP8 mice by making them stand
upright on two feet.

The muscles that attach to the spine, the paraspinal mus-
cles, play a vital role in maintaining the function of the spine
and the entire body. Spinal lesions can directly lead to
changes in the structure and function of the paraspinal mus-
cles. Alterations in muscle structure and function, especially
fatty infiltration and fibrosis, are clearly associated with spi-
nal disorders [36]. An increasing number of studies have
shown that in patients with DKS, the cross-sectional area
of the lumbar erector spinae and psoas major is significantly
thinner, and pathological assessment shows muscle atrophy,
necrosis, and hyaline fibrosis, while muscle fat infiltration
and inflammatory cell infiltration are more pronounced
[37–39]. Therefore, we also performed pathological exami-
nation of the paraspinal muscle tissue of DKS mice by HE
staining and Masson staining. The results showed an
increase in adipocytes and inflammatory cells in the muscle
tissue of SAMP8 mice. Masson staining showed that the area
of adipose and fibrotic tissue in the paraspinal muscle tissue
of SAMP8 mice was enlarged, indicating obvious muscle
fibrosis. These findings further confirm the reliability of the
DKS model using SAMP8 mice.

5. Conclusion

In conclusion, we successfully established an animal model
of DKS using SAMP8 mice. X-ray films, micro-CT, and
related histological examinations confirmed the validity of
the model. We provide a reliable animal model for further
study of DKS. However, the number of mouse samples in
our study was not sufficient. Therefore, we will increase
our sample in the next study to further confirm the validity
of the DKS model using SAMP8 mice.
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Background. Acute pancreatitis (AP) is a common surgical acute abdomen. Different kinds of pancreatitis may have different
pathophysiological characteristics each other. The objective of this research was to investigate the early clinical features and
complications of different types of acute pancreatitis. Methods. 787 AP patients admitted in the Huadu District People’s
Hospital of Guangzhou during January 2009 and December 2019 were analyzed retrospectively. Among 787 AP patients, 520
(66.1%) were biliary AP (group I), 69 (8.7%) were alcoholic AP (group II), and 198 (25.2%) were hypertriglyceridemic AP
(group III). According to the local and systemic complications and mortality in the early stage, we compared and analyzed the
clinical characteristics and prognosis of different types of pancreatitis. Results. Mild acute pancreatitis accounted for the highest
proportion (79.4%) in group I, while moderately severe acute pancreatitis in group II (36.2%) and severe acute pancreatitis in
group III (62.6%). In terms of severity score of the pancreatitis, the average scores of BISAP, Ranson, APACHE-II, and MCTSI
of the patients in group III were the highest (p < 0:01). The incidence of acute peripancreatic fluid collection and infectious
pancreatic necrosis was the highest in group III. The incidences of acute necrotic collection, pancreatic pseudocyst, and walled-
off necrosis in group III were significantly higher than those in the other two groups (p < 0:01). The incidences of systemic
inflammatory response syndrome, sepsis, multiple organ failure, intra-abdominal hypertension, and mortality were highest in
group III. Conclusions. There is an upward trend of the incidence rate of hypertriglyceridemic AP in recent years; it has been
gradually developed into the second type of acute pancreatitis which is second only to the acute biliary pancreatitis. It is
worthy to pay more and more attentions to it due to the feature of its younger onset, high incidence of complications, and
high mortality.

1. Introduction

Acute pancreatitis (AP) is caused by abnormal activation of
digestive enzymes from pancreas which lead to self-digestion
of pancreas and peripancreatic organs under various patho-
genic factors. Although the etiology of AP is various and
complicated, however, among all of these etiologies, biliary
stones, alcoholism, and hyperlipidemia are the three main
causes which lead to AP. Based on the etiology of AP, acute
biliary pancreatitis and alcoholic pancreatitis are the two
major causes of acute pancreatitis from the developed coun-

tries at present, and two types of these acute pancreatitis
accounts for about 80% of the incidence rate of acute pan-
creatitis [1]. In China, these two kinds of pancreatitis were
the most common clinical types of AP in the past. However,
in recent years, with the improvement of people’s living
quality and the changes of diet styles increasingly, the inci-
dence rate of hypertriglyceridemia caused by lipid metabo-
lism disorders has been increasing year by year, which
makes the acute pancreatitis caused by hypertriglyceridemia
rapidly increase in recent years, and had become one of the
common causes of AP [2–5]. The characteristics of its rapid
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and serious illness, its poor prognosis, and its high mortality
rate had attracted the attention of clinicians. Although self-
digestion of pancreas and peripancreatic tissue by abnormal
activation of pancreatic digestive enzymes is the common
feature of acute pancreatitis, however, due to the diversity
of etiology of AP, pathophysiological characteristics of acute
pancreatitis caused by different etiology may be different [6,
7]. Therefore, it is still unclear whether the diversity of AP
etiology affects the incidence of complications in early stage
or influenced severity of illness or determines the prognosis.
Therefore, the motivation of our study is to explore the rela-
tionships between the characteristics of acute pancreatitis
and the clinical types of AP and provide theoretical basis
for the treatment and prevention of clinical pancreatitis.
Thus, we analyzed the data of the AP patients which were
admitted in a single medical center during the past 10 years
retrospectively and reported.

2. Materials and Methods

2.1. Materials. 787 AP patients admitted to the Guangzhou
Huadu District People’s Hospital from 2008 to 2018 were
enrolled in this research, and all the patients were hospital-
ized with acute abdominal pain as the main clinical symp-
tom. After admission, they had been made a diagnosis of
AP according to the following characteristics (meets all
three): (1) abdominal pain; (2) serum amylase level was
more than three times higher than the upper limit of normal
value; (3) abdominal CT examination showed that the pan-
creas was swollen with varying degree. From all of the
patients, there were 376 males and 411 females with a sex
ratio of 1 : 1.09 and an average age of 49:7 ± 3:2 years.
Among them, 520 cases (66.1%) were acute biliary AP
(group I), 69 (8.7%) were alcoholic AP (group II), and 198
(25.2%) were hypertriglyceridemic AP (group III).

Table 1: Basic clinical data of three groups of AP patients.

Typing of AP Group I (n = 520) Group II (n = 69) Group III (n = 198) p value

Sex (male/female) 141/379 (27.1/72.9) 67/2 (97.1/2.9) 162/36 (81.8/18.2) <0.01Ф

Age 65:0 ± 3:4 46:0 ± 2:8 38:0 ± 2:4 <0.01Ф

Pulse rate at admission (time/min) 92:0 ± 3:5 101:0 ± 3:2 126:0 ± 4:2 <0.01Ф

Respiratory rate at admission (time/min) 17:0 ± 1:2 19:0 ± 1:5 25:0 ± 1:4 <0.01§

WBC (×109/L) 12:3 ± 1:5 14:4 ± 1:4 15:8 ± 1:2 0.167

CRP (mg/L) 45:0 ± 12:3 68:0 ± 16:7 123:0 ± 24:2 <0.01
Serum creatinine (μmol/L) 62:0 ± 7:8 65:0 ± 8:2 125:0 ± 19:8 <0.01§

BNN (mmol/L) 5:4 ± 0:5 6:7 ± 0:7 27 ± 2:5 <0.01§

Blood glucose (mmol/L) 6:3 ± 0:4 7:1 ± 0:5 14:5 ± 2:0 <0.01§

Serum amylase (U/L) 987:0 ± 23:1 1023:0 ± 45:3 1110:0 ± 68:2 0.231

Serum calcium (mmol/L) 2:6 ± 0:3 2:4 ± 0:4 1:9 ± 0:2 0.472

Arterial pH 7:4 ± 0:2 7:4 ± 0:1 7:3 ± 0:3 0.564

Serum triacylglycerol (mmol/L) 1:7 ± 0:3 2:2 ± 0:5 21:4 ± 5:5 <0.01§

Group I: acute biliary pancreatitis; group II: acute alcoholic pancreatitis; group III: hypertriglyceridemic pancreatitis; WBC: White blood cell; CRP: C-reactive
protein; BUN: blood urea nitrogen. Фp < 0:01: the difference between any two groups was statistically significant. §p < 0:01: the difference between group III
and group I or group II was statistically significant.

Table 2: Results of clinical classification and severity score of three groups of AP patients.

Typing of AP Group I (n = 520) Group II (n = 69) Group III (n = 198) p value

Clinical classification

MAP 413 (79.4) 21 (30.4) 21 (10.6) <0.01Ф

MSAP 75 (14.4) 25 (36.2) 53 (26.8) <0.01Ф

SAP 32 (6.2) 23 (33.4) 124 (62.6) <0.01Ф

BISAP score (�x ± s, d) 2:1 ± 0:8 2:4 ± 1:3 4:5 ± 1:2 <0.01§

Ranson score (�x ± s, d) 2:5 ± 0:3 2:8 ± 0:1 5:9 ± 0:4 <0.01§

APACHE-II score (�x ± s, d) 8:4 ± 1:6 15:2 ± 2:3 20:12 ± 3:1 <0.01Ф

MCTSI score (�x ± s, d) 3:5 ± 0:8 6:4 ± 1:1 9:2 ± 1:3 <0.01Ф

Group I: acute biliary pancreatitis; group II: acute alcoholic pancreatitis; group III: hypertriglyceridemic pancreatitis; MAP: mild acute pancreatitis; MSAP:
moderately severe acute pancreatitis; SAP: severe acute pancreatitis; APACHE-II: acute physiology and chronic health evaluation; MCTSI: modified
computed tomography severity index. Фp < 0:01: the difference between any two groups was statistically significant. §p < 0:01: the difference between group
III and group I or group II was statistically significant.
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According to different types of AP, diagnostic criteria of
acute biliary pancreatitis [8], with clinical manifestations of
AP, B-ultrasound, CT or MRCP imaging, or endoscopy
showed biliary stones. The diagnostic criteria of alcohol-
related pancreatitis [9] were as follows: patients with AP
clinical symptoms and signs, alcoholic pancreatitis generally
requires drinking more than eight alcoholic drinks/day
(>100 g/d) for more than 5 years, or drinking alcohol one
week before onset of the disease and excluding other etiolo-
gies which lead to AP. The diagnostic criteria of hypertrigly-
ceridemic AP are as follows [10]: patients with AP clinical
symptoms and signs and the serum triglyceride≥1000mg/
dL in the acute setting. Exclusion criteria are as follows:
other types of etiologies which lead to AP, any severe sys-
temic illness, and those with incomplete case files. The basic
clinical data of this study is shown in Table 1. This study was
approved by the ethics committee of our hospital; due to this
was a retrospective study, our ethics committee granted an
authorisation to waive written informed consent from
patients.

2.2. Methods

2.2.1. Patients. According to the classifications from the lat-
est Chinese guidelines for the diagnosis and treatment of
acute pancreatitis [11], patients with AP were divided into
three groups: acute biliary AP (group I), alcoholic AP (group
II), and hypertriglyceridemic AP (group III). The clinical
characteristics, clinical classification, bedside index for sever-
ity in acute pancreatitis (BISAP) score [12], APACHE-II

score [13], Ranson score [14] for severity assessment, modi-
fied CT severity index (MCTSI) score [15], and early local
and systemic complications were statistically analyzed from
each group. Multiple scoring systems were used to evaluate
the severity and prognosis of AP. The early local complica-
tions included the following: (1) acute peripancreatic fluid
collection (APFC) [16]: CT scan imaging feature indicated
fluid accumulation with uniform signal and lack of intact
capsule in the space of intrapancreatic or peripancreatic tis-
sue; (2) acute necrotic collection (ANC) [17]: ultrasound or
MRI indicated necrotic tissue contains in the liquid collec-
tion; (3) pancreatic pseudocyst (PPC) [18]: ultrasonography,
CT scan, or MRI manifestation showed pancreatic cystic
mass, containing pancreatic secretion, granulation tissue,
and fibrous tissue; (4) walled-off necrosis (WON) [19]; and
(5) infected pancreatic necrosis (IPN) [20]: the indication
of the CT scan had typical “bubble sign” around the pan-
creas. Early systemic complications included the following:
(1) systemic inflammatory response syndrome (SIRS) [21],
(2) organ failure (OF); and (3) sepsis.

2.3. Statistical Analysis. SPSS 12.0 medical statistical soft-
ware (SPSS, Inc., Chicago, IL, USA) was used for data statis-
tics, continuous data were tested for normal distribution and
were expressed in mean differences ± standard deviation
(�x ± s), and t-test was used for comparison; the comparison
of dichotomous data was presented as n (%), and chi-
square test was performed for comparison. When compari-
son involved beyond two groups, Cuzick trend chi-square
test (multiple groups) was used. For all the statistical tests,
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Figure 1: Comparison of clinical classification of three groups of AP patients. (a) Mild acute pancreatitis patients; (b) moderately severe
acute pancreatitis patients; (c) severe acute pancreatitis patients; there was no significant difference between groups with the same letters
and hand significant difference between the groups with different letters. p for trend: Cuzick trend chi-square test (multiple groups).
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a 0.05 significance level was used to claim a statistically sig-
nificant effect.

3. Results

3.1. Clinical Type of AP between Three Groups. Among 520
AP patients in group I, there were 413 cases (79.4%) of
MAP, 75 cases (14.4%) of MSAP, and 32 cases (6.2%) of
SAP; among 69 AP patients in group II, there were 21 cases
(30.4%) of MAP, 25 cases (36.2%) of MSAP, and 23 cases
(33.4%) of SAP; for group III, there were 21 cases (10.6%)
of MAP, 53 cases (26.8%) of MSAP, and 124 (62.6%) cases
of SAP. The ratios of MAP from group I, group II, and
group III were 79.4%, 30.4%, and 10.6%, respectively, and
there had the difference between the three groups which
was statistically significant (p < 0:01). The results of clinical
classification between the three groups are shown in Table 2.

3.2. Severity Scores of Different Types of AP between Three
Groups. The average BISAP scores of AP patients from
group I, group II, and group III were 2:1 ± 0:8, 2:4 ± 1:3,
and 4:5 ± 1:2, respectively; the average BISAP score of group
III was significantly higher than that in group I and group II
(p < 0:01); average Ranson score of three groups were 2:5
± 0:3, 2:8 ± 0:1, and 5:9 ± 0:4, respectively; average Ranson
score of group III was significantly higher than that in group
I and group II (p < 0:01); the average APACHE-II score of

three groups were 8:4 ± 1:6, 15:2 ± 2:3, and 20:12 ± 3:1,
respectively; AP patients from the group III had the signifi-
cantly higher APACHE-II score than that from the other
groups (p < 0:01); the average MCTSI scores of the three
groups were 3:5 ± 0:8, 6:4 ± 1:1, and 9:2 ± 1:3, respectively;
similarly, AP patients from the group III had the signifi-
cantly higher MCTSI score than that from the other groups,
and the difference was statistically significant (p < 0:01). The
results of severity scores of three groups are shown in
Table 2; the comparison of clinical classification and severity
score between three groups was shown in Figures 1 and 2.

3.3. Comparison of Early Local and Systemic Complications
among the Three Groups. From the comparison of local
complications in early stage, among these complications,
APFC complicated in group I, group II, and group III was
17.1%, 65.2%, and 88.9%; ANC complicated in three groups
were 12.5%, 11.6%, and 66.7%; PPC complicated in three
groups were 4.0%, 4.3%, and 44.9%; WON complicated in
three groups were 1.5%, 2.9%, and 39.4%; IPN complicated
in three groups were 0.4%, 2.9%, and 32.8%, respectively.
The trend chi-square test result indicated that the difference
of incidence of APFC, WON, and IPN was statistically sig-
nificant between three groups each other (p < 0:01); for
ANC and PPC, incidences occurred in group III were signif-
icantly higher than in group I or group II (p < 0:01). The
incidences of systemic complications in early stage of AP
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from groups I, II, and III were (40.8% vs. 39.1% vs. 94.4%),
organ failure (3.1% vs. 7.2% vs. 88.4%), sepsis (0.4% vs.
2.9% vs. 6.1%), intraperitoneal hypertension (1.3% vs.
50.7% vs. 85.4%), and mortality (0.4% vs. 1.4% vs. 4.0%);
comparisons indicated incidences of early systemic compli-
cations and mortality were statistically significant between
three groups each other (p < 0:01). The comparison of the
results of early local and systemic complication mortality
among the three groups is shown in Figures 3 and 4.

4. Discussion

Since updated through the Pancreatic Branch Committee of
Chinese Medical Association from 2013, the guidance about
AP diagnosis and treatment had been improved obviously,
and the rationalization and standardization of the treatment
for acute pancreatitis significantly reduced the mortality rate
in China. However, as a common surgical acute abdomen,
the mortality rate of MSAP and SAP is still about 5.9%
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Figure 3: Comparison of local complications between three groups of AP patients in early stage. (a) The incidence rate of APFC in three
groups; (b) the incidence rate of ANC in three groups; (c) the incidence rate of PPC in three groups; (d): the incidence rate of WON in three
groups; (e) the incidence rate of IPN in three groups; there was no significant difference between groups with the same letters and hand
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[11]. The irrecoverable organ function and uncontrollable
infection are the main factors which cause death [22–25];
meanwhile, local and systemic complications caused by
acute pancreatitis prolong the hospitalization time and
increase the medical expenses [26, 27]; especially for SAP,
the incidence of local complications was as high as 59%
[28] and has the highest mortality among all types of AP.
Therefore, under this situation, clinical surgeons should
pay more and more attentions of illness assessment in early
stage, organ function protection, infections control, and
complications prevention of patients with acute pancreatitis.

The pathogenesis of ABP is due to the obstruction of the
common bile or pancreatic duct by the stones from biliary
system, which leads to the increase of pancreatic duct pres-
sure, thereby result in activation of pancreatic digestive
enzymes [29, 30]. Due to most of the bile duct stones can
be proved from the patient’s history or hospital auxiliary
examination such as B-ultrasound, CT, or MR, therefore,
ABP has the definite etiology and early surgery or endo-
scopic ERCP removal of stones from the bile-pancreatic duct
can achieve the purpose of treatment [31–33], and the endo-
crine and exocrine functions of pancreas were not
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Figure 4: Comparison of systemic complications and mortality between three groups of AP patients in early stage. (a) The incidence rate of
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significantly affected in most mild or moderate AP patients
after the etiology was removed [34]. From the research of
complications and prognosis of severe BAP, the result of
Barauskas et al. [35] indicated that although there was no
significant difference about severity scoring between acute
biliary AP and alcoholic AP, however, the incidence of com-
plications such as intra-abdominal hypertension (IAH),
abdominal compartment syndrome (ACS), and pancreatic
necrosis was significantly lower in acute biliary AP than in
alcoholic AP, and the mortality was significantly lower than
that in alcoholic AP.

Alcoholic AP defined as damage of pancreatic cytotoxic
action from the alcohol and its metabolites from the long-
term large-scale alcohol intake [36, 37], due to the long-
term and high alcohol consumption, most of this kind of
patients complicate with chronic pancreatitis or pancreatic
fibrosis [38, 39] and even involve other organs such as alco-
holic liver damage [40] or chronic renal damage [41]. There-
fore, once acute alcoholic pancreatitis occurs, local or
systemic complications are more likely to arise from other
organs damage aggravation and even lead to multiple organ
failure. Several clinical studies [42, 43] have shown that com-
pared with ABP, alcoholic AP, alcoholic AP had higher inci-
dence of complications and poor prognosis. From this study,
the results indicated that incidences of local complications in
early stage such as APFC, WON, and IPN were significantly
higher in alcoholic AP than those in ABP; similarly, systemic
incidences of complications of MODS, SIRS, and sepsis were
higher in alcoholic AP, and the difference was statistically
significant. It was proved the proposition that compared
with ABP, alcoholic pancreatitis had the worse illness and
poor prognosis.

Hypertriglyceridemic pancreatitis is a kind of acute pan-
creatitis caused by the abnormal high serum triglyceride; due
to the disorder of lipid metabolism, it is often combined with
other endocrine metabolic disorders [44]. Hitherto, the
pathogenesis of hypertriglyceridemic pancreatitis is not very
unclear; however, it is clear that high concentration of TG in
serum can activate pancreatic lipase and produce a large
amount of free fatty acids which may damage the capillaries
and cell membrane of the pancreas; this process may release
cytokines and inflammatory mediators, which can lead to
pancreatitis [3]. With its acute onset, severe illness, high
incidence of complications, and poor prognosis, hypertrigly-
ceridemic pancreatitis is often complicated with systemic
inflammatory response syndrome (SIRS) and even multiple
organ dysfunction syndrome (MODS) in the early stage
[45–47]. In this study, hypertriglyceridemic AP accounted
for the highest proportion in SAP, and BISAP, Ranson,
APACHE-II, and MCTSI scores were significantly higher
in hypertriglyceridemic AP than the other two groups,
which indicated that hypertriglyceridemic AP was serious
and complex in clinical practice. In terms of complications,
both of the early local and systemic complications of hyper-
triglyceridemic AP were significantly higher than those of
acute biliary AP and alcoholic AP, and the mortality rate
was significantly higher than the other two groups; the dif-
ference was statistically significant. Several clinical
researches [3, 48–50] indicated that from the comparison

of severity and complications between different types of
AP, hypertriglyceridemic AP had higher rate of complica-
tion incidences and mortality than other types of AP; this
was highly in coincidence with the results of our study,
and it was worth noting that with the increasing number
of hypertriglyceridemia patients, the incidence of hypertri-
glyceridemic AP is rising, and age of onset is becoming
younger and younger increasingly [51]. In some areas of
China, the incidence rate of hypertriglyceridemic AP even
exceeds alcoholic AP and had become the second type of
AP next to the ABP [52].

5. Conclusions

In conclusion, the difference in etiology had obvious influ-
ence on the complications and prognosis of AP patients.
The incidence rate of hypertriglyceridemic AP is increasing
and becoming younger and its local and systemic complica-
tions and mortality are significantly higher than those of
other types of acute pancreatitis. The presented study still
have room for improvement, the risk factors for different
type of AP need to be further investigate, and proper advise
for the invention and treatment of AP can be put up with.
Therefore, a comprehensive investigation of the pathogene-
sis and management of AP is needed. Meanwhile, the
high-fat diet control, aerobic exercise recommendation,
and early intervention of hyperlipidemia have important
implication for preventing hypertriglyceridemic AP.
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Stroke is associated with a high rate of disability and mortality, and survivors are usually accompanied with dysphagia, aphasia,
motor dysfunction, cognitive impairment, depression, and other complications. In the past decades, many studies have been
conducted to reveal the pathogenesis and pathological mechanisms of stroke. Furthermore, treatment methods have been
developed that contribute to the elevated survival rate of stroke patients. Early rehabilitation poststroke is starting to be
recognized as important and has been receiving increasing attention in order to further improve the quality of life of the
patients. As an emerging method of poststroke rehabilitation, music therapy can help attenuate dysphagia and aphasia,
improve cognition and motor function, alleviate negative moods, and accelerate neurological recovery in stroke patients. This
review helps summarize the recent progress that has been made using music therapy in stroke rehabilitation and is aimed at
providing clinical evidence for the treatment of stroke patients.

1. Introduction

Stroke is a severe cerebrovascular disease that is associated with
high morbidity, mortality, and disability. It seriously affects the
daily lives of the patients and imposes a heavy burden on fam-
ilies and society. There are approximately 16million people that
suffer from stroke per year worldwide, of whom 5.7 million die
and about 5 million become disabled [1]. The incidence of
stroke in China is approximately 1000/100,000 per year, and
the mortality rate is approximately 150/100,000 per year [2,
3]. Globally, China is a country that has the highest lifetime risk
of stroke, as well as the heaviest disease burden. Stroke can cause
dysphagia, aphasia, motor dysfunction, cognitive impairment,
mood disorders, and other complications [4–7]. The neurolog-
ical damage that is caused by stroke often cannot be completely
recovered. With early intervention and rehabilitation, impaired
neurological function can be restored to a certain extent at dif-

ferent stages of stroke, which mainly depends on the plasticity
and functional reorganization of the brain [8–10]. Therefore,
in order to conduct reasonable rehabilitation treatment for
stroke patients, it is important to have the maximum curative
effect, reduce the treatment cost, and alleviate the family and
social burden of diseases.

Music therapy is a systematic treatment method that uti-
lizes music elements as an intervention to improve patients’
neurological function and mood status [11, 12]. Many stud-
ies have applied music therapy during rehabilitation of
stroke, which has led to the achievement of a good effect
[13, 14]. Due to its safety, it is low cost, convenient, simple,
and easy to implement. It has good efficacy and is easily
accepted by patients. Music therapy has started to receive
more attention and application in stroke rehabilitation. This
review summarizes and provides direction for the role of
music therapy in the rehabilitation of stroke patients.
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2. Music Therapy and Beneficial Effect on
Neurological Disease

Music therapy mainly strengthens patients’ perception of
sound through rhythm and melody of music and improves
patients’ language understanding ability through lyrics and
singing, as well as speech frequency and rhythm [15, 16].
The anatomical basis of music therapy is mainly the different
processing of music by the brain hemispheres, with the left
brain responsible for understanding lyrics and distinguish-
ing rhythms, while the right brain deals with melody [17,
18]. Music therapy is comprised of two different types, the
active type and the passive type. Active music therapy refers
to when patients directly participate in singing, playing
instruments, or moving with music during therapy. Passive
music therapy, also known as sensory music therapy, allows
patients to listen to familiar music. Passively listening to
music has no special requirements, but it can create an envi-
ronment that allows people to feel comfortable and safe
[19–21]. For music selection, music with a strong sense of
rhythm is chosen during active music therapy, while music
is selected mainly based on personal preference during pas-
sive music therapy. Music selection and treatment plan
design tend to be diverse, according to the degree of disease,
the patient’s age, gender, and cultural background [22–24].

Music therapy often exerts a beneficial effect on many
neurological diseases, including neuropsychiatric disorders,
chronic neurodegenerative diseases, epilepsy, and acute brain
injury [25–27]. Many random clinical trials have been carried
out and have provided strong evidence for the effectiveness of
music therapy during disease remission. A clinical trial includ-
ing 60 patients found that integration of music therapy with
family recollection can help regulate physiological parameters.
Hence, it is recommended to use this cost-effective therapy as
a supplementary treatment for patients with traumatic brain
injury [28]. Another study in which traumatic brain injury
patients receive three months of neurological music therapy
intervention has shown that there are enhanced executive
functions and fine-grained neuroanatomical changes in the
prefrontal areas [29]. Rhythmic auditory stimulation, as an
important style of music therapy, can help improve the effect
of gait training by reshaping the sensorimotor rhythms and
strengthens frontal-temporal connectivity. Thus, this activity
is able to sustain gait improvement in Parkinson’s disease
patients [30]. Furthermore, music therapy exerts a positive
effect on the cognitive function of the patients with Alzhei-
mer’s disease and regulates factors that are related to sleep,
mood, and quality of life [31, 32]. One of the most well-
studied areas of music therapy is its application in neuropsy-
chiatric diseases. Music therapy can help alleviate various
types of anxiety, including preoperative anxiety [33, 34] and
serious or long illness-induced anxiety [35, 36]. However,
opposite results have demonstrated that music does not
reduce anxiety among women receiving radiation therapy
for cancer [37], which may be due to differences in the music
therapy interval and initiation time. However, additional stud-
ies are required to discover the best path to decrease anxiety
through music therapy. Music has been shown to relieve
depressive symptoms across a number of clinical studies [38,

39]. A randomized controlled trial with 18 major depressive
disorder patients who listen to 10Hz beat-imbedded music
therapy in combination with classical therapy showed no sig-
nificant differences of depression scale, quality of life, and
medication adherence compared to the control group [40].
Lu et al. revealed that psychiatric symptoms and depression
status of schizophrenia patients are improved after using
group music therapy, indicating that music therapy may be
economical and an easily implemented method that improves
mood andmental state [41]. It is important to note that during
music therapy, the choice of music and the degree of the
patients’ illness all have an effect on treatment.

3. The Role of Music Therapy in the
Rehabilitation Poststroke

3.1. Music Therapy Improves Dysphagia Poststroke. Dysphagia,
a common complication of stroke, is mainly characterized by
dysphonia, dysarthria, abnormal spontaneous cough, saliva-
tion, and choking after swallowing and is particularly common
among the elderly [42, 43]. About 28%-67% of stroke patients
tend to develop dysphagia [44], among which the incidence
of dysphagia after stroke is 41% during the acute stage and
16% in the chronic stage [45]. Dysphagia can cause serious
complications, including aspiration pneumonia, electrolyte dis-
orders, and malnutrition. Additionally, stroke patients with
dysphagia tend to develop psychological problems (i.e., fear
of eating, anxiety, and depression), which seriously affect the
patients’ quality of life. Early rehabilitation plays an important
role during the recovery of patients with dysphagia. Previous
studies have discovered that swallowing training, acupuncture,
electrical stimulation, transcranial magnetic stimulation, and
other means can help stroke patients improve dysphagia and
swallowing dysfunction [46–48].

In recent years, a large number of clinical studies have sug-
gested that music therapy can effectively improve patients’ dys-
phagia poststroke. A clinical study enrolled six stroke patients
with mixed dysarthria. All patients underwent individual music
therapy sessions. The duration of each session was 30 minutes,
and 12 sessions in total were conducted. The maximum phona-
tion time, fundamental frequency, average intensity, and
sequential motion rates were increased after music therapy,
indicating that music therapy can improve speech motor coor-
dination, including respiration, phonation, articulation, reso-
nance, and prosody [49]. Another study investigated the effect
of vocal exercises and singing on intelligibility and speech natu-
ralness among patients with acquired dysarthria, following trau-
matic brain injury or stroke. Each patient implemented 24
individual music therapy sessions within eight weeks. The con-
tent of music training included therapeutic singing using famil-
iar songs, oral motor respiratory exercises, rhythmic and
melodic articulation exercises, rhythmic speech cuing, and vocal
intonation therapy. Functional speech intelligibility and speech
naturalness were significantly improved after completing treat-
ment, which demonstrates that timely and continuous vocal
exercises and singingmay help accelerate the recovery of speech
after stroke [50]. A music-enhanced swallowing protocol was
developed in a preliminary study conducted by Kim, among
which eight stroke patients participated. After six sessions of

2 Oxidative Medicine and Cellular Longevity
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therapy, oral motor control, laryngeal elevation, breathing, and
swallowing functions of the patients were enhanced by improv-
ing oralmotor control, which suggests the effectiveness ofmusic
therapy in stroke rehabilitation [51]. The number of partici-
pants in most current studies is small, and the data are from a
single center. Multicenter large-scale clinical trials are needed
in the future to further substantiate the effect of music therapy
on the improvement of dysphagia after stroke.

3.2. Music Therapy Promotes Recovery of Motor Function
Poststroke. Motor dysfunction is one of the most common
complications following stroke, which manifests as numbness
and weakness of the limbs and even paralysis or spasms [13,
52]. Motor dysfunction can seriously affect the quality of life
and social participation of stroke patients. Rehabilitation of
motor function after stroke is a progressive and dynamic pro-
cess and mainly includes exercise training, drug therapy, and
psychological counseling. A variety of innovative neuroreh-
abilitation strategies are emerging tools that will help improve
motor function after stroke [53]. Music therapy, as a novel
method, provides a new way for the motor function rehabilita-
tion of stroke patients. By listening to music or singing songs,
it can help promote neural plasticity, regulate neural networks
and signal transduction, and achieve the purpose of improving
patients’ motor function [54, 55].

Exercise training is an important rehabilitation measure
that is utilized for the treatment of stroke patients with motor
dysfunction. During treatment, music with a strong sense of
rhythm is generally helpful for rehabilitation of motor function
[56]. The motor system is sensitive to auditory stimulation, and
music rhythms can excite motor neurons in order to cause the
muscles to move in a natural and ideal way, improving the
rhythm of action and quality of action completion. It also
enhances the effect of exercise therapy in order to promote
the recovery of the patients’ limbmotor function. Playingmusi-
cal instruments or pulling an arm trainer with rhythmic music
can help increase the frequency and fluency of finger move-
ments, as well as upper extremity function [57–59], which can
cause excitability changes in themotor cortex. In addition, stud-
ies have validated that adding sound feedback during exercise
training can increase auditory input of the patients, which can
help improve excitation of the motor cortex, promote brain
function remodeling, and achieve auditory motor function inte-
gration [60]. Moreover, functional magnetic resonance imaging
(MRI) suggests that one of the effects of music-supported ther-
apy is task-dependent coupling of auditory and motor cortical
areas [61].

As limb motor dysfunction in stroke patients can lead to
gait impairment, many scholars focus on the impact of music
therapy on gait training in stroke patients [62]. Patients that
receive music motor feedback training have experienced a sig-
nificant improvement in stride length and gait speed compared
to routine gait training without music. Even after removing the
external pacer, the gait of the patients may be improved to
some extent through memory of music and rhythm [62]. In
addition, studies have highlighted that patients that receive
rhythmic auditory stimulation have significantly improved step
velocity, stride frequency, symmetry and length, and balance
function and trunk control, regardless of the type of rhythmic

stimuli [63–66]. Previous studies have also discovered that
rhythmic auditory stimulation can improve the gait of patients
with acute, subacute, or chronic stroke [67, 68]. However,
choosing the most appropriate music type, which involves con-
sidering rhythm, strength, and frequency, for stroke patients at
different stages, remains to be further studied. The potential
mechanism underlying music therapy-induced benefits have
been extensively studied, and the results demonstrate that
music therapy can enhance the effect of gait training by
improving psychology and cognition, regulating neurotrans-
mitter delivery, and enhancing the plasticity of the nervous sys-
tem, as well as other mechanisms [69, 70].

The complex repair mechanism that is involved in limb
dysfunction has not been clearly defined. Therefore, it is nec-
essary to fully assess the degree and type of limb dysfunction
among different stroke patients and explore its possible
pathological mechanisms and risk factors. The period,
course of treatment, intensity, and frequency of music ther-
apy, as well as the combined rehabilitation therapy plan, are
significantly different in current studies. Furthermore, vari-
ous music therapy plans, evaluation index, and measure-
ment scales are utilized in studies that are conducted
across different centers. Therefore, standardized multicenter
trials need to be carried out in the future to improve the clin-
ical efficacy of music therapy in motor recovery after stroke.
Additionally, the treatment plan should be rationally opti-
mized to meet the individual needs of each patient.

3.3. Music Therapy Attenuates Aphasia Poststroke. Poststroke
aphasia refers to a focal brain injury caused by stroke, leading
to the destruction of cortical and subcortical structural net-
works within the dominant hemisphere of language. Thereby,
it causes impaired or permanent loss of the production and
understanding of language symbols, as well as language dys-
function during listening, speaking, reading, or writing [71,
72]. Aphasia is one of the important manifestations of neuro-
logical impairment after stroke. Aphasia has a high incidence
during stroke and seriously affects the communication ability
of the patients, aggravates neurological dysfunction, and brings
great mental and economic burden to patients, families, and
society. Medication, speech and language therapy, behavioral
therapy, noninvasive brain stimulation, and other therapeutic
strategies have been developed in order to decrease the inci-
dence and alleviate the degree of aphasia poststroke [73–76].

Neuroimaging studies have discovered that there is an
overlap between the brain regions that are activated during
speech and singing, which suggests that singing and speech
share some common neural pathways [77–79]. Music therapy
is introduced during treatment of aphasia after stroke through
carefully designed music experience, which stimulates the
damaged brain language function area, regulates neuroplasti-
city changes within the language network, and promotes the
recovery of speech function [80, 81]. Melodic intonation ther-
apy (MIT) is themost popular and effectivemusic therapy that
is applied to aphasia poststroke (Table 1). It makes use of the
patients’ unimpaired singing ability to sing words and phrases
during daily life with musical melody in order to improve
patients’ oral expression ability. Zhang et al. discovered that
music therapy-based MIT can have a positive impact on the
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language function of stroke patients that suffer from aphasia in
the Chinese population [82], and similar effects are observed
in the Greek [83], Spanish [84], Italians [85], and other popu-
lations, which indicates that MIT therapy has a good thera-
peutic effect in the population across different regions. A
systematic review, including six clinical trials involving 115
patients, was aimed at evaluating the effectiveness of music
therapy in the recovery of language function in poststroke
aphasia. The data reveal that MIT can improve functional
communication, repetition, and naming of patients but does
not improve comprehension [80]. Another recently published
systematic review retrieves MIT-related literature, including
39 randomized controlled trials that focus on MIT interven-
tion among patients with aphasia in the stroke recovery
period. The results demonstrate the beneficial effect of MIT
on language rehabilitation. However, furtherMRI studies have
been recommended that can help determine the clinical evi-
dence and intervention targets of MIT and help provide clear
neural circuit prompts and predict models used for MIT inter-
vention [86]. Lim et al. demonstrate that neurologic music
therapy and speech language therapy are both effective treat-
ments for poststroke aphasic patients during the chronic stage,
and the former is effective in the subacute stage of stroke [87].
Therefore, it is important to choose the appropriate music
therapy strategy for stroke patients at different stages, which
is worthy of further study. Moreover, due to the variety of
music intervention modes for aphasia, future studies need to
further standardize intervention methods and clarify the mea-
surement indicators (i.e., spontaneous speech, fluency, repeti-
tion, and naming) in order to clarify the effect of music
therapy and develop a more appropriate treatment plan.

3.4. Music Therapy Enhances Cognitive Recovery Poststroke.
Poststroke cognitive impairment refers to a series of cognitive
damages with different symptoms and severity after stroke.
Due to the influence of multiple factors, including etiology,
type, location, and complications of stroke, the clinical mani-
festations of cognitive dysfunction after stroke are multiple
and are associated with memory disorders, learning ability dis-
orders, attention disorders, sensory and perceptual disorders,
personality changes, and behavioral abnormalities [4, 88–91].
The manifestations of poststroke cognitive impairment are
not single but actually often overlap and interact with each
other in complex ways. Cognitive rehabilitation is the system-
atic use of medical and rehabilitation therapy to improve the
daily living activities and delay further aggravation of cognitive
impairment, daily living ability, and limb function of stroke.
On the basis of evaluation of the patients’ brain injury and
cognitive function, the therapeutic activity system is formu-
lated with a goal of improving cognitive function. Hence, the
behavior pattern acquired before is reconstructed or a new
correct cognitive pattern is established in order to compensate
for changes in the brain and body. Current clinical treatment
for poststroke cognitive impairment includes drug therapy,
computer-assisted cognitive rehabilitation, physical therapy,
noninvasive brain stimulation, and traditional Chinese medi-
cine [92–95].

Recently, studies have shown that music therapy, regard-
less of playing a musical instrument or listening to music or

singing, can improve cognitive function of stroke patients [96,
97]. Early music intervention for patients with stroke is benefi-
cial for long-term plasticity changes of sensory and perceptual
processes and promotes the recovery of cognitive function.
Rosemann et al. have proposed that deficits in memory or
attention do not contribute to music perception impairment
after stroke [98]. Vocal music can help improve memory recov-
ery after stroke, as vocal music engages extensive and bilateral
networks within the brain observed by functional magnetic res-
onance imaging, which may stimulate structural and functional
plasticity changes in brain neural networks that are crucial for
emotional processing and memory [99, 100]. One clinical trial
with 15 subjects was in a face-to-face interview after a four-
week multimodal rehabilitation program, including music ther-
apy. The participants stated that they had a positive experience
with cognitive and emotional improvements [101]. Similarly, a
prospective randomized study that was conducted in Greece
enrolled 65 stroke patients and discovered that music-based
exercise programs have beneficial effects on the mood status
of stroke patients and that the combination of exercise training
and music treatment with familiar music had a better recovery
effect [102]. Interestingly, different types of music exposure
have different effects on poststroke cognitive impairment.
Audiobook listening has been found to be associated with a pos-
itive distraction from thoughts and worries. Furthermore,
mindful music listening is tightly associated with relaxation
and concentration and strengthened attentional control. Music
listening is also correlated with increased activity, memory rem-
iniscence, and positive mood [103]. Therefore, the forms of
music or sound input should be selected according to the main
symptoms and severity of cognitive dysfunction in order to
achieve the best therapeutic effect.

4. Conclusion

Overall, studies have demonstrated that music therapy in reha-
bilitation of stroke can help improve dysphagia, enhance the
effect of limbmotor exercise training, promote speech function
recovery, and improve cognitive impairment. The mechanism
of neurologic functional recovery after stroke is complex, and
existing rehabilitation techniques are mainly focused on limb
motor therapy and the recovery of brain function on the dam-
aged side. As the integrity of the human brain function depends
on close contact and interaction between the hemispheres,
poststroke rehabilitation should not only enhance the recovery
of the brain function on the injured side but also pay attention
to the contralateral side in order to stimulate the hemispheres
connectivity, resulting in an improvement in the integration
of the entire brain function. Music therapy can improve neuro-
logical function by enhancing the neuroplasticity and neural
networks of the brain. However, specific neurobiological mech-
anisms remain to be further explored.

Thus far, the effect of music therapy on rehabilitation fol-
lowing stroke has been gradually confirmed in clinic, and the
therapy is simple, safe, and easy to accept. However, the
patients’ number of current clinical studies is small, and large-
scale randomized controlled trials are needed. Moreover, the
potential mechanisms of music therapy, implementation pro-
cess, outcome evaluation, and treatment mode need to be

6 Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

further studied. In addition, as a kind of rehabilitation method,
music therapy has a long treatment cycle and high require-
ments for patient compliance. And at present, the whole world
is still short of professional music therapists, which need to cul-
tivate more qualified therapists through international coopera-
tion and exchange.
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Objective. Type C fracture is a complete intra-articular fracture, and the mainstay of treatment remains open reduction and
internal fixation. The purpose of the study is to observe the clinical effect of an anterior ankle C approach (ankle-C) combined
with minimal invasive plate osteosystems (MIPO) for tibial pilon fractures (AO/OTA 43C, combined with fibula fractures).
Methods. A retrospective comparative analysis was performed on the clinical data of 33 patients with C-type pilon fractures
(combined fibula fractures) admitted to our department from July 2018 to July 2021, including 12 cases treated with ankle-C
(a-C) approach and 21 cases with conventional approach (including combined approach). All patients were followed up for
over 6 months. Visual Analogue Scale (VAS), AOFAS Ankle-Hindfoot Scale (AOFAS-AHS), wound healing time, fracture
healing time, and complications were used to evaluate the clinical efficacy. Results. The scores of VAS and AOFAS in the a-C
group scored better than the conventional group (P < 0:05), especially in the extent of limited range of motion (LROM) of
ankle dorsiflexion-plantarflexion in 1 month after operation and at the last follow-up (P < 0:01). Bone healing was achieved in
both groups 6 months after operation, with no implant exposure or infection. Among them, 4 cases in the conventional
approach group had wound healing time exceeding 2 weeks. Conclusions. For type C pilon fractures (combined with fibula
fractures), ankle-C approach combined with MIPO technique has certain advantages in ankle function recovery and soft tissue
repair, which provides an alternative for the treatment of type C pilon fractures.

1. Background

With the development of society, there are more and more
patients with high-energy trauma. Pilon fractures, represented
by falls from heights, are common in clinical practice, account-
ing for about 1% of lower limb fractures, most of which are
complicated with fibular fractures (about 10-30% are open
fractures) [1]. Pilon fracture has been studied for 110 years
since Etienne Destot, a French physician, introduced the con-
cept of pilon fracture in 1911 based on themechanism of injury
and fracture characteristics [2]. The treatment of complex pilon
fractures has always been a difficult and controversial clinical
problem. Due to the complexity of these fractures, which are

often associated with severe soft tissue injuries and multiple
treatment complications, managing pilon fractures has been a
challenge for orthopaedic trauma surgeons to this day [3].
According to AO classification [4], type C fracture is a com-
plete intra-articular fracture, and the mainstay of treatment
remains open reduction and internal fixation. There are some
classic surgical approaches for pilon fractures, such as antero-
medial, medial, anterolateral, lateral, posterolateral, combined
approaches, or many modified ones based on some classic
approaches, aiming at facilitating surgical exposure, reduction,
and fixation and reducing incision complications [5]. From the
earliest conservative treatment to open reduction and internal
fixation, there are many incision complications in the
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treatment of pilon fractures, especially the difficulty of incision
closure after operation, necrosis, and infection of incision skin
or local skin flap and even catastrophic complications such as
amputation [6]. In order to reduce these complications, limited
open reduction and internal fixation, external stent staging
treatment with one-stage fixation or nonfixation of fibula, min-
imally invasive percutaneous plate technique (MIPO), and
other related minimally invasive techniques [7–10] have been
developed to provide clinicians with more choices for the man-
agement of complex pilon fractures.

The overall treatment principles of pilon fractures are to
restore limb force line, good articular surface reduction,
good joint matching, and strong fixation for early functional
exercise [11]. Based on the above treatment principles, the
author has made some reflections in clinical work on how
to reduce the soft tissue complications and achieve the
balance between bone and soft tissue while taking into
account the reduction and fixation quality of fracture. Pilon
fracture is divided into two parts: the metaphysis and the
joint (including internal and external malleolus). The treat-
ment of metaphysis fracture is mainly to restore fracture
force line, which can be easily accomplished by closed reduc-
tion under C-arm fluoroscopy, and effective fixation can be
completed by percutaneously inserting bone plates through
the MIPO technique [12].

There has been no report on anterior ankle C approach in
the treatment of tibial pilon fractures. Thus, the motivation
and novelty of the study are to firstly evaluate the clinical
effect of an anterior ankle C approach combined with mini-
mal invasive plate osteosystems for tibial pilon fractures
and hopefully provide a new efficient approach for clinical
treatment. Hereby, we reported 33 patients with pilon frac-
tures who have achieved good clinical effects after treatment
with single incision, i.e., anterior ankle C-shaped incision
approach combined with minimal invasive plate osteosys-
tems (MIPO) technique in our hospital in recent years.

2. Data and Methods

2.1. Patients. Inclusion criteria are as follows: (1) tibial pilon
fracture caused by violence, namely, AO/OTA43-C fracture;
(2) open reduction and plate internal fixation; and (3) retro-
spective case-control study.

Exclusion criteria are as follows: (1) no fibular fracture;
(2) open pilon fracture with Gustilo classification < III; (3)
previous ipsilateral leg and ankle injuries and surgical his-
tory; (4) tibiofibula and ankle deformity; (5) other diseases
that cannot tolerate surgery; and (6) defective follow-up data
or follow-up time < 3 months.

From July 2018 to July 2021, 52 cases of type C pilon
fractures surgically treated in the Chongqing University
Three Gorges Hospital were selected, of which 33 cases were
finally enrolled after screening according to the above eligi-
bility criteria. Among them, there were 21 males (63.64%)
and 12 females (36.36%), aged 41:9 ± 10:3 years (range: 22-
55). This study was approved by Ethics Committee of
Chongqing University Three Gorges Hospital as an exempt
study without registration number.

2.2. Case Grouping. Twelve patients (male-to-female ratio, 7 : 5)
who underwent surgical treatment through anterior ankle C-
shaped approach combined with MIPO technique were
included in the a-C group, with an average age of 38:40 ±
6:32 years (ranging from 22 to 43 years); 5 cases of 43-C1, 3
cases of C2, and 4 cases of C3 were determined based on the
AO/OTA classification. And according to the Tscherne-Gotze
classification of preoperative soft tissue trauma, there were 2,
7, 2, and 1 cases of grades 0, 1, 2, and 3, respectively. Twenty-
one patients with regular longitudinal incision (including ante-
rior internal, anterior-external, posterior-internal, and
posterior-external approaches) with or without MIPO tech-
nique for open reduction and plate internal fixation were
defined as the routine approach group, including 14 males
and 7 females, with an average age of 41:50 ± 7:41 years (rang-
ing from 26 to 55 years); OTA/AO classification identified 3
cases of 43-C1, 12 cases of C2, and 6 cases of C3. And according
to Tscherne-Gotze classification of preoperative soft tissue
trauma, there were 5 cases of grade 0, 10 cases of grade 1, 6
cases of grade 2, and 0 cases of grade 3. The research flow is
shown in Figure 1.

2.3. Treatment Methods

2.3.1. Preoperative Plan. All patients underwent calcaneal
traction after admission, with the traction weight being 1/
12 to 1/8 of their body weight (to maintain a mild overtrac-
tion state). Full-length anteroposterial-lateral X-ray of the
lower leg and 3-dementional CT examination of the ankle
were performed to classify the fracture and determine the
mechanism of injury, and the corresponding internal fixa-
tion plan was developed according to the fracture type. All
open wounds were treated by emergency debridement and
suture. In the case of serous or bloody blisters, blister fluid
was extracted, and the blister skin was preserved.

2.3.2. Surgical Plan. Cefazolin sodium (2.0 g intravenous
drip) was applied 30min before skin excision. All patients
were subjected to spinal anesthesia with sciatic and saphe-
nous nerve block. Patients were placed in a supine position
with a tourniquet on the thigh root.

2.3.3. a-C Group. An arc-shaped surgical incision was made at
1 cm from the proximal end of themedial and lateral malleolar
prominence to the upper site of the ankle mortise. Then, the
skin, subcutaneous tissue, and deep fascia were cut, and the
subcutaneous and deep fascia were sutured intermittently with
4-0 silk thread, which could play a role of distraction and avoid
subcutaneous tissue undermining dissection during the oper-
ation, which could play a role of distraction while avoiding
subcutaneous tissue segregation during operation. In this
plane, care was taken to protect the medial great saphenous
vein and lateral superficial peroneal nerve.

The deep anterior tibial tendon and extensor hallucis
longus were exposed from the extensor digitorum tendon,
and care was taken to protect the anterior tibial blood vessel
and the deep peroneal nerve located below the extensor digi-
torum muscle. The medial side of the great saphenous vein
was the “first window”, which can reveal the fracture of the
distal medial malleolus. The “second window” was between
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the great saphenous vein and the tibialis anterior tendon,
which can expose the medial malleolus dome and the medial
ankle mortise. The “third window” was between the extensor
digitorum tendon and the extensor hallucis longus, which
can expose the middle space of ankle mortise. The “fourth
window”was between extensor digitorum tendon and superfi-
cial peroneal nerve, which can expose the lateral side of the
ankle mortise and lateral dome. The lateral side of superficial
peroneal nerve was the “fifth window”, which can expose dis-
tal tibial and fibular.

Under the second, third, and fourth windows, the anterior
fracture block was opened with the anterior joint capsule or
the inferior tibiofibular syndesmosis as the hinge, and the cen-
tral collapsed articular surface and the intermediate die-punch
fracture block were explored. Using the posterior malleolar
fracture block as a reference, the die-punch fracture block
was reduced, and bone grafting was determined according to
the bone defect. Then, the central compressed articular surface
was reduced; the anteriorly displaced fracture fragment was
removed, followed by temporary fixation with Kirschner wire.

Patients meeting the inclusion criteria
N = 52

No fibula fractures
N = 4

If it is an open Pilon fracture, the Gustilo
classification does not exceed type III

N = 5

Previous ipsilateral leg and ankle injuries and
surgical history

N = 5

Observational indicators

Vas score AOFAS score Operating time Complication Healing time

1. Combined tibiofibula and ankle deformity
2. Combined with other diseases, surgery cannot be tolerated

N = 3

Medical records incomplete
N = 2

Conventional approach group, surgical treatment was performed by
opening reduction and plate fixation via conventional longitudinal

incision or combined with miPO technique
N = 21

Ankle C group, surgical treatment was
performed by a c-incision approach

combined with miPO technique
N = 12

N = 48

N = 43

N = 38

N = 35

N = 33

Figure 1: Research flow chart.
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Themedial-distal tibia andmedial malleolus were exposed
at the first and second windows and temporarily fixed with
Kirschner wire after reduction. The distal lateral part of the
tibia and the lateral malleolus were exposed at windows fourth
and fifth, and the lateral malleolus fracture, Tillaux-Chaput
bone block, and Wagstaff bone block were reduced. After
satisfactory reduction of the articular surface and medial and
lateral malleolus through C-arm fluoroscopy, the metaphyseal
fracture was closed, and C-arm fluoroscopy was performed to
confirm that the force line returned to normal.

Then, using MIPO technique, a medial malleolus screw or
medial tibial plate was placed in the first window, an anterolat-
eral plate or screw was placed in the third or fourth window,
and a lateralmalleolus plate or screwwas placed in the fifth win-
dow. The distal screws of the bone plate were placed under
direct vision, and the proximal screws were perforated. C-arm
fluoroscopy was performed again to confirm the normal force
line of the lower limbs, satisfactory reduction of the articular
surface, and good joint matching, and limb movement was per-
formed to confirm the stability of fracture fixation. Then, an

(a) (b)

(c)

(d) (e)

Figure 2: Schematic diagram of anterior ankle C-shaped incision. (a) Anterior ankle C-type incision: a transverse arc line was made from
the medial and lateral malleolar prominence to the proximal 1 cm of the ankle joint. (b) Protection of the great saphenous vein, superficial
peroneal nerve, tibialis anterior muscle, extensor hallux longus, extensor digitorum longus, anterior tibial artery, and deep peroneal nerve.
(c) The lateral window can expose the lateral border of trochlea tali. (d) The middle window can completely expose the fornix of the talus to
provide 23mm of operating space at the distal tibia. (e) The medial window can completely expose the medial malleolar prominence.
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antifracture drainage tube was placed. If the aponeurosis was
damaged during operation, conventional 4-0 absorbable suture
was used for repair. Finally, the deep fascia, subcutaneous tissue,
and skin were sutured layer by layer. The schematic diagram of
anterior ankle C-shaped incision was shown in Figure 2.

2.3.4. Conventional Approach Group. According to the frac-
ture site and fragmentation degree of distal tibia and fibula,
classic surgical approaches were performed, including antero-
lateral, anteromedial, posteromedial, posterolateral, and com-
bined approaches. MIPO technology [12] can also be used to
assist plate implantation according to the patient’s skin and
soft tissue conditions. Conventional incision closure was per-
formed after intraoperative radioscopic evaluation of fracture
reduction and plate fixation.

2.3.5. Postoperative Plan. Incision healing was observed in all
patients according to the incision management guidelines
[13], and all patients were immobilized with plaster for 1 week.
After 30 degrees of limb elevation, cefazolin sodium (2.0 g, iv
drip) was used once after operation. Besides, 4000U enoxaparin
sodium [14] was subcutaneously injected daily for multimode
combined analgesia. After surgery, the patient was instructed
to perform active and passive functional exercises of the toes
and isometric muscle contraction. The drainage tube was
removed 24 hours after operation, and active and passive flex-
ion and dorsiflexion exercises of the ankle joint were initiated
after the plaster was removed 1 week postoperatively. The
stitches were removed 12-14 days postoperatively, and the
active exercise intensity of ankle joint was gradually increased
3 weeks after surgery until normal activities resumed. Partial
weight-bearing exercise was started 6 weeks after X-ray review,

and full weight-bearing functional exercise was performed 3
months after gradual recovery shown by X-ray reexamination.

2.4. Endpoints. All patients were scored by Visual Analogue
Scale (VAS) [15] and AOFAS Ankle-Hindfoot Scale (AOFAS-
AHS) [16] before operation, 1 month after operation, and the
last follow-up (≥6 months after operation). The ankle flexion-
extension range of motion (ROM) was measured and recorded.
At the last follow-up (≥6 months after operation), CT scanning
was performed to evaluate bone healing. The operation time
(OT), wound healing time, fracture healing time, and complica-
tions of patients were recorded. All the above data were ana-
lyzed statistically.

2.5. Statistical Processing. This is a retrospective case-control
study. Data analysis was made by SPSS23.0 (SPSS, USA). Mea-
surement data (age, OT, wound healing time, fracture healing
time, VAS score, AOFAS-AHS score, and ankle flexion-
extension range of motion) were tested by normal distribution
first, and those whomet were indicated by −χ ± s and compared
by independent sample t-test between groups. The categorical
data were presented as n (%) and compared by χ2 test. The
comparison of VAS and AOFAS-AHS scores within the group
was performed by paired sample t-test. Categorical variables
(gender, complications, fracture classification, soft tissue classi-
fication) were compared by χ2 test. The test level was α = 0:05
(two-tailed). P < 0:05 were considered statistically significant.

3. Results

3.1. General Information and Perioperative Indicators. The
comparison results of the general data and perioperative indi-
cators between two groups are as shown in Table 1. The two

Table 1: Comparison of general data and perioperative indicators between the ankle-C approach group and the conventional approach
group.

Variables a-C approach group (n = 12) Conventional approach group (n = 21) P

Age (years, �χ ± s) 38:40 ± 6:32 41:50 ± 7:41 0.233

Gender (n (%)) 0.632

Male 7 (58.3) 14 (66.7)

Female 5 (41.7) 7 (33.3)

Preoperative soft tissue trauma Tscherne-Gotze
classification evaluation (n (%))

0.466

0 2 (16.7) 5 (23.8)

1 7 (58.3) 10 (47.6)

2 2 (16.7) 6 (28.6)

3 1 (8.3) 0 (0)

AO/OTA fracture classification (n (%)) 0.125

C1 5 (41.7) 3 (14.3)

C2 3 (25.0) 12 (57.1)

C3 4 (33.3) 6 (28.6)

Operation time (minutes, �χ ± s) 95:27 ± 10:32 83:34 ± 6:44 0.012

Complications (n (%)) 0 (0) 4 (19.0) 0.107

Complete wound healing time (days, �χ ± s) 13:27 ± 0:90 14:95 ± 1:78 0.004

Complete healing time of fracture (months) 6:25 ± 0:72 6:34 ± 0:47 0.666

5Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

(a) (b)

(c) (d)

(e)

Figure 3: Typical case: male, 37 years old, type C3 fracture. (a) One week after the injury, the condition of soft tissue improved, and the time
was ripe for surgery. (b) Preoperative X-ray and CT findings. (c) Intraoperative soft tissue protection and “window” application. (d)
Intraoperative C-arm fluoroscopy, plate implantation, and suture. (e) Postoperative X-ray and CT examination results.
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groups differed insignificantly in age, sex, Tscherne-Gotze
classification, and AO/OTA fracture classification, complica-
tions and complete healing time of fracture. Meanwhile,
evidently shorter OT was determined in a-C approach group
with 95:27 ± 10:32 min compared with conventional
approach group with 83:34 ± 6:44 min. Although there was
no difference in the incidence of complications between the
two groups, the time of wound healing in the a-C approach
group was significantly reduced compared with the conven-
tional approach group. A typical treatment case file of a 37-
year-old male with type C3 fracture is shown in Figure 3.

3.2. VAS, AOFAS-AHS, and Ankle Flexion-Extension Range
of Motion. As shown in Table 2, the VAS score, which
showed no distinct difference between groups before surgery
(P > 0:05), was lower in the a-C approach group at 1 month
after operation (P < 0:05), while differed insignificantly
between groups at the last follow-up (P > 0:05). The preop-
erative AOFAS-AHS score and the one at the last follow-
up differed insignificantly between groups (P > 0:05), while
the score was notably higher in the a-C approach group than
in the conventional approach group at 1 month after opera-
tion (P < 0:05). In observation of the change of ankle
flexion-extension range of motion, no distinct difference
was observed in preoperative ankle flexion-extension ROM
between groups (P > 0:05); however, in comparison with
the conventional approach group, the ankle joint ROM in
the a-C approach group was improved at 1 month after
operation and the last follow-up (≥6 months after opera-
tion), especially at 1 month after operation (P < 0:05), with
the ROM basically reached 70% of the normal.

3.3. Complications. There was no postoperative wound
dehiscence or infection in the a-C group, except for one
patient with light brown changes in the skin margin of the
wound but it did not affect wound healing. Four patients
in the conventional approach group developed wound-
related complications after surgery. Two of them had an
anterolateral incision, and the wound near the metaphysis
was cracked about 4 cm, with a small amount of exudation
and no steel plate exposure, which completely healed 7 days
beyond the average healing time. Another two cases showed
redness at the skin margin of the wound after surgery, with
the appearance of blisters in the skin of the operative area
due to high suture tension. After timely treatment, the skin
healed completely 2-3 days beyond the average healing time.

4. Discussion

In the operation of open pilon fracture, the current classical
surgical approaches cannot be fully applied, and in some
patients with severe soft tissue injury, the risk of applying
traditional large incision is also high. However, suture and
fracture staging treatment strategy is associated with longer
treatment time, increased treatment cost, increased risk of
joint stiffness, and lower patient satisfaction. The traditional
longitudinal incision has the problem of insufficient expo-
sure of the left and right ankle mortise, especially the dome
of the medial and lateral ankle mortise. And due to poor

exposure, satisfactory fracture reduction is often not achieved,
increasing the incidence of traumatic arthritis. In addition, the
tension of longitudinal incision is extremely high when sutur-
ing deep fascia after operation, and it is often difficult or
impossible to suture. In patients with primary closure, the ten-
sion of incision is concentrated in the skin and subcutaneous,
which affects the blood supply of soft tissue, resulting in signif-
icantly elevated risk of skin and soft tissue necrosis and infec-
tion [17]. And for some patients, incision closure cannot be
completed in one stage due to excessive tension, with the need
to place negative pressure devices such as VSD, and secondary
closure or skin grafting and flap repair can only be performed
after the swelling subsides [18].

In this study, the design concept of anterior ankle arc inci-
sion approach was that full exposure is required in the complex
intra-articular fracture surgery, so we think of a transverse arc
incision with themain purpose of revealing the joints. The tibia-
lis anterior muscle group, blood vessels, and nerves of the ankle
run longitudinally, along which the important soft tissues
include the anteromedial great saphenous vein, the anterior
tibial tendon, extensor hallucis longus, extensor digitorum ten-
don, anterior tibial artery and deep peroneal nerve in the mid-
dle, and the lateral superficial peroneal nerve. With the help
of the concept of soft tissue “window” under the deep fascia,
the ankle joint space can be exposed in all directions, and the
fractures of internal and external malleolus and the central
compression joint can be reduced and fixed under direct vision.
In addition, the soft tissue of the anterior ankle arc incision is
located in the depression of the foot and the lower leg, and
the chance of soft tissue being traumatised is relatively smaller
than that of the lower leg, which can completely avoid the severe
soft tissue injury and the open wound on the inner and outer
sides of the lower leg. Moreover, the transverse incision is along
the dermatoglyphic direction, which also meets the require-
ments of surgical incision design.

From this study, the results showed that the scores of VAS
and AOFAS in the a-C group scored better than the conven-
tional group, especially in the extent of limited range of motion
(LROM) of ankle dorsiflexion-plantarflexion in 1 month after
operation and at the last follow-up. Meanwhile, bone healing
was achieved in both groups 6 months after operation, with
no implant exposure or infection. First of all, this incision is a
single transverse incision, which avoids metaphyseal incision,
protects the blood supply of metaphyseal fracture, and facili-
tates fracture healing. In addition, thanks to the concept of soft
tissue windows, fractures at the joint, including the medial and
lateral malleolus, are fully exposed, expanding the exposure
range of the ankle mortise. In particular, due to the full expo-
sure of the internal and external dome which is of reference sig-
nificance for reduction, the articular surface of the posterior
malleolus can be seen when the foot is pulled distally, which
is of great help to anatomical reduction and improves the qual-
ity of reduction and fixation of the fracture under direct vision.
In addition, the incision can be partially cut according to the
fracture type.

The core advantage of this incision is the prognosis of
soft tissue. First of all, the anterior ankle soft tissue is less
likely to be injured during the original injury, and the soft
tissue conditions are generally better [19]. The deep fascia
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of C-shaped incision is a transverse incision, which takes the
advantages of the transverse support band of tibialis anterior
extensor and the thickness of deep fascia, contributing to
small tension during suture or almost no suture tension in
the ankle dorsiflexion position and easy closure of the inci-
sion [20]. In addition, because the tension is concentrated
in the deep fascia layer, the skin and subcutaneous tissue
can be sutured without tension, with little influence on soft
tissue blood supply, and less chance of necrosis and infec-
tion. All the incisions in 12 patients healed in one stage with-
out necrosis or infection, indicating that this incision has
obvious advantages over traditional incision after soft tissue
prevention.

Of course, this incision also has certain disadvantages.
First of all, during skin incision, the anteromedial great
saphenous vein and the anterolateral superficial peroneal
nerve are prone to injury, so special attention should be paid
to the protection during the operation. In addition, the
Ankle-C approach only had an exposure range of 5-7cm
from the center of the incision to the proximal and distal
ends. and it could not fix the ankle from the rear, so it had
strict indications.

5. Thoughts and Prospects

Since there are many therapeutic methods and incision
approaches for pilon fractures, the indications of each surgical
approach should be strictly controlled. For patients with intact
posterior ankle or without open reduction and fixation, a sin-
gle anterior transverse arc incision approach can be a new
choice for clinicians and has obvious advantages in treating
complex C2 and C3 pilon fractures. This article only makes
a preliminary report on the clinical efficacy of this approach,
with good results achieved in the study cases. However, the
number of cases that can be summarized is still limited, which
requires further demonstration through a large sample-size
research for clinical promotion and application.
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The small size of labelled samples is one of the challenging problems in identifying early lung nodules from CT images using deep
learning methods. Recent literature on the topic shows that deep convolutional generative adversarial network (DCGAN) has been
used in medical data synthesis and gained some success, but does not demonstrate satisfactory results in synthesizing CT images.
It primarily suffers from the problem of model convergence and is prone to mode collapse. In this paper, we propose a generative
adversarial network (GAN) model with prior knowledge to generate CT images of early lung nodules from a small-size of labelled
samples, i.e., SLS-PriGAN. Particularly, a knowledge acquisition network and a sharpening network are designed for priori
knowledge learning and acquisition, and then, a GAN model is developed to produce CT images of early lung nodules. To
validate our method, a general fast R-CNN network is trained using the CT images generated by SLS-PriGAN. The experiment
result shows that it achieved a recognizing accuracy of 91%, a recall rate of 81%, and F1 score of 0.85 in identifying clinic CT
images of early lung nodules. This provides a promising way of identifying early lung nodules from CT images using deep
learning with small-size labelled samples.

1. Introduction

Neural networks, particularly deep learning models, have
shown promising results in the field of cancer-targeted
detection. Some studies have shown the ability of trained
neural network models can reach the level of human phy-
sicians in lesion detection [1–4]. Almost all the methods
are based on training with a large volume of datasets,
which would fail when the amount of data is sparse and
lacking [5, 6].

The small size of labelled samples has become one of the
challenging problems in identifying early lung nodules from
CT Images using deep learning technology. When there are
a small number of patients screened for early pulmonary
nodules, it is difficult to develop large datasets of CT images
for the purpose of machine learning methods and model
developments. It is formulated in [5, 7] that the small size

of labelled samples has become a natural barrier to the use
of neural network models in medical imaging.

A common solution to this problem is to design data
synthesis methods. A typical one is to process the data set
image by using translation, rotation, flip, and zoom to
achieve data augmentation. Such a method has some draw-
backs. Due to their inherent characteristics, medical images
tend to lose their original interpretation during the process.
Moreover, it is difficult to add additional useful information
to the dataset for the training of neural network algorithms.
Usually, the datasets used by these networks have both input
and expected output, and the difference between the gener-
ated and the expected output is defined as the loss function
[8–11]. It is shown in [10] that when the original data is lost
or unavailable, the generated images can be used to diagnose
Alzheimer’s disease. This kind of model requires a large
amount of data for training, and the performance of the
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network model on a small set of sample data is less accurate
and sufficient.

Generative adversarial networks (GAN), which have a
generator and a discriminator, are used to do data augmen-
tation by learning statistical laws of the input data and gen-
erating data samples similar to the input data but not
completely repeated [12]. In recent works, GAN and its var-
iants are used in medical image generation. For instance,
deep convolutional GAN (DCGAN) is proposed to synthe-
size realistic prostate disease plaques [13, 14], generate reti-
nal images [15], and synthesize different types of plaques
in liver CT [16]. In [17], DCGAN is used to generate high-
resolution MR data with only a small number of samples.
In 2019, progressive GAN is used to synthesize high-
resolution images of skin lesions, which can “cheat” profes-
sional dermatologists [18]. Although CT images of lung can-
cer nodules can be generated by GAN [19], the synthetic
lung cancer nodules are indistinguishable from real ones
[20], even for radiologists [21]. Evidently, it is still difficult
to generate high-resolution CT images of early lung nodules
from a small size of labelled samples.

In this work, we developed a method to synthesize qual-
ity CT images of early lung nodules using a priori knowledge
GAN model from small-size labelled samples. We designed
the network to acquire some priori knowledge before execut-
ing the generation task. Especially, a knowledge acquisition
network and a sharpening network are designed for priori
knowledge acquisition, and then, a GAN model is developed
to produce CT images of early lung nodules. The contribu-
tions of this work are as follows:

(i) An autoencoder is developed for priori knowledge
curation and to retain information on the spatial
position, size and shape

(ii) A priori knowledge sharpening layer is embedded to
make the model converge quickly

As a result, the CT images generated by SLS-PriGAN are
used to train a fast R-CNN network. It achieves a recogni-
tion accuracy of 91%, recall rate of 81%, and F1 score of
0.85 in identifying clinic CT images of early lung nodules.
This provides an effective way of identifying early lung nod-
ules from CT Images generated by deep learning methods
with small size samples. It shows that the data enhancement
and generation method based on GAN is feasible in alleviat-
ing the dilemma caused by the small number of samples.

It is worth noting that the prior knowledge GAN is a
problem and domain-specific deep learning algorithm,
which is different from the concept of “transfer learning.”
Transfer learning uses a pretrained machine learning model
for a new but similar problem.

2. Method

We herewith propose a GAN-based generative model,
named, SLS-PriGAN, to generate high-resolution CT images
of early lung nodules. As shown in Figure 1, the main net-
work of our SLS-PriGAN is a stack of GAN networks, which

includes a generator, a discriminator, a priori knowledge
generation module, and a fusion control module.

The generator accepts a random vector and integrates
the output of priori knowledge module to synthesize the
image. In image synthesis, a random control module is
introduced to achieve the goal of diversification. If the ran-
dom control module is removed, the generated image will
be more inclined to the original image, and the randomness
of the generated image will be destroyed. During data simu-
lation, it is found that it is sufficient to use up to 2 random
control modules. The discriminator network module reads
both pseudo and actual images to analyze and understand
their differences and eventually achieve the syntheses.

Incorporating priori knowledge into the generation
module is one of the main contributions of SLS-PriGAN,
which accelerates the convergence of the model and makes
the synthesized image more realistic thus producing more
accurate results.

2.1. The Generation Network with a Prior Knowledge. During
generating process, it uses noise, such as image attributes and
categories, to fit feature information. We need to adjust the
distribution of high dimensional vectors from low dimen-
sional vectors to synthesize high-resolution CT images, which
is a challenge in the case of using small size labelled samples.

The design of the generation network is shown in
Figure 2, which includes a knowledge acquisition network
and a sharpening network.

The priori knowledge acquisition network is constructed
by a convolutional autoencoder (CAE) [22]. The CAE is a
structure composed of an encoder and a decoder, and it is
trained by the reconstruction loss between the decoded data
and the original data [23]. The training process of the CAE is
shown in Figure 3. The autoencoder preserves the main fea-
tures of an image and extract information by encoding and
decoding the image.

Let x be the input image, h be the latent variable, and x̂
be the reconstructed image. Ideally, the reconstructed image
of the training output should be similar to the original
image. The encoder and decoder are represented by Equa-
tions (1) and (2), respectively:

h = σe W1x + b1ð Þ, ð1Þ

x̂ = σd W2h + b2ð Þ, ð2Þ
where W1, b1 are encoding weights and offsets, W2, b2 are
decoding weights and offsets, and σe, σd are the nonlinear
transformations used in the encoding and decoding pro-
cesses. The convolutional autoencoder uses convolution to
linearly transform the input signal and implements a weight
sharing strategy. The reconstruction process is a linear com-
bination of basic image blocks that are hidden and coded.

The encoder encodes the input high-dimensional data to
obtain the expression of the low-dimensional hidden layer.
The decoder decodes the low-dimensional hidden layer to
reconstruct the high-dimensional output with the same size
as the input. It is further handed over to the lower network
to extract and express knowledge. We used variational
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autoencoders (VAE) in SLS-PriGAN to extract priori knowl-
edge. As shown in Figure 4, after passing through the VAE
network, we can directly obtain superficial feature informa-
tion about shape, size, etc. Our priori knowledge includes
information such as the shape and size of the lungs. In addi-
tion, high-dimensional and abstract features will be
extracted by the neural network.

The knowledge acquisition module further refines the
acquired knowledge. Image feature learning is one of the
important capabilities of convolutional neural networks
(CNN). We access the knowledge sharpening module after
acquiring a priori information in order to fully exploit the
acquired knowledge features. The sharpening network pre-
vents the collapse of the network. The priori knowledge is
further extracted, and the global information of the original

image is retained. The priori knowledge module is able to
overcome the notorious problems that GAN models often
encounter, i.e., difficult to convergence and easy to collapse.

2.2. Fusion Control Network. A fusion control module is
added to the generator, which implements the additions to
the generator’s priori knowledge. As well, a random control
module is applied to give the generated image a variety and
authenticity of detailed information.

2.2.1. Integration of Priori Knowledge. The fusion control
network is shown in Figure 5, which includes two parts:
the fusion of priori knowledge W and the fusion of random
noise N . As shown in Figure 5, we generally put through the
priori knowledge in the 8 × 8 pixel resolution image
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Real CT image
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Figure 1: The overall design of SLS-PriGAN.
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Figure 2: A priori knowledge generation network.
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Figure 3: The convolutional autoencoder.
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synthesis process. The intermediate vector W is summed
with the feature map S channel by channel, which realizes
the control of the priori knowledge over the body structure
of the generated image.

2.2.2. Random Control. The initial random noise input often
makes the generated image closer to the real image. We

introduced random noises at different locations in the net-
work to make the composite images more diverse. Generally,
the lower layers of the network control the high-dimensional
information of the generated image, such as the overall
structure of the lungs. The relatively high layer tends to con-
trol the detailed information of the generated image, such as
the information on lung nodules. We added scaled noises to

Figure 4: Our priori knowledge includes information such as the shape and size of the lungs.
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Figure 5: The details of the fusion control module.
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each channel of the generation network at different resolu-
tion stages to make the noise only affect the subtle changes
in the picture style and then obtain different visual expres-
sions by changing the resolution level.

2.2.3. The Loss Function of the Network. The loss consists of
two parts, which are from priori knowledge acquisition
module and the generative adversarial network module.
The loss can be calculated by Equation (3) [24, 25].

Method

DCGAN

SLS-PriGAN

200 1500 2400 3500 epoch

Figure 6: The training results of SLS-PriGAN comparing DCGAN, the results of 200, 1500, 2400, and 3500 epochs of training.

Real image SLS-PriGAN DCGAN

Figure 7: The generated result comparison with real CT images and DCGAN images.
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Loss = JCAE +Dloss + Gloss: ð3Þ

Dloss and Gloss are the loss of discriminator and genera-
tor, respectively.

The purpose of the priori knowledge acquisition network
is to minimize the error between input x and outputx̂.
Therefore, the loss function that can be used is as follows:

JCAE Wð Þ =〠 L x, x̂ð Þð Þ + λ Wk k22: ð4Þ

Cross-entropy function L is taken as the loss function.
The value of parameter λ ranges from 0 to 1, which is used
to control the weight W. Using λ, we suppress the influence
of static noise, improve the generalization ability of the
model, and avoid overfitting. As for the second part, we
use Wasserstein Gradient Penalty (WGAN-GP) [26] loss to
make the model easy to train, which is as follows:

Dloss : Ex~Pg
D xð Þ½ � − Ex~Pr

D xð Þ½ � + λEx~χ ∇xD xð Þk kp
h i

− 1,

ð5Þ

Gloss : −Ex~Pg
D xð Þ½ �: ð6Þ

3. Experiments and Result Discussion

The study was approved by the ethical committee of The
Third Hospital of Shandong Province. According to the eth-
ical committee policy, this is a completely anonymous, retro-
spective study. All sensitive information of the data was
removed. The experimental protocols were approved by
the hospital, and all methods were carried out per relevant
guidelines and regulations.

3.1. Training and Testing Dataset. The training and testing
dataset of CT images are collected all from The Third Hos-
pital of Shandong Province, China. We curated a total of
673 lung cancer CT images, among which 373 lung cancer

Figure 8: The lung nodule detection of the faster R-CNN on SLS-PriGAN generated images.
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CT images are with nodules and selected as the training
dataset. The location of the lesion in the CT image is marked
by radiologists. The remaining 300 CT images of lung nod-
ules were used as the test set for validation.

3.2. Image Synthesis. The structure of the SLS-PriGAN
makes model training efficient by introducing a priori
knowledge module and a random control module. It does
not require redundant techniques hence avoiding possible
model collapse. The model has achieved high-quality and
high-resolution image generation compared to some work
in the current literature, e.g., the method outperformed deep
convolutional GAN (DCGAN), see Figure 6.

As shown in Figure 6, at the beginning of training, our
SLS-PriGAN showed better fitting ability because of the inte-
gration of the priori knowledge. When the training epochs
increased gradually, it exhibited a stronger convergence
ability. At the epoch of 200, comparing to the DCGAN-
generated image with a blurred piece, the synthetic image
of the proposed method could be seen as a coarse outline.
By epoch 3500, the images synthesized by the proposed
method already have a clear lung outline, while DCGAN
apparently fell into the trap of image style at epoch 1500
without further convergence.

Figure 7 shows a further qualitative result comparison,
which shows that the SLS-PriGAN achieved better results
than DCGAN when they were trained for the same number
of times. After 47,000 iterations of training, DCGAN-
generated images showed structural flaws. The proposed
method retained the structural and content accuracy and
generated images of higher quality with less significant noise.
It is worth mentioning that during the training of DCGAN,
the model collapse often occurred, and it was more difficult
to synthesize better quality images, yet our network is not
prone to such phenomenon. In addition, it is possible for
the DCGAN generator to fool the discriminator with images
that do not match the lung structure, which is due to the fact
that DCGAN uses uncontrolled random noise, but SLS-
PriGAN can obviate it.

3.3. Experimental Results. It is usually less possible to train
an accurate recognition network model using only about
300 images and then recognize the remaining 300 CT images
in the test set. With SLS-PriGAN, we generated 4000 CT
images to enhance the training set. The generated training
set is used to train a general faster R-CNN for lung nodule

recognition from CT images. It is shown, in Figure 8, that
the results of the performance of the test set with 300 CT
images of lung nodules. It achieved the recognizing accuracy
of 91%, recall rate of 81%, and F1 score of 0.85 in identifying
clinic CT images of early lung nodules. The detailed infor-
mation can be found in Table 1.

Figure 8 shows the qualitative result of early lung nodule
detection using Faster R-CNN working on the synthesized
data produced by SLS-PriGAN. The four images were ran-
domly selected; the numbers shown in the red labels are
the probability of the presence of lung nodules, e.g., 0.93
means that there is a 93% chance of the detected object being
a lung nodule.

4. Conclusion

In this paper, we propose an SLS-PriGAN model with prior
knowledge to generate CT images of early lung nodules from
small-size labelled samples. Specifically, a knowledge acqui-
sition network and a sharpening network are designed for
priori knowledge learning, and then, a GAN model is devel-
oped to produce CT images of early lung nodules. As a
result, a general FR-CNN network is trained by the CT
images generated SLS-PriGAN, and it achieved a recogniz-
ing accuracy of 91%, recall rate of 81%, and F1 score of
0.85 in identifying early lung nodules in clinic CT images.
This provides a viable way of identifying early lung nodules
from CT Images by deep learning with small-size labelled
samples. Our study focused on CT images of lung nodules;
it is believed that the proposed network model should per-
form equally well for other problems.

For future research, it is worth investigating the priori
knowledge-driven learning strategies, as well as the other
kind of cancers of CT images with a small size of labelled
samples [27–29], feature-based approaches [30], and a trans-
fer learning enhanced GAN [31].
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The newly discovered glymphatic system acts as pseudolymphatic vessels subserving brain waste clearance and is functionally
dependent on astrocytic aquaporin-4 channels. The glymphatic system primarily functions during sleep as an interchange
between cerebrospinal fluid and interstitial fluid, with cerebrospinal fluid flowing into the parenchyma via the perivascular
spaces and then exchanging with interstitial fluid. The discovery of meningeal lymphatics helps refine the conceptual
framework of glymphatic pathway, as certain waste products collected alongside perivascular spaces ultimately drain into the
cervical lymph nodes via meningeal lymphatics, whose function regulates the functioning of the glymphatic system. The
glymphatic and meningeal lymphatic systems are critical for the homeostasis of central nervous system, and their malfunctions
complicate cerebral dysfunction and diseases. The present review will shed light on the structure, regulation, functions, and
interrelationships of the glymphatic system and meningeal lymphatics. We will also expound on their impairments and
corresponding targeted intervention in neurodegenerative diseases, traumatic brain injury, stroke, and infectious/autoimmune
diseases, offering valuable references for future research.

1. Introduction

Homeostasis is vital for tissue health. Excess fluid and solu-
ble proteins from the interstitial tissue space are returned to
the circulation via the lymphatic system in peripheral tissue
and organs [1–3]. Although the central nervous system
(CNS) has a high metabolic rate, it lacks a conventional lym-
phatic system, which has made brain waste clearance,
cerebrospinal fluid (CSF)/interstitial fluid (ISF) outflow
mechanisms, and neuromonitoring a realm of enigmas and
mystery for a long time [2, 4]. Emerging studies have
reported the existence of meningeal lymphatics and demon-
strated that there is a perivascular pathway acting as pseudo-

lymphatic vessels for brain waste clearance. It functionally
depends on aquaporin-4 (AQP4) channels, the main water
channels of astrocytes, thereby referred to as a glial-
lymphatic or glymphatic system [5–7]. This unravels several
questions, casting a spotlight.

CSF and ISF constitute the extracellular fluid of the brain
[8]. The former is mainly secreted by the choroid plexus and
is considered the leading way to remove metabolic waste
products from CNS [5, 9]. However, the latter may be
secreted by blood-brain barrier (BBB) and surrounds the
brain parenchyma, delivering fluid and solute to brain cells
and directly removing waste products from those cells
[10–13]. CSF and ISF exchange plays a pivotal role in the
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waste clearance within CNS, including toxic proteins like
amyloid β (Aβ) and tau [14]. Notably, the underlying mech-
anisms of extracellular fluid circulation and metabolism are
strongly correlated with the glymphatic system and menin-
geal lymphatics, significantly affecting the waste clearance
and fluid balance. Mechanically, the glymphatic system
functions as an interchange between them and facilitates
their exchange [6]. Meningeal lymphatics perform the func-
tion of CSF absorption and waste clearance, transporting
immune cells and soluble substances to peripheral lymph
nodes [15–17]. Generally, there are three pathways of CSF
drainage: (1) CSF from the subarachnoid space drains
directly into the blood via the arachnoid villi of the superior
sagittal sinus, (2) CSF from the subarachnoid space drains
into the lymph nodes via the subarachnoid spaces around
the olfactory nerves and nasal lymphatics, and (3) meningeal
lymphatics disgorge macromolecules and immune cells of
CSF into the cervical lymph nodes [18–21].

Given their critical impact on the maintenance of CNS
homeostasis, the impairments of glymphatic system and
meningeal lymphatics may lead to cerebral dysfunction
and diseases [8]. Increased evidence has revealed that the
dysfunction of glymphatic/meningeal lymphatic system is
implicated in various neurological diseases, such as Alzhei-
mer’s disease (AD), stroke, traumatic brain injury (TBI),
and infectious/autoimmune diseases [21–25]. This study
reviews the recent findings concerning characteristics, func-
tions, and relationships of glymphatic system and meningeal
lymphatics. We also elaborate on the crosstalk between
glymphatic/meningeal lymphatic system and neurological
disorders and discuss corresponding targeted interventions,
which may lend significant therapeutic promise.

2. The Discoveries of Glymphatic and
Meningeal Lymphatic Systems

2.1. Classical Model of the Circulation of Extracellular Fluid.
It is traditionally thought that the choroid plexus secretes
CSF. It then flows from lateral ventricles to the third ventri-
cle through the foramen of Monro, subsequently passing
across the aqueduct to the fourth ventricle, where CSF enters
subarachnoid space through the apertures of Magendie and
Luschka and is eventually absorbed into the blood at the
arachnoid villi [9, 26]. However, there was no consensus
on the mechanism for draining through arachnoid villi.
Researchers did not find direct evidence to confirm the func-
tion of arachnoid villi [27, 28]. Ma et al. recently proposed
that lymphatic outflow was the primary route to draining
CSF [29]. In this model, the choroid plexus is the leading site
of CSF formation, secreting approximately 80-90% of the
total CSF [8, 30]. Unlike BBB, there are no tight junctions
between the endothelial cells in the choroid plexus, which
is beneficial to fluid infiltration in blood [2, 8]. However,
tight junctions are present between epithelial cells to regulate
CSF secretion [2, 8, 30]. The main driver of the CSF secre-
tion is metabolic energy to fuel the Na-pump [31]. In addi-
tion to the osmotic pressure gradient, the high AQP1
expression at the apical membrane contributes to high fluid
permeability [26]. Besides arachnoid villi, CSF absorption

can be achieved through two other routes: (1) passing along
olfactory nerves across the cribriform plate to the nasal
mucosa and then entering the cervical lymphatics or (2) flow-
ing through the spinal nerve root into blood or lymph [10, 32].

Another type of extracellular fluid of the brain, ISF, is
produced by the capillary-astrocyte complex of BBB, provid-
ing a necessary environment for brain cells [10, 12, 26]. ISF
surrounds the brain parenchyma with the metabolic waste
products of brain cells dissolved inside and drains to CSF
to renew itself, while CSF acts like lymphatics and causes
eventual waste removal from CNS [8]. Although CSF’s clear-
ance of waste from the brain is widely accepted, it remains
unclear how CSF exchanges with ISF to remove metabolic
waste products.

2.2. Novel Discoveries of the Circulation of Extracellular
Fluid. Due to developing neuroanatomy, molecular biology,
and neuroimaging, discoveries regarding the circulation of
CSF and ISF have emerged. For instance, researchers have
found that choroidectomy did not cure hydrocephalus, sug-
gesting the existence of other CSF sources [10, 33]. Corre-
spondingly, novel assumptions have been put forward.
Brinker et al. proposed a model in which CSF and ISF are
formed and absorbed directly in the capillaries rather than
passing through the choroid plexus to arachnoid villi [26].
Nevertheless, this model was inadequate as CSF flow
through the aqueduct was observed using magnetic reso-
nance imaging (MRI) [34]. Some researchers combined the
two abovementioned models to generate a new one, which
was thought to provide new insights into CSF formation
[2]. More attractively, recent work has demonstrated the
presence of glymphatic and meningeal lymphatic systems,
uncovering more precise mechanisms underlying the
exchange and outflow of extracellular fluid.

2.3. The Discovery of the Glymphatic System. Recent discov-
eries about the brain’s glymphatic system have garnered
considerable debate [6, 17, 35]. Many details about glympha-
tic systems were described decades ago. For instance, Cserr
et al. conducted several experimental studies by injecting
traceable solutes into the brain to identify the pathway of
fluid removal [36–38]. They also found that removal rates
of traceable solutes were almost identical, regardless of the
molecular size and weight [37, 38]. It was concluded that
the communication of ISF and CSF occurred in a specialized
pathway in the brain by convection [14]. Moreover, studies
revealed that CSF could penetrate the brain parenchyma
through perivascular space via convection [8, 39, 40]. How-
ever, this conclusion was questioned for decades before Iliff
et al. made a breakthrough in 2012 [6, 14]. Iliff et al. used
two-photon imaging and Tie2-GFP: NG2-DsRed double
reporter mice to investigate the flow of CSF in the brain
parenchyma [6]. They demonstrated CSF and ISF exchange
and the efflux of mixed CSF and ISF out of the brain and the
perivenous space.

Given that the function of this perivascular pathway was
similar to that of the lymphatic system, with astrocytic
AQP4 playing a crucial role in it, it was therefore termed
the glial-lymphatic system or glymphatic system [6].
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Notably, Carare et al. concluded that solutes drained out
along the basement membranes of capillaries and arteries,
flowing in the direction opposite to arterial blood [18]. The
outflow pathway of glymphatic system remains a debate.
Bakker et al. proposed that the existence of these two path-
ways, separated by meningeal sheets, could explain the
debate [41]. They also proposed that different research
methods might contribute to different findings [41]. How-
ever, this debate is yet to be settled by experiments.

The glymphatic system consists of periarterial CSF, flow-
ing in the same direction as blood, propelled by the pulsatility
of the arterial wall [42, 43]. CSF and ISF mix in a process aided
by AQP4 water channels abundant at the vascular astrocytic
end-feet [44]. The influx of fluid across BBB or extrachoroidal
sources of CSF may also contribute to glymphatic flow
[45–47]. CSF and ISF mixture leaves the brain via the perive-
nous space and along cranial and spinal nerves. This fluid is
eventually transported out of CNS by traditional lymphatic
vessels located in the meninges and the soft tissue surrounding
the skull. The current wave of great interest in the glymphatic
system is probably that the glymphatic system concept has
articulated a function of the transport system by demonstrat-
ing its role in Aβ clearance [6]. The glymphatic system clears
key proteins involved in neurodegeneration. In contrast,
inhibiting glymphatic system transport accelerates protein
accumulation and cognitive decline in mouse models of
Alzheimer’s disease, traumatic brain injury, and Parkinson’s
disease [20, 25, 48], indicating that the glymphatic system is
an attractive brain waste removal system.

2.4. The Discovery of Meningeal Lymphatics. In the 18th cen-
tury, physician Paolo Mascagni discovered lymphatic vessels
in the meninges and made people conscious of their exis-
tence [32]. However, his view was not initially understood
and accepted by others [32]. Over the next 200 years, several
studies suggesting the presence of lymphatic vessels in the
meninges [49–51] appeared with questions [32]. Researchers
recently confirmed Paolo’s conjecture by detecting the lym-
phatic epithelial cell markers (e.g., LYVE-1, VEGFR3,
PDPN, CCL21, and PROX1) in mouse meningeal vessels
using immunofluorescence staining [15, 17]. Alitalo et al.
addressed the existence of meningeal lymphatic vessels in
CNS alongside the arteries, veins, and cranial nerves in mice
[15]. It was further discovered that meningeal lymphatics
exist not only in mice but also in other animals and humans
[16, 32] (Table 1). Zhou et al. visualized the clearance of
meningeal lymphatics based on brain 3-dimensional T1-
weighted imaging in humans, which supported the existence
of meningeal lymphatic vessels in the human CNS [52]. Fur-
thermore, Louveau et al. showed that the characteristics of
meningeal lymphatics are consistent with the initial lym-
phatic vessels, both lacking smooth muscle cells [17].

The brain was considered immune-privileged because of
the absence of a lymphatic system in CNS [53]. The concept
of CNS immune privilege was proposed for allografts surviv-
ing longer in the brain compared with the periphery [54].
Another experiment showed that skin allografts into the
brain caused late graft rejection, consistent with the findings
mentioned above [55]. However, recent evidence has over-

turned the idea that CNS lacks lymphatic vessels [16, 35].
The discovery of meningeal system makes CNS connected
to peripheral lymphatics [54]. As discussed above, CSF
drained antigens, activated T cells and other immune cells
to cervical lymph nodes through the meningeal system,
and then induced an immune response in cervical lymph
nodes [4, 17, 54]. This may explain why allografts survived
longer in the brain [4].

The meningeal system played a key role in immune sur-
veillance. The immune cells and antigen-presenting cells
(APCs) in CSF were drained to cervical lymph nodes via
the meningeal system [54]. Antigens from the brain pre-
sented to the APCs activate immune cells such as T cells in
lymph nodes and induce them to enter the brain across
BBB using specific adhesins (ICAM-1 and VCAM-1) [54].
In addition, lymphatic endothelial cells of meningeal vessels
contribute to the tolerance of T cells in CNS, which is vital in
maintaining the homeostasis of CNS [53].

3. Glymphatic System and
Meningeal Lymphatics

3.1. AQP4 in the Glymphatic System

3.1.1. The Distribution of AQP4. AQP4 is one of 14 aquapo-
rins that are only found on astrocytes and are primarily
found in their foot processes [10, 56, 57]. AQP4 is expressed
as a tetramer [8]. There are two isoforms of AQP4, M1, and
M23 [56]. The supramolecular structure assembled by M23
is called orthogonal arrays of particles (OAPs), which can
enhance water permeability and promote the polarization
of AQP4 to the astrocyte end-feet. Astrocytes stretch these
particles to the microvessels to constitute the perivascular
space and glial limiting membranes and sheathe the BBB
[56, 57]. Moreover, AQP4 anchors to the dystrophin-
associated protein complex (DAPC) attached to the perivas-
cular glial basement membrane [8]. These characteristics
reflect the high density of AQP4 in the perivascular space.

3.1.2. The Function of AQP4. AQP4 is a regulator for the
transcellular transport of water and facilitates the rapid
movement of water flow across the membrane [58]. The
high AQP4 expression in perivascular space plays a vital role
in the influx and efflux of the glymphatic pathway [6]. AQP4
reduces the resistance of CSF and ISF exchange in the glym-
phatic system [4, 6]. Iliff et al. found that the flow velocity of
tracer solutes did not reduce in the periarterial space but sig-
nificantly reduced when passing from the perivascular space
to the interstitial space in AQP4-null mice, suggesting that
AQP4 affects the fluid flow in this interface [6]. Additionally,
the removal rates of interstitial solutes and Aβ were reduced
by 70% and 55%, implying that AQP4 is critical for the
clearance of brain waste products [6]. These findings are
consistent with other studies, revealing that the function of
the glymphatic system mainly depends on AQP4 [59, 60].

3.2. The Driving Force of the Glymphatic System

3.2.1. The Driving Force. The fluid transportation of glym-
phatic system involves multiple mechanisms [8]. Iliff et al.
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showed that ligation of the internal carotid artery reduced
CSF influx while dopamine, an inotropic adrenergic agonist,
increased it [42]. They suggested that cerebral arterial pulsa-
tion, including its amplitude and frequency, was a primary
driving force for CSF influx in the glymphatic system [42].
This conclusion is further verified by Liu et al., who found
that acute alcohol exposure reduced cerebral vascular pulsa-
tion, provoking the reduction of CSF influx in the glympha-
tic system [61]. Furthermore, the respiratory-related
pulsatile cycle promotes the centripetal venous fluid flow,
augmenting perivenous spaces and driving CSF outflow in
the glymphatic system [62].

Intracranial pressure (ICP) is another driving force of
the glymphatic system [58]. When CSF communicates with
the outside, ICP decreases, and the solute clearance rate in
the glymphatic system decreases significantly [58]. Mean-
while, ICP is related to the head posture, as it decreases when
the head moves from supine to upright [58].

3.2.2. Action Time. The glymphatic system functioning is
primarily active during sleep and is primarily suppressed
during the awake state [8, 58]. CSF influx can be reduced
by 95%, and Aβ clearance can be slowed by half on awaken-
ing [63]. Xie et al. suggested that the state of consciousness
determined the rate of solute clearance in the glymphatic
system in mice rather than the circadian rhythm [63]. They
also found that CSF influx increased after inhibiting the
adrenergic signaling during wakefulness [63]. Consistent
with this, another study found that the glymphatic transport
increased by 32% in rats anesthetized with dexmedetomi-

dine, which lowers norepinephrine, plus low-dose isoflur-
ane, which does not, compared with high-dose isoflurane
only [64]. Adrenergic signaling activation in the awake state
may affect the glymphatic pathway transport.

3.3. The Function of the Glymphatic System. As mentioned
above, the glymphatic system is an interchange between
CSF and ISF and facilitates their exchange to promote waste
removal (Figure 1) [4, 6]. As a result, one of the most signif-
icant functions of glymphatic system is removing the meta-
bolic waste products [8], which include Aβ and tau and
are associated with neurological diseases when accumulated
from CNS [65]. The glymphatic system achieves the clear-
ance of lactate from wakefulness to sleep [66].

The glymphatic system also serves as a key player in
nutrient distribution [8], brain energy supply (via glucose
delivery) [67], and lipid transport and signaling [68]. The
diffusion of lipids in the glymphatic system is highly selec-
tive, which may be related to the high density of astrocyte-
secreted lipoproteins and lipid transport carriers. In
contrast, an impaired glymphatic system leads to unselective
diffusion of lipid and abnormal astrocyte calcium signaling
[68]. The glymphatic system can also facilitate the distribu-
tion of apolipoprotein E (ApoE) in the brain, which removes
excess Aβ and maintains brain homeostasis [2, 7]. Recent
work found that fluid stress opened N-methyl-D-aspartic
acid (NMDA) receptors in astrocytes, increasing calcium
current, suggesting that the glymphatic system might play
a role in mechanotransduction [8].

Table 1: Recently published human studies on the glymphatic system and meningeal lymphatics.

References Year
Subjects or samples
(list only human)

Imaging and mapping
techniques

Main findings

Absinta et al. [16] 2017

5 healthy volunteers (three women,
age range 28–53 years) and 3 healthy

adult common marmosets
(one female, two males,
age range 4–11 years)

T2-FLAIR and T1-weighted
black-blood MRI imaging,
with gadolinium-based

contrast agents

The existence of lymphatic vessels
within the dura mater of human and

nonhuman primates

Louveau et al. [17] 2015
9 autopsy specimens of human dura
including the superior sagittal sinus

Leica TCS SP8 confocal
system, Lyve-1 staining

The lymphatic structures were
identified in two of nine human

samples

Zhou et al. [52] 2020

35 patients (18 males, mean age: 52
years, age range: 21–71 years; 17
females, mean age: 58 years, age

range: 18–79 years) with
neurological disorders

Head T1-weighted imaging
and head high-resolution T2-
FLAIR MRI imaging, with
contrast agent: gadodiamide

Glymphatic pathway and pMLVs
might be impaired in the aging
human brain; pMLVs are the
downstream of the glymphatic

pathway

Hasan-Olive et al. [59] 2019

Cortical brain biopsies of 30 iNPH
patients (15 males and 15 females,
mean age: 71 years) and 12 reference
patients (6 males and 6 females,

mean age: 44 years)

Semiquantitative
immunogold electron

microscopy

Perivascular AQP4 expression was
attenuated in iNPH patients,

potentially contributing to impaired
glymphatic clearance

Kiviniemi et al. [62] 2016
9 healthy volunteers (5 females,

age range: 21–30 years)
Novel multimodal ultrafast

MREG technology

Three distinct pulsation mechanisms
of the human glymphatic system

coexist, and these pulsations can be
separated using ultrafast MRI

techniques

FLAIR: fluid-attenuation inversion recovery; MRI: magnetic resonance imaging; pMLVs: putative meningeal lymphatic vessels; iNPH: idiopathic normal
pressure hydrocephalus; AQP4: aquaporin-4; MREG: magnetic resonance encephalography.
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3.4. The Function of Meningeal Lymphatic System and Its
Interaction with the Glymphatic System. The novel discovery
of meningeal lymphatics as a complementary route for CSF
and ISF clearance has attracted much attention [15, 17].
Alitalo et al. disclosed that meningeal lymphatics absorbed
CSF from subarachnoid space and brain ISF via the glym-
phatic system, draining CSF directly into the deep cervical
lymph nodes (dCLNs) in mice [15]. Their findings are con-
sistent with those of Zhou et al. [52]. Notably, meningeal
lymphatics played a crucial role in the clearance of macro-
molecules, whose clearance from CNS and transfer from
the subarachnoid space into dCLNs could be attenuated
and abrogated upon the aplasia of the meningeal lymphatic
system [15]. After injecting Evans blue, Louveau et al. found
that Evans blue appeared successively in meningeal lym-
phatics, dCLNs, and superficial cervical lymph nodes
(sCLNs) in human samples and mice [17]. They concluded
that meningeal lymphatics were the main pathway for drain-
ing specific solutes from CSF and ISF into dCLNs [4, 17].
However, Ma et al. declared perineural pathways to be a
major route to drain solutes from the brain to dCLNs, as
they found that P40D680, a kind of pegylated near-infrared
tracers, drained along the perineural (e.g., olfactory nerve
and optic nerve) pathway, while no signal was detected in
the meningeal lymphatic vessels [29]. These contradictory

findings may be explained by the different tracers used, war-
ranting further experiments to uncover the mystery.

CSF delivers cytokines, neurotransmitters, and hor-
mones throughout the brain and removes metabolic waste
products away from the brain parenchyma by exchanging
with ISF via the glymphatic system [5, 6, 9, 53]. CSF is
enriched with interstitial solutes and drains to the periphery
mostly through meningeal lymphatics, which play an impor-
tant role in macromolecule removal (Figure 2) [15]. Notably,
the drainage of meningeal lymphatics is positively related to
the CSF influx in the glymphatic system [20]. The glympha-
tic system functioning is regulated by the function of the
meningeal lymphatic system [20]. The glymphatic and men-
ingeal lymphatic systems are coupled in the exchange and
circulation of the brain’s extracellular fluid. The discovery
of meningeal lymphatics helps refine the conceptual frame-
work of the glymphatic pathway.

4. Glymphatic Pathway and
Neurodegenerative Diseases

4.1. Neurodegenerative Diseases. Neurodegenerative diseases,
a group of clinical diseases including AD, Parkinson’s
disease, and others, are characterized by the accumulation
of pathological proteins, such as Aβ, tau, and α-synuclein

Astocyte Astocyte end-feet Artery Perivascular space Vein Brain parenchyma AQP4 Interstitial solute Flow

Figure 1: The glymphatic system functions as an interchange between cerebrospinal fluid (CSF) and interstitial fluid (ISF) and facilitates
their exchange to promote waste removal. CSF within the subarachnoid space flows into the parenchyma via the periarterial space and
subsequently exchanges with ISF, which is facilitated by astrocytic aquaporin-4 and drives the convective flow of interstitial solutes and
ISF into perivenous spaces. Eventually, mixed CSF, ISF, and interstitial solutes flow along the perivenous space to remove metabolic
waste products away from the brain parenchyma.
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[2, 69]. AD is the most common neurodegenerative disease,
affecting 10-30% of the population over the age of 65 [70].
AD is characterized as a chronic progressive disease that
involves cognitive impairment and neuropsychiatric abnor-
malities [70], with a global burden of US$ 818 billion in
2015, with a 35% increase over the previous five years [71].
AD is generally in an advanced stage when diagnosed [70].
Patients with different AD forms are often accompanied by
dementia [72]. The median survival time for AD patients is
approximately 7.1 years, an apparent reduction in life
expectancy [70]. AD management mainly relies on pharma-
cotherapies, including NMDA receptor antagonists (e.g.,
memantine) and cholinesterase inhibitors (e.g., donepezil, gal-
antamine, and rivastigmine). However, their efficacies are lim-
ited to slowing down the progress of cognitive impairment
[72]. Therefore, novel therapeutics are urgently required.

4.2. Crosstalk between the Glymphatic Pathway and AD. AD
is featured with the accumulation of amyloid plaques and
neurofibrillary tangles of hyperphosphorylated protein tau
[65, 69]. The hyperphosphorylated protein tau is often
thought to be produced in the later stage of AD [73], and
the accumulation of Aβ is considered the predominant cause
of AD [73]. Aβ clearance involves a series of mechanisms,
including phagocytosis by myelomonocytes, degradation by
astrocytes and neurons, and drainage into the peripheral

circulation or lymphatic system via the BBB and glymphatic
system [74, 75]. Although the drainage route through BBB
into blood is responsible for 75% of Aβ removal, the glym-
phatic pathway is an indispensable alternative route [32],
and the impaired glymphatic system is adequate to yield a
decreased clearance rate of Aβ and tau [6, 75, 76]. The
aggregation of Aβ can inhibit the function of glymphatic
system by constricting blood vessels, resulting in glymphatic
influx suppression [77].

Moreover, the circulation of Aβ in the brain is mediated
by the glymphatic system, and prolonged circulation of Aβ
that has not been cleared in time may trigger the formation
of amyloid plaques, which reduce the perivascular space of
the glymphatic system, impairing the exchange efficiency
of CSF and ISF [77]. In addition, amyloid plaques can lead
to cerebral amyloid angiopathy (CAA) development [78,
79]. CAA boosts arteriosclerosis and reduces arterial pulsa-
tion [78, 79], which in turn further reduces the clearance
efficiency of glymphatic system [75]. These discoveries
suggest a vicious cycle in which Aβ accumulation facilitates
the dysfunction of glymphatic system, resulting in further
reduced clearance of Aβ and amyloid plaque formation
[75]. The dysfunction of meningeal lymphatics also
aggravates AD [20, 80], which is reflected by the critical role
meningeal lymphatics play in CSF circulation and macro-
molecule clearance [4]. Altogether, the impairment of

Lateral ventricles

Choroid plexus

Foramen of monro Third ventricle

Fourth ventricle

Apertures of magendie and luschka

Subarachnoid space

Arachnoid villi Glymphatic system

Spinal nerve root

Blood Blood or lymph Nasal mucosa
Cervical

lymphatics

Cribriform plate

Meningeal
lymphatics

Aqueduct

Figure 2: Schematic diagram of the circulation of cerebrospinal fluid (CSF) in the brain. CSF secreted by the choroid plexus flows into the
subarachnoid space through the apertures of Magendie and Luschka of the fourth ventricle and then enters the perivascular spaces
(glymphatic system). CSF collected alongside perivascular spaces ultimately drains into the periphery through meningeal lymphatics,
arachnoid villi, the cribriform plate, and the spinal nerve root.

6 Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

glymphatic/meningeal lymphatic systems may be a risk fac-
tor for AD onset and development.

As a determinant of the function of glymphatic system,
AQP4 regulates Aβ removal [6, 48]. Iliff et al. found that Aβ
clearance decreased by 55% in AQP4 knockout mice [6]. Sim-
ilarly, Xu et al. displayed that AQP4 knockout aggravated Aβ
accumulation and the cognitive impairment of Aβ precursor
protein/presenilin 1 mice, a pathological model of AD [48].
They also found thatAQP4 knockout did not affect Aβ forma-
tion and degradation [48]. Amyloid plaque deposition is
mainly associated with the impairment of Aβ clearance rather
than the increase of Aβ formation [58]. Moreover, aging is a
significant predisposing factor for AD [81]. Although AQP4
expression can increase in the aging brain, the loss of perivas-
cular AQP4 localization increases the vulnerability of the
aging brain to the disaggregation of pathological proteins
[82]. Zhou et al. demonstrated that the glymphatic system
might be impaired in older people, which may accumulate
Aβ [52]. Notably, AQP4 and Aβ aggregation also interact,
forming a vicious circle. Long-term accumulation of Aβ leads
to the atrophy and malfunction of astrocytes, which in turn
reduces the clearance of Aβ [48]. Furthermore, amyloid pla-
que and reactive astrogliosis in AD pathology can inhibit
AQP4 polarization to astrocyte end-feet, resulting in a
decrease in Aβ removal in the glymphatic system [48, 77].

Sleep deprivation has been revealed to increase AD sus-
ceptibility [83–85]. It can induce the impairment of glym-
phatic system functioning, leading to Aβ accumulation and
accelerating amyloid plaque formation [63, 85, 86]. Besides,
sleep deprivation-induced glymphatic malfunction hinders
ApoE delivery, reducing Aβ clearance across BBB [87]. In
addition, sleep deprivation is associated with Aβ production
[84]. Shorter sleep time and poor sleep quality can lead to
higher levels of Aβ burden [84]. Although we have explained
that reduced Aβ clearance mainly accounts for AD occur-
rence and development [58], we cannot rule out the role of
increased Aβ production in AD pathogenesis, which
requires further investigation.

4.3. Glymphatic Pathway as a Novel Therapeutic Target for
AD. The discovery of the glymphatic pathway provides
promising strategies for treating AD [80]. The restoration
of cerebral arterial pulsation in AD patients can preserve
the driving force of the glymphatic system, holding a thera-
peutic potential [42, 75]. It is suggested that protecting
smooth muscle cells to maintain pulsation may prevent
AD [75, 88]. AQP4 polarization destroyed by AD in the
astrocyte end-feet serves as a candidate mechanism for inter-
vention. N-3 polyunsaturated fatty acids (PUFAs) have been
demonstrated to protect the polarization of AQP4, increase
Aβ removal in the glymphatic system, and avoid amyloid
plaque formation [89]. Melatonin can improve sleep quality,
potentially enhancing the activation of the glymphatic
system and increasing Aβ removal [83, 90]. However,
melatonin has not been revealed to significantly improve
cognitive ability in AD patients [90]. More preclinical and
clinical studies regarding the precise mechanisms of
glymphatic malfunction in AD and related targeted therapy
are required.

5. Glymphatic Pathway and Traumatic
Brain Injury

5.1. Traumatic Brain Injury. TBI is the structural or func-
tional disruption of the brain caused by external forces,
which often occurs in soldiers and athletes [91–93]. TBI is
now considered a public health crisis and a leading cause
of death and disability worldwide [91, 92, 94]. TBI incidence
is about 349 per 100000 persons per year, of which mild
traumatic brain injury (mTBI) accounts for the majority,
with an incidence of around 224 per 100000 persons per
year [91, 92]. It is estimated that 50% of individuals would
be affected by TBI in their lifetime [91]. TBI is a heteroge-
neous disease with diverse clinical manifestations, compli-
cating the management strategies [92, 95]. This may be
attributed to the complexity of the brain and the secondary
injury [96]. So far, few effective TBI therapies have been
developed [96–98]. TBI survivors usually suffer from various
sequelae, including cerebrovascular disease, cerebral concus-
sion, coma [98], and some chronic complications, such as
neurodegenerative diseases [99] and sleep disorders [100,
101]. These sequelae impose a more significant burden on
societies, patients, and families than TBI itself [98].

5.2. Crosstalk between Glymphatic Pathway and TBI. Grow-
ing evidence demonstrates that TBI is a risk factor for tauopa-
thies, including AD, chronic traumatic encephalopathy (CTE),
and frontal-temporal dementia (FTD) [102–104]. Tauopathy
refers to the formation of neurofibrillary tangles (NFT) com-
posed of hyperphosphorylated tau [105]. Mechanically, the
glymphatic system is impaired in TBI, leading to the reduction
of tau removal and ultimately aggravating the tauopathy [25].

Brain edema is a frequent manifestation of TBI, altering
ICP and suppressing the glymphatic system [106]. After
TBI, glial scars characterized by hypertrophic glial fibrillary
acidic protein- (GFAP-) positive astrocytes and reactive
astrogliosis surround the ipsilateral hemispheres, changing
the polarization and localization of AQP4 to affect the clear-
ance of glymphatic system, with the recovery time propor-
tional to the severity of TBI [25, 107]. AQP4 expression
may not fully recover after 28 days in severe TBI [93]. These
post-TBI changes cause the dysfunction of the glymphatic
system, resulting in decreased glymphatic influx and waste
removal [2, 25]. TBI impairs the clearance of tau and
increases the production of tau, further accumulating inter-
stitial tau [108].

The dysfunctional glymphatic pathway is a key player in
post-TBI neuroinflammation, a “double-edged sword” that
may be beneficial, increasing debris clearance or harm and
accelerating nerve cell death [109]. The increased waste
due to the dysfunction of glymphatic system can trigger or
enhance inflammatory responses [109]. Moreover, the
altered association of meningeal vessels and peripheral lym-
phatics post-TBI may further lead to inflammatory disequi-
librium and worse outcomes [109].

The recently discovered enlarged perivascular space
(ePVS) may be a marker of the dysfunction of glymphatic
clearance [110]. A positive correlation between sleep depri-
vation and ePVS has been observed in TBI [111]. Sleep
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disturbances are prevalent following TBI, particularly in
mTBI victims [112]. About 80% of mTBIs are linked to sleep
disturbances, in which insomnia is the most common [113],
underlying the impairments of glymphatic system post-TBI
[63]. Sleep deprivation may trigger or aggravate other com-
plications and sequelae of TBI, including neurodegenerative
diseases [112].

5.3. Glymphatic Pathway as a Novel Therapeutic Target for
TBI. Reactive astrogliosis is implicated in a myriad of path-
ologic mechanisms of TBI, including the loss of AQP4 polar-
ization [25, 57]. Inhibiting reactive astrogliosis may restore
the glymphatic system by keeping AQP4 polarized [25].
Studies have demonstrated the potential of stem cells in
TBI treatment, and one of the mechanisms is that stem cells
may inhibit the reactive astrogliosis by suppressing inflam-
matory response [114]. Moreover, recent work disclosed that
post-TBI anesthetics increased the uptake of dendrimer
nanoparticles enriched with anti-inflammation drugs in glial
cells, thus enhancing the efficiency of drugs and leading to
better restoration of the function of neuroglia and the glym-
phatic system [115]. However, this finding was obtained in
cell experiments [115] and must be further validated
in vivo. Furthermore, cisternostomy, a novel surgical proce-
dure, can recover ICP and the function of glymphatic system
after TBI [106].

6. Glymphatic Pathway and Stroke

6.1. Stroke. Stroke, the second leading cause of death and the
third leading cause of disability worldwide, can be classified
into ischemic stroke and hemorrhagic stroke [116–118].
Stroke affects 13.7 million people every year worldwide, with
a global annual cost of US$ 34 million [116, 119]. It is esti-
mated that one in every four adults will experience a stroke
during their lifetime [116]. Ischemic stroke accounts for
71% of global strokes [116]. The incidences of ischemic
stroke in men and women are approximately 133 and 99
per 100,000 persons, respectively [117]. Hemorrhagic stroke
includes subarachnoid hemorrhage (SAH) and intracranial
hemorrhage (ICH), the incidences of which are 9.1 and
24.6 per 100,000 persons, respectively [120, 121]. The inci-
dence and mortality of stroke have declined gradually over
the past two decades [116, 117, 122]. However, the rate of
mortality decline has slowed in recent years and is even
increasing [119]. Stroke survivors may never fully recover
neurological function [121]. The disability-adjusted life-
year (DALY) due to stroke was 113 million in 2013 [117].
Therefore, stroke still poses a significant challenge for soci-
ety. It is necessary to explore a new therapeutic approach.

6.2. Crosstalk between Glymphatic Pathway and Stroke.
Studies have demonstrated that stroke impairs the glympha-
tic system [24, 123, 124]. Ischemic stroke induces the dys-
function 3h postinjury by reduced vascular pulsation and
occlusive perivascular space due to thrombus, while the
recanalization of arteries after 24 h can recover the function
of the glymphatic system [24]. Regarding SAH, the glym-
phatic system dysfunction occurs 24 h postonset [24]. The

impaired glymphatic system caused by SAH may be corre-
lated with the occlusion by blood clots post SAH in the peri-
vascular space, which affects CSF circulation [123]. Notably,
ICH seems not to impair the function of glymphatic system
[24]. As a result of the dysfunctional glymphatic system, CSF
efflux turns to reduce, rendering ICP elevated, which paral-
lels worse outcome poststroke [125]. In addition, Aβ accu-
mulates poststroke, which accelerates the formation of
amyloid plaques, CAA, and even dementia [124]. Dementia
is one of the common complications of stroke; about a quar-
ter of patients develop dementia three months after stroke
onset [126]. In addition, the reduction of glymphatic system
clearance after SAH can lead to delayed cerebral ischemia
(DCI), which is associated with SAH prognosis [123].

A recent study by Mestre et al. has been cast in the spot-
light and may revise our understanding of poststroke edema
[127]. Cerebral edema is a prevalent complication of stroke,
and its severity is related to patient outcomes [128]. Unex-
pectedly, Mestre et al. found that increased CSF influx via
the glymphatic system was the leading cause of early stage
edema after ischemic stroke [127]. Ischemic spreading depo-
larization, which contributes to the vasoconstriction of cere-
bral arteries, could change the pressure gradient, provoke
ePVS, and double glymphatic influx [127]. In addition, they
demonstrated that AQP4 deletion reduced cerebral edema
caused by ischemic stroke [127]. However, AQP4 deletion
impairs the clearance function of glymphatic system, which
may lead to other complications [6]. Thus, the impact of
glymphatic system on ischemia stroke under different stages
may require further exploration.

Meningeal lymphatics play a vital role in the outcome of
ischemic stroke [129, 130]. In addition to the impaired BBB,
meningeal lymphatics represent another pathway for
peripheral immune cells, such as T and B cells, to invade
brain parenchyma and aggravate the neuroinflammation
during ischemic stroke [131, 132]. Mast cells in the menin-
ges may amplify the inflammation response and worsen
the prognosis of stroke patients [132]. Moreover, the
ingrown meningeal lymphangiogenesis into the injured
brain parenchyma post vascular injury can increase the
clearance of interstitial fluid to resolve cerebral edema and
promote vascular regeneration [130]. Conversely, the hypo-
plasia of meningeal lymphatics does aggravate the severity of
ischemic stroke in transient MACO [129]. Hence, it appears
likely that meningeal lymphangiogenesis is linked to the out-
come of ischemic stroke [129].

6.3. Glymphatic Pathway as a Novel Therapeutic Target for
Stroke. Targeting the glymphatic system and meningeal lym-
phatics has the therapeutic potential for stroke and its com-
plications and sequelae based on the roles mentioned above
[129, 130]. Injection of tissue plasminogen activator can dis-
solve thrombus in vessels or perivascular space to recover
the function of glymphatic pathway [24, 133]. The recovery
of glymphatic system functioning is beneficial to Aβ clear-
ance, and protein tau, among other interstitial solutes,
reduces the incidence of poststroke dementia [124]. More-
over, dexmedetomidine administration holds the promise
of reversing the impaired glymphatic system poststroke
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[133]. In addition, increasing the plasma osmolality has been
suggested to subserve the function of glymphatic system by
accelerating glymphatic inflow speeds [134]. According to
Mestre et al. [127], this may aggravate cerebral edema in
the early stage of ischemic stroke, meriting further study.

7. Glymphatic Pathway and Infectious or
Autoimmune Disease

Besides the diseases mentioned above, the glymphatic path-
way is related to diseases, including infectious and autoim-
mune diseases. Microglia and type I astrocytes, the crucial
innate immune cells that reside in CNS, are considered part
of the glymphatic pathway [135], accounting for the close
relationship between the glymphatic pathway and brain
infection/inflammation [53, 135]. Recently, novel coronavi-
rus- (SARS-CoV-2-) infected disease (COVID-19) started
spreading worldwide. Lavi and Cong found that microglia
and type I astrocytes infected with murine coronavirus
(MHV-A 59), whose pathogenesis is similar to that of
SARS-CoV-2, released proinflammatory cytokines, such as
IL-1, IL-2, IL-6, TNF, and interferons [135], providing valu-
able insight into the crosstalk of glymphatic pathway and
COVID-19.

Multiple sclerosis (MS), characterized by the invasion of
auto-reactive T cells, is one of the common autoimmune dis-
eases of CNS [21, 54]. Experimental autoimmune encepha-
lomyelitis (EAE) is the most common animal model to
explore the molecular immune in CNS [54]. Louveau et al.
demonstrated that ablation of the meningeal lymphatics
could prevent the interaction of T cells and APC and the
activation of T cells in dCLNs, resulting in the reduced inva-
sion of activated T cells into the brain and ameliorating the
EAE [21]. They concluded that meningeal lymphatics played
a critical role in the immune surveillance and the inflamma-
tory response regulation of CNS [21]. As a result, meningeal
lymphatics may be a therapeutic target for CNS autoim-
mune disease.

8. Conclusion

CSF has always been considered to play a vital role in CNS
metabolism. The characterization of glymphatic/meningeal
lymphatic system has led to a more nuanced understanding
of the exchange and circulation of CSF and ISF in the brain.
The glymphatic and meningeal lymphatic systems add to
our understanding of metabolic waste drainage and immune
privilege. However, more research is required for further
understanding of these systems. The function of glymphatic
system is linked to different physiological conditions, such as
cerebral vascular pulsation, state of consciousness, and body
posture, and is partially regulated by meningeal lymphatics.
The glymphatic/meningeal lymphatic system clarifies the
physiology of CNS metabolism and plays a vital role in the
pathology of different neurological diseases, including neu-
rodegenerative diseases, TBI, and stroke, serving as a prom-
ising target for intervention. However, most studies are
limited to animal or cell experiments. More evidence is
required to prove the similar effects of glymphatic pathway

in humans. Future research on the glymphatic pathway must
demonstrate its pathological change in human diseases and
provide novel therapies.
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Objective. To compare the merits and demerits of PEG-IFNα-2a and PEG-IFNα-2b for the treatment of hepatitis B e antigen
(HBeAg)-positive chronic hepatitis B (CHB). Methods. Clinical files from eighty-four CHB patients admitted to the Second
Hospital of Shanxi Medical University between January 2018 and January 2019 were retrospectively analyzed and assigned to
two groups: group 2a treated with PEG-IFNα-2a and group 2b treated with PEG-IFNα-2b. The clinical efficacy was compared
between the above two arms, and the liver function (ALT, AST, HA, LN, and IV-C), HBV-DNA, HBsAg, HBeAg, and
inflammatory factors (IFs, IL-1β, IL-6, IL-8, and TNF-α) were tested at 12 weeks (T1), 24 weeks (T2), and 48 weeks (T3). The
alterations of hemodynamics (SBP, DBP, MAP, and CVP), cardiac function (LVEF and BNP), and the incidence of adverse
reactions (ARs) during treatment were recorded. Finally, the patients were followed up for 2 years to investigate the quality of
life (QOL) as well as the positive seroconversion rate of HBsAg and HBeAg. Results. The overall response rate was similar in
the two arms (P > 0:05). After treatment, the liver function, HBV-DNA, HBsAg, HBeAg, IFs, hemodynamics, and cardiac
function were enormously improved (P < 0:05), with faster improvement in group 2b compared with group 2a (P < 0:05). The
investigation of ARs identified notably lower incidence rates of alopecia, thrombocytopenia, and granulocytopenia in group 2a
as compared to group 2b (P < 0:05). The prognostic follow-up results revealed no distinct difference in the QOL score and the
positive seroconversion rate of HBsAg and HBeAg (P > 0:05); however, the quantitative results of HBV-DNA, HBsAg, and
HBeAg in group 2b were lower than those in group 2a (P < 0:05). Conclusions. Both PEG-IFNα-2a and PEG-IFNα-2b have
excellent and stable therapeutic effects on HBeAg-positive CHB, among which PEG-IFNα-2b renders a faster treatment
process but higher side effects, which can provide valuable references when choosing a treatment plan for CHB.

1. Introduction

Chronic hepatitis B (CHB), one of the most pervasive infec-
tious diseases globally, is caused by hepatitis B virus (HBV)
and is highly contagious [1]. As indicated by statistics, the
number of known CHB patients worldwide continues to
increase, with more than 260 million cases as of 2016 [2].
The incidence of CHB also varies greatly among different
regions. In China, India, and other regions with large
population density and base, the infection rate has increased
significantly [3]. For example, there are over 70 million cases
of HBV infection in China, of which more than 40% were

finally diagnosed as CHB [4]. At the early stage, CHB pre-
sents no other special clinical symptoms except dizziness
and anorexia, which are often ignored by patients [5].
However, when there are obvious symptoms, the disease
has usually progressed into the middle and late stage when
pathological conditions such as liver fibrosis, liver dysfunc-
tion, failure, and even liver cancer may occur in patients
[6]. On average, approximately 800,000 to 900,000 patients
die each year from CHB, a two-to-fourfold increase in
mortality compared to 2006, according to the study [7].

Currently, CHB treatment depends largely on conserva-
tive therapy, mainly through antivirus, immunomodulation,
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anti-inflammatory, and liver protection methods to inhibit
or eliminate HBV infection in the long term. Among them,
nucleoside (acid) analogues and interferon (IFN) are all
clinical treatments for CB. Nucleoside (acid) analogues have
excellent antiviral effect and good tolerance, but the treat-
ment time is extremely long; Moreover, nucleoside (acid)
analogues under selective pressure may cause virus variabil-
ity resistance, resulting in virologic rebound and liver meta-
bolic disturbance [8, 9]. IFN, on the other hand, plays an
anti-HBV effect through the dual effects of HBV replication
and immune regulation, with higher serological response
and longer sustained virologic response, which is mainly
related to molecular pathways. It has the same anti-HBV
ability as nucleoside (acid) but faster antiviral effect, so it
has been increasingly applied in CHB treatment in recent
years [10, 11].

Currently, PEG-IFNα-2A and PEG-IFNα-2b are com-
monly used in clinical practice, both of which have well-
documented therapeutic effects on CHB [12, 13]. However,
the difference between the two types of IFN genes on CHB
is still under debate, and there is no authoritative research
that indicates which type is more suitable for CHB treat-
ment. Furthermore, we found that previous studies on
PEG-IFNα-2a and PEG-IFNα-2b in treating CHB mostly
focused on patients’ hepatitis virus infection, ignoring the
changes of other vital signs [14, 15]. As we all know, patho-
logical changes such as inflammatory factors (IFs) and
hemodynamics are also important links in the occurrence
of CHB, which are closely related to the pathology of infec-
tion. Thus, the motivation and novelty of this study are to
compare the effect of PEG-IFNα-2a and PEG-IFNα-2b in
treating CHB on the change of inflammatory factors and
hemodynamics in patients, hopefully, to provide strong evi-
dence for the treatment protocol of CHB.

With the increasing incidence of CHB and its major
threat, it is necessary to find a suitable treatment for CHB
as soon as possible. This study, undoubtedly, will provide
more reliable and comprehensive experimental guidance
for future treatment of CHB by investigating the impacts
of PEG-IFNα-2a and PEG-IFNα-2b on clinical efficacy
as well as the hemodynamics and IFs of patients with
HBeAg-positive CHB.

2. Materials and Methods

2.1. Patient Data. The study population comprised 84 CHB
patients admitted to the Second Hospital of Shanxi Medical
University between January 2018 and January 2019. There
were 49 males and 35 females, and the mean age was
(47:6 ± 7:4) years (range: 34-61). Ethical approval has been
obtained for this study, all subjects were aware of the study
and signed informed consent. The enrolled CHB patients
were assigned to group 2b and group 2a according to treat-
ment plan, with 42 cases in each group.

2.2. Eligibility Criteria. Inclusion criteria: (1) presence of
clinical manifestations of CHB (constitutional symptoms,
anorexia, nausea, jaundice, and right upper quadrant dis-
comfort), together with the confirmed diagnosis of HBeAg-

positive CHB after second liver two half-and-half test in
our hospital [16]; (2) >18 years old; (3) no liver cirrhosis;
(4) complete case data; (5) willingness to participate in this
study. Exclusion criteria: (1) hepatitis A, hepatitis C, or
reinfection with other hepatitis viruses; (2) autoimmune
liver diseases; (3) other cardiovascular and cerebrovascular
diseases and hematopoietic system diseases; (4) neoplastic
diseases; (5) drug-induced liver injury and alcoholic liver
injury; (6) drug allergies; (7) pregnant and lactating women;
(8) mental disorders; (9) referrals.

2.3. Treatment Methods. After admission, patients in both
arms received routine examinations such as second liver
two half-and-half and were treated accordingly. Group 2a:
180μg PEG-IFNα-2a (Shanghai Roche Pharmaceutical
Ltd., SFDA Approval No. J20070055) was injected subcuta-
neously once a week. Group 2b: 180μg PEG-IFNα-2b
(Xiamen Amoytop Biotech Co., Ltd., SFDA Approval No.
S20174005) was injected subcutaneously weekly. Both arms
were treated continuously for 48 weeks.

2.4. Blood Sample Collection. At 12 weeks (T1), 24 weeks
(T2), and 48 weeks (T3) after treatment, 5mL of fasting
venous blood was extracted from patients into coagulation-
promoting tubes, which were left at room temperature for
30min and then centrifuged (1505 × g, 4°C) to obtain serum
to be refrigerated at -80°C.

2.5. Observational Indicators

2.5.1. Clinical Efficacy. Markedly effective was considered if
the symptoms disappeared, the liver function recovered
more than 50%, and the liver fibrosis indexes recovered to
normal levels. Effective was translated in basically disap-
peared symptoms and a 10-50% recovery of the liver
function. Failure to meet the above standards was consid-
ered ineffective. Total effective rate = ðmarkedly effective +
effectiveÞ cases/total cases × 100%.

2.5.2. Liver Function. The contents of alanine aminotransfer-
ase (ALT) and aspartate aminotransferase (AST) were
measured using an automatic biochemical analyzer (Sysmex
Corporation, Kobe, Japan). (2) The determination of liver
fibrosis indexes including hyaluronidase (HA), laminin
(LN), type IV collagen (IV-C), and B-type natriuretic pep-
tide (BNP) contents was realized by chemiluminescence.
ALT, AST, HA, LN, and IV-C of patients in both arms were
recorded at 12 T1, T2, and T3.

2.5.3. Marker Conversion. The detection of serum hepatitis B
virus deoxyribonucleic acid (HBV DNA) employed PCR.
ELISA was used for determining the expression of hepatitis
B surface antigen (HBsAg) and hepatitis B e antigen
(HBeAg). HBV-DNA, HBsAg, and HBeAg levels were quan-
tified, and HBV-DNA (HBV −DNAquantification < 2:5 lg
copies/mL is judged as HBV-DNA negative conversion),
HBsAg, and HBeAg negative conversion ratios were
calculated.

2.5.4. IFs. ELISA was used for determining the expression of
hepatitis B surface antigen (HBsAg), hepatitis B e antigen

2 Oxidative Medicine and Cellular Longevity
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(HBeAg), as well as IFs IL-1β, IL-6, IL-8, and TNF-α. The
kits were supplied by Shanghai Enzyme Research Biotech-
nology Co., Ltd., and the operation procedure was carried
out strictly in accordance with the instructions.

2.5.5. Hemodynamics and Cardiac Function. The left
ventricular ejection fraction (LVEF) was measured by echo-
cardiography. The left femoral artery was continuously
monitored for mean arterial pressure (MAP), central venous
pressure (CVP), systolic blood pressure (SBP), and diastolic
blood pressure (DBP).

2.5.6. Safety. The incidence of adverse reactions (ARs)
from admission to discharge was calculated. (8) Progno-
sis: the prognostic QOL score and positive seroconversion
rate of HBsAg and HBeAg (the number of patients with
positive HBsAg and HBeAg reexamination results) were
recorded.

2.6. Follow-Up for Prognosis. Patients in both arms were
followed up for 2 years via regular hospital reexamination.
The 36-Item Short-Form Health Survey (SF-36) [17] was
used to investigate patients’ social functioning, role emo-
tional, mental health, and vitality at the end of the 2-year

follow-up. Each dimension has a maximum score of 100,
and a higher score indicates a better quality of life (QOL).
In addition, patients were regularly reviewed for second liver
two half-and-half.

2.7. Statistical Processing. The statistical method applied in
this study was SPSS24.0. The enumeration data was
recorded as [nð%Þ], and Chi-square test was used for
comparison between groups. The measurement data were
recorded in (−χ ± s); independent samples t-test and paired
t-test were used for comparison among groups, and one-
way analysis of variance and LSD post hoc test was used
for comparison among multiple groups. A P value less than
0.05 was considered to be of statistical significance.

3. Results

3.1. Comparison of Clinical Baseline Data. In order to ensure
the accuracy of the experimental results, we made a statisti-
cal comparison of the clinical baseline data of the two
groups. The results identified no distinct difference in base-
line data such as age and gender between the two arms
(P > 0:05), suggesting comparability Table 1.

Table 1: Comparison of clinical baseline data [nð%Þ].

Group 2a (n = 42) Group 2b (n = 42) t/χ2 P

Age (years, −χ ± s) 47:6 ± 8:2 46:4 ± 8:3 0.667 0.507

Gender [n %ð Þ] 0.441 0.507

Male 23 (54.76) 26 (61.90)

Female 19 (45.24) 16 (38.10)

Family history of illness [n %ð Þ] 0.124 0.724

Have 4 (9.52) 5 (11.90)

Without 38 (90.48) 37 (88.10)

History of liver disease [n %ð Þ] 0.081 0.776

Have 8 (19.05) 7 (16.67)

Without 34 (80.95) 35 (83.33)

History of diabetes [n %ð Þ] 0.223 0.637

Have 12 (28.57) 14 (33.33)

Without 30 (71.43) 28 (66.67)

History of hypertension [n %ð Þ] 0.214 0.643

Have 15 (35.71) 13 (30.95)

Without 27 (64.29) 29 (69.05)

Smoking [n %ð Þ] 0.449 0.503

Yes 18 (42.86) 15 (35.71)

No 24 (57.14) 27 (64.29)

Drinking [n %ð Þ] — —

Yes 15 (35.71) 15 (35.71)

No 27 (64.29) 27 (64.29)

Living environment [n %ð Þ] 0.343 0.558

City 34 (80.95) 36 (85.71)

Countryside 8 (19.05) 6 (14.29)
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3.2. Comparison of Clinical Efficacy. Total effective rate was
not statistically different between group 2b (83.33%) and
group 2a (90.48%) (P > 0:05) Table 2.

3.3. Liver Function Comparison. T2 and T3 had witnessed no
statistical difference in ALT, AST, HA, LN, and IV-C
between the two arms (P > 0:05). Whereas, at T1, the above
liver function indexes were all lower in group 2b than in
group 2a (P < 0:05). The liver function indexes of both

groups decreased gradually with the treatment time
(P < 0:05) Figure 1.

3.4. Comparison of Marker Conversion. HBV-DNA, HBsAg,
and HBeAg, which showed no evident difference between
the two arms at T2 and T3 (P > 0:05), were lower in group
2b than in group 2a at T1 (P < 0:05). The quantitative detec-
tion results of HBV-DNA, HBsAg, and HBeAg in both
groups showed a decreasing trend with the treatment time
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Figure 1: Comparison of liver function. (a) Comparison of ALT. (b) Comparison of AST. (c) Comparison of HA. (d) Comparison of LN.
(e) Comparison of IV-C. Compared with 2b group, ∗P < 0:05. Compared with T1, #P < 0:05. Compared with T2, &P < 0:05.

Table 2: Clinical efficacy [nð%Þ].
Markedly effective Effective Invalid Total effective rate (%)

Group 2a (n = 42) 21 (50.00) 14 (33.33) 7 (16.67) 83.33

Group 2b (n = 42) 24 (57.14) 14 (33.33) 4 (9.52) 90.48

χ2 0.942

P 0.332
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(P < 0:05). The two arms showed no evident difference in
the negative conversion ratio of HBV-DNA, HBsAg, and
HBeAg at T1, T2, and T3 (P > 0:05), as indicated by the sta-
tistical results of conversion (Figure 2 and Table 3).

3.5. Comparison of IFs. IL-1β, IL-6, IL-8, and TNF-α, which
differed insignificantly between the two arms at T3 (P > 0:05
), were lower in group 2b versus group 2a at T1 and T2
(P < 0:05). In both arms, these IFs decreased gradually with
the treatment time (P < 0:05) Figure 3.

3.6. Comparison of Hemodynamics. SBP and DBP showed
no distinct difference between the two arms at T1, T2, and

T3 (P > 0:05); however, the MAP was higher and the CVP
was lower in group 2b compared with group 2a (P < 0:05).
During treatment, SBP and DBP of the two groups did not
change significantly (P > 0:05), while MAP increased and
CVP decreased gradually with the treatment time (P < 0:05)
Figure 4.

3.7. Comparison of Cardiac Function. In the course of treat-
ment, LVEF in both arms increased with the treatment time,
while BNP decreased (P < 0:05). At T1, LVEF was significant
higher in group 2b while the level of BNP was significant
lower than in group 2a (P < 0:05) Figure 5.
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Figure 2: Comparison of marker conversion. (a) Comparison of quantitative results of HBsAg. (b) Comparison of quantitative results of
HBeAg. (c) Comparison of quantitative results of HBV-DNA. Compared with 2b group, ∗P < 0:05. Compared with T1, #P < 0:05.
Compared with T2, &P < 0:05.

Table 3: Comparison of marker conversion [nð%Þ].

Group 2a (n = 42) Group 2b (n = 42) χ2 P

HBV-DNA negative conversion rate

T1 8 (19.05) 13 (30.95) 1.587 0.208

T2 24 (57.14) 25 (59.52) 0.049 0.825

T3 34 (80.95) 36 (85.71) 0.343 0.558

HBsAg negative conversion rate

T1 1 (2.38) 2 (4.76) 0.346 0.557

T2 3 (7.14) 4 (9.52) 0.156 0.693

T3 5 (11.90) 5 (11.90) — —

HBeAg negative conversion rate

T1 8 (19.05) 10 (23.81) 0.283 0.595

T2 14 (33.33) 15 (35.71) 0.053 0.819

T3 22 (52.38) 24 (57.14) 0.192 0.661
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3.8. Comparison of Treatment Safety. Comparison was also
made on the incidence of ARs during treatment. The two arms
had similar cases of fever, fatigue, insomnia, skin itching, and

thyroid dysfunction (P > 0:05), while the cases with alopecia,
thrombocytopenia, and granulocytopenia were fewer in group
2a compared with group 2b (P < 0:05) Table 4.
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Figure 3: Comparison of inflammatory factors. (a) Comparison of IL-1β levels. (b) Comparison of IL-6 levels. (c) Comparison of IL-8 levels.
(d) Comparison of TNF-α levels. Compared with 2b group, ∗P < 0:05. Compared with T1, #P < 0:05. Compared with T2, &P < 0:05.
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Figure 4: Comparison of hemodynamics. (a) Comparison of SBP. (b) Comparison of DBP. (c) Comparison of MAP. (d) Comparison of
CVP. Compared with 2b group, ∗P < 0:05. Compared with T1, #P < 0:05. Compared with T2, &P < 0:05.
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3.9. Comparison of Prognosis. During the 2-year follow-up,
40 patients in group 2a and 41 patients in group 2b were
successfully followed up. The positive seroconversion rate
of HBsAg and HBeAg differed insignificantly between the
two arms (P > 0:05) Figure 6.

4. Discussion

CHB, as a highly contagious and occult disease, should be
brought to the forefront of the clinic and patients [18].
Although there are stable and effective vaccines for CHB,
there is still a certain periodicity in the existence of CHB vac-
cines in humans. Research indicates that people need to be
vaccinated again 10-15 years after CHB vaccination to main-
tain the integrity of CHB antibodies [19]. However, most
patients ignore the time of CHB vaccine revaccination,
resulting in HBV infection in the process of antibody failure
[20]. Therefore, reducing the threat of CHB lies in improv-
ing people’s awareness of vaccination and preventing HBV
infection on the one hand and in getting timely and effective
clinical treatment on the other hand. PEG-IFNα-2a and
PEG-IFNα-2b are currently the main clinical treatment
options for CHB, and the merits and demerits of the two
have always been an urgent issue to be verified in clinical
research. This study, by comparing the efficacy of PEG-
IFNα-2a and PEG-IFNα-2b in the treatment of HBeAg-
positive CHB patients, is of important reference significance
for future clinical selection of therapeutic drugs.

In this study, we first compared the clinical efficacy and
found no difference in the overall response rate between the

two arms, which suggested that both PEG-IFNα-2a and
PEG-IFNα-2b had excellent therapeutic effects on CHB.
Dogan et al. [12] compared the efficacy of pegylated inter-
feron α-2a and α-2b in chronic hepatitis B patients and
found that there were no significant differences between
Peg-IFNα-2a and Peg-IFNα-2b treatment groups in achiev-
ing an SVR and undetectable HBV-DNA levels. Besides,
the efficacy of PEG-IFNα-2a and PEG-IFNα-2b as the most
commonly used drugs for treating CHB has been verified in
many studies [21, 22], so the results obtained in this research
are not out of expectation. Whereas, the merits and demerits
of the two treatments need to be confirmed through various
investigations. Furthermore, the liver function recovery was
investigated. The results showed that after treatment, the
indexes of liver function injury in both groups showed a
decreasing trend, which further proved the therapeutic effect
of both treatments on liver function. At T1, however, the
reduction of ALT, AST, HA, LN, and IV-C was more signif-
icant in group 2b, suggesting that PEG-IFNα-2b could repair
patients’ liver function more quickly. At the same time, the
detection results of CHB markers conversion showed that
the negative conversion ratio of HBV-DNA, HBsAg, and
HBeAg was consistent in the two groups after treatment;
however, at T1, group 2b had lower HBV-DNA, HBsAg,
and HBeAg as indicated by the quantitative test results with
more patients showing complete response. As we all know,
the key to the treatment of CHB lies in the inhibition of
HBV-DNA polymerase activity [23]. HBsAg is the surface
antigen of HBV-DNA particles, which can accelerate HBV
maturation and complexity, while HBeAg is a soluble
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Figure 5: Comparison of cardiac function. (a) Comparison of LVEF. (b) Comparison of BNP. Compared with 2b group, ∗P < 0:05.
Compared with T1, #P < 0:05. Compared with T2, &P < 0:05.

Table 4: Incidence of adverse reactions [nð%Þ].
Fever Fatigue Thyroid dysfunction Alopecia Insomnia Skin itching Thrombocytopenia Granulocytopenia

Group 2a
(n = 42) 14 (33.33) 19 (45.24) 4 (9.52) 6 (14.29) 10 (23.81) 1 (2.38) 11 (26.19) 24 (57.14)

Group 2b
(n = 42) 15 (35.71) 21 (50.00) 5 (11.90) 15 (35.71) 11 (26.19) 1 (2.38) 20 (47.62) 33 (78.57)

χ2 0.053 0.191 0.124 5.143 0.063 — 4.141 4.421

P 0.819 0.662 0.724 0.023 0.801 — 0.042 0.036
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protein that can reflect HBV replication [24]. PEG-IFNα-2a
and PEG-IFNα-2b are produced by combining polyethylene
glycol molecules with a certain molecular weight on the basis
of α-IFN, which can improve HBV-specific antibody levels
in patients by enhancing oxidative metabolism, membrane
depolarization, and phagocytosis [25].

Therefore, under the same pathway of action, we specu-
lated that the reason for the difference between the two
groups might be related to the molecular weight of the two
kinds of IFN genes. PEG-IFNα-2a has a large molecular
weight of about 40KD and better protection of IFN, so its
blood concentration is more stable and its half-life is longer.
However, due to its large molecular weight, PEG-IFNα-2a is
mainly concentrated in blood and liver tissues after being
injected into human body [26]. Because of this, some PEG-
IFNα-2a drugs cannot be metabolized completely in vivo as
the individual blood volume varies, so the liver function
repair of some patients is slow in the initial use process.
PEG-IFNα-2b, on the other hand, is only 12KD and has a
wider distribution in the body. After injection, it can com-

plete drug metabolism in blood, muscle, tissue, fat, and even
cells [27], so it has a more rapid and significant effect on
patients at the initial stage of use.

In addition, continuous HBV replication and the
resulting immune-mediated response are important factors
leading to hepatocyte inflammatory necrosis and hepatofi-
brosis. Excessive inflammatory reaction and fibrosis of hepa-
tocytes will further destroy hepatocytes [28]. Therefore, in
the treatment of CHB, anti-inflammatory effect is also one
of the most important links. In this study, PEG-IFNα-2b
showed faster inhibition of inflammation, which may also
be related to our above inference. The occurrence of inflam-
matory reaction is a complicated pathological process, in
which IFs are dominant, and cytokines such as monocytes
and eosinophils are also involved [29]. As aforementioned,
PEG-IFNα-2a works only in liver and blood and does not
affect the activity cycle of cells, so its anti-inflammatory
response is not as significant as PEG-IFNα-2b, an IFN gene
involved in the cell life cycle. Similarly, the liver, as the most
important metabolic organ in the human body, has a vital
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influence on the hemodynamics of the human body, and the
most direct effect of hemodynamics is on the pumping
capacity of the heart [30, 31]. While comparing the hemody-
namic and cardiac functions of the two groups, we also
found that PEG-IFNα-2b had a more significant improve-
ment effect on MAP, CVP, LVEF, and BNP at the initial
stage of treatment. This also verified our point of view again,
indicating that PEG-IFNα-2b had a more comprehensive
and rapid action in humans. However, a higher incidence
of alopecia, thrombocytopenia, and granulocytopenia was
identified in group 2b than in group 2a, suggesting a higher
safety profile for PEG-IFNα-2a. It is also because PEG-
IFNα-2a can be completely metabolized by the liver after
the interference effect is completed, while PEG-IFNα-2b has
a certain inhibitory effect onmore cytokines, thus contributing
to the reduction of such cells. It is also possible that PEG-
IFNα-2b contains a higher number of IFN molecules (specific
activity) per milligram of protein (PEG-IFNα-2b has a specific
activity of 108 versus 107 of PEG-IFNα-2a) [32].

Finally, the follow-up results revealed no difference in
the prognostic QOL and recurrence of CHB between the
two arms, indicating that both treatments had stable long-
term effect and high application value. However, through
previous studies, we also found that the production rate of
neutralizing antibodies against PEG-IFNα-2b was only
about 3%, while that of PEG-IFNα-2a was about 6%-10%
[33], which indicated that PEG-IFNα-2b was more effective
in the long-term treatment of CHB. In our research, there
was no difference in the prognosis between the two groups,
which may be due to the small difference in the rate of neu-
tralizing antibody production between the two groups on the
one hand, or the chance caused by the short follow-up time
or the small number of cases on the other hand.

However, the study still has some limitations, and due to
the small base of research participants, we need to further
expand the sample size to improve the comprehensiveness
of experimental results. In addition, this paper proposed that
the molecular weight difference between PEG-IFNα-2a and
PEG-IFNα-2b was responsible for the differential perfor-
mance of CHB treatment, which needs to be confirmed by
further in vitro experiments, and the underlying mechanism
needs to be clarified. In the future, we will conduct more in-
depth and comprehensive experimental analysis on the
treatment of CHB to obtain more effective experimental
results for clinical reference.

5. Conclusion

Both PEG-IFNα-2a and PEG-IFNα-2b have excellent and
stable therapeutic effects on HBeAg-positive CHB, among
which PEG-IFNα-2b has a faster therapeutic process but
higher side effects. These findings can provide reference for
future clinical treatment of CHB.

Data Availability

The simulation experiment data used to support the findings
of this study are available from the corresponding author
upon request.
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Background. CXCL family is a class of secreted growth factors signaling through G-protein-coupled receptors, and abnormal
expression is associated with the growth and progression of many tumors. However, their prognostic value has been poorly
studied in Epstein–Barr virus- (EBV-) associated gastric cancer (EBVaGC). Therefore, it is of great significance to explore the
prognostic value of the CXCL family in EBVaGC. Methods. CXCL family mRNA expression was analyzed in STAD data from
The Cancer Genome Atlas (TCGA). Kaplan-Meier Plotter was used to assess the prognostic value of the CXCL family.
Transcription factors (TFs) and miRNAs associated with the CXCL family were identified by TFCheckpoint, miRWalk, and
ViRBase databases. The prognostic model was evaluated using the EBVaGC patient cohort GSE51575. Results. The mRNA
expression of CXCL1/3/5/6/8/9/10/11/16 was significantly upregulated, while the expression of CXCL12/14 was downregulated
in EBVaGC compared with normal tissues from TCGA-STAD. The mRNA expressions of CXCL9, CXCL10, CXCL11, and
CXCL17 in EBVaGCs were higher than those in EBVnGCs, but the mRNA expressions of CXCL6, CXCL12, and CXCL17
were lower than those in EBVnGCs. The mRNA expression levels of CXCL9, CXCL10, and CXCL11 in EBVaGCs were higher
than those in EBVnGCs regardless of the tumor stage. High mRNA expression of CXCL8 was associated with better OS in
patients with EBVaGC, while high expression of CXCL9 was associated with better OS in patients with EBVnGC. We obtained
10 candidate potential transcription factors (TFs) associated with CXCLs: OTOP3, NKX6-2, NKX2-2, FEV, SMYD1, TRIMSO,
TBX10, CDX1, SLC26A3, and ARC. 576 miRNA-mRNA interactions were obtained. Among them, 65 miRNAs were predicted
to be correlated with CXCL6, CXCL9, CXCL10, and CXCL11. Similar to the results of TCGA-STAD, the GSE51575 dataset
also showed that the mRNA expression levels of CXCL1/3/9/10/11/16 were markedly enhanced in EBVaGC tissues compared
with corresponding normal gastric mucosa tissues, while the mRNA expression levels of CXCL12/14 were significantly
reduced. The mRNA expression levels of CXCL3/9/10/11/13/17 were increased in EBVaGC compared with EBVnGC tissues.
Conclusions. The expression differences of CXCL family members are closely associated with the progression of EBVaGC.
Expression of CXCL9/10/11/17 mRNA may be a promising prognostic indicator for EBVaGC patients.

1. Introduction

Gastric cancer (GC) ranks fifth and fourth in global morbidity
and mortality, respectively, with more than 1 million new cases
and an estimated 769,000 deaths by 2020 (equivalent to 1 in 13
deaths globally) [1–3]. Due to aging population, the number of
newly diagnosed cancers worldwide is expected to triple by
2050 [4]. Gastric cancer is twice as common in men as it is in
women, with the highest incidence in Asia and Eastern Europe,
while rates are generally low in North America and northern

Europe. Gastric cancer occurs mainly in developing countries.
The prognosis is poor when gastric cancer progresses [5–7].

Epstein-Barr virus (EBV) is human herpesvirus type IV.
90%-95% of humans have a history of invisible infection,
which is closely related to the occurrence of human cancer
[8]. Since Burke et al. first reported the correlation between
Epstein-Barr virus and gastric cancer in 1990 [9], more
and more evidence has confirmed the key role of EBV in
the formation and development of GC, and a series of stud-
ies have been carried out, and various related theories have
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been put forward [10, 11]. However, the relationship and
mechanism between Epstein-Barr virus infection and the
pathogenesis of gastric cancer have not been fully elucidated
so far. Therefore, it is of great significance to clarify the role
of EBV infection in carcinogenesis and prognosis of gastric
cancer.

Chemokines are small cytokines or signaling proteins
secreted by cells, with small molecular weight (about 8-
10kDa), mainly consisting of four subfamilies: CXC, CC,
CX3C, and XC [11]. Chemokines exert their biological effects
through interactions with G-protein linked transmembrane
receptors (chemokine receptors) and participate in the prolifer-
ation, invasion, and metastasis of tumor cells [12]. Among
them, CXC-motif chemokine ligand (CXCL) family is involved
in regulating immune cell activity, inducing tumor cell migra-
tion, and regulating tumor cell proliferation and neoplastic
microvascular formation, which is closely related to tumor
occurrence and development [13, 14]. CXCL family contains
CXCL1, CXCL2, CXCL3, CXCL4, CXCL5, CXCL6, CXCL7,
CXCL8, CXCL9, CXCL10, CXCL11, CXCL12, CXCL13,
CXCL14, CXCL15, CXCL16, and CXCL17, involved in the
invasion and metastasis of gastric cancer [15–17]. However,
the role of CXCL family in the pathogenesis and prognosis of
EBVaGC has not been clarified so far.

Recently, more and more studies have shown that CXCL
family members can be used as targets for GC therapy, and
the construction of CXCL family gene regulatory network is
of great significance to comprehensively analyze the prognostic
value of CXCL in EBVaGC [18–20]. With the increasing avail-
ability of expression databases from cancers, it is possible to
extract and integrate databases to investigate the occurrence
and progression of cancer. In this study, we evaluated the
expression differences and prognostic value of CXCL family
in public databases through comprehensive bioinformatics
methods, providing new ideas for further research on regula-
tory mechanism and targeted therapy in EBVaGC.

2. Methods

2.1. Gastric Cancer mRNA Expression Dataset Collection and
Data Standardization. The mRNA expression profiles and
corresponding clinical data of 618 GC patients were obtained
from TCGA Gastric adenocarcinoma (TCGA-STAD) cohort
of Xena download at the University of California, Santa Cruz
(UCSC). According to exclusion criteria presented in the liter-
ature [21], patients with preoperative chemotherapy, targeted
therapy, radiotherapy, lack of clinical staging, and lack of
mRNA expression were excluded. After clinical data standard-
ization, genomic data of 223 gastric cancers or normal gastric
mucosa tissues were obtained, including 23 EBVaGCs, 200
EBVnGCs, and 26 normal gastric mucosa tissues. Table 1
shows corresponding clinical information.

2.2. Data Processing. The sample data collected above were
used for gene expression analysis. First, DESeq2 software
package was used to standardize the original count data. Then,
DESeq2 software package was used to carry out difference
analysis on the normalized count data. Using corrected P
values (P-adj) < 0.05 and multiples of changes log2 fold

change ≥ 1 or ≤-1 as thresholds, differentially expressed genes
with significant changes were screened between EBVaGC and
normal gastric mucosa, as well as between EBVaGC and
EBVnGC, and volcano maps were drawn. Next, CXCL family
members were screened. The mRNA expression levels of all
CXCL between EBVaGC and normal gastric mucosa, as well
as between EBVaGC and EBVnGC, were, respectively, dis-
played. Each figure was a box plot of mRNA expression level
and overlaid a scatter plot of CXCL expression level in each
sample.

The expression changes of CXCL mRNA in different clin-
ical stages of GC were analyzed. Stages I and II were defined as
the low-stage group, and stages III and IV were defined as the
high-stage group. The expression changes of 14 CXCL family
members in different clinical stages were displayed.

2.3. Prognostic Value of CXCL Family Members between
EBVaGC and EBVnGC. The prognostic value of CXCL family
members in EBVaGC was evaluated by using Kaplan-Meier

Table 1: Clinicopathological characteristics of EBVaGC and
EBVnGC in TCGA-STAD.

EBVaGC
(n = 23)

EBVnGC
(n = 200)

Age 63:0 ± 11:6 65:8 ± 10:6
Gender

Male 19 119

Female 4 81

Tumor location

Gastric fundus 5 26

Gastric body 9 47

Gastric antrum 6 80

Cardia 3 39

Stomach, NOS 8

Histological type

Papillary adenocarcinoma 3

Adenocarcinoma, mixed
type

1

Tubular adenocarcinoma 4 26

Adenocarcinoma, NOS 11 85

Adenocarcinoma, diffuse 6 33

Adenocarcinoma, intestinal
type

2 36

Signet ring cell carcinoma 2

Mucinous adenocarcinoma 14

AJCC pathological stage

I 1 30

II 7 78

III 13 74

IV 2 18

Prognosis

Survival 16 128

Death 7 71

Unknown 1
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Plotter (https://www.kmplot.com) [22]. Taking the median
value of each CXCL in the sample as the threshold value, the
CXCL was divided into two groups of high expression or
low expression, and the P value of log-rank was calculated.
Survival data and the optimal cut-off value were confirmed
according to the algorithms embedded in the KM plotter.

2.4. PPI Network Construction. STRING (https://string-db
.org/) is a website about protein interactions (PPI). In this
study, we collected and integrated different expressions and
potential interactions of CXCL family members in EBVaGC
through PPI network analysis and constructed a PPI net-
work of coexpressed genes.

2.5. Microarray Data Processing. GSE51575 collected from
the GEO database is an mRNA profiling for EBVaGC
(http://www.ncbi.nlm.nih.gov/geo/). GSE51575 microarray
data (GPL13607 platform) contained a total of 26 patients
which were divided into 14 EBVnGC and 12 EBVaGC.
The probe symbols were transformed into gene symbols.
The original data were introduced into R software for data
normalization. One patient (GSM1248661) was deleted
because his gastric cancer tissue data migrated to the normal
tissue range, and his paired normal gastric mucosa tissue
data were also deleted (GSM1248660). Finally, 25 patients
were enrolled, including 14 patients with EBVnGC and
matched normal gastric mucosa and 11 patients with
EBVaGC and matched normal gastric mucosa. The cut-off
criteria were set toPvalue < 0.05,
andjlog 2 fold changej ≥ 1:5was regarded as differentially
expressed genes (DEGs). DEGs were recognized by the
Limma package.

The mRNA data of CXCL were extracted from the data-
base. The differences between EBVaGC/EBVnGC and its
corresponding normal gastric mucosa and between EBVaGC
and EBVnGC and between paired normal gastric mucosa of
EBVaGC and EBVnGC were analyzed.

2.6. Statistical Analysis. SPSS 20.0 and GraphPad Prism 5.0
software (GraphPad, La Jolla, CA, USA) was employed for sta-
tistical analysis. The unpaired Student t-test was employed to
compare the means between groups. Pearson correlation
analysis is used for correlation analysis. P values < 0.05 were
considered significant.

3. Results

3.1. CXCL Family Members Are Significantly Overexpressed in
GC. In this study, TCGA-STAD was used to verify the mRNA
expression of CXCL family members in EBVaGC. By down-
loading clinical information of TCGA-STAD, genomic data
of 223 cases of GC and 26 cases of normal gastric mucosa were
obtained. In GCs, 23 cases were EBVaGC, and 200 cases were
EBVnGC. Based on DESeq2 algorithm, volcano map showed
the differentially expressed genes (DEGs) between EBVaGC
and normal gastric mucosa (Figure 1(a)) and between
EBVnGC and normal gastric mucosa (Figure 1(b)).

Next, we analyzed the difference of CXCL family mRNA
expression between EBVaGC or EBVnGC and normal gastric
mucosa. Results show that CXCL1, CXCL3, CXCL5, CXCL6,

CXCL8, CXCL9, CXCL10, CXCL11, and CXCL16 mRNA
expressions were significantly higher in EBVaGC (Figure 1
(c)) and EBVnGC (Figure 1(d)); on the contrary, CXCL12,
CXCL14, and CXCL17 mRNA expression decreased. Our
results confirmed that mRNA expression of most CXCL fam-
ily members was drastically elevated in EBVaGC.

3.2. Relationship between mRNA Expression of CXCL Family
Members and EBV Infection in GCs. We further studied the
mRNA expression differences of CXCL family members
between EBVaGC and EBVnGC. After data normalization,
DEGs were identified between 23 EBVaGCs and 200
EBVnGCs with FDR ≤ 0:05 and jlog 2FCj ≥ 1. A volcanic
map of DEGs was showed in Figure 2(a). Our results showed
that the mRNA expressions of CXCL9, CXCL10, CXCL11,
and CXCL17 in EBVaGCs were higher than those in
EBVnGCs, but the mRNA expressions of CXCL6 and
CXCL12 in EBVaGCs were lower than those in EBVnGCs
(Figure 2(b)). The results of TCGA-STAD data analysis
showed that the mRNA expression of CXCL family mem-
bers was significantly correlated with EBV infection in GCs.

3.3. Relationship between mRNA Expression of CXCL Family
Members and Tumor Stage in EBVaGCs Based on TCGA-
STAD. Figure 3 shows that the mRNA expression of CXCL
family members was closely related to the clinical stage of
EBVaGC. The mRNA expression levels of CXCL9, CXCL10,
and CXCL11 in EBVaGCs were higher than those in
EBVnGCs regardless of the early or late stage of tumors.

3.4. Prognostic Value of CXCL Family Members in GCs.
Using KM Plotter, we evaluated the prognostic value of
CXCL mRNA expression in GC with or without EBV infec-
tion. As shown in Figure 4, high CXCL8 mRNA expression
was significantly associated with better OS in patients with
EBVaGC (P = 0:027), while high CXCL9 mRNA expression
was significantly associated with better OS in patients with
EBVnGC (P = 0:049). The results also showed that mRNA
expression of other CXCL family members was not associ-
ated with survival.

3.5. Gene Network and Interaction Analysis of CXCL Family
Members in EBVaGC. We performed PPI network analysis in
STRING to further explore the potential interaction between
differentially expressed CXCLs and adjacent genes in EBVaGC.
PPI network consists of 176 nodes and 117 edges (Figure 5(a)).
Then, the TFCheckpoint database was used to identify poten-
tial transcription factors (TFs) linked to CXCL family members
in PPI network, and 10 candidate TFs were obtained: OTOP3,
NKX6-2, NKX2-2, FEV, SMYD1, TRIMSO, TBX10, CDX1,
SLC26A3, and ARC. Results from KinG database showed that
these TFs are not kinases. No EBVaGC-associated kinases act
on the CXCL family. Overall, no predicted kinases were associ-
ated with CXCL family members in EBVaGC. Our study
further explored potential miRNAs that may be predicted in
relation to members of the CXCL family. The miRNAs associ-
ated with CXCL family members in the PPI network were then
explored using miRWalk and ViRBase databases, and 576
miRNA-mRNA interactions were obtained. Among them, 65
miRNAs were predicted to be correlated with CXCL6, CXCL9,

3Oxidative Medicine and Cellular Longevity
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Figure 1: Continued.
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CXCL10, and CXCL11 (Figure 5(b)). In addition, this PPI net-
work with transcription factors and miRNAs was divided into
four small graphs centered on CXCL6, CXCL9, CXCL10, and
CXCL11 (Figures 5(c)–5(f)).

3.6. Validation of the Prognostic Value of EBVaGC Datasets
from the GEO Database (GSE51575). We validated the prog-
nostic model using the EBVaGC patient cohort GSE51575
dataset. The GSE51575 dataset from the GEO cohort con-
tained 26 patients with gastric cancer, including 14 EBVnGC
and its paired normal gastric mucosa and 12 EBVaGC and
its paired normal gastric mucosa. The gene expression level
of GSE51575 was standardized by quartile partition method,
and the standardization results are shown in Figure 6(a).
The density profile shows an approximate normal distribu-
tion (Figure 6(b)). UMAP showed that the data of 1 gastric
cancer sample (GSE 1248661) was deviated to range of nor-

mal gastric mucosa and deleted, and its paired normal gas-
tric mucosa (GSE 1248660) was also deleted (Figure 6(c)).
After the exclusion of two samples, the data were standardized
again (Figures 6(d) and 6(e)). We found that all samples met
expectations through UMAP diagnostic RAM. Finally, 25
patients were obtained for follow-up analysis, including 14
EBVnGC and its paired normal gastric mucosa and 11
EBVaGC and its paired normal gastric mucosa (Figures 6(f)
and 6(g)). mRNA data of CXCL family members were
extracted and analyzed. Figure 7 shows CXCL mRNA expres-
sion levels between EBVaGC and corresponding normal gastric
mucosa. We found that the mRNA expression levels of
CXCL1/3/9/10/11/16 were markedly enhanced in EBVaGC tis-
sues compared with corresponding normal gastric mucosa tis-
sues, which was similar to TCGA-STAD. By contrast, the
mRNA expression levels of CXCL12/14 were significantly
reduced in EBVaGC compared with corresponding normal
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Figure 1: CXCL family members markedly overexpressed in EBVaGC. (a, b) Volcano plot. DEGs were selected using P value < 0.05 and
jlog 2 fold changej ≥ 1:5. (c) The mRNA expression of CXCL members between EBVaGC and normal tissues; ∗P < 0:05. (d) The mRNA
expression of CXCL members between EBVnGC and normal tissues; ∗P < 0:05.
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Figure 2: The relationship between CXCL family members and EBV infection in GCs. (a) Volcano plot. DEGs were selected using P value <
0.05 and jlog 2 fold changej ≥ 1:5. (b) The mRNA expression of CXCL members between EBVaGC and EBVnGC; ∗P < 0:05.
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gastric mucosa tissues. Moreover, the mRNA expression levels
of CXCL10/11/13/17/3/9 were markedly increased in EBVaGC
compared with EBVnGC tissues.

Similar to TCGA results, the GSE51575 dataset also
showed that the mRNA expression of CXCL family members
was closely related to the clinical staging of EBVaGC. The
mRNA expression of CXCL 9/10/11/17 was higher in
EBVaGC than that in EBVnGC.Moreover, the validation data
for GSE51575 showed no significant difference in mRNA
expression levels of CXCL family members among the three
subtypes of EBVaGC.

4. Discussion

The chemokine superfamily is a large family of small-molecule
cytokine proteins with chemotactic activity. It consists of
about 50 endogenous chemokine ligands and 20 G protein-
coupled 7 transmembrane signaling receptors, whose homolo-
gous receptors are expressed by cancer cells and stromal cells.
Chemokines can be divided into CXC, CC, XC, and CX3C
subtypes according to the differences in the relative positions
of the first two of the four conservative cysteines, among
which CC and CXC chemokines are the majority. Several che-
mokines can bind to the same receptor, and one chemokine
can bind to many receptors, therefore, resulting in many com-
binations and many biological results. Chemokines are impor-
tant for tumor growth and development. Chemokines by
adjusting the stem cell characteristics of tumor cells, inducing
cancer cell proliferation, prevent cancer cell apoptosis and
directly control the growth of tumor. Chemokines can affect
tumor stromal cells and induce tumor microenvironment cells
to release growth factor and angiogenesis factor to adjust the
new angiogenesis. Neurogenesis and fibrogenesis indirectly
regulate tumor growth [23–25].

In addition to their role in regulating leukocyte trans-
port, CXC chemokines are usually accompanied by a series
of molecular and biological changes during the genesis and
development of tumor cells. CXC chemokine subfamily is
closely related to immune response to tumor and biological
behavior of tumor. CXC chemokines can regulate the cell

transformation of tumor cells, change the angiogenic envi-
ronment, promote the growth of local tumor cells, enter
the circulatory system through the invasion of extracellular
matrix (ECM) and vascular basement membrane, and even-
tually metastasize to distant organs. CXC chemokines have
been shown to be closely involved in the growth, invasion,
and metastasis of tumors [26].

Gastric cancer is a solid tumor in which the extracellular
stroma is composed of endothelial cells, fibroblasts, lympho-
cytes, neutrophils, and macrophages. All of these cells are
involved in chemokine production [27]. CXC chemokines
and their receptors are widely expressed in gastric cancer
and participate in the invasion and metastasis of gastric can-
cer, which is related to prognosis [28]. Chen et al. included
69 patients with gastric cancer in a single-center prospective
study and detected the concentrations of chemokines in
peripheral blood and tumor drainage blood, and the patients
were followed up for 6 years. The results showed that the
concentrations of CXCL1, CXCL2, CXCL4, CXCL5, CXCL7,
CXCL8, CXCL9, CXCL10, CXCL12, CXCL13, and CXCL14
in peripheral blood and tumor drainage blood were signifi-
cantly higher than those in patients without recurrence.
Inhibition of CXCL1-14 expression by siRNA in HGC27
cells showed that the migration ability of most cell lines
was significantly inhibited. These results suggest that the
CXCL chemokine family plays an important role in the
pathogenesis of gastric cancer and can be used as a marker
for the occurrence and development of gastric cancer [29].
Raja et al. used tissue microarray by immunohistochemistry
to study the expression of chemokines and other markers in
gastric cancer tissues and analyzed the expression levels of
related markers in the epithelium and stroma and their cor-
relation with patient characteristics and prognosis. The
results showed that CXCL8, CXCL9, CXCL10, and other
markers were increased in gastric cancer stroma compared
with normal tissues. The expression of IGFBP3, CXCL8,
TIMP1, CCL4, and SPP1 in the stroma was associated with
intestinal-type gastric cancer. Kaplan-Meier analysis showed
that high expression of PDGFRB and CXCL8 in epithelial
cells was associated with poor disease-free survival and
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Figure 3: Relationship between mRNA expression of CXCL family members and tumor stage in EBVaGCs based on TCGA-STAD.
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Figure 4: Continued.
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overall survival [30]. Wei et al. used immunohistochemistry
to detect the expression of CXCL13 in gastric cancer tissues.
Low CXCL13 expression was found to be associated with
longer survival in stage T2-4 patients [31]. Lee et al. studied
the effect of Escin on the migration and invasion of AGS
human gastric cancer cells. It was found that Escin decreased
the production of soluble C-X-C motif chemokine (CXCL)
16 but increased the expression of transmembranous

CXCL16 and inhibited the migration and invasion of AGS
cells. The results suggest that CXCL16/CXCR6 axis can be
used as an Escin agent to exert its potential as an antimetas-
tasis agent in gastric cancer [32].

Epstein-Barr virus belongs to γ-herpesvirus; the popula-
tion infection rate is up to 90%-95%; it is the most asymp-
tomatic infection of B cells and has lifetime existence.
Infection of Epstein-Barr virus is associated with the
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Figure 4: Prognostic values of CXCL family members in GCs. (a–n) The prognostic values of CXCL members in EBVaGC and EBVnGC by
the KM plotter.
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Figure 5: Continued.
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occurrence and development of some human malignant
tumors, such as lymphomas (Burkitt lymphoma, Hodgkin
lymphoma, and NK/T lymphoma), and some epithelial
tumors, such as nasopharyngeal cancer and gastric cancer. In
1990, Burke et al. first proved the existence of Epstein-Barr
virus infection in gastric lymphoepitheliomatoid carcinoma
[9], and in 1993, Tokunaga et al. confirmed that EBER-
positive gastric cancer cells were defined as EBV-associated
gastric cancer (EBVaGC) [9, 10]. Previous studies have found
that Epstein-Barr virus can induce changes in the expression
of chemokines and surface adhesion elements in infected epi-
thelial and B cells, contributing to immune avoidance, antia-

poptosis, and cell proliferation functions, thereby affecting
the progression of Epstein-Barr virus-associated tumors.
EBV infection of nasopharyngeal epithelial cells activates the
NF-κB and STAT3 pathways, resulting in increased secretion
of many inflammatory cytokines and chemokines [33]. A
comprehensive array analysis of gene expression patterns in
the ENKTL-NT cell line revealed that some interesting mole-
cules, such as intracellular/cell-surface molecules, cytokines,
chemokines, and miRNAs, were upregulated or downregu-
lated, and some were directly involved in the proliferation
and invasion of lymphoma by additional in vivo and in vitro
assays [34]. However, the biological role and prognostic value
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Figure 5: Analysis of gene network and interaction of CXCL family members in EBVaGC. (a) The PPI network of CXCL family members
and their similar transcription factors and kinases. (b) The PPI network of CXCL family members and their similar miRNAs. (c–f) The PPI
network of CXCL family members and their similar transcription factors and miRNAs.
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of chemokines in Epstein-Barr virus associated gastric cancer
have not been systematically evaluated.

Here, we explore the prognostic value of CXCL mRNA
expression in patients with EBV-associated gastric cancer
based on the clinical information of TCGA-STAD. The
results showed that compared with normal gastric mucosa
of TCGA-STAD, the mRNA expression of CXCL1/3/5/6/8/
9/10/11/16 in EBVaGC was significantly upregulated, while
the mRNA expression of CXCL12/14/17 was downregulated.
In addition, the mRNA expression of CXCL9/10/11/17 in
EBVaGC patients was higher than that in EBVnGC patients,
and the mRNA expression of CXCL6/12 was lower than that
in EBVnGC patients. We further investigated the relation-
ship between mRNA expression of CXCL family members
and stage of EBVaGCs. We found that the mRNA expres-
sion of CXCL family members was closely related to the clin-
ical staging of EBVaGC, and the expression of CXCL 6/9/10/

11 mRNA was higher in advanced EBVaGC. Previous stud-
ies have shown that CXCL expression is involved in growth
regulation, invasion, and metastasis of gastric cancer. A
recent study highlighted CXCL as a biomarker and prognos-
tic value for GC. Our study evaluated the prognostic value of
CXCL mRNA expression in GC using KM plotter, regardless
of EBV infection. We found that high CXCL8 mRNA
expression was associated with better OS in EBVaGC
patients, while high CXCL9 mRNA expression was signifi-
cantly associated with better OS in EBVnGC patients.

In addition, we used the Retrieval interaction Gene data-
base (STRING) to evaluate protein interaction (PPI) informa-
tion and further explore the potential interaction between the
differentially expressed CXCL in EBVaGC and adjacent genes.
Using TFCheckpoint database, we identified 10 candidate’s TF
similar to members of the family of CXCL, including OTOP3,
NKX6-2, NKX2-2, FEV, SMYD1, TRIMSO, TBX10, CDX1,
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Figure 6: GSE51575 data standardization. (a–c) Show the box diagram, density distribution diagram, and UMAP diagram of GSE51575
data before standardization. GSM1248661 does not meet expectations and should be removed. Meanwhile, its control sample
GSM1248660 was also deleted. (d–g) Show the box diagram, density distribution diagram, and UMAP diagram after data normalization.
All samples met expectations and could be used for subsequent analysis.
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SLC26A3, and ARC. The KinG database confirms that these
TFs are not kinases, indicating that CXCL-associated kinases
are not predicted in EBVaGC. In addition, our study evaluated
potential miRNAs associated with members of the CXCL fam-
ily in the PPI network. UsingmiRWalk and ViRBase databases,
we obtained 65 similar miRNAs for CXCL6/9/10/11.

Gene expression microarray technology has been devel-
oped and widely used in various studies. However, microar-
ray platforms and protocols are still being refined. The
system error is still not fully under control. Quality control
is an important issue in gene expression microarray analysis.
Therefore, it is necessary to calibrate and standardize gene
expression levels in microarray analysis. In this study, quar-
tile segmentation method was used to standardize gene
expression level of GSE51575 to verify TCGA results. We
found that the mRNA expression level of CXCL1/10/11/
14/16 was significantly increased in EBVaGC tissues com-
pared with the corresponding normal gastric mucosa tissues.
In contrast, mRNA expression levels of CXCL3/9/12/16
were significantly reduced. In addition, the mRNA expres-

sion level of CXCL3/9/10/11/13/17 was significantly
increased in EBVaGC compared with EBVnGC.

C-X-C motif chemokine ligand 6(CXCL6/GCP2) is a
member of the CXC chemokine family and was originally
defined as a neutrophil/granulocyte chemokine. The expres-
sion of CXCL6 in cancer is rarely studied. Zheng et al. detected
the expression of CXCL6 in ESCC tissues by immunohisto-
chemical method and found that CXCL6 was significantly
elevated in ESCC compared with the normal control. Upregu-
lated CXCL6 was only significantly associated with differentia-
tion. CXCL6 promoted proliferation, migration, and invasion
of ESCC cells in vitro. In nude mice, CXCL6 promoted the
growth and metastasis of ESCC cells in vivo. These results sug-
gest that CXCL6 can enhance the growth and metastasis of
ESCC cells in vivo and in vitro [35]. CXCL6 is involved in
tumor angiogenesis, metastasis, and immune response. Li
et al. treated A549 cells with CXCL6 and found that CXCL6
could induce the downregulation of miR-515-5p. Further stud-
ies found that CXCL6 was also the target gene of miR-515-5p;
that is, CXCL6 and miR-515-5p were in a positive feedback
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Figure 7: CXCL mRNA expression levels between EBVaGC and corresponding normal gastric mucosa based on data from GSE51575.
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loop [36]. In vitro and in vivo experiments showed that miR-
101-5P overregulation inhibits the progression of NSCLC and
cervical cancer cells by targeting CXCL6 [37, 38]. However,
whether CXCL6 is involved in the occurrence and develop-
ment of EBVaGC has not been reported. Our results showed
that CXCL6 mRNA expression was enhanced in EBVaGC
patients compared with normal mucosal controls of TCGA-
STAD. CXCL6mRNA expression was elevated in patients with
advanced EBVaGC. These results suggest that CXCL6 is
involved in the development of EBV-dependent GC.

CXCL8, also known as interleukin 8 (IL-8), belongs to the
elastin-like recombinant (ELR)+CXC chemokine family and is
secreted and expressed by fibroblasts, endothelial cells, epithelial
cells, monocytes, macrophages, and cancer cells. The mecha-
nisms of CXCL8 in tumorigenesis and tumor progression have
been extensively explored. Studies have shown that CXCL8, a
chemokine withmultiple tumor-promoting effects in the tumor
microenvironment, can stimulate tumor cell proliferation or
transformation into mesenchymal phenotype, increase tumor
angiogenesis, or recruit more immunosuppressive cells to the
tumor [39]. Lin et al. found that CXCL8 could induce PD-L1
+macrophages to form immunosuppressive microenvironment
in gastric cancer [40]. The role of CXCL8 in EBV-associated
tumors is unclear. Li et al. found in the study of EB virus M81
strain from nasopharyngeal carcinoma that M81 EBER2 could
increase the expression of CXCL8, while CXCL8 enhanced the
spontaneous lysis replication level of M81-infected B cells
[41]. Lo et al. detected 37 pairs of nasopharyngeal carcinoma
and normal biopsy tissues and found that the expression level
of CXCL8 in nasopharyngeal carcinoma tissues was about 20
times higher than that in surrounding normal tissues [42].
CXCL8 has not been studied in EBV-associated gastric cancer.
In this study, we found that CXCL8 mRNA expression was sig-
nificantly upregulated, and its high expression was significantly
related to the prolonged OS time in EBVaGC patients.

C-X-C motif chemokine ligand (CXCL)9/10/11, known
as T cell chemokine, recruits antitumor cytotoxic T lympho-
cytes and inhibits tumor progression through its receptor C-
X-C chemokine receptor 3. CXCL9/10/11 is synthesized and
released by leukocytes, epithelial cells, endothelial cells, and
stromal cells. The production of these chemokines is regu-
lated by interferon-γ (IFN-γ) stimulation [43]. Zhang et al.
found that CXCL9/10/11-CXCR3 upregulated the expres-
sion of PD-L1 by activating the STAT and PI3K-Akt signal-
ing pathways in GC cells [44]. Zhao et al. showed that
CXCL9/10/11/CXCR3 axis is involved in the mechanism of
CD68+ CD163-macrophages in the efficacy enhancement
of PD-L1/PD-1 blockade [45]. Hsin et al. showed that the
expression of CXCL9 in nasopharyngeal carcinoma tissues
was significantly higher than that in normal epithelium,
and the serum concentration of CXCL9 was also signifi-
cantly increased, and there was a statistically significant cor-
relation between the concentration of CXCL9 and EBV
DNA load. Multivariate logistic regression analysis also
showed that higher CXCL9 serum level was an independent
prognostic factor for disease-free survival [46]. CXCL9 and
CXCL10 genes are often overexpressed in gastric cancer. In
this study, we found that the mRNA expression of CXCL9/

10/11 was significantly increased in patients with EBVaGC.
In addition, CXCL9/10/11/17 mRNA expression was higher
in patients with EBVaGC compared with patients with
EBVnGC. CXCL9 mRNA overexpression was significantly
associated with better OS time in EBVnGC patients.

In conclusion, our study suggests that CXCL family mem-
bers are closely associated with the progression of EBV-
associated gastric cancer and can be used as markers for
EBVaGC. Expression changes of CXCL9/10/11/17 mRNA
may be a promising prognostic indicator for EBVaGC patients.
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Clinical outcomes for doxorubicin (Dox) are limited by its cardiotoxicity but a combination of Dox and agents with
cardioprotective activities is an effective strategy to improve its therapeutic outcome. Natural products provide abundant
resources to search for novel cardioprotective agents. Ganoderma lucidum (GL) is the most well-known edible mushroom
within the Ganodermataceae family. It is commonly used in traditional Chinese medicine or as a healthcare product.
Amauroderma rugosum (AR) is another genus of mushroom from the Ganodermataceae family, but its pharmacological
activity and medicinal value have rarely been reported. In the present study, the cardioprotective effects of the AR water
extract against Dox-induced cardiotoxicity were studied in vitro and in vivo. Results showed that both the AR and GL extracts
could potentiate the anticancer effect of Dox. The AR extract significantly decreased the oxidative stress, mitochondrial
dysfunction, and apoptosis seen in Dox-treated H9c2 rat cardiomyocytes. However, knockdown of Nrf2 by siRNA abolished
the protective effects of AR in these cells. In addition, Dox upregulated the expression of proapoptotic proteins and
downregulated the Akt/mTOR and Nrf2/HO-1 signaling pathways, and these effects could be reversed by the AR extract.
Consistently, the AR extract significantly prolonged survival time, reversed weight loss, and reduced cardiac dysfunction in
Dox-treated mice. In addition, oxidative stress and apoptosis were suppressed, while Nrf2 and HO-1 expressions were elevated
in the heart tissues of Dox-treated mice after treatment with the AR extract. However, the GL extract had less cardioprotective
effect against Dox in both the cell and animal models. In conclusion, the AR water extract demonstrated a remarkable
cardioprotective effect against Dox-induced cardiotoxicity. One of the possible mechanisms for this effect was the upregulation
of the mTOR/Akt and Nrf2/HO-1-dependent pathways, which may reduce oxidative stress, mitochondrial dysfunction, and
cardiomyocyte apoptosis. These findings suggested that AR may be beneficial for the heart, especially in patients receiving
Dox-based chemotherapy.
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1. Introduction

Doxorubicin (Dox) is one of the most widely used and effec-
tive antineoplastic agents for the treatment of various types
of cancer, including breast, ovarian, gastric, bladder, and
thyroid cancers [1]. However, the cardiotoxicity of Dox
limits its clinical applications [2]. Clinical studies have
shown that the incidence of cardiotoxicity is approximately
5% when the cumulative dose of Dox is 400mg/m2. How-
ever, this incidence can dramatically increase to 26% and
49% when the cumulative dose of Dox is 550mg/m2 and
700mg/m2, respectively [2]. The symptoms of Dox-
induced cardiotoxicity include arrhythmia, cardiomyopathy,
left ventricular dysfunction, and congestive heart failure [3].
Although the exact mechanisms involved in Dox-induced
cardiotoxicity remain elusive, making it difficult to develop
appropriate detoxification drugs [4], oxidative stress is con-
sidered to be its major causal factor [5]. Dox can stimulate
the generation of excessive reactive oxygen species (ROS)
in rat cardiomyocytes by increasing the accumulation of
intracellular Ca2+ [6]. In clinical studies, oxidative stress
was markedly increased in heart tissues when the cumulative
dosage of Dox exceeded 500mg/m2 [7].

Although oxidative stress is the most widely studied cause,
accumulating evidence has indicated that a dysfunction in the
nuclear factor erythroid 2-related factor 2 (Nrf2)/Heme oxy-
genase- (HO-) 1 pathway is also closely involved in the regu-
lation of Dox-induced cardiotoxicity. Nrf2 is a transcription
factor responsible for the regulation of cellular redox balance
and protective antioxidant and phase II detoxification
responses in mammals [8]. Under physiological conditions,
Nrf2 combines with proteasomal degradation in the cytosol
by the 26S proteasome via the cytoplasmic binding protein
kelch-like epichlorohydrin-related protein (Keap) 1 [9]. How-
ever, under stressful conditions, Nrf2 is released from Keap1
and translocates to the nucleus. After binding to the antioxi-
dant response element sequence, Nrf2 activates and upregu-
lates the expression of downstream antioxidant proteins and
biphasic detoxification enzymes, including HO-1, NAD(P)H:-
quinone oxidoreductase-1, and glutathione S-transferase, ulti-
mately facilitating intracellular antioxidative responses [10]. It
has been reported that the Nrf2-dependent antioxidant
response system is suppressed in the hearts of Dox-treated
rats, which is consistent with the observed decrease in protein
abundance of Nrf2 [11]. Additionally, Dox-induced oxidative
stress, cardiomyocyte necrosis, and cardiac dysfunction were
found to be exaggerated in Nrf2 knockout mice [12]. There-
fore, the Nrf2/HO-1 signaling pathway may be a potential
drug target for the prevention and/or treatment of Dox-
induced cardiotoxicity.

Natural products provide abundant resources for the dis-
covery of novel cardioprotective agents. Our previous studies
have demonstrated that oridonin [13] and glycyrrhetinic acid
[14, 15] do not only enhance the anticancer efficacy of Dox in
breast cancer but also show a potential positive activity in
ameliorating Dox-induced cardiotoxicity. Ganoderma luci-
dum (GL), also known as “Lingzhi” in China, is one of the
most well-known mushrooms and has been widely used in
traditional Chinese medicine for centuries. A prior study has

shown that GL extract can prevent Dox-induced cardiotoxi-
city by reducing Dox-induced oxidative stress in rats [16]. It
has also been reported that GL polysaccharides can ameliorate
Dox-induced mitochondrial damage, oxidative stress, proin-
flammatory cytokine production, and rat cardiomyocyte apo-
ptosis. The underlying mechanism of GL polysaccharides is
likely attributed to the rescue of the Nrf2/HO-1 signaling
pathway, which is suppressed by Dox [17].

Amauroderma rugosum (AR) is another genus of basid-
iomycete within the Ganodermataceae family. Its cap is
black in color and is irregularly wrinkled with thin or blunt
edges. Its hymenium has a white surface, which turns dark
red when scratched. Because of this, AR is also called “blood
Linzhi” in Chinese [18]. AR has been used as a traditional
medicine in China and Malaysia for the treatment of inflam-
mation, cancers, gastric disorders, and epilepsy [19].
Although AR is consumed by people in China and South
Asia, very few scientific studies have been conducted to
explore its medicinal value or its beneficial effects on human
health. We have previously reported that AR extract can
protect PC12 neuroblastoma cells against 6-OHDA-
induced toxicity through its antioxidant and antiapoptotic
effects [18]. It has been hypothesized that AR may also influ-
ence reducing Dox-induced cardiotoxicity due to its remark-
able antioxidant capacity. In the present study, the effect of
AR extract on Dox-induced cardiotoxicity and its underlying
cardioprotective mechanisms were investigated in vitro and
in vivo, and its efficacy was also compared to that of GL.

2. Materials and Methods

2.1. Ethical Statement. Ethical research considerations were
approved by the Chengdu University of Traditional Chinese
Medicine. All experimental protocols using animals were
conducted in compliance with guidelines established by the
Institutional Animal Care and Use Committee (no.
CDU2019S121), and animal welfare has been ensured
throughout the animal experiments.

2.2. Materials. Dimethyl sulfoxide (DMSO), trypan blue,
paraformaldehyde, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazoliumbromide (MTT), ganoderic acid A, ganoderic
acid G, lucidenic acid A, and ergosterol were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s Modified
Eagle Medium, fetal bovine serum, 4′,6-diamidino-2-phe-
nylindole dye (DAPI), dihydroethidium (DHE), fluorescein
phalloidin dye, annexin-V-conjugated fluorescein isothiocy-
anate (FITC) dye, 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-
benzimidazolocarbocyanine iodide (JC-1) dye, propidium
iodide (PI) dye, bicinchoninic acid assay (BCA) kit, phenyl-
methylsulphonyl fluoride, CM-H2DCFDA dye, MitoSOX
Red, penicillin/streptomycin, protease inhibitor cocktail,
0.25% (w/v) trypsin containing 1mM EDTA, and
phosphate-buffered saline (PBS) were all purchased from
Invitrogen (Carlsbad, CA, USA). Terminal deoxynucleotidyl
transferase dUTP nick end labelling (TUNEL) and lactate
dehydrogenase (LDH) assay kits were obtained from Roche
(Basel, Switzerland). Primary antibodies against Nrf2 and
Keap1 were obtained from Abcam (Cambridge, UK). Other
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primary antibodies and secondary antibodies were purchased
from Cell Signaling Technology (Danvers, MA, USA).

2.3. Reflux Extraction of AR and GL. Fruiting bodies of AR
and GL were provided by Mytianran Healthcare Limited
(Hong Kong, China), which has been granted an organic
crop production certificate by the Hong Kong Organic
Resource Centre. The extraction method has been described
previously [18]. All extracts were dissolved in water and con-
centrated in 80mL with a rotary evaporator and stored at
−20°C before use.

2.4. Determination of Total Phenolic Compound,
Polysaccharide, Triterpene, and Protein Content. The
extracts were filtered and evaporated using a water bath.
The residue was dissolved in 5mL of distilled water, followed
by a slow addition of 30mL of 95% ethanol with stirring,
and the samples were shaken and kept at 4°C overnight.
After centrifugation, the supernatant was collected for the
measurement of total content of phenolic compounds, triter-
penes, and proteins. The precipitate was dissolved in hot
water in a total volume of 35mL and kept at 4°C for the
detection of the total polysaccharide content. The methodol-
ogy for determination of total phenolic compound, polysac-
charide, and triterpene content has been described
previously [18]. Glucose (GE), gallic acid (GAE), and olea-
nolic acid (OA) were used as standards during the chemical
analysis of the polysaccharides, phenolic compounds, and
triterpenes, respectively.

To measure total protein content in the extracts, a 1mL
sample was added into 4mL of biuret reagent, mixed, and
incubated at room temperature for 30min. Then, the absor-
bance at 540 nm was measured with a microplate absorbance
reader, and bovine serum albumin (BSA) was used as the
standard and results expressed as mg of bovine serum albu-
min equivalent per g (mg BSA/g).

2.5. High-Performance Liquid Chromatography (HPLC)
Analysis of Ganoderic Acid A, Ganoderic Acid G, Lucidenic
Acid A, and Ergosterol. HPLC analysis was conducted
according to the method described previously [20]. Briefly,
the HPLC analysis was performed using an UltiMate 3000
HPLC analysis system (Thermo-Fisher, Waltham, MA,
USA) with a DAD 3000 detector, ternary pump of SR3000
Solvent Rack, WPS-3000SL autosampler, TCC-3000SD col-
umn temperature controller, and Chromeleon 7.2. Separa-
tion and was achieved in a C18 reversed-phase column
(Hypersil Gold, particle size 5μm, 250mm × 4:6mm,
Thermo Scientific). The mobile phase contained acetonitrile
(solvent A) and 0.1% phosphoric acid aqueous solution (sol-
vent B). The detailed gradient elution program was as fol-
lows: 0–25min, 25–50% A; 25–30min, 50–99% B; and 30–
50min, 99–99% B; and HPLC profiling was performed at
30°C at a constant flow rate of 1.0mL/min. All samples were
injected into the system at equal volumes of 10μL. Ganode-
ric acid A, ganoderic acid G, lucidenic acid A, and ergosterol
were used as standards, and an analysis wavelength of
254nm was selected.

2.6. Cell Culture. Rat cardiomyoblasts H9c2 and human
breast adenocarcinoma cells MDA-MB-231 and MCF-7
were obtained from the American Type Culture Collection
(Manassas, VA, USA) and cultured in Dulbecco’s Modified
Eagle Medium. The media was supplemented with 10%
heat-inactivated fetal bovine serum and 1% penicillin/strep-
tomycin. All cells were incubated at 37°C in a humidified
atmosphere with 5% CO2.

2.7. Cell Viability Assay. Cell viability was measured with an
MTT assay according to the manufacturer’s protocol.
Briefly, cell culture medium was replaced with MTT solution
(0.5mg/mL) after drug treatment, and the cells were incu-
bated for an additional 4 h at 37°C. The MTT solution was
then discarded, 100μL of DMSO was added to each well to
dissolve the violet formazan crystals formed within the
cells, and absorbance at 570nm was measured with a
SpectraMax M5 Multimode Microplate Reader (Molecular
Devices, Sunnyvale, CA, USA).

2.8. LDH Assay. Cellular injury was assessed by measuring
the activity of LDH released into the culture medium using
a commercial kit (Roche, Basel, Switzerland) according to
the manufacturer’s instructions. Absorbances at 490nm
were measured on a microplate reader.

2.9. Seahorse Assay. Mitochondrial oxygen consumption
rates (OCR) were measured using a Seahorse XFe24 Ana-
lyzer (Seahorse Biosciences, Billerica, MA, USA). H9c2 cells
(8 × 103 cells/well) were seeded into Seahorse XF 24 well cul-
ture microplates and incubated overnight at 37°C in a
humidified atmosphere with 5% CO2. After drug treatment,
the culture medium was replaced with Seahorse base
medium and incubated in a non-CO2 incubator for 1 h.
H9c2 cells were sequentially treated with 1μM oligomycin
(Oligo), 5μM carbonyl cyanide-4-(trifluoromethoxy) phe-
nylhydrazone (FCCP), and 1μM rotenone plus 1μM anti-
mycin A (R + A). Then, OCR was calculated using
Seahorse software (Seahorse Biosciences). After the assay
was completed, the cells were lysed with radioimmunopreci-
pitation assay (RIPA) buffer (200μL/well), and the protein
concentration was measured using the BCA and OCR values
were normalized to the protein content and presented as
pmol/min/μg protein.

2.10. DAPI/Phalloidin and Annexin V/PI Double Staining.
Apoptosis was assessed using DAPI/phalloidin and annexin
V/PI double staining. H9c2 cells were seeded in 12-well
plates (2 × 105 cells/well) overnight and then treated with
the appropriate drug. After, the cells were washed twice with
ice-cold PBS and stained with DAPI (2.0μg/mL) and
phalloidin-FITC (0.5μM) for 20min at 37°C. Images were
then captured using fluorescence microscopy (IN CELL
Analyzer; GE Healthcare Life Sciences, Chicago, IL, USA).
In addition, the H9c2 cells were harvested and resuspended
in binding buffer and stained with annexin V-FITC and PI
(1.0mg/mL) for 15min at 37°C. The stained cells were ana-
lyzed using a flow cytometer (BD Biosciences, San Jose, CA,
USA) with 10 × 103 events gated for each sample. The data
were then analyzed using FlowJo software (BD Biosciences).
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2.11. Measurement of Mitochondrial Membrane Potential.
H9c2 cells were seeded overnight into 12-well plates
(2 × 105 cells/well); and after drug treatment, the cells were
washed twice with warm PBS and stained with JC-1 dye
(3μg/mL) for 20min at 37°C. Images were then captured
using a fluorescence microscope. In addition, the H9c2 cells
were harvested and resuspended in warm PBS and then the
cells were washed twice with warm PBS and examined using
a flow cytometry.

2.12. ROS Detection. Intracellular and mitochondrial ROS
were detected using CM-H2DCFDA and MitoSOX Red stain-
ing. After drug treatment, H9c2 cells were washed twice with
cold PBS and stained with 2μM CM-H2DCFDA or MitoSOX
Red for 15min. After washing with PBS, a portion of the cells
were imaged with a fluorescence microscope, and the remain-
ing cells were harvested and analyzed using flow cytometry.

2.13. siRNA Knockdown of Nrf2. Nrf2 was knocked down
specifically using siRNA as previously described [21]. H9c2
cells were transfected with either 100nM Nrf2 siRNA or
nontargeting scrambled siRNA (negative control) using
Lipofectamine® 2000 reagent (Invitrogen; Carlsbad, CA,
USA) for 24 h according to the manufacturer’s protocol.

2.14. Western Blot Analysis. The western blot analysis meth-
odology has been described previously [22]. Briefly, protein
was extracted from H9c2 cells or mouse heart tissues with
RIPA buffer containing 1% phenylmethylsulphonyl fluoride
and 1% protease inhibitor. The cell lysate was then centrifuged
for 20min at 12,500× g and 4°C to remove the nuclei and
unbroken cells. The cytoplasmic and nuclear proteins were
extracted using a nuclear and cytoplasmic protein extraction
kit (Beyond time, Shanghai, China) according to the manufac-
turer’s instructions. Protein concentrations were measured
using BCAs. Equal amounts of protein were separated by elec-
trophoresis using a sodium dodecyl sulphate–polyacrylamide
gel and transferred to a polyvinylidene difluoride membrane
(Bio-Rad Laboratories, Hercules, CA, USA). Nonspecific anti-
gen binding was blocked with 5% nonfat milk for 1h at room
temperature. The membranes were then probed with primary
antibodies against PARP, cleaved-PARP (Asp214), caspase 3,
cleaved-caspase 3 (Asp175), caspase 9, cleaved-caspase 9
(Asp315), Bax, Bcl-2, mTOR, phospho-mTOR (Ser2448),
Akt, phospho-Akt (Ser473), Nrf2, Keap1, HO-1, or β-actin
overnight at 4°C. All primary antibodies were diluted at a ratio
of 1 : 1,000 in Tris-buffered saline with 0.05% Tween 20
(TBST). After washing three times with TBST, the membranes
were incubated with horseradish peroxidase-conjugated sec-
ondary antibodies (1 : 2,000 dilution in TBST) for 2h at room
temperature. After multiple washes with TBST, protein bands
were developed using enhanced chemiluminescence. Images
of the protein bands were captured, and densitometric mea-
surements of signal intensities were collected with a chemilu-
minescence system (Syngene, Frederick, MD, USA). Protein
expression of β-actin was similarly detected with a monoclo-
nal mouse antiactin antibody (Chemicon, Temecula, CA,
USA), and the optical density values for the different bands
were normalized to those of β-actin.

2.15. Animal Study. Eight-week-old male C57BL/6 J mice
(~25 g) were supplied by the animal centre of Sichuan Pro-
vincial Academy of Medical Sciences and kept under a 12h
light/dark cycle at the animal care facility with an ambient
temperature controlled at 20 ± 5°C. The animals were fed
with a fresh diet (containing 40% corn, 26% bran, 29% soy-
bean cake, 1% salt, 1% bone meal, and 1% lysine) and had
free access to water. The mice were acclimated for at least
7 days before the experiments and then divided into four
groups (n = 8): (i) saline, (ii) Dox, (iii) Dox + AR, and (iv)
Dox + GL. The sample size was calculated using the animal
sample size calculator InVivoStat (with a power of 90%).
The mice in the Dox + AR and Dox + GL groups were first
administered AR (250mg/kg) or GL (250mg/kg) by oral
gavage for 28 consecutive days. Starting from day 13, the
mice received intraperitoneal injections of Dox (5mg/kg)
every 3 days until a cumulative dose of Dox (25-mg/kg)
was reached to induce cardiotoxicity. The mice in the saline
and Dox groups were treated with equal volumes of water
for 28 days and received intraperitoneal injections of saline
and Dox since day 13. The dose of DOX was chosen based
on a previous report [5]. Regarding the dose of AR and
GL, a previous report showed that treatment with 50mg/kg
of GL polysaccharide for 14 days had cardioprotective effect
on Dox-treated rats [17]. Our chemical analysis showed that
the polysaccharide content in AR and GL was approximately
5%, which suggested that 1000mg/kg of AR and GL should
be used. However, since the duration of treatment was 28
days instead of 14 days, the dose should be reduced. Our
preliminary studies revealed that there was no significant
difference between 250mg/kg and higher doses in terms
of the cardioprotective effect, and therefore, a dose of
250mg/kg was used in the present study. Body weights
and health of the animals were monitored every other
day and the experiments would be stopped, and the ani-
mals would be removed from the study if they were
unable to eat or drink, showed any abnormal behavior,
or signs of toxicity, pain, or distress. At the end of the
experiment, the mice were euthanized by an overdose of
sodium pentobarbital (150mg/kg), and death was con-
firmed by the absence of a heartbeat. Then, blood was col-
lected for the assessment of cardiac injury by measuring
serum LDH and creatine kinase (CK) levels. The heart tis-
sues were excised, weighed, fixed with 4% (v/v) formalde-
hyde, dehydrated, and cut into 6μm sections. Then, tissue
morphology, oxidative stress, and cell apoptosis were
examined by hematoxylin and eosin, DHE, and TUNEL
staining. In addition, the sections were immunostained
with monoclonal antimouse Nrf2 and HO-1 antibodies
to investigate the expression of Nrf2 and HO-1 in heart
tissues.

2.16. Survival Rate Analysis. The mean survival time and
percentage change in life span were calculated based on
mortality of the experimental mice with Dox treatment
(n = 8). All the animals were allowed a natural death, and
animal survival rate was analyzed using a Kaplan-Meier
method. Statistical differences were calculated with a log-
rank test.
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2.17. Echocardiography. To determine cardiac function, the
mice were anesthetized with 1% isoflurane in O2 gas and
then placed on a heated imaging platform. Echocardiogra-
phic experiments were performed using a Vevo 3100 micro-
ultrasound imaging system (Visual Sonics Inc., Toronto,
Canada) equipped with a 15MHz linear transducer. The
parameters of left ventricular fractional shortening (LVFS)
and left ventricular ejection fraction (LVEF) were analyzed
using Vevo LAB software (FUJIFILM VisualSonics, Toronto,
ON, Canada).

2.18. Biochemical Analysis. LDH and CK levels in the serum
and malondialdehyde (MDA) levels, reduced glutathione
(GSH) levels, superoxide dismutase (SOD) activity, and cat-
alase (CAT) activity in the heart tissues were measured using
commercial kits (Abcam, Cambridge, UK) following the
manufacturer’s instructions.

2.19. Statistical Analysis. Data were analyzed in Prism v.5.0
software (GraphPad, La Jolla, CA, USA) and expressed as
the mean ± standard deviation (SD). The differences
between groups were compared using one-way ANOVA,
and p < 0:05 was considered to indicate statistically signifi-
cant differences.

3. Results

3.1. Chemical Composition of AR and GL Extracts. Chemical
assay results showed that the content of total polysaccha-
rides in the AR and GL extracts was 42:45 ± 2:88 and
33:48 ± 2:97mg GE/g, respectively. The content of total tri-
terpenes included 6:10 ± 0:02mg OA/g in the AR extract
and 4:42 ± 0:134mg OA/g in the GL extract. The content
of total phenolic compounds was 6:60 ± 0:13mg GAE/g in
the AR extract and 3:68 ± 0:21mg GAE/g in the GL extract.
The content of total proteins in the AR and GL extracts was
212:01 ± 8:29mg BSA/g and 160:02 ± 4:95mg BSA/g,
respectively (Table 1).

3.2. HPLC Analysis of the Major Components Found in AR
and GL Extracts. The major components of the AR and GL
extracts, including ganoderic acid A, ganoderic acid G, luci-
denic acid A, and ergosterol, were quantified using HPLC.
The results showed that the amount of ganoderic acid A
and lucidenic acid A in the AR extract was lower than that
in the GL extract, while the amount of ganoderic acid G
and ergosterol in the AR extract was greater than that found
in the GL extract (Figure S1). The average amount of
ganoderic acid A, ganoderic acid G, lucidenic acid A, and
ergosterol in the AR extract was 9.39, 12.20, 15.69, and
1477.68μg/g, respectively (Table 2). The average amount of
ganoderic acid A, lucidenic acid A, and ergosterol in the
GL extract was 41.73, 51.21, and 1070.23μg/g, respectively.
However, ganoderic acid G could not be detected in the
GL extract.

3.3. Effect of AR and GL Extracts on Dox-Induced Toxicity in
H9c2 Cells. Cytotoxicity in H9c2 cells was evaluated using
MTT and LDH assays, and the results showed that a 24 h
treatment with Dox exhibited significant toxicity in H9c2

cells. Viability of H9c2 cells decreased by 54%, and LDH
levels increased by 55% after treatment with Dox
(Figures 1(a) and 1(b)). However, both the AR and GL
extracts showed no toxicity in H9c2 cells at concentrations
ranging from 0.125–2mg/mL (data not shown). The AR
extract increased cell viability and decreased LDH levels in
a dose-dependent manner at concentrations ranging from
0.5–2mg/mL in Dox-treated H9c2 cells. However, the GL
extract had no effect (Figures 1(a) and 1(b)).

Seahorse assay was performed to evaluate mitochondrial
function in H9c2 cells. After a 24h treatment, Dox signifi-
cantly induced mitochondrial dysfunction in H9c2 cells by
markedly inhibiting basal respiration, ATP-linked respira-
tion, maximal respiration, and spare respiration capacity
(Figures 1(c) to 1(g)). By contrast, basal respiration, ATP-
linked respiration, maximal respiration, and spare respira-
tion capacity in Dox-treated cells after treatment with the
AR extract were increased by 63%, 57%, 181%, and 67%,
respectively. However, GL showed no effects on reducing
Dox-induced mitochondrial dysfunction in H9c2 cells. In
addition, MDA-MB-231 and MCF-7 human breast cancer
cells were used to evaluate the impact of the AR and GL
extracts on the anticancer effect of Dox. The results showed
that both the AR and GL extracts significantly enhanced the
anticancer effects of Dox in MDA-MB-231 and MCF-7
breast cancer cells (Figures 1(h) and 1(i)).

3.4. Effect of AR and GL Extracts on Dox-Induced Apoptosis
in H9c2 Cells. A reduction in mitochondrial membrane
potential (MMP) is an initial and irreversible step towards
apoptosis. To evaluation of MMP, H9c2 cells were stained
with JC-1 dye, and the changes in MMP were assessed using
confocal microscopy and flow cytometry. The AR and GL
did not affect MMP in H9c2 cells since no obvious green sig-
nals were observed. In contrast, Dox significantly induced
the loss of MMP in H9c2 cells as reflected by the change
from red to green fluorescence (Figures 2(a) and 2(b)).
Quantitative analysis of microscopy images (Figure 2(e))
and flow cytometry (Figure 2(f)) showed that Dox decreased
MMP in H9c2 cells by 77% and 48%, respectively. However,
Dox-induced loss of MMP was remarkably rescued by the
AR but not the GL extract. After AR extract treatment, the
MMP from the Dox-treated H9c2 cells was only decreased
by 41% and 2% in microscopy images and flow cytometry
analysis (Figures 2(e) and 2(f)), respectively.

DAPI/phalloidin double staining was used to evaluate
apoptosis in H9c2 cells, and no nuclear condensation or
fragmentation was observed in the control, AR, and GL
extract-treated cells. In contrast, many bright condensed
dots that represent apoptotic bodies were clearly observed
in Dox-treated H9c2 cells (Figure 2(c)). Quantitative analy-
sis showed that the number of apoptotic cells was 3.9-fold
higher after treatment with 0.5μM Dox, and 1.4- and 2.8-
fold higher when the H9c2 cells were pretreated with the
AR and GL extracts before Dox treatment (Figure 2(g)).
The antiapoptotic effect of the AR extract on H9c2 cells
was also studied using annexin V-FITC and PI staining
and flow cytometry (Figure 2(d)). The number of apoptotic
cells was 4.4-fold higher after the treatment with Dox, but
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1.9-fold and 3.7-fold higher when the cells were pretreated
with the AR and GL extracts before the Dox treatment
(Figure 2(h)).

3.5. Effect of AR and GL Extracts on Proapoptotic Protein
Expression in H9c2 Cells. Expression of proteins involved
in the apoptotic signaling pathways in H9c2 cells was stud-
ied using western blot assays (Figure 3). In comparison with
the control group, both the AR and GL extract groups
showed a small decrease in the expression of cleaved PARP,
cleaved caspase-3, and Bax/Bcl-2 ratio. After a 24 h treat-
ment with Dox (0.5μM), the ratios of cleaved PARP/PARP,
cleaved caspase-3/caspase-3, cleaved caspase-9/caspase-9,
and Bax/Bcl-2 were markedly increased by 198%, 191%,
245%, and 78%, respectively. However, the Dox-induced
the elevation of the ratios of cleaved PARP/PARP, cleaved
caspase-3/caspase-3, cleaved caspase-9/caspase-9, and Bax/
Bcl-2 were abolished by the AR extract. Dox increased the
ratios of cleaved PARP/PARP, cleaved caspase-3/caspase-3,
and cleaved caspase-9/caspase-9 by 84%, 51%, and 148%
after the treatment with the GL extract, respectively. How-
ever, the GL extract had no effect on the Dox-induced Bax/
Bcl-2 ratio.

3.6. Effect of AR and GL Extracts on Dox-Induced ROS
Generation in H9c2 Cells. Intracellular and mitochondrial
ROS accumulation in H9c2 cells were evaluated as shown
by staining with DCFDA and MitoSOX fluorescence dyes.
The fluorescence signals were detected by confocal micros-
copy and flow cytometry. The AR and GL extracts showed
no effects on intracellular ROS (green fluorescence) or mito-
chondrial ROS (red fluorescence) generation in H9c2 cells
(Figures 4(a)–4(d)). Intracellular ROS generation in H9c2
cells was stimulated to 162% and 466% by Dox (0.5μM) as
determined by confocal microscopy and flow cytometry,
respectively (Figures 4(e) and 4(f)). Similarly, mitochondrial
ROS generation in H9c2 cells was elevated to 125% and 89%
by Dox (0.5μM) as determined by confocal microscopy and
flow cytometry, respectively (Figures 4(g) and 4(h)). The
effect of Dox on intracellular and mitochondrial ROS gener-
ation was abolished by the AR extract but not the GL extract
(Figures 4(e)–4(h)).

3.7. Effect of AR and GL Extracts on Akt/mTOR and Nrf2/
HO-1 Signaling Pathways in H9c2 Cells. The Akt/mTOR
and Nrf2/HO-1 signaling pathways play vital roles not only

in maintaining cardiomyocyte survival but also in the
regulation of cardiomyocyte apoptosis. The expression
levels of phospho-Akt, Nrf2, and HO-1 in H9c2 cells were
significantly increased by the AR and GL extracts, whereas
phospho-mTOR and Keap1 were not affected
(Figure 5(a)). Notably, a 24 h treatment with Dox
(0.5μM) inhibited the ratio of p-Akt/Akt, p-mTOR/TOR,
Nrf2, and HO-1 by 27%, 75%, 79%, and 67%, respectively,
but significantly elevated Keap1 expression by 257% in
H9c2 cells (Figures 5(b)–5(f)). After treatment with the
AR extract, the ratio of p-Akt/Akt was not decreased,
while the ratio of p-mTOR/mTOR and the expression of
Nrf2 and HO-1 in Dox-treated cells were decreased by
52%, 28%, and 25%, respectively. In addition, Dox-
induced Keap1 expression was increased by 58% after
treatment with the AR extract. After treatment with the
GL extract, the p-Akt/Akt ratio was not reduced, and
Keap1 expression in the Dox-treated H9c2 cells was
increased to 65%. No effect of the GL extract on the ratio
of p-mTOR/mTOR and expression of Nrf2 and HO-1 was
observed (Figures 5(b)–5(f)). Furthermore, protein expres-
sion of Nrf2 in the cytosol of H9c2 cells was dose-
dependently decreased by the AR extract whereas the pro-
tein expression of Nrf2 in the nucleus was significantly
elevated by the AR extract (Figures 5(g)–5(h)).

3.8. Effect of Nrf2 Knockdown on the Protective Effect of AR
Extract against Dox-Induced Toxicity in H9c2 Cells. To fur-
ther investigate the role of Nrf2 in the cardioprotective
effects of AR extract against Dox-induced cardiotoxicity,
Nrf2 expression was knocked down in H9c2 cells using
siRNA transfection, and the protective effects of the AR
extract were then examined. In comparison with the
scramble siRNA-transfected cells, a mild decrease in cell via-
bility and a slight increase in LDH release were observed in
Nrf2 siRNA-transfected cells following Dox treatment
(Figures 6(a) and 6(b)). AR extract (1mg/mL) could alleviate
Dox-induced cytotoxicity in the scramble siRNA-transfected
cells, but it had no effect on Nrf2 siRNA-transfected H9c2s
(Figures 6(a) and 6(b)). Similarly, knockdown of Nrf2
increased Dox-induced ROS generation and apoptosis in
H9c2 cells (Figures 6(c) to 6(f)). AR could inhibit Dox-
induced ROS generation and apoptosis in the scramble
siRNA-transfected but not in Nrf2 siRNA-transfected cells
(Figures 6(c) to 6(f)).

Table 1: Analysis of chemical content in AR and GL extracts.

Sample Polysaccharides (mg GE/g) Triterpenes (mg OA/g) Phenols (mg GAE/g) Proteins (mg BSA/g)

AR 42:45 ± 2:88 6:10 ± 0:02 6:60 ± 0:13 212:01 ± 8:29
GL 33:48 ± 2:97 4:42 ± 0:134 3:68 ± 0:21 160:02 ± 4:95

Table 2: HPLC analysis of the major components found in AR and GL extracts.

Sample Ganoderic acid A (μg/g) Ganoderic acid G (μg/g) Lucidenic acid A (μg/g) Ergosterol (μg/g)

AR 9.39 12.20 15.69 1477.68

GL 41.73 Undetected 51.21 1070.23
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Figure 1: Continued.
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3.9. Effect of AR and GL Extracts on Protecting Dox-Induced
Cardiotoxicity in Mice. A mouse model of Dox-induced car-
diotoxicity was used to further investigate the cardioprotec-
tive effects of AR in vivo. A cumulative Dox dose of 25mg/
kg was injected into mice to induce cardiotoxicity. Dox
induced a reduction in mouse body weight and an increase
in the heart weight/body weight ratio (Figures 7(a) and
7(b)). The AR extract (250mg/kg) alleviated the body weight
loss and the increase in heart weight/body weight ratio in
mice (Figures 7(a) and 7(b)). Additionally, the AR extract
significantly prolonged the survival rate of Dox-treated mice
(Figure 7(c)). Mouse cardiac functions were also evaluated
using echocardiography (Figure 7(d)). Severe cardiac dys-
function was observed in the hearts of Dox-treated mice,
with LVFS and LVEF decreased by 42% and 29%, respec-
tively. Dox-induced cardiac dysfunction was markedly res-
cued by the AR extract, but not the GL extract. After
treatment with the AR extract, LVFS and LVEF in Dox-

treated mice were decreased by 8% and 5%, respectively
(Figures 7(e) and 7(f)).

Next, myocardial injury was evaluated by analyzing car-
diac damage markers, including LDH and CK. Dox treat-
ment significantly increased the serum levels of LDH and
CK in mice, and these effects were markedly reduced by
the AR extract but not the GL extract (Figures 7(g) and
7(h)). MDA, SOD, GSH, and CAT levels in the heart tissues
were also examined, and we found that MDA levels were ele-
vated by Dox, whereas the increased MDA levels were signif-
icantly suppressed by the AR extract (Figure 7(i)). Moreover,
SOD activity in the heart was slightly decreased by Dox but
significantly elevated after treatment with the AR extract
(Figure 7(j)). Furthermore, GSH and CAT activities in the
heart were significantly inhibited by Dox, and this inhibition
was abolished by AR treatment (Figures 7(k) and 7(m)).
Although GL treatment slightly decreased MDA levels
and increased SOD, GSH, and CAT activities in Dox-
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Figure 1: Effect of AR and GL extracts on Dox-induced toxicity and mitochondrial dysfunction in H9c2 cells and the anticancer effect of
Dox. H9c2 cells were pretreated with various concentrations of AR or GL extracts (0.125–2mg/mL) for 12 h and then received a 0.5 μMDox
treatment for a further 24 h. Cell viability and LDH release in H9c2 cells were examined by (a) MTT and (b) LDH assays. (c) Mitochondrial
oxygen consumption rate (OCR) was monitored using a Seahorse metabolic analyzer. H9c2 cell response after addition of 1 μM oligomycin
(Oligo), 5μM FCCP, and 1 μM rotenone plus 1μM antimycin (R + A) were recorded. (d) Basal respiration, (e) ATP-linked respiration, (f)
maximal respiration, and (g) spare respiratory capacity in H9c2 cells were quantified. (h) MDA-MB-231 and (i) MCF-7 human breast
cancer cells were treated with various concentrations of Dox (0–1 μM) in the absence or presence of AR or GL (1mg/mL) extracts for
48 h. Cell viability was measured using MTT assay, and data are presented as percentage of control group values (mean ± SD of three
independent experiments). ∗p < 0:05 indicates a statistically significant difference.
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Figure 2: Continued.
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treated mice, the difference was not statistically significant.
Western blot results for mouse heart tissues showed that
the ratio of phosphor-Akt/Akt and expression levels of
Nrf2 and HO-1 were decreased by Dox 58%, 48%, and
50%, whereas the Bax/Bcl-2 ratio and cleaved caspase-3/
caspase-3 ratio were elevated by Dox to 643% and 204%,
respectively, in the mouse heart tissues (Figure 7(l)). With
AR extract treatment, the ratio of p-Akt/Akt and the
expression of HO-1 could not be reduced, and the expres-
sion of Nrf2 could only be decreased by 23%
(Figures 7(n)–7(p)). Moreover, the ratio of Bax/Bcl-2 and
cleaved caspase-3/caspase-3 could only be increased by
230% and 14%, respectively (Figures 7(q) and 7(r)).

In addition, tissue morphology, ROS accumulation, apo-
ptosis, and expression levels of Nrf2 and HO-1 in the mouse
heart were examined using histological analyses. Cardiotoxi-
city was demonstrated in the Dox-treated mice based on the
observation of fewer cardiomyocytes in the cardiac tissues
and an increase in nuclear chromatin condensation in these
cells (Figure 8(a)). Cardiotoxicity was reduced by the AR
extract, but not the GL extract (Figure 8(a)). Dox also
induced ROS accumulation and apoptosis in mouse hearts
as the positive DHE and TUNEL signals were drastically
increased (Figures 8(b) and 8(c)). The expression of Nrf2
and HO-1 in mouse hearts was also suppressed by Dox
(Figures 8(d) and 8(e)). However, all the above effects
induced by Dox could be reversed by the AR extract, but
not the GL extract (Figures 8(f)–8(i)).

4. Discussion

Oxidative stress is considered to be one of the main causes of
Dox-induced cardiac injury [23] as an imbalance between
ROS and antioxidants can lead to oxidative stress [24, 25].
Sustained oxidative stress caused by Dox can reduce the
mitochondrial membrane potential, which induces mito-
chondrial dysfunction and cell apoptosis and ultimately
leads to cardiomyocyte damage [26]. Although the pharma-
cological effects of AR have rarely been investigated, AR
extracts have been shown to inhibit oxidants and proinflam-
matory mediators such as TNF-α and nitric oxide in LPS-
stimulated RAW264.7 cells [27, 28]. Moreover, AR extracts
showed potential antioxidant and antiatherosclerotic effects
in in vivo models by inhibiting low-density lipoprotein
(LDL) level, LDL peroxidation, and 3-hydroxy3-methylglu-
taryl-coenzyme A (HMG-CoA) reductase catalytic activity
[29]. Furthermore, a recent study indicated that ethanol
extract of AR showed potential gastroprotective effects in
rat gastric ulcer models by suppressing inflammation
through the inhibition of NF-κB and NLRP3 gene expres-
sion [30]. Our previous study has also demonstrated that
AR possessed a remarkable ability to remove ROS and
exhibited promising neuroprotective effects in PC12 cells
by reducing 6-OHDA-induced oxidative stress, mitochon-
drial dysfunction, and apoptosis [18]. Although the above
studies have suggested an antioxidant property of AR, and
heart is well-known to be vulnerable to oxidative stress, the
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Figure 2: Effect of AR and GL extracts on Dox-induced loss of mitochondrial membrane potential and apoptosis in H9c2 cells. H9c2 cells
were pretreated with 1mg/mL of AR or GL extract or vehicle (control) for 12 h and then treated with or without 0.5 μM Dox for 24 h. (a)
Mitochondrial membrane potential in H9c2 cells was then detected using fluorescence microscopy after JC-1 staining. Red and green
fluorescence signals indicated JC-1 aggregates (which refers to the loss of mitochondrial membrane potential) and monomers,
respectively. Scale bar: 100μm. (b) Flow cytometry analysis of mitochondrial membrane potential in H9c2 cells after JC-1 staining. The
mitochondrial membrane potential in (e) microscopy images and (f) flow cytometry was quantified. (c) Apoptotic cells were detected by
DAPI/phalloidin-FITC double staining. Blue and green signals show nuclei and cytoskeleton of H9c2 cells. White arrows indicate
apoptotic cells, and the number of apoptotic cells was counted. Scale bar: 100μm. (d) Cells were double stained by annexin V-FITC and
PI for 20min and then analyzed using flow cytometry. The number of apoptotic cells in microscopy images (g) and flow cytometry (h)
was quantified. Data are presented as percentage of control group values (mean ± SD of three independent experiments). ∗p < 0:05
indicates a statistically significant difference.
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Figure 3: Effect of AR and GL extracts on Dox-induced expression of proapoptotic proteins in H9c2 cells. H9c2 cells were pretreated with
1mg/mL of AR or GL extract or vehicle (control) for 12 h and then treated with or without Dox (0.5 μM) for 24 h. Protein expression levels
of PARP, cleaved-PARP, caspase-3, cleaved caspase-3, caspase-9, cleaved caspase-9, Bax, Bcl-2, and β-actin were examined using western
blot analysis. (a) Representative blots. (b–d) Quantitative analysis of the ratios of protein expression level of (b) cleaved PARP/PARP, (c)
cleaved caspase-3/caspase-3, (d) cleaved caspase-9/caspase-9, and (e) Bax/Bcl-2. Data are presented as percentage of control group values
(mean ± SD of three independent experiments). ∗p < 0:05 indicates a statistically significant difference.
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effect of AR on heart has not hitherto been explored. The
present study is aimed at filling this research gap, and to
our knowledge, we are the first to report that the AR extract
could rescue cardiomyocytes from Dox-induced cell death
by reducing Dox-induced oxidative stress, mitochondrial
dysfunction, and apoptosis.

In terms of the mechanism of cardioprotective action, our
results showed that the AR extract may activate the Akt/
mTOR signaling pathway, which is known to play a vital reg-
ulatory role in cardiomyocyte survival [31]. Phosphorylation
of Akt and mTOR was inhibited by Dox in H9c2 cells, but this
inhibition could be restored by AR treatment. Moreover, Dox-
induced expression of proapoptotic proteins, such as cleaved-
PARP, cleaved caspase-3, cleaved caspase-9, and Bax, could be
suppressed by the AR extract. Previous studies have also
reported that Dox-induced cardiotoxicity is likely due to the
downregulation of the Nrf2/HO-1 signaling pathway [11].
Consistently, our results showed that Dox suppressed the
expression of Nrf2 and HO-1 in H9c2 cells and mouse heart

tissues, and this downregulation of Nrf2 and HO-1 could be
significantly restored by the AR extract. Furthermore, AR also
promoted the translocation of Nrf2 from the cytoplasm into
nucleus. In addition, the cardioprotective effects of the AR
extract against Dox-induced cardiotoxicity was abolished
when Nrf2 was knocked down by siRNA. Taken together,
our findings suggested that the cardioprotective effect of the
AR extract may be related to the activation of both Akt/mTOR
and Nrf2/HO-1-mediated mechanisms. Both the Akt/mTOR
and Nrf2/HO-1 signaling pathways play important roles in
the regulation of cell survival and antioxidative responses in
cardiomyocytes [31, 32] and disruption of the Akt/mTOR or
Nrf2/HO-1 signaling pathway can induce apoptosis in cardio-
myocytes [31, 33]. Interestingly, previous studies have indi-
cated that Akt is the upstream regulator of the Nrf2/HO-1
pathway [34, 35]. Therefore, there should be connection of
abnormal expression of different proteins between the Akt/
mTOR and Nrf2/HO-1 signaling pathways, which is worth
to studying in the future.
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Figure 5: Effect of AR and GL extracts on the Akt/mTOR and Nrf2/HO-1 signaling pathways in H9c2 cells. H9c2 cells were pretreated with
1mg/mL of AR or GL extract or vehicle (control) for 12 h and then treated with or without 0.5 μMDox for 24 h. (a) Protein expression levels
of p-Akt, Akt, p-mTOR, mTOR, total Nrf2, Keap1, HO-1, and β-actin were examined using western blot analysis. (b)–(f) Quantitative
analysis of protein expression levels. (g) H9c2 cells were pretreated with 0.5 and 1mg/mL of AR for 12 h, and the protein expression
levels of Nrf2 in the nucleus and cytosol were examined by western blot analysis. (h) Quantitative analysis of nuclear and cytosolic Nrf2
expression levels. Data are presented as percentage of control group (mean ± SD of three independent experiments). ∗p < 0:05 indicates a
statistically significant difference.
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An interesting finding from our study relates to the com-
parison of cardioprotective effects between the GL and AR
water extracts. Previous studies have reported the cardiopro-
tective effects of GL against Dox-induced cardiotoxicity [16,
17], and the present results showed that AR exhibited a
greater effect than GL at inhibiting Dox-induced oxidative
stress, mitochondrial dysfunction, and cell apoptosis in
H9c2 cells. In our animal studies, the AR extract signifi-
cantly protected the mice from Dox-induced body weight
loss, reduced survival rate, and cardiac dysfunction. In our
biochemical analyses, the AR extract significantly reversed
Dox-induced upregulation of LDH, CK, and MDA levels
but downregulated SOD, GSH, and CAT activities. Similarly,
in the western blot analysis, the AR extract significantly res-
cued p-Akt, Nrf2, and HO-1 expression and significantly
abolished ROS generation, apoptosis, and proapoptotic pro-
tein expression the heart tissue. However, all these protective
effects were not observed in GL-treated mice.

The differences in the chemical constituent of AR and
GL may provide some hint as to why AR exhibits superior
protective effects on Dox-induced cardiotoxicity. A wide
variety of constituents, including glycoproteins, polysaccha-
rides, triterpenoids, meroterpenoids, sesquiterpenoids, ste-
roids, alkaloids, benzopyran derivatives, and benzoic acid
derivatives, have been found in GL [36]. Among them, poly-
saccharides are the most abundant component in the water
extract [37]. They contribute to the major biological activi-
ties and therapeutic effects of GL [38]. It has been reported
that GL polysaccharides alleviate Dox-induced cardiotoxi-
city by reversing Dox-induced cardiomyocyte death, apopto-
sis, oxidative stress, and proinflammatory cytokine
production [17]. Moreover, GL polysaccharides stabilize
Nrf2 expression by suppressing Gul3-mediated K48-linked
polyubiquitination of Nrf2, leading to HO-1 activation and

inhibition of the NF-κB signaling pathway [17]. In contrast
to these studies, the present results showed that the GL
extract was not particularly effective in alleviating Dox-
induced cardiotoxicity. This was likely due to the insufficient
content of polysaccharides in the water extract. The present
data showed that the polysaccharide concentration was
equivalent to 33.5μg/mL and 42.5μg/mL in the GL and
AR extracts (1mg/mL), respectively. The polysaccharide
concentration in the GL extract was lower than the effective
dose of polysaccharides (i.e., 50μg/mL) used in a previous
study [17]. Another possibility for the increased potency of
the AR extract on cardioprotection may be due to the higher
content of triterpenes, phenols, and ergosterol, which are
known antioxidants [26]. Interestingly, ganoderic acid G
was found in the AR extract but not in the GL extract, and
the biological activity of ganoderic acid G has rarely been
studied and thus its contribution to cardioprotection war-
rants further investigation.

In clinical practice, there are two main strategies used to
reduce Dox-induced cardiotoxicity: structural modification
of Dox using chemical and pharmaceutical methods and
pharmacological approaches using drug combinations [26].
Currently, drugs that have been approved for the prevention
of Dox-induced cardiotoxicity are rare. Dexrazoxane is the
only such cardioprotective agent approved by the U.S. Food
and Drug Administration and the European Medicines
Agency (EMA) [39]. However, some severe deficiencies have
led to restrictions on the use of dexrazoxane in the U.S. and
some European countries [40]. As emerging evidence has
suggested that dexrazoxane may significantly decrease the
response rate of patients with advanced breast cancer receiv-
ing Dox treatment [41]. Moreover, dexrazoxane has carcino-
genic potential, and its use shows an increased risk of
developing acute myeloid leukemia and myelodysplastic
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Figure 6: Effect of Nrf2 knockdown on the protective effect of AR extract against Dox-induced toxicity in H9c2 cells. The H9c2 cells were
transfected with scramble siRNA or siRNA against Nrf2 and pretreated with AR extract (1mg/mL) or vehicle control (0.1% DMSO) for 12 h
and then received a 0.5 μM Dox treatment for an additional 24 h. Cell viability and LDH levels in the transfected H9c2 cells were examined
by (a) MTT and (b) LDH assays. (c) Intracellular ROS generation in H9c2 cells was detected by flow cytometry after CM-H2DCFDA
staining. (d) Cell apoptosis in H9c2 cells was detected using flow cytometry after annexin V-FITC and PI double staining. Quantitative
analysis of (e) intracellular ROS levels and (f) apoptosis in transfected H9c2 cells. Data are presented as percentage of control group
values (mean ± SD of three independent experiments). ∗p < 0:05 indicates a statistically significant difference and n.s. means not significant.
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Figure 7: Continued.
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syndrome [42]. Hence, dexrazoxane is contraindicated in
children in Europe, and the EMA recommends that the
use of dexrazoxane should be restricted in adult patients
with advanced or metastatic breast cancer with a high risk
of heart failure due to previous receipt of a high cumulative
dose of Dox.

Discovery and development of novel drugs that can pre-
vent Dox-induced cardiotoxicity will be of great value in
clinical practice. Accumulating evidence has suggested that
some natural products, including resveratrol [43],
epigallocatechin-3-gallate [44], tanshinone IIA [45], and car-
damonin [46], exhibit a remarkable ability to reduce Dox-
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Figure 7: Effect of AR and GL extracts on Dox-induced cardiotoxicity in mice. Mice received AR (250mg/kg) or GL (250mg/kg) by oral
gavage for 28 consecutive days. From day 13, the mice received intraperitoneal injection of Dox (5mg/kg) every 3 days until a
cumulative 25-mg/kg dose of Dox was reached that induced cardiotoxicity. Mice receiving vehicle (instead of AR or GL extract) and
saline (instead of Dox) served as the control group. (a) Body weight was monitored every other day during the experimental period. (b)
The ratio of heart weight to body weight was determined at the end of the experiment. (c) Kaplan-Meier survival curves for each group
(n = 8) were monitored during the experiment. Statistical differences (p < 0:01) were calculated using the log-rank test. (d) Cardiac
function in mice was evaluated as shown by echocardiography. Quantitative analysis of (e) left ventricular fractional shortening (LVFS)
and (f) left ventricular ejection fraction (LVEF). (g) LDH and (h) CK activity in mouse serum was measured and quantified. (i) MDA,
(j) SOD, (k) GSH, and (m) CAT levels in heart tissues were quantified. (l) Expression levels of p-Akt, Akt, total Nrf2, HO-1, Bax, Bcl-2,
caspase-3, cleaved caspase-3, and GAPDH (as internal reference) in heart tissues were detected using western blot analysis. Quantitative
analysis of the ratio of protein expression of (n) p-Akt/Akt, (o) Nrf2/GAPDH, (p) HO-1/GAPDH, (q) Bax/Bcl-2, and (r) cleaved caspase
3/caspase-3. Data are presented as percentage of control group values (mean ± SD of three independent experiments). ∗p < 0:05 indicates
a statistically significant difference.
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Figure 8: Histological analysis of heart tissues in the mouse model. Heart tissue samples (n = 8) were fixed with 4% (v/v) formaldehyde and
cut into 6 μm sections. (a) Sections were stained with hematoxylin and eosin to evaluate tissue architecture. Black arrows indicate lesions in
the heart tissues. Sections were also stained with (b) DHE and (c) TUNEL to investigate ROS accumulation and apoptosis in heart cells,
respectively. Sections were labeled with (d) anti-Nrf2 and (e) anti-HO-1 antibodies to evaluate oxidative stress in heart tissues. Red and
green signals represent positive signals. Blue signals indicate cell nuclei inside the heart tissues. Scale bar: 100 μm. Quantitative analysis
of (f) DHE, (g) TUNEL, (h) Nrf2, and (i) HO-1 signals in heart tissues. Data are presented as the percentage of control (saline) group
(mean ± SD of three independent experiments). ∗p < 0:05 indicates a statistically significant difference.
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induced cardiotoxicity. In addition, herbal extracts, includ-
ing GL [17], Ginkgo biloba [47], and Glycyrrhiza uralensis
[48], have also been demonstrated to possess significant car-
dioprotective effects against Dox-induced toxicity in vitro
and in vivo. The present study demonstrated that AR extract
not only enhanced the anticancer effects of Dox in breast
cancer cells but also showed remarkable cardioprotective
effects against Dox-induced cardiotoxicity. Therefore, fur-
ther study on the potential application of AR or its active
ingredients in chemotherapy is of great value.

5. Conclusions

In conclusion, the present study demonstrated that AR
extract potentiated the cancer effect of Dox and was also a
promising protective agent against Dox-induced cardiotoxi-
city by reducing oxidative stress, mitochondrial dysfunction,
and cell apoptosis. The underlying mechanisms for this
effect may involve the rescue of the Akt/mTOR and Nrf2/
HO-1 signaling pathways. The cardioprotective activity of
the AR extract was greater than that of the GL extract, and
this was likely due to its higher polysaccharide, triterpene,
polyphenol, ganoderic acid G, and ergosterol content. These
findings provided valuable information for the future devel-
opment of AR extracts and their active ingredients for use as
a potential adjunct for Dox-based chemotherapy.
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Cerebral infarct penumbra due to hypoxia and toxin accumulation is not conducive to the transplantation of neural stem cells
(NSCs), although mild hypothermia can improve the local microenvironment of the ischemic penumbra and exert
neuroprotective effects. However, insufficient understanding of the molecular mechanism by which mild hypothermia protects
the brain limits widespread clinical application. This study evaluated the molecular mechanism of mild hypothermia-induced
brain protection from the perspective of global protein small ubiquitin-like modifier (SUMO) modification, with the aim of
improving NSC transplant survival rates in the penumbra to enhance neurological function. NSCs from neonatal rats were
extracted to detect the effects of hypoxia and mild hypothermia on SUMOylation modification levels, cell stemness, and
hypoxia-induced injury. Overexpression and knockdown of UBC9 in NSCs were used to evaluate their ability to maintain
stemness and withstand hypoxic injury. Finally, a rat middle cerebral artery occlusion (MCAO) model was used to verify the
effect of mild hypothermia treatment and UBC9 overexpression on neural function of NSCs following penumbra
transplantation in rats. Results showed that hypoxia and mild hypothermia promoted both the SUMOylation modification and
maintenance of NSC stemness. Overexpression of UBC9 enhanced the abilities of NSCs to maintain stemness and resist
hypoxic injury, while UBC9 knockdown had the opposite effect. Following transplantation into the ischemic penumbra of
MCAO model rats, mild hypothermia and Ubc9-overexpressing NSCs significantly reduced cerebral infarct areas and improved
neurological function. In conclusion, this study demonstrated that global protein SUMOylation is an important molecular
mechanism for NSCs to tolerate hypoxia, and mild hypothermia can further increase the degree of global SUMOylation to
enhance the hypoxia tolerance of NSCs, which increases their survival during transplantation in situ and ability to perform
nerve repair in the penumbra of cerebral infarction.

1. Introduction

China ranks first in the world for the number of people
experiencing stroke and, with the advent of an aging popula-
tion, this trend is increasing annually [1–3]. According to
reports, the prevalence of ischemic stroke in China was
1981 per 100,000 in 2017, with a mortality rate of 149 per

100,000 [2], thus imposing a heavy burden on families and
society. Current treatment measures for cerebral infarction
involve basic support and monitoring, dehydration to reduce
intracranial pressure, anticoagulation, scavenging of free
radicals, and nourishing nerves in an attempt to prevent
complications and reduce mortality [4, 5]; however, the effi-
cacy of all these methods remains uncertain. Therefore, in
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clinical practice, the implementation of an effective treat-
ment plan is particularly important for improving the sur-
vival of patients and their quality of life.

In recent years, NSCs have yielded high hopes for the
treatment of stroke, especially ischemic cerebrovascular dis-
ease [6]. Theoretically, NSCs transplanted into the penum-
bra at the edge of cerebral infarction will proliferate for a
few generations and then differentiate to supplement neu-
rons and glial cells, thereby repairing damage and improving
nerve function. However, in fact, the penumbra microenvi-
ronment exhibits severe hypoxia and accumulation of large
amounts of toxic substances that are extremely unfavorable
for the local survival of transplanted NSCs, which severely
limits their application. Therefore, improving the survival
of transplanted NSCs in the penumbra is key for the treat-
ment of ischemic cerebrovascular disease.

Nowadays, the application of mild hypothermia for
brain protection has attracted increasing attention and grad-
ually been implemented in clinical practice. A large number of
international trials have confirmed the effectiveness and prac-
ticability of mild hypothermia in clinical applications, which
can reduce the mortality rate and effectively improve the
quality-of-life of patients with ischemic cerebrovascular dis-
ease [7–9]. However, as most reports only describe the clinical
efficacy and methods of mild hypothermia treatment, the
exact mechanism of its action has not been clarified. This
restricts its wide acceptance by doctors and, to a certain extent,
widespread promotion in clinical practice. Therefore, it is nec-
essary to have a deeper and comprehensive understanding of
the molecular mechanism by which mild hypothermia pro-
tects the brain to help doctors provide more precise treatment
plans for patients with cerebral ischemia.

Small ubiquitin-like modifier- (SUMO-) mediated
SUMOylation, a form of posttranslational modification of
proteins, is used by cells to respond to external stress and
adapt to changes in the internal environment [10]. SUMO
modification of proteins requires the cascade reaction of
SUMO activating enzyme (E1), conjugating enzyme (E2
and UBC9), and ligase enzyme (E3) [11–13]. Neurons can
reportedly antagonize the adverse microenvironment of hyp-
oxia by increasing global SUMOylation of a large number of
proteins, such as hypoxia-inducible factor 1α (HIF-1α), and
mild hypothermia can further increase global SUMOylation
in neurons [14–16]. Indeed, this enriches the molecular
mechanism underlying mild hypothermia-induced brain
protection to a certain extent. At present, no reports describe
the effects of hypoxia and mild hypothermia on protein
SUMOylation in neural stem cells (NSCs). Moreover, it is
unknown whether transplantation of NSCs overexpressing
SUMO into the edge of a cerebral infarction, with or without
mild hypothermia, can increase the survival rate of NSC
grafts and improve prognosis.

Therefore, this study investigated the effects of hypoxia
and mild hypothermia on global SUMOylation of NSCs, as
well as their proliferation, differentiation, and hypoxia toler-
ance. We also transplanted NSCs overexpressing UBC9 into
the cerebral ischemic penumbra of a rat middle cerebral
artery occlusion (MCAO) model to evaluate their survival
in vivo, as well as effects on the neurological functions of

rats. In summary, the results show that mild hypothermia
can promote the ischemic tolerance and survival of NSC
grafts by enhancing global SUMOylation and improve the
neurological function of rats. These conclusions identify a
molecular mechanism supporting the brain protection elic-
ited by mild hypothermia and provide a guide for increasing
the survival of NSC grafts to improve the prognosis of
patients with cerebral infarction.

2. Materials and Methods

The research conforms to NIH (2011) Guide for the Care
and Use of Laboratory Animals (8th Edition, Institute for
Laboratory Animal Research, Division on Earth and Life
Studies, National Research Council of the National Acade-
mies Press).

2.1. Experimental Rats. Total number of 60 12-week-old
male and 5 new-born (within 1 day) female Sprague-
Dawley rats were purchased from SPF Biotechnology Co.,
Ltd. (Beijing, China). These rats were housed in the Animal
Experimental Center of the Fifth Central Hospital of Tianjin
(Tianjin, China) with 50% ± 5% humidity and 20–25°C
ambient.

2.2. NSC Culture and Treatment. Rat NSCs were isolated and
extracted from the hippocampus of new-born rats (within 1
day) under sterile conditions, digested with 0.05% trypsin
for 15 minutes, and carefully pipetted with a dropper to
form a single cell suspension at 1000 r/min. Trypsin was
removed after centrifugation for 5min. Neural stem cells
were cultured in rat neural stem cell culture medium (Cya-
gen Biosciences, Suzhou, China). After 5-7 days of culture,
the neurospheres were dissociated into single cell suspen-
sions by mechanical separation for subculture, and the cells
were seeded at a density of 2 × 105 cells/. Cells of neuro-
spheres were confirmed to be NSCs and propagated for 2
passages to obtain enough NSCs for experiments. Cultures
maintained at 37°C and 5% CO2 in an incubator were
recorded as the control group (Con). Hypoxia was per-
formed by placing NSCs in 1% O2, 94% N2, 5% CO2, bal-
anced nitrogen, and 95% humidity for 12 h (designated as
H 12h). For the mild hypothermia group, incubators were
set at 33°C (designated as 33°C). All the experiments were
carried out after a subsequent 48 h of culture under normal
conditions.

2.3. Small Interfering RNA and Gene Transfection. For UBC9
knockdown, UBC9 siRNA (sc-36774) and nonsilencing con-
trol siRNA were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA, designated as siUBC9 and Con groups).
Rat UBC9 cDNA was subcloned into the mammalian
expression plasmid pcDNA3.1 (Life Technologies, Waltham,
MA, USA), which containing a FLAG tag at the C-terminus
(designated as UBC9 or NSC UBC9). siRNA and plasmids
were electroporated into NSCs with a Nucleofector instru-
ment (Lonza, Basel, Switzerland). UBC9-transfected NSCs
were screened with neomycin (Sigma St. Louis, MO, USA).
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2.4. Lactate Dehydrogenase (LDH) Detection, Flow Cytometry,
and ECARDetection.NSCs were collected by centrifugation of
100∗ g for 5min. LDH content in conditioned medium was
detected using enzyme-linked immunosorbent assay (ELISA),
based on the LDH Activity Assay Kit (Yuanmu Biotechnology
Co., Ltd., Shanghai, China) and tested according to the prod-
uct instructions. The percentage of apoptotic NSCs was deter-
mined by flow cytometry assay. After treatments, NSCs were
harvested, washed, and then stained with fluorescein isothio-
cyanate- (FITC-) labeled annexin V and propidium iodide
(PI) (Beyotime Biotechnology, Shanghai, China) in dark place
for 5min. After washing for 3 times with phosphate-buffered
saline (PBS), percentages of apoptotic were quantified by flow
cytometry (NovoCyte D2040R; Hangzhou, China). In addi-
tion, the extracellular acidification rates (ECAR) were detected
using a Seahorse XF 96 Extracellular Flux Analyzer (Agilent
Technologies, Santa Clara, CA, USA) according to instrument
description.

2.5. Western Blot Analysis Assay. After extraction of pro-
tein from NSCs, the protein concentrations were deter-
mined by bicinchoninic acid assay (Thermo Fisher
Scientific, Waltham, MA). Twenty micrograms protein of
each sample in an equal volume was electrophoresed on
10%–12% polyacrylamide gels, before transfer onto a polyvi-
nylidene fluoride membrane. After blocking the membrane
in skim milk for 1 h, antibodies against SUMO1 (ab133352,
1 : 1000; Abcam, Cambridge, UK), SUMO2/3 (ab3742,
1 : 1000), UBC9 (ab75854, 1 : 1000), Oct4 (ab181557,
1 : 1000), SOX2 (ab92494, 1 : 1000), caspase-3 (ab184787,
1 : 1000), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; ab9485, 1 : 1000) were incubated overnight at
4°C. Then, the membranes were washed five times with
TBST, followed by incubation with horseradish peroxidase-
conjugated goat anti-rabbit IgG (111-035-003; 1 : 2,000; Jack-
son Immuno Research Laboratories, Inc., West Grove, PA,
USA) antibody for 1 h at room temperature. GAPDH was
used as internal control. Finally, membranes were exposed
using ECL Plus substrate (Thermo Fisher Scientific, Wal-
tham, MA). Data were evaluated by image analysis software
(ImageJ version 1.48; National Institutes of Health, Bethesda,
MD, USA).

2.6. Cell and Tissue Immunofluorescence. NSCs were
mechanically dispersed and seeded on poly-L-lysine-coated
coverslips in a 48-well cell culture plate. After being exposed
to 4% paraformaldehyde for 15min, NSCs were permeabilized
with 0.2% Triton X-100 for 20min and blocked with PBS con-
taining 5% goat serum for another 30min. Coverslips were
incubated with antibodies against nestin (ab237036, 1 : 500)
or Neuron-Specific Enolase (NSE; ab79757, 1 : 500) and Glial
Fibrillary Acidic Protein (GFAP; ab279290, 1 : 500) overnight
at 4°C. After washing for 4 times, mixtures of goat anti-
mouse IgG H&L (AlexaFluor®488, ab150113, 1 : 200, Abcam)
or goat anti-rabbit IgG H&L (AlexaFluor®594, ab150080,
1 : 200, Abcam) were dropped onto the coverslips. At last,
nuclei were stained with 4′,6-diamidino-2-phenylindole
(DAPI; Zhongshanjinqiao, Beijing, China) for 10min. Images
were acquired by a fluorescence microscope (Carl Zeiss, Ober-

kochen, Germany). For paraffin sections of rat brain tissues,
the fixation, dehydration, embedding, sectioning, and dewax-
ing steps were added.

2.7. Establishment of Rat MCAO Models. A total number of
60 adult male Sprague-Dawley rats were randomly divided
into 5 groups. During the operation, a small-animal ventila-
tor (Shanghai Yuyan Instruments Co., Ltd., Shanghai,
China) was used to maintain animals’ respiration, and body
temperature was monitored by a rectal temperature control.
Making a 1 cm longitudinal incision between rat sternum
and mandible, then left common carotid artery was isolated,
and we found out the external carotid and internal carotid
arteries under a stereo microscope (Olympus Corporation,
Tokyo, Japan). Next, we ligated the distal heart end of the
external carotid artery and the proximal heart end of the
carotid artery, and a modified nylon thread (with 0.23mm
head diameter and 0.18mm trunk diameter) was inserted
from the carotid artery to the middle cerebral artery
(~12.0mm deep) and fixed with surgical line.

2.8. Mild Hypothermic Treatment. Rats which underwent
surgery without thread insertion were defined as the “sham
operation” group. NSCs or UBC9 NSCs were transplanted
to the ischemic penumbra after the establishment of MCAO
models as reported in literatures [17, 18]. To make mild
hypothermia, MCAO rats injected with NSCs were placed
on an insulation blanket (Shanghai Yuyan Instruments),
and a rectal temperature monitor was to keep body temper-
ature at 32 to 34°C for 12h. Rats were then removed from
blanket and gradually recovered to normal body tempera-
ture. After removal, some models’ brains were stripped and
sliced then incubated in 1% 2,3,5-triphenyl-2H-tetrazolium
chloride (TTC, Sigma-Aldrich, St. Louis, MO) for 20min
at 37°C to distinguish the infarct area (white) and the unin-
farct area (pink and red). Sections were fixed with 4% para-
formaldehyde for 2 h to distinguish stained from unstained
areas. The infarcted and uninfarcted areas were analyzed
by ImageJ software (National Institutes of Health, Bethesda,
MD), and percentages of infarct were calculated as ðinfarct
areaÞ/ðarea of the whole brain sliceÞ × 100%. Brain tissues
under the same conditions should be collected for paraffin
section and immunofluorescence staining assay as described
in Section 2.6.

2.9. Neural Function Analysis. Animals recovered from
MCAO for 1, 4, 7, 14, 21, or 28 days before assess neurolog-
ical functions by modified Neurological Severity Scores
(mNSS) [19, 20]. The mNSS consisted of balance, move-
ment, sensory function, and reflex tests with a score ranging
from 0 to 18 (normal score: 0; maximum defect score: 18). In
addition, rotarod testing was performed to evaluate of rat
neurological deficits (Zhishuduobao Biotechnology Co.,
Ltd, Beijing, China). Rats were pretrained for 3 times before
MCAO, and the experiment was performed for 7 days after
MCAO. The cylinder accelerated from 10 to 40 rpm within
5min; before rats fell from the rod, the latency to fall was
recorded. Mean latency for each rat was calculated from
three trials with a 30min interval between 2 trials.

3Oxidative Medicine and Cellular Longevity
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2.10. Rat Behavior Tests. 7 days after MCAO, rats should be
tested for behaviors. Spontaneous activity was monitored
within 30min for distance traveled and time spent in cor-
ners. Activity was assessed as distance traveled (locomotion),
vertical activity (rearing), thigmotaxis, and time spent in
corners using behavioral tester (Zhishuduobao Biotechnol-
ogy Co., Ltd, Beijing, China) equipment. On the 10th day
after MCAO, rats were tested for memory and learning abil-
ities in the Morris water maze (Zhishuduobao Biotechnology
Co., Ltd, Beijing, China) according to reference [21]. Rats

underwent the visible platform experiment for the first 2
days, the nonvisible platform experiment for the following
3 days, and the probe trial for the last day. Escape latency
and swimming paths were measured during the first 5 days.
In the probe trial, percentages of time spent in quadrant IV
and numbers of platform crossing were recorded.

2.11. Data Statistics and Analysis. Each experiment was per-
formed at least for 3 times. Data are showed as mean ±
standard deviation (SD) and were analyzed using GraphPad

0

50

100

150

LD
H

 le
ve

l (
ng

/m
l)

Con
H 12

h

⁎⁎

(a)

0

10

20

40

30

Con
H 12

h

⁎⁎⁎

Pe
rc

en
ta

ge
 o

f
ap

op
to

sis
 (%

)

Con

Q1
0.028%

Q2
9.4%

Q4
87.7%

Q3
2.91%

100
100

101

102

103

104

101 102 103 104

Q1
0.090%

Q2
29.4%

Q4
61.6T%

Q3
8.93%

100
100

101

102

103

104

101 102 103 104

H 12h

(b)

NSE GFAP Merged Nestin/DAPI

Con

H 12h

20μm

20μm

(c)

Con H 12h

Oct4

SOX2

GAPDH 0.0

0.5

1.0

1.5

Fo
ld

/G
A

PD
H

Oct4
SO

X2

⁎⁎
⁎⁎

Con
H 12h

(d)

0

30

60

90

120

150

180

EC
A

R 
(m

pH
/m

in
)

0 6 12 18 24 30 36 42 48 54 60 66 72
Time (min)

Con
H 12h

Oligomycin

Glucose

2-DG

(e)

Figure 1: Effect of 12 h hypoxia on NSCs. (a) LDH contents of control and hypoxia groups were measured by ELISA. (b) Apoptosis was
measured by flow cytometry of the two groups. Data shown indicate mean ± SD (n = 4). (c) Expression of NSE or nestin (red fluorescent
signal) and GFAP (green fluorescent signal) in NSCs of the control and hypoxia groups was examined by immunofluorescence; DAPI
(blue) was used to stain cell nuclei (scale bar, 20 μm). (d) Oct4 and SOX2 protein expression was examined by western blotting. GAPDH
was used for normalization. Data shown indicate mean ± SD (n = 3). (e) ECAR analysis of the glycolytic capacity of the control and
hypoxic NSCs. Data shown indicate mean ± SD (n = 5); ∗∗P < 0:01 compared with the control group.

4 Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

Prism 6 software (San Diego, CA). A P value <0.05 was con-
sidered significant difference. One-way ANOVA or the
unpaired Student’s t test was used to evaluate the significance
of differences among treatment groups, as appropriate.

3. Results

3.1. Hypoxia Increased Injury, Inhibited Differentiation,
Increased the Stemness Maintenance Potential, and Reduced
the Metabolic Capacity of NSCs. After 12h of hypoxia stim-
ulation, the content of LDH released by NSCs increased sig-
nificantly, suggesting cell damage (Figure 1(a)). The results
showed that the percentage of apoptotic cells reached 30%
after hypoxia (Figure 1(b)). Immunofluorescence detection
showed that a certain proportion of NSCs spontaneously dif-
ferentiated under normal conditions. NSE and GFAP were
expressed. Nestin, a marker of NSCs, was highly expressed,

and cells showed extensional growth morphology similar
to nerve fiber structures. After hypoxia, NSCs exhibited
obvious spherical growth, NSE and GFAP expression
decreased, and nestin expression significantly increased
(Figure 1(c)). Moreover, expression of stem cell markers
Oct4 and SOX2 increased significantly (Figure 1(d)). Addi-
tionally, we calculated ECAR levels and found that hypoxia
could significantly increase the anaerobic hydrolysis level
of NSCs (Figure 1(e)).

3.2. Mild Hypothermia Antagonized Hypoxia-Induced
Injury, Inhibited Differentiation, and Further Increased the
Stemness Potential of NSCs. Mild hypothermia (33°C) signif-
icantly inhibited the damage induced by hypoxia at 37°C,
significantly decreased the content of LDH, and reeducated
the percentage of apoptotic cells to 20% (Figures 2(a) and
2(b)). Immunofluorescence detection showed that mild
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Figure 2: Effect of mild hypothermia (33°C) on hypoxic NSCs. (a) LDH contents of the control (37°C) and mild hypothermia groups were
measured by ELISA. (b) Apoptosis assays were measured by flow cytometry. Data indicatemean ± SD (n = 4). (c) Expression of NSE or nestin
(red fluorescent signal) and GFAP (green fluorescent signal) in the control NSCs or mildly hypothermic and hypoxic NSCs was examined by
immunofluorescence; DAPI (blue) was used to stain cell nuclei (scale bar, 10μm). (d) Oct4 and SOX2 protein expression was examined by
western blotting. Data shown indicate mean ± SD (n = 3). (e) ECAR analysis of the glycolytic capacity of the control NSCs or mildly
hypothermic and hypoxic NSCs. Data shown indicate mean ± SD (n = 5); ∗P < 0:05 and ∗∗P < 0:01 compared with 37°C group.
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hypothermia significantly increased the expression of the
NSC marker nestin and significantly reduced the expression
of NSE and GFAP, and cells showed smooth nerve spherical
growth (Figure 2(c)). Expression of Oct4 and SOX2 was also
increased by mild hypothermia compared with cells at 37°C
exposed to hypoxia (Figure 2(d)). Mild hypothermia could
reduce the metabolic level of cells and inhibit hypoxia-
induced increases of anaerobic fermentation (Figure 2(e)).

3.3. Hypoxia Increased Whole-Protein SUMOylation in NSCs
and Mild Hypothermia further Strengthened SUMOylation
Modification. Western blot was used to detect whole-cell
levels of the SUMOylation modification under the condi-
tions of hypoxia, mild hypothermia, and their superposition.
The results showed that hypoxia and hypothermia could sig-
nificantly promote the binding of SUMO1 and SUMO2/3 to
target proteins and had a superposition effect; however, it
had little effect on free SUMOs. Further detection of conju-

gating enzyme E2 (UBC9) showed that hypoxia could pro-
mote the expression of this protein (Figures 3(a)–3(c)).

3.4. Overexpression of UBC9 Could Increase the Stemness and
Hypoxia Tolerance of NSCs. We transfected NSCs with a
plasmid carrying the UBC9 gene sequence and screened
clones with high expression of UBC9. Protein detection
showed that SUMO1 and SUMO2/3 conjugates in UBC9-
overexpressing NSCs were significantly increased, as were
the contents of stemness maintenance molecules Oct4 and
SOX2 (Figures 4(a)–4(c)). Immunofluorescence detection
showed that UBC9 overexpression could significantly
increase the expression of the NSC marker nestin and pro-
mote spherical growth of cells. Under hypoxia, expression
of differentiation markers in NSCs was further reduced, nes-
tin expression was increased, and the cell ball became
smaller and round (Figure 4(d)). Compared with the Con
group, NSCs overexpressing UBC9 exhibited decreased cell
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Figure 3: Effects of hypoxia (H 12 h) and mild hypothermia (33°C) on whole-protein SUMO modification in NSCs. (a) and (b) Expression
of SUMO1 and SUMO2/3 conjugates, free SUMO1 and SUMO2/3, and UBC9 in NSCs after hypoxia and/or moderate hypothermic
treatment, as assessed by western blotting. (c) Quantitative data were normalized to GAPDH and are expressed as mean ± SD (n = 3). ∗P
< 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. control.
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damage after hypoxia, but there was no significant damage
to cells under normoxia (Figure 4(e)). Hypoxia activated
the cleaved caspase-3 apoptosis signal in NSCs and pro-

moted apoptosis, but UBC9 overexpression could partially
reverse the proapoptotic damage induced by hypoxia
(Figure 4(f)).
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Figure 4: Overexpression of UBC9 increased NSC stemness and tolerance to hypoxia. (a) and (b) Expression of SUMO1 and SUMO2/3
conjugates, free SUMO1 and SUMO2/3, UBC9, Oct4, and SOX2 in NSCs overexpressing UBC9, as assessed by western blotting. (c)
Quantitative data were normalized to GAPDH and expressed as mean ± SD (n = 3). (d) Expression of NSE or nestin (red fluorescent
signal) and GFAP (green fluorescent signal) in NSCs of the UBC9 transgene and Con groups after 12 h hypoxia was examined by
immunofluorescence; DAPI (blue) was used to stain cell nuclei (scale bar, 10 μm). (e) LDH contents were measured by ELISA, and data
shown indicate mean ± SD (n = 4). (f) Western blotting to detect cleaved caspase-3 expression in NSCs. Quantitative analysis: cleaved
caspase-3 expression was normalized to GAPDH and is expressed as mean ± SD (n = 3). ∗P < 0:05 and ∗∗P < 0:01 vs. control.
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3.5. siUBC9 Reduced the Stemness and Hypoxia Tolerance of
NSCs. We used small interfering RNA sequences to knock-
down UBC9 expression. Protein detection showed that low
UBC9 expression inhibited the modification of target pro-
teins by SUMO1 and SUMO2/3 in NSCs, and expression

of the stemness maintenance molecules Oct4 and SOX2
was significantly decreased (Figures 5(a)–5(c)). Immunoflu-
orescence detection showed that low UBC9 expression could
significantly inhibit nestin expression and promote cell dif-
ferentiation. However, under hypoxic conditions, expression
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Figure 5: UBC9 interference reduced NSC stemness and tolerance to hypoxia. (a) and (b) Expression of SUMO1 and SUMO2/3 conjugates,
free SUMO1 and SUMO2/3, UBC9, Oct4, and SOX2 in NSCs after UBC9 interference. (c) Quantitative data were normalized to GAPDH
and are shown as mean ± SD (n = 3). (d) Expression of NSE or nestin (red fluorescent signal) and GFAP (green fluorescent signal) in NSCs
of the siUBC9 or Con groups after 12 h hypoxia was examined by immunofluorescence; DAPI (blue) was used to stain cell nuclei (scale bar,
10μm). (e) LDH contents were measured by ELISA, and data shown indicate mean ± SD (n = 4). (f) Western blotting to detect the
expression of cleaved caspase-3 in NSCs. Quantitative analysis: cleaved caspase-3 expression was normalized to GAPDH and is expressed
as mean ± SD (n = 3). ∗P < 0:05 and ∗∗P < 0:01 vs. control.

8 Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

of differentiation markers in NSCs was further reduced, as
was nestin expression, which may cause irreversible damage
to NSCs (Figure 5(d)). Compared with the control group,
NSCs with low UBC9 expression exhibited increased LDH

release, which was further increased after hypoxia
(Figure 5(e)). Low expression of UBC9 could activate the
cleaved caspase-3-mediated apoptosis pathway in cells.
Under hypoxia, cleaved caspase-3 activation further
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Figure 6: Mild hypothermia increased the survival of NSCs transplanted into the ischemic penumbra of rats and improved neuromotor
function.(a) Representative TTC-stained coronal brain sections of sham-operated (Sham) rats, MCAO rats, MCAO rats transplanted
with NSCs (MCAO+NSC), and MCAO rats transplanted with NSCs kept at 32–34°C for 12 h (MCAO+NSC 33°C). Immunofluorescence
staining of cerebral cortex tissue sections (scale bar, 20μm). (b) Quantification of percentages of cerebral infarct volume (n = 5) and
proportions of nestin-positive to DAPI-positive cells (n = 4); data are expressed as mean ± SD. (c) Rotarod testing was used to analyze
the neurological deficits of rats in each group. (d) Spontaneous activity in the open field over30 min and (e) time spent in corners.
(f)–(h) Escape latency to find the nonvisible platform. Number of crosses in the probe test and time spent in quadrant IV. Data shown
indicate mean ± SD (n = 7). ∗P < 0:05 and ∗∗P < 0:01 vs. Sham, #P < 0:05 and ##P < 0:01 vs. MCAO.

Table 1: Modified Neurological Severity Score (mNSS) results according to the time after MCAO.

mNSS scores n 1 d 4 d 7 d 14 d 21 d 28 d

Sham 7 0:57 ± 0:79 0:43 ± 0:53 0:57 ± 0:53 0:43 ± 0:53 0:43 ± 0:53 0:71 ± 0:76
MCAO 7 12:29 ± 0:95 10:71 ± 0:76 9:14 ± 0:90 7:86 ± 0:69 7:17 ± 0:75 6:14 ± 0:90
MCAO+NSC 7 12:29 ± 1:11 10:29 ± 0:95 8:29 ± 0:95 6:43 ± 0:53 5:43 ± 0:98 4:29 ± 0:95
MCAO+NSC 33°C 7 12:14 ± 1:46 10:57 ± 1:40 7:43 ± 1:40 5:74 ± 2:00 3:29 ± 0:76# 2:29 ± 0:76#&

MCAO+NSC UBC9 7 11:43 ± 0:79 10:14 ± 1:07 9:86 ± 3:48 4:29 ± 0:76# 2:86 ± 0:69#& 2:43 ± 0:98#&
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increased and promoted the expression of its precursor form
(Figure 5(f)). Thus, low UBC9 expression significantly
aggravated the hypoxic injury of NSCs.

3.6. Mild Hypothermia Increased the Survival of NSCs
Transplanted into the Cerebral Ischemic Penumbra of Mice
and Improved Neuromotor Function. MCAO could generate
infarct areas reaching 50% in rats, and the infarct area could
be reduced to 30% after transplantation of NSCs into the
penumbra, while mild hypothermia could further reduce
the infarct area. Immunofluorescence staining showed that
NSC transplantation could significantly increase the density
of NSCs in the penumbra, and mild hypothermia could fur-
ther increase the survival of NSCs (Figures 6(a) and 6(b)).
Compared with the MCAO group, the motor and coordina-
tion ability of rats transplanted with moderately hypother-

mic NSCs improved after 7 days (Figure 6(c)), and the
neural function of rats significantly improved after 21 days
(Table 1). Notably, postoperative MCAO rats showed anxi-
ety, which was significantly relieved after NSC transplanta-
tion and mild hypothermia (Figures 6(d) and 6(e)). Morris
water maze testing showed that the learning and memory
function of rats transplanted with NSCs into the penumbra
and treated with mild hypothermia improved to varying
degrees compared with after MCAO (Figures 6(f)–6(h)).

MCAO rats were treated with NSCs and/or mild hypo-
thermia as follows: Sham, sham operation; MCAO, MCAO
model without treatment; MCAO+NSC, MCAO rats trans-
planted with NSCs; MCAO+NSC 33°C, MCAO rats trans-
planted NSCs kept at 32–34°C for 12h; MCAO+NSC UBC9,
MCAO rats transplanted with UBC9-overexpressing NSCs.
Neurological scores were obtained at 1, 4, 7, 14, 21, and 28
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Figure 7: UBC9 overexpression increased the survival of NSCs transplanted into the ischemic penumbra of rats and improved neuromotor
function. (a) Representative TTC-stained coronal brain sections of MCAO+NSC and MCAO rats transplanted with UBC9-overexpressing
NSC (MCAO+NSC UBC9) groups. Immunofluorescence staining of cerebral cortex tissue sections (scale bar, 20 μm). (b) Quantification of
percentages of cerebral infarct volume (n = 5) and proportions of nestin-positive to DAPI-positive cells (n = 4), and data are expressed as
mean ± SD. (c) Rotarod testing was used to analyze the neurological deficits of rats in each group. (d) Spontaneous activity in the open
field over 30min and (e) time spent in corners. (f)–(h) Escape latency to find the nonvisible platform. Number of crosses in the probe
test and time spent in quadrant IV. Data shown indicate mean ± SD (n = 7). ∗P < 0:05 vs. MCAO+NSC.
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days following surgery in each group. Data are expressed as
mean ± SD (n = 7). #P < 0:05 vs. MCAO and &P < 0:05 vs.
MCAO+NSC.

3.7. Transplanted NSCs Overexpressing UBC9 in the Cerebral
Ischemic Penumbra of Rats Exhibited Higher Survival Rates
and Enhanced Neuromotor Function. Compared with simple
transplantation of NSCs, UBC9-overepxressing NSCS could
reduce the cerebral infarction area of rats from 30% to 12%.
Moreover, overexpression of UBC9 could promote the sur-
vival of NSCs, as well as their ability to adapt to hypoxic
injury of brain (Figures 7(a) and 7(b)). Compared with the
NSC-transplanted group, MCAO rats transplanted with
NSCs overexpressing UBC9 exhibited significantly improved
motor ability and neurological functions (Table 1,
Figure 7(c)), reduced anxiety levels, and enhanced learning
functions to varying degrees (Figures 7(d)–7(h)).

4. Discussion

In this study, we first examined the effect of hypoxia on
NSCs. The results show that although hypoxia damaged
NSCs, it increased their potential to maintain stemness,
inhibited their neuronal differentiation, and reduced their
metabolism. Further studies showed that mild hypothermia
antagonized hypoxia-induced damage to NSCs, further inhi-
biting their differentiation and reducing cell metabolism. To
evaluate whether the protective effect of mild hypothermia
on NSCs was related to the SUMO modification of proteins,
we examined the effect of mild hypothermia on the expres-
sion of SUMOs in NSCs. The results show that hypoxia
increased global SUMO modifications of NSCs, both
SUMO1 and SUMO2/3, and mild hypothermia further
strengthened these trends. These results preliminarily vali-
dated our hypothesis that hypoxia can increase the hypoxia
tolerance of NSCs by increasing global SUMOylation, and
mild hypothermia can enhance neuroprotective effects by
reinforcing this trend.

To evaluate whether global SUMOylation is indispens-
able to improving the hypoxia tolerance of NSCs, we next
overexpressed and silenced the UBC9 gene (the only E2-
binding enzyme in the SUMO modification reaction) [22]
in NSCs and evaluated their hypoxia tolerance and stemness
maintenance potential. The results show that Ubc9 overex-
pression increased both the stemness potential of NSCs
and their tolerance to hypoxia; in contrast, silencing UBC9
reduced the stemness of NSCs and decreased their tolerance
to hypoxia. These results indicate that global SUMO modifi-
cation of target proteins is essential to improve the tolerance
of NSCs to hypoxia. However, we cannot specify exactly
which proteins were SUMO-modified during this event.
According to previous studies, we speculate that hypoxia
greatly increases SUMO modification levels of numerous
target proteins, including HIF-1α, Oct4, and SOX2. Theoret-
ically, SUMO-modified HIF-1α, Oct4, and SOX2 cannot be
degraded by ubiquitin hydrolase [23–25], thus allowing
these proteins to persist and stably exist in the nucleus and
cytoplasm of NSCs, whereby they increase hypoxia tolerance
and stemness potential.

Finally, we established an MCAO model in rats to inves-
tigate the effects of mild hypothermia on survival of NSCs
transplanted in the cerebral ischemic penumbra and subse-
quent improvements of neurological function. The results
show that mild hypothermia increased the survival of NSCs
transplanted in the cerebral ischemic penumbra of rats and
improved their neurological functions, including motor
and learning abilities. Finally, we transplanted NSCs overex-
pressing UBC9 into the cerebral ischemic penumbra of rats
and found that these cells exhibited higher survival rates
and better improved the neurological function of experi-
mental animals, including motor and learning functions.

These results verify our hypothesis that increasing global
SUMOylation of many target proteins, e.g., by overexpres-
sing UBC9, can help NSCs obtain stronger hypoxia toler-
ance. Moreover, transplantation of NSCs with stronger
hypoxia tolerance into the cerebral ischemic penumbra and
subsequent mild hypothermia treatment increased the sur-
vival of NSCs in the penumbra and enhanced the neurolog-
ical function of animals.

Although this study has enriched new ideas for the
future treatment of ischemic cerebrovascular disease with
mild hypothermia therapy combined with NSCs transplan-
tation, there are still many difficult problems to be solved
before it is actually applied to the clinic. First, due to the
existence of the blood-brain barrier, how to inoculate NSCs
into the brain of patients with cerebral ischemia will be a dif-
ficult problem for clinicians to face. Second, how to control
the time window of hypothermia cooling and rewarming
to produce the best therapeutic effect on patients is far from
being interpreted. Third, the potential tumorigenic effects
brought about by the proliferative characteristics of NSCs
are serious side effects that we can never ignore. Last but
not the final, SUMOylation can simultaneously intervene
in the posttranslational modification of thousands of pro-
teins. How to achieve advantages and avoid disadvantages
at the molecular level and protein function will be a problem
that researchers attach great importance to. In conclusion,
there is still a long way to go before the clinical application
of mild hypothermia combined with NSCs transplantation
in the treatment of ischemic cerebrovascular disease.

5. Conclusions

Global protein SUMO modification is an important molecu-
lar mechanism for NSC tolerance of hypoxia, and mild
hypothermia can further increase the degree of global pro-
tein SUMO modification in NSCs—a newly discovered
molecular mechanism by which mild hypothermia protects
the brain. Indeed, mild hypothermia can improve the hyp-
oxia tolerance of NSCs and increase their survival following
transplantation in situ, thus yielding better nerve repair
effects.
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Purpose. To observe and compare the efficacy of modified trabeculectomy (TE), Ahmed drainage valve implantation (AGV), and
EX-PRESS glaucoma shunt for refractory glaucoma (RG).Methods. The study population of this retrospective study comprised 73
patients (76 eyes) who were suffering from RG and treated with modified TE, AGV, and EX-PRESS glaucoma shunt in our
hospital from October 2012 to October 2020. The number of cases who underwent modified TE, AVG, and EX-PRESS
glaucoma shunt was 36 (38 eyes). 19 (20 eyes), and 18 patients (18 eyes), respectively. The intraocular pressure (IOP), best-
corrected visual acuity (BCVA), postoperative antiglaucoma medications, filter bubble morphology, anterior chamber depth
(ACD), successful rate, and postoperative complications were recorded and statistically analyzed preoperative and 1 d, 1 w,
1mon, 3mon, 6mon, and the end follow-up after operation. Results. The BCVA differed insignificantly among the three
cohorts before and 6 months after surgery. Compared to preoperative BCVA, the postoperative BCVA of the three groups had
no statistical significance. An obvious reduction in IOP was observed in all the three group after operation (P < 0:05). An
obvious decrease in antiglaucoma medications was observed after surgery in all the three groups (P < 0:05). The AGV group
showed deeper ACD postoperatively, while no marked difference was found in postoperative ACD in the other two groups.
The total success rates in modified TE and AGV groups were slightly higher than those in the EX-PRESS group. The three
groups differed insignificantly in filter bubble morphology after operation. Conclusion. Modified TE, AGV, and EX-PRESS
glaucoma shunt showed equivalent efficacy for RG, which could validly reduce IOP and postoperative antiglaucoma
medications. However, the success rates of modified TE and AGV were slightly higher than those of EX-PRESS glaucoma
shunt in the last follow-up, and their complications were slightly less than those of the EX-PRESS glaucoma shunt.

1. Introduction

Glaucoma is an optic neurodegenerative disease and leads to
an irreversible blindness, ranking first in the world. It is
characterized by progressive visual loss and visual field
defect. The risk factors of glaucoma include high intraocular
pressure (IOP), age, hypertension, diabetes mellitus, high

myopia, and gene mutation [1]. Pathological intraocular
hypertension is the main risk factor. The mainstay of treat-
ment focuses on reducing IOP. The early-stage study about
glaucoma showed that the probability of glaucoma progres-
sion decreased by 10 percent for every 1mmHg reduction
in IOP, compared to baseline IOP (HR = 0:90; 95%CI =
0:86 ~ 0:94) [2]. Drug laser surgery is a common way to
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reduce the pressure. The common treatments to reduce IOP
included antiglaucoma drugs, lasers, and surgery.

Refractory glaucoma (RG) is a group of disorders with
various types of glaucoma associated with very poor progno-

sis [3]. Even though the maximum tolerated dose of anti-
glaucoma medications was used for the RG treatment, the
long-term outcome was still frustrating. It was difficult to
maintain the IOP for target levels. We often needed to

OS

(a)

OD

(b)

OS

(c)

Figure 1: Postoperative conditions of the three surgical methods: (a) the modified TE; (b) the Ahmed FP7 glaucoma valve (AGV); (c) the
EX-PRESS P50/P200 glaucoma shunt.

Table 1: Preoperative demographic characteristics of all patients.

Parameters
Group A (modified trabeculectomy)

(n = 38)
Group B (AGV)

(n = 20)
Group C (EX-PRESS)

(n = 18) P

Sex, n (%) 0.235

Female 20 (52.63) 5 (25.00) 10 (55.60)

Male 18 (47.37) 15 (75.00) 8 (44.44)

Age (years), (mean ± SD) 55:00 ± 15:17 47:30 ± 16:77 49:33 ± 15:97 0.190

Laterality, n (%) 0.653

OD 15 (39.47) 10 (50.00) 9 (50.00)

OS 23 (60.53) 10 (50.00) 9 (50.00)

Follow-up time (months), range
(mean ± SD) 6-93, 29:89 ± 24:80 6-97, 56:30 ± 39:42 6-45, 26:00 ± 12:25 0.001

IOP (mmHg) (mean ± SD) 47:37 ± 17:55 49:50 ± 15:63 46:78 ± 16:54 0.889

BCVA (logMAR) (mean ± SD) 2:15 ± 0:82 2:07 ± 0:94 1:51 ± 0:30 0.138

No. of preoperative medications
(mean ± SD) 3:66 ± 1:24 3:75 ± 0:91 4:22 ± 0:67 0.393

ACD (mm) 2:35 ± 0:93 2:68 ± 0:18 3:25 ± 1:01 0.355

CECC 2450:36 ± 352:52 2328:82 ± 498:53 1966:96 ± 732:91 0.395

Previous surgery, n (%)

Trabeculectomy 7 (18.42) 1 (5.00) 1 (5.56) 0.207

Keratoplasty 3 (7.89) 3 (15.00) 1 (5.56) 0.558

Hypertension, n (%) 7 (18.42) 1 (5.00) 0 (0.00) 0.071

Diabetes, n (%) 6 (15.79) 4 (20.00) 3 (16.67) 0.920

SD: standard deviation; MD: mean deviation; ACD: anterior chamber depth; CECC: corneal endothelial cell count.
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choose the surgical treatment with the ideal effect of lower-
ing intraocular pressure (IOP), high success rate, and less
surgical complications. Trabeculectomy (TE) was first
proposed and applied by Cairns in 1968 [4], which was
widely regarded as the gold standard for primary open angle
glaucoma (POAG) and primary angle-closure glaucoma
(PACG). However, the its success rate was about 11-52%
[5, 6], and it can lead to some eye complications. At present,
modified TE for which traditional TE plus scleral flap adjust-
able suture or antimetabolites in the intraoperative and post-
operative (e.g., MMC and 5-FU) has become a new trend in
the clinical treatment of glaucoma. It can reduce the proba-
bility of postoperative scarring of the filter bubble, effectively
control IOP, and improve operative success rate, which has
been applied to treat a variety of RG. The procedure with
the most extensive application to lower IOP is TE.

In recent years, many authors suggested that glaucoma
drainage implant surgery (GDIS) is a surgical procedure that
is preferably used for RG [7]. The most widely used drainage
included the Ahmed FP7 glaucoma valve (AGV) and the

EX-PRESS P50/P200 glaucoma shunt, which were effective
in controlling IOP and reducing the incidence of scarring
of the filtration bubble. Now, some studies have found that
the rate of resurgical treatment for AGV after glaucoma
surgery was 9%, compared to that of 29% in the modified
TE [8]. A meta-analysis on clinical studies on GDIs and
other operations conducted by foreign scholars [9, 10]
showed no distinct difference between EX-PRESS shunt
and TE in reducing IOP, use of antiglaucoma medications,

Table 2: Glaucoma diagnosis [n (%)].

Diagnosis Group A (n = 38) Group B (n = 20) Group C (n = 18) Total

NVG 12 (31.58) 9 (45.00) 5 (27.78) 26 (34.21)

Filtration surgery failed 7 (18.42) 1 (5.00) 1 (5.56) 9 (11.84)

Glaucoma after intraocular surgery 3 (7.89) 0 (0.00) 0 (0.00) 3 (3.95)

Glaucoma secondary to chemical burn 2 (5.26) 1 (5.00) 1 (5.56) 4 (5.26)

PKG 3 (7.89) 3 (15.00) 1 (5.56) 7 (9.22)

Glaucoma secondary to trauma 4 (10.53) 0 (0.00) 5 (27.78) 9 (11.84)

UG 2 (5.26) 1 (5.00) 1 (5.56) 4 (5.26)

Steroid-induced glaucoma 1 (2.63) 2 (10.00) 1 (5.56) 4 (5.26)

Juvenile glaucoma 1 (2.63) 0 (0.00) 1 (5.56) 2 (2.63)

ICES 1 (2.63) 0 (0.00) 1 (5.56) 2 (2.63)

PG 0 (0.00) 1 (5.00) 0 (0.00) 1 (1.32)

Glaucoma secondary to keratitis 2 (5.26) 1 (5.00) 1 (5.56) 4 (5.26)

Glaucoma secondary to bullae keratopathy 0 (0.00) 1 (5.00) 0 (0.00) 1 (1.32)

Total 38 (100.00) 20 (100.00) 18 (100.00) 76 (100.00)

NVG: neovascular glaucoma; PKG: postpenetrating keratoplasty glaucoma; UG: uveitic glaucoma; ICES: iridocorneal endothelial syndrome; PG: pigmentary
glaucoma. Group A: modified trabeculectomy group; Group B: AGV group; Group C: EX-PRESS group.

Table 3: Etiological classification of complex glaucoma.

I (%) II (%)
IIa (%) IIb (%)

Group A (n = 38) 8 (21.05%) 18 (47.37%) 12 (31.58%)

Group B (n = 20) 1 (5.00%) 10 (50.0%) 9 (45.00%)

Group C (n = 18) 2 (11.11%) 11 (61.11%) 5 (27.78%)

χ2 3.113

P 0.555

Fisher probabilities were used to analyze the etiological classification. I:
primary glaucoma (including failed filtration surgery and juvenile
glaucoma); IIa: secondary glaucoma (including glaucoma secondary to
chemical burn, PKG, UG, glaucoma after intraocular surgery, glaucoma
secondary to trauma, steroid-induced glaucoma, and glaucoma secondary
to bullae keratopathy); IIb: NVG.
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Figure 2: The BCVA of the study patients in the modified
trabeculectomy, AGV, and EX-PRESS groups before surgery and
1 day, 1 week, 1 month, 3 months, 6 months, and the last follow-
up after surgery. There was no significant difference in
postoperative BCVA at different follow-up periods compared with
preoperative BCVA in the three groups (P > 0:05). Group A:
modified trabeculectomy group; Group B: AGV group; Group C:
EX-PRESS group; preop.: preoperative; postop.: postoperative.
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and complete success rate. However, the postoperative com-
plications were significantly less than TE, and the postoper-
ative visual acuity recovered faster. At present, there are
long-term follow-up reports regarding the safety and effec-
tiveness of the EX-PRESS shunt in POAG [11]. Zhang
et al. [12] also found that for RG, EX-PRESS shunt better
reduced IOP with higher effectiveness than AGV. However,
the cost of GIDs is relatively higher compared with that of
the modified TE, and the financial burden was larger for
most patients. Whether the above research conclusions were
generally applicable to the Chinese population and the clin-
ical efficacy and safety of GIDs for RG still needed further
extensive clinical studies.

Herein, the novelty and motivation of the study is to
investigate whether modified TE, AGV, and EX-PRESS
shunt were generally applicable to the Chinese population.
Meanwhile, we reported our experience in treating RG with
modified TE, AGV, and EX-PRESS shunt and analyzed the
effectiveness, safety, and success and complication rates of
the three procedures.

2. Methods

2.1. Eligibility Criteria [13, 14]. The recruited subjects ful-
filled the following inclusion criteria: >18 years old with

IOP > 21mmHg; postoperative follow-up time < 6months;
IOP control without the use of systemic and local antiglau-
coma drugs, and laser and surgical treatments; and drug
allergies, noncompliance with antiglaucoma drug therapy,
documented progression of visual field defect, and retinal
nerve fiber layer (RNFL) thickness reduction. In contrast,
those with (1) atrial angle structure deformity or eye tumor,
(2) obvious conjunctival scars or adhesions, (3) drainage nail
or drainage valve implantation, (4) uncontrolled systemic
diseases and any other active eye diseases, (5) poor surgical
and medical tolerance, (6) pregnancy or lactation, (7) mental
diseases, and (8) serious vital organ dysfunction such as the
heart, liver, and kidney were excluded.

2.2. Patients. This retrospective chart review was conducted
after obtaining the approval from the Institutional Review
Board of the Second Affiliated Hospital of Xi’an Medical
College and was conducted in adherence with the tenets laid
down in the Declaration of Helsinki. All the participants
signed the informed consent. The surgical outcomes of all
modified TE, AGV, and EX-PRESS shunt surgeries for RG
performed between October 2012 and October 2020 were
reviewed. This study enrolled 73 patients (76 eyes) meeting
the inclusion criteria. In total, 38 eyes from 36 patients
underwent modified TE (group A), and 20 eyes from 19

Table 4: Postoperative BCVA changes (standard logarithmic visual acuity chart).

Postoperative date Group A (n = 38) (%) Group B (n = 20) (%) Group C (n = 18) (%) P

1 day
Improve or stay the same 35 (92.11) 15 (75.00) 17 (94.44)

0.137
Vision reduction 3 (7.89) 5 (25.00) 1 (5.56)

1 week
Improve or stay the same 35 (92.11) 17 (85.00) 17 (94.44)

0.586
Vision reduction 3 (7.89) 3 (15.00) 1 (5.56)

1 month
Improve or stay the same 35 (92.11) 18 (90.00) 17 (94.44)

1.000
Vision reduction 3 (7.89) 2 (10.00) 1 (5.56)

3 months
Improve or stay the same 34 (89.47) 18 (90.00) 17 (94.44)

1.000
Vision reduction 4 (10.53) 2 (10.00) 1 (5.56)

6 months
Improve or stay the same 34 (89.47) 19 (95.00) 17 (94.44)

0.868
Vision reduction 4 (10.53) 1 (5.00) 1 (5.56)

The last follow-up
Improve or stay the same 34 (89.47) 18 (90.00) 16 (88.89)

1.000
Vision reduction 4 (10.53) 2 (10.00) 2 (11.11)

Group A: modified trabeculectomy group; Group B: AGV group; Group C: EX-PRESS group.

Table 5: Postoperative BCVA changes (difference between preoperative and postoperative values) in the three groups (logMAR,mean ± SD
).

Postoperative date Group A (n = 38) Group B (n = 20) Group C (n = 18) P

1-day BCVA difference −0:02 ± 0:37 −0:18 ± 0:60 0:14 ± 0:30 0.166

1-week BCVA difference 0:04 ± 0:42 −0:03 ± 0:33 0:24 ± 0:48 0.255

1-month BCVA difference 0:09 ± 0:44 −0:04 ± 0:31 0:26 ± 0:51 0.218

3-month BCVA difference 0:15 ± 0:42 0:03 ± 0:18 0:32 ± 0:54 0.179

6-month BCVA difference 0:15 ± 0:52 0:05 ± 0:17 0:33 ± 0:57 0.304

The last follow-up BCVA difference 0:16 ± 0:53 0:03 ± 0:19 0:38 ± 0:60 0.179

Group A: modified trabeculectomy group; Group B: AGV group; Group C: EX-PRESS group.
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patients underwent AGV implantation (group B), and 18
eyes from 18 patients received EX-PRESS shunt surgery
(group C).

2.3. Preoperative Evaluation. The general information of
patients including age, sex, glaucoma diagnosis, and
diabetes/hypertension/surgery history was collected. Before
the operation, all patients received complete ophthalmolog-
ical examinations, including best corrected visual acuity
(BVCA, converted into logarithm of the minimal angle of
resolution: logMAR), slit-lamp microscope examination,
IOP measurement with Goldmann applanation tonometry,
optical coherence tomography (HD-OCT 4000, ZEISS CIR-
RUS, Germany) of the optic disc and RNFL, ultrasound bio-
microscopy (MD-300L, Tianjin Maida Company) of the
central anterior chamber depth (ACD) examination, and
standard automated perimetry using the Swedish interactive
threshold algorithm 30-2 (Humphrey Field Analyzer II 850,
Carl Zeiss Meditec). Preoperative antiglaucoma drug use was
also recorded.

2.4. Modified TE. Local anesthesia was performed with 2mL
of 2% lidocaine after ophthalmic disinfection and towel place-
ment. A fornix- or limbus-based conjunctival flap in the nasal
or supertemporal quadrant was followed by fashioning a 4
mm× 4mm scleral flap. In all cases, 5-FU (25 g/L) was posi-
tioned under the scleral and conjunctival flaps for 5 minutes.
After anterior chamber (AC) puncture of the clear corneal,
viscoelastic (sodium hyaluronate 1.7%; Healon®, Bausch &
Lomb Freda Inc., USA) injection was performed to maintain
the anterior chamber depth (ACD). Then, TE was carried
out under the scleral flap, followed by an iridectomy. After
restoring the scleral flap, 10-0 nylon sutures were used to
suture 1 needle at the top of each side of the flap for a fixed
suture. The two adjustable suture lines were inserted through
the superficial scleral, corneoscleral, and cornea at the sym-
metrical part on both sides of the scleral flap, so that the sym-
metrical adjustable suture line formed a suture barrier. The
AC was formed by the injection of balanced saline, and then,
fixation sutures at the top of both sides of the scleral flap were
removed. A sterilized dry cotton swab was used to test the
tightness of the adjusted sutures, allowing for slow aqueous
humor (AH) outflow. Finally, 10-0 nylon sutures were applied
for conjunctiva closure. At the end of each surgery, tobramy-
cin dexamethasone ointment was applied for the control of
local inflammation.

2.5. AGV. The conjunctival flap based on the limbus was
selected under topical anesthesia with 2mL lidocaine (2%).
After sclera exposure via blunt separation of the bulbar con-
junctiva and subconjunctival tissues, 5-FU (25 g/L) was
placed under the conjunctival flap for 5 minutes. Prior to
AGV implantation, normal saline injection was performed
through the tail of the drain valve to ensure an unobstructed
drainage tube. The drainage disk was then positioned under
the separated bulbar conjunctiva and secured on the sclera
with sutures. A scleral tunnel 4mm posterior to the limbus
was established with a No. 7 needle, through which the tube
was inserted parallel to the AC. Tube positioning and bulbar

conjunctiva closure were performed using 7-0 absorbable
sutures and 10-0 nylon sutures, respectively. At the end of
each surgery, tobramycin dexamethasone ointment was
applied for the control of local inflammation.

2.6. EX-PRESS Shunt. The limbus-based conjunctival flap
was selected under topical anesthesia with 2mL lidocaine
(2%). After preparing a dome-based conjunctival flap (diam-
eter: 3 × 4mm, thickness: l/2 of scleral flap), 5-FU (25 g/L)
was placed under it for 5 minutes. After penetrating the
AC with a No. 7 needle from the scleral flap corneal limbus
parallel to the iris surface, a viscoelastic material was
injected, followed by the implantation of an EX-PRESS P-
50/P-200 drainage device. The scleral flap and the bulbar
conjunctiva were restored and fixed using a 10-0 suture. At
the end of each surgery, tobramycin dexamethasone oint-
ment was applied for the control of local inflammation.

2.7. Postoperative Follow-Up. Postoperative data including
IOP, BCVA, use of antiglaucoma medications, filter bubble
morphology, ACD, success rate, and postoperative compli-
cations were recorded and statistically analyzed on days 1
and 7, as well as 1, 3, and 6 months postoperatively, until
the final follow-up visit.

The surgical outcome was assessed [15]. Complete suc-
cess was defined as an IOP within the range of 5-21mmHg
and no postoperative application of adjuvant drugs. Quali-
fied success was defined as an IOP within the range of 6-
21mmHg but with antiglaucoma drugs. And failure was
indicated in the presence of poorly controlled IOP, use of
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Figure 3: IOP of the study patients in the modified trabeculectomy,
AGV, and EX-PRESS groups before surgery and 1 day, 1 week, 1
month, 3 months, 6 months, and the last follow-up after surgery.
IOP of the study patients in the three groups declined
dramatically after surgery (∗P < 0:001 vs. before surgery in group
A; ▲P < 0:001 vs. before surgery in group B; #P < 0:001 vs. before
surgery in group C). Group A: modified trabeculectomy group;
Group B: AGV group; Group C: EX-PRESS group; preop.:
preoperative; postop.: postoperative.
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antiglaucoma drugs, need of another antiglaucoma surgery,
IOP < 6mmHg for ≥2 months, serious complications (reti-
nal detachment, endophthalmitis, severe choroidal detach-
ment, malignant glaucoma, etc.), loss of light perception,
or atrophy of the eyeball.

2.8. Statistical Processing. Statistical analysis was conducted
via SPSS 20.0 (SPSS, Inc., Chicago, IL, USA). The categorical
variables were described in percentages and frequencies.
Chi-square (χ2) test or Fischer’s exact test was performed
for them. Intergroup comparisons of continuous variables
represented by mean ± standard deviation (SD) employed
independent sample t-test, whereas intragroup comparisons
adopted the independent sample t-test or paired sample t
-test. One-way ANOVA was used for the difference values
between groups, followed by the Bonferroni post hoc test.
The correlation between the preoperative and the postoper-
ative IOP decline was analyzed by Pearson correlation. Anal-
ysis of complete success used the Kaplan–Meier survival
analysis. Significant differences were assumed at P < 0:05.

3. Results

3.1. General Conditions. This study enrolled 73 patients (76
eyes) meeting the inclusion criteria. In total, 38 eyes from
36 patients underwent modified TE (group A), 20 eyes from
19 patients underwent AGV implantation (group B), and 18
eyes from 18 patients received EX-PRESS shunt surgery
(group C) (Figure 1). Patients’ preoperative demographic
and ocular characteristics can be found in Table 1. Patients

were of mean age of 55 ± 15:17, 47:3 ± 16:77, and 49:33 ±
15:97 years for modified TE, AGV, and EX-PRESS glaucoma
shunt, respectively. The mean follow-up periods were
29:89 ± 24:80 months (range, 6-93 months), 56:30 ± 39:42
months (range, 6-97 months), and 26:00 ± 12:25 months
(range, 6-45 months), and significant differences were
observed between the follow-up times (P = 0:001). The three
cohorts were age- (P = 0:190), gender- (P = 0:235), and
laterality-matched (P = 0:653), showing no statistical differ-
ence. Nor were there any obvious difference in IOP, BCVA,
number of antiglaucoma medications used, and ACD before
operation among the three groups (P > 0:05).

3.2. Etiology of RG. The RG in the study included NVG;
failed filtration surgery; iridocorneal endothelial syndrome
(ICES); pigmentary glaucoma (PG); juvenile glaucoma and
secondary glaucoma, such as glaucoma secondary to chemi-
cal burn; postpenetrating keratoplasty glaucoma (PKG);
uveitic glaucoma (UG); glaucoma after intraocular surgery;
and glaucoma secondary to trauma and steroid-induced
glaucoma. Among them, NVG (34.24%), failed filtration
surgery (11.84%), glaucoma secondary to trauma (11.84%),
and PKG (9.21%) were the main causes. The most prevalent
type of RG was NVG (31.58%, 45%) in the modified TE
group and AGV group. The most prevalent type of glau-
coma was glaucoma secondary to trauma (27.78%) and
NGV (27.78%) (Table 2).

We divided RG into I and II categories according to the
etiology of glaucoma. Primary glaucoma including filtration
surgery failed, and juvenile glaucoma is classified as category

Table 6: IOP changes (between preoperative and postoperative values and % reduction from preoperative values) in the three groups
(mmHg, mean ± SD).

Postoperative date Group A (n = 38) Group B (n = 20) Group C (n = 18) P

1 day

IOP, difference 35:44 ± 17:76 35:85 ± 15:80 33:56 ± 16:64 0.943

% reduction 69:27 ± 18:60 67:81 ± 17:99 68:85 ± 15:07 0.958

1 week

IOP, difference 36:68 ± 17:95 37:80 ± 15:05 34:89 ± 17:64 0.913

% reduction 71:99 ± 18:67 73:22 ± 13:45 71:40 ± 15:81 0.953

1 month

IOP, difference 35:05 ± 16:88 37:60 ± 15:05 35:22 ± 15:81 0.845

% reduction 68:91 ± 17:18 72:48 ± 14:50 73:44 ± 12:55 0.603

3 months

IOP, difference 35:66 ± 17:33 37:65 ± 14:91 33:67 ± 15:12 0.818

% reduction 69:78 ± 17:81 72:93 ± 12:01 69:82 ± 9:91 0.749

6 months

IOP, difference 33:47 ± 20:71 37:15 ± 15:77 33:56 ± 16:19 0.765

% reduction 63:68 ± 31:68 70:62 ± 16:61 68:83 ± 11:33 0.603

The last follow-up

IOP, difference 32:29 ± 17:58 36:30 ± 14:98 31:67 ± 15:90 0.648

% reduction 60:88 ± 22:79 69:76 ± 13:54 65:87 ± 15:36 0.259

Group A: modified trabeculectomy group; Group B: AGV group; Group C: EX-PRESS group.
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Figure 4: Pearson correlation analysis of postoperative IOP decline at 1 day, 1 week, 1 month, 3 months, 6 months, and the last follow-up
and preoperative IOP. The R values of the three groups at different follow-up times ranged from 0.867 to 0.992, and there was significant
correlation between the drop in IOP after operation in different follow-up times and preoperative IOP in the three groups: (a) modified
trabeculectomy group; (b) AGV group; (c) EX-PRESS group. preop.: preoperative; postop.: postoperative.
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I. Secondary glaucoma is classified as category IIa, and NVG
is classified as category IIb. Fisher probabilities were used to
analyze the etiological classification of patients in the three
groups, and there was no statistical significance in the results
(P = 0:555) (Table 3).

3.3. Comparisons of BCVA in the Three Groups. In the mod-
ified TE group, the BCVA was 2:15 ± 0:82 logMAR at base-
line, which was then changed to 2:17 ± 0:13 logMAR at day
1, 2:12 ± 0:80 logMAR at day 7, 2:06 ± 0:13 logMAR at 1
month, 2:03 ± 0:13 logMAR at 3 months, 2:00 ± 0:81 log-
MAR at 6 months, and 1:99 ± 0:13 logMAR at the end of
follow-up. And BCVA reduction was observed in 3 eyes
(7.87%) at day 1, day 7, and 1 month and 4 eyes (10.53%)
at 3 months, 6 months, and the last follow-up. No marked
difference was found in postoperative BCVA at different
periods compared with the baseline (P > 0:05) (Figure 2,
Table 4). In the AGV group, preoperative BCVA was 2:07
± 0:21 logMAR and postoperative BCVA was 2:45 ± 0:16
logMAR at 1 day, 2:09 ± 0:19 logMAR at 1 week, 2:10 ±
0:19 logMAR at 1 month, 2:04 ± 0:21 logMAR at 3 months,
2:02 ± 0:21 logMAR at 6 months, and 2:04 ± 0:21 logMAR
at the last follow-up. And BCVA reduction was observed
in 5 eyes (25%) at day 1, 3 eyes (15%) at day 7, 2 eyes
(10%) at 1 month and 3 months, 1 eyes (5%) at 6 months,
and 2 eyes (10%) at the last follow-up. The BCVA at differ-
ent postoperative periods showed no marked difference in
comparison with the baseline (P > 0:05) (Figure 2,
Table 4). In the EX-PRESS group, the BCVA was 1:51 ±
0:30 logMAR preoperatively, while postoperatively, it was
1:36 ± 0:28 logMAR at day 1, 1:26 ± 0:93 logMAR at day 7,
1:25 ± 0:31 logMAR at 1 month, 1:19 ± 0:30 logMAR at 3
months, 1:18 ± 0:3 1ogMAR at 6 months, and 1:13 ± 0:30
logMAR at the last follow-up. And BCVA reduction was
observed in 1 eye (5.56%) at day 1, day 7, 1 month, 3
months, and 6 months and 2 eyes (11.11%) at the last
follow-up. The BCVA at different postoperative periods
showed no marked difference in comparison with the base-
line (P > 0:05) (Figure 2, Table 4).

We also compared the difference in BCVA between pre-
operative and postoperative values in the three groups dur-
ing the same period. The BCVA of the EX-PRESS group at
day 1, day 7, 1 month, 6 months, and the last follow-up after
surgery were all higher than those of the other two groups at
the same period after operation. However, the three groups
presented no marked difference in BCVA changes in the
same period (P > 0:05) (Table 5).

3.4. Comparative Analysis of IOP. In the modified TE group,
the preoperative IOP was 47:37 ± 17:55mmHg. This was
reduced to 11:92 ± 3:54mmHg at 1 day, 10:68 ± 3:31
mmHg at 1 week, 12:32 ± 2:34mmHg at 1 month, 11:71 ±
1:96mmHg at 3 months, 13:89 ± 9:58mmHg at 6 months,
and 15:08 ± 1:96mmHg at the last follow-up (∗P < 0:001).
In the AGV group, the preoperative IOP was 49:50 ± 15:63
mmHg. This was reduced to 13:65 ± 3:32mmHg at 1 day,
11:70 ± 3:38mmHg at 1 week, 11:90 ± 3:34mmHg at 1
month, 11:85 ± 2:28mmHg at 3 months, 12:35 ± 2:03
mmHg at 6 months, and 13:20 ± 2:73mmHg at the last

follow-up (▲P < 0:001). The IOP of the EX-PRESS group
before surgery was 41:22 ± 20:66mmHg. This was reduced
to 13:22 ± 5:78mmHg at 1 day, 13:87 ± 9:92mmHg at 1
week, 11:56 ± 4:77mmHg at 1 month, 13:11 ± 3:44mmHg
at 3 months, 12:89 ± 2:98mmHg at 6 months, and 14:22 ±
8:24mmHg at the last follow-up (#P < 0:001) (Figure 3).

Postoperative IOP changes are shown in Table 6. The
percentage reduction of IOP in the three groups during dif-
ferent follow-up times was more than 60%. However, the
three cohorts showed no distinct difference in IOP change
and percentage change at each follow-up visit (P > 0:05).
Pearson correlation analysis was performed between postop-
erative IOP decline and preoperative IOP (Figure 4). The R
values ranged from 0.867 to 0.992 in the three cohorts at dif-
ferent follow-ups, with statistical significance (P < 0:001).
The results showed the presence of a close connection
between IOP decrease at different postoperative follow-ups
and preoperative IOP in the three groups.

3.5. Application of Antiglaucoma Medications before and
after Operation. In the modified TE group, the quantity of
antiglaucoma drugs used was 3:66 ± 1:24 medications at
baseline, which was decreased to 0:00 ± 0:00 at day 1, 0:05
± 0:23 at day 7, 0:08 ± 0:49 at 1 month, 0:08 ± 0:49 at 3
months, 0:29 ± 0:89 at 6 months, and 0:24 ± 0:68 at the last
follow-up. The quantity of antiglaucoma medications used
in the AGV group decreased from 3:75 ± 0:91 medications
at baseline to 0:00 ± 0:00 at day 1, 0:10 ± 0:31 at day 7,
0:15 ± 0:49 at 1 month, 0:05 ± 0:22 at 3 months, 0:15 ±
0:67 at 6 months, and 0:30 ± 0:80 at the last follow-up. In
EX-PRESS group, the quantity of antiglaucoma medications
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Figure 5: Mean number of antiglaucoma medications before
surgery and during follow-up time. The number of medications
of patients in the three groups was dramatically decreased after
surgery (∗P < 0:001 vs. before surgery in group A; ▲P < 0:001 vs.
before surgery in group B; #P < 0:05 vs. before surgery in group
C). Group A: modified trabeculectomy group; Group B: AGV
group; Group C: EX-PRESS group; preop.: preoperative; postop.:
postoperative.
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applied was decreased from 4:22 ± 0:67 to 0:00 ± 0:00 at day
1, 0:11 ± 0:33 at day 7, 0:11 ± 0:33 at 1 month, 0:33 ± 1:00 at
3 months, 0:33 ± 1:00 at 6 months, and 0:33 ± 1:00 at the
end follow-up. Compared with preoperative medications, a
statistical reduction in the quantity of antiglaucoma medica-
tions used was observed in the three cohorts at each postop-
erative follow-up (∗P < 0:001, ▲P < 0:001, and #P < 0:05)
(Figure 5, Table 7).

As shown in Table 5, the differences of the quantity of
antiglaucoma drugs used (between preoperative and postop-
erative values) and percentage reduction in each group at the
same follow-up time were compared, and we found that
there were no significant differences (P > 0:05).

3.6. Comparison of Anterior Chamber Depth (ACD). At 6
months after operation, the ACD was increased from 2:35
± 0:93mm to 2:83 ± 0:67mm in the modified TE group,
from 2:68 ± 0:18mm to 3:15 ± 0:23mm in the AGV group,
and from 3:26 ± 1:01mm to 3:57 ± 0:48mm in the EX-
PRESS group. However, the degree of postoperative ACD
deepening in the AGV group was more significant
(P < 0:05) (Figure 6).

3.7. Postoperative Follicular Conditions. The Kronfeld scale
was used to evaluate the follicular function [16]: I, microcys-
tic type; II, diffuse flat type; III, scar type; and IV, package
type (Figure 7). Types I and II were thought to be functional
follicles; types III and IV were considered as nonfunctional
follicles. The proportion of functional follicles in the three
groups at different follow-up times after surgery is shown
in Table 8. At 6 months after operation, the proportion of

functional follicles in the modified TE, AGV, and EX-
PRESS groups was 97.37%, 95%, and 88.89%, respectively.
At the last follow-up, the proportion of functional follicles
was 97.37%, 95%, 88.89%, respectively, in the three groups.
The three cohorts showed no evident difference in the pro-
portion of functional follicles at different follow-ups.

3.8. Success Rate. See Figure 8 for the comparison of success
rate among the three cohorts. In the modified TE group, the
complete success rate was 97.37% at 3 months, 89.47% at 6

Table 7: Number of antiglaucoma medication changes (between preoperative and postoperative values and % reduction from preoperative
values) in the three groups.

Postoperative date Group A (n = 38) Group B (n = 20) Group C (n = 18) P

1 day

No. of med difference (mean ± SD) 3:66 ± 1:24 3:75 ± 0:91 4:22 ± 0:67 0.381

% reduction 100% 100% 100%

1 week

No. of med difference (mean ± SD) 3:60 ± 1:24 3:75 ± 0:91 4:22 ± 0:67 0.319

% reduction 98.36% 100% 100%

1 month

No. of med difference (mean ± SD) 3:58 ± 1:43 3:65 ± 0:99 4:11 ± 1:60 0.507

% reduction 97.81% 97.33% 97.39%

3 months

No. of med difference (mean ± SD) 3:58 ± 1:43 3:60 ± 1:09 4:11 ± 1:60 0.509

% reduction 97.81% 96.00% 97.39%

6 months

No. of med difference (mean ± SD) 3:36 ± 1:60 3:70 ± 0:92 3:89 ± 0:93 0.481

% reduction 91.80% 98.67% 92.18%

The last follow-up

No. of med difference (mean ± SD) 3:34 ± 1:58 3:60 ± 1:35 3:89 ± 0:93 0.553

% reduction 91.26% 96.00% 92.18%

Group A: modified trabeculectomy group; Group B: AGV group; Group C: EX-PRESS group.
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Figure 6: The anterior chamber depth (ACD) before surgery and at
6 months after surgery. The postoperative ACD in the three groups
was deeper than that before operation. However, the postoperative
ACD in the AGV group increased significantly (P < 0:05 vs. before
surgery). Group A: modified trabeculectomy group; Group B: AGV
group; Group C: EX-PRESS group; preop.: preoperative; postop.:
postoperative. ∗P < 0:05 vs. preoperative.
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months, and 84.21% at the last follow-up, and the total suc-
cess rate was 100%, 97.37%, and 94.73%, respectively. The
complete success rate in the AGV group was 95% at 3
months, 90% at 6 months, and 90% at the last follow-up,
with the total success rate of 100%, 100%, and 95%, respec-
tively. In the EX-PRESS group, the complete success rate at 3
months, 6 months, and the last follow-up was 88.89%, and
the total success rate was 100%, 100%, and 88.89%, respec-
tively. The success rate of the three groups decreased to dif-
ferent degrees with the follow-up time, while the three
cohorts showed no evident difference in complete and total
success rates (P > 0:05) (Table 9). The complete success rates
throughout the 6-month follow-up period were visualized by
Kaplan–Meier survival curves (Figure 8).

3.9. Surgical Complications. Postoperative complications
during and after operation were listed in Figure 9, including
shallow AC (27%), hypertony (22%), scarring filtration bleb
(14%), hyphema (13%), hypotony (13%), and choroidal
detachment (11%). No severe complications occurred in all
patients. We defined complications occurring within 1mo
after surgery as early complications and occurring more
than 1mo after surgery as late complications. Early compli-

cations included shallow anterior chamber, hyphema,
hypotony, early hypertony, and choridal detachment in the
three groups. Late complications were hypertony and scar-
ring filtration bleb. All the complications were recovered
after symptomatic treatment, except for the uncontrollable
IOP in one eye of the modified TE group due to scarring
of the filtration bubble. The three cohorts differed insignifi-
cantly in total, early, and late complications (Table 10).

4. Discussion

RG is different from primary glaucoma. The causes of it are
complex and changeable, and the pathogenesis is mixed. It is
often accompanied by systemic diseases in addition to ocular
manifestations. Most patients have impaired visual function
and even blindness due to long-term high IOP damage to
the optic nerve. In China, the number of patients with RG
is about 2.2 million to 4.4 million [17]. NVG is one of the
most common causes of RG, which is mainly caused by
retinal ischemia and hypoxia. Studies have found that retinal
ischemia can produce a large number of neovascularization-
related factors in the eye [18–20], resulting in the imbalance
between stimulant and inhibitory factors for angiogenesis.

ODI

ODIII

II OS

OSIV

Figure 7: The different types of filtration bubbles after operation. The Kronfeld scale was used to evaluate the follicular function—I:
microcystic type; II: diffuse flat type; III: scar type; IV: package type. I and II types were considered as functional follicles; III and IV
types were defined as nonfunctional follicles.

Table 8: Postoperative functional follicular in the three groups.

Postoperative date Group A (n = 38) Group B (n = 20) Group C (n = 18) P

1 day, n (%) 38 (100.00) 20 (100.00) 18 (100.00) 1.000

1 week, n (%) 38 (100.00) 20 (100.00) 18 (100.00) 1.000

1 month, n (%) 38 (100.00) 20 (100.00) 18 (100.00) 1.000

3 months, n (%) 38 (100.00) 19 (95.00) 16 (88.89) 0.344

6 months, n (%) 37 (97.37) 19 (95.00) 16 (88.89) 0.347

The last follow-up, n (%) 37 (97.37) 19 (95.00) 16 (88.89) 0.347

Group A: modified trabeculectomy group; Group B: AGV group; Group C: EX-PRESS group.
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Neovascularization and neovascularization membrane are
formed in the fundus iris atrium. The main mechanisms of
glaucoma secondary to trauma include posttraumatic hema-
tocele of the AC, atrial angle regression, traumatic lens dislo-
cation, iris adhesion caused by inflammation, occlusion of
the pupil membrane, or obstruction of the trabecular mesh-
work caused by inflammatory substances, which would lead
to obstruction of AH outflow pathway [21]. Juvenile glau-
coma may be due to abnormal development of the atrial
angle. Abnormal structure and function of trabecular mesh-
work and Schlemm tube result in blocked outflow of AH and
increase IOP [22]. Because of these complex etiologies and
pathogeneses, different surgical methods are often used in
clinical practice. They mainly include salvage surgical
methods, such as TE and GDI implantation, and destructive
surgical methods, such as cyclocryotherapy, cyclophotocoag-
ulation (CPC), and cyclodynamic therapy. At present,
modified TE, GDIS, ciliary body destruction, and MIGS
are the most commonly used surgical options.

In this study, we treated RG patients with modified TE,
AGV, and EX-PRSS. The results showed that no statistical
difference was found in the composition ratio of the etio-
logical classification of glaucoma in the three cohorts
before surgery (P > 0:05). In the present research, NVG
(34.21%) was the most common cause of RG. According
to data statistics, NVG patients account for 0.7%~5.1% of
the Asian glaucoma population [23], which agrees with
our statistical results. Meanwhile, patients’ sex and mean
age were compared. Patients were slightly older in the
modified TE group (55 ± 15:17 years), as compared to the
AGV group (47:3 ± 16:77 years) and the EX-PRESS group

(49:33 ± 15:97 years). This may be related to the fact that
the patients were younger, required less invasive surgery,
and wanted to have better vision years after surgery. The
surgeon recommended GDIS.

This paper investigated the safety and effectiveness of
three surgical methods in treating RG. At the last follow-
up, 4 eyes (10.53%) had vision reduction and 1 eye had
vision loss in the modified TE group, 2 eyes (10%) had vision
reduction and 1 eye had vision loss in the AGV group, and 2
eyes (11.11%) had vision loss in the EX-PRESS group. Post-
operative visual loss may be due to the following reasons: (1)
the IOP was not controlled below the target value after sur-
gery, and the optic nerve was still damaged. (2) Most of
patients who were middle-aged and elderly may have cata-
racts before surgery, and surgery may accelerate the progres-
sion of cataracts, leading to loss of vision. Besides, we
compared the mean postoperative BCVA and found no
marked difference among the three cohorts at different
follow-ups and before surgery. And the BCVA difference
in preoperative and postoperative values was not significant
among the three cohorts at different follow-ups. However,
the BCVA of the EX-PRESS group was slightly improved
compared with the AGV and the modified TE groups. This
may be related to the difference of patient selection. Preoper-
ative diagnosis found that patients in the EX-PRESS group
mainly had secondary glaucoma (IIa, 61.11%), who had less
optic nerve damage and better visual acuity before surgery.
The primary glaucoma (I, filtration surgery and juvenile
glaucoma) and NVG (IIb) were the main diagnosis in the
AGV and modified TE groups. Patients with both types of
glaucoma have more damage to the optic nerve. In addition,
patients with NVG were often accompanied by fundus
lesions, such as diabetic retinopathy and macular edema,
which led to poor preoperative visual acuity. Due to the good
IOP control in the three groups after surgery, the BCVA
improvement was relatively better in the EX-PRESS group.

The IOP of all patients at different postoperative follow-
ups decreased significantly compared with that before sur-
gery, with a decrease rate of more than 60%. The higher
the patient’s IOP before surgery, the greater the decrease of
postoperative IOP. These results indicated that the three sur-
gical methods could significantly reduce IOP and decrease
antiglaucoma drug use in all RG patients. Some studies have
also obtained similar results [13, 24]. However, the three
cohorts differed insignificantly in the decrease range and rate
of IOP at different follow-ups. The result indicated that the
three surgical methods had similar effects on controlling
IOP in patients with RG. However, AGV and EX-PRESS
were slightly better than modified TE in IOP control only
at 6 months and the last follow-up after surgery. The better
IOP control in the AGV and EX-PRESS groups may be
attributed to the mechanism of reducing IOP. The primary
purpose of both EX-PRESS and TE that are follicle-
dependent surgeries is to drain the AH into the subconjunc-
tival space. The amplitude of descending IOP is related to
the status and function of the filtration bubble. EX-PRESS
has a certain controllability and predictability for the outflow
of AH. In addition, it has good biocompatibility, which can
reduce the postoperative inflammatory response of patients

C
om

pl
et

e s
uc

ce
ss

 ra
te

 (%
)

Follow-up (Months)

0.00

0.0

0.2

0.4

0.6

0.8

1.0

1.00 2.00 3.00 4.00 5.00 6.00

Group A
Group B
Group C

Figure 8: Kaplan-Meier survival curve showed that there was no
statistically significant difference in complete success rate among
the modified trabeculectomy group, AGV group, and EX-PRESS
group at 6 months after surgery (P > 0:05). Group A: modified
trabeculectomy group; Group B: AGV group; Group C: EX-
PRESS group.
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and the probability of scarring of the filter aisle [25]. AGV is
postfiltered, which drains the AH to the back of Tenon’s
capsule and is absorbed by the vessels and lymphatics of
the intraocular vein, and it does not significantly block the
outflow of AH. However, the decrease of IOP in the three
groups was basically the same in the early postoperative
period, which is possibly related to the early adjustment of
sutures, massage filtration bubble, and proportion of the
functional filtration bubble in the modified TE group. Other
studies have suggested that AGV and EX-PRESS have simi-
lar efficacy on RG, but EX-PRESS had a better control of
postoperative IOP than AGV [14]. It may be related to the
differences in types of RG cases and the number of samples
between groups.

Our research showed no significant differences in the
complete and total success rates among the three groups at
the last follow-up (P > 0:05); however, the total success rates
of the modified TE and AGV groups were slightly higher
than that of the EX-PRESS group. Because of the frequent

scarring of the filtration bubble after routine filtration sur-
gery for RG, the success rate of the surgery is about
11%~52% [5, 6]. An obviously higher success rate of modi-
fied TE compared with traditional TE was determined in this
study. This may be related to the modified surgical methods.
We used bilateral symmetrical adjustable sutures through
the cornea, keratosis margin, and sclera and no fixed scleral
flap sutures. We observed during the operation that bilateral
symmetrical adjustable sutures could completely prevent the
outflow of AH, thus avoiding ocular hypotony and flat AC
caused by the excessive outflow of AH in the early postoper-
ative scleral flap without fixed sutures. In the middle and late
postoperative periods, we reduced the resistance of the out-
flow of AH in the filter channel and increased the outflow
of AH by removing the adjustable sutures to prevent scar
formation of the filtration bubble. Therefore, the modified
TE group in this study had a high ratio of the postoperative
functional filtration bubble (97.37%) and a high success rate
of surgery. In addition, patients with RG generally had poor
preoperative ocular surface conditions, and some patients
had a history of multiple surgeries or medications. Because
of these reasons, the traditional TE was prone to scarring
of the filtration bubble, and the failure rate of surgery was
greatly increased (48%~89%) [5, 6].

Waisbourd et al.’s study [26] found that the cumulative
success rate was about 83.9% in the EX-PRESS group and
75.8% in the AGV group over 4.5 years after surgery in 57
patients with RG, showing no statistical difference between
groups. In the present research, a basically similar success
rate of the EX-PRESS group while a much higher success
rate of the AGV group was determined. Meanwhile, foreign
literature has reported a total success rate of about 70% in
controlling IOP by AGV. The reason may be related to the
characteristics of the included cases. The majority of patients
included in this study was NVG and had a poor prognosis
after traditional filtration, with a success rate of only 11%

Table 9: Success rate in the three groups.

Group A (n = 38) Group B (n = 20) Group C (n = 18) P

3 months, success rate, n (%)

Total 38 (100) 20 (100) 18 (100) 1.000

Complete 37 (97.37) 19 (95.00) 16 (88.89) 0.347

Qualified 1 (2.63) 1 (5.00) 2 (11.11)

Failure 0 (0.00) 0 (0.00) 0 (0.00)

6 months, success rate, n (%)

Total 37 (97.37) 20 (100) 18 (100) 1.000

Complete 34 (89.47) 18 (90.00) 16 (88.89) 1.000

Qualified 3 (7.89) 2 (10.00) 2 (11.11)

Failure 1 (2.63) 0 (0.00) 0 (0.00)

The last follow-up, success rate, n (%)

Total 36 (94.73) 19 (95.00) 16 (88.89) 0.705

Complete 32 (84.21) 18 (90.00) 16 (88.89) 0.908

Qualified 4 (10.53) 1 (5.00) 0 (0.00)

Failure 2 (5.26) 1 (5.00) 2 (11.11)

Group A: modified trabeculectomy group; Group B: AGV group; Group C: EX-PRESS group.

Scarring filtration bleb
14%

Choridal detachment
11%

Shallow anterior chamber
27%

Hypertony
22%

Hypotony
13%

Hyphema
13%

Figure 9: Postoperative complications during and after operation.
The complications included shallow anterior chamber, hypertony,
scarring filtration bleb, hyphema, hypotony, and choroidal
detachment at the end of follow-up.
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to 33% [27]. It has also been pointed out that glaucoma
drainage valves can rapidly reduce IOP in NVG patients,
but the postoperative effect is not as good as other glaucoma
types [28]. Foreign studies have also shown that the success
rate after modified TE for NVG patients is only about 62.6%
at 1 year after surgery [29]. However, all NVG patients
included in this study were treated with anti-VEGF before
surgery and antimetabolic medications during surgery, and
the systemic disease and other factors causing NVG were
actively controlled after surgery. These procedures improved
the efficacy of the AGV group, as well as the modified TE
and EX-PRESS groups.

The three cohorts differed insignificantly in the inci-
dence of complications (P > 0:05). The shallow AC was a
common complication in the early filtration surgery and
was usually associated with strong postoperative filtration,
choroidal detachment, and filtration bubble leakage [30].
High IOP of the shallow AC may also occur. Previous stud-
ies have reported that the incidence of shallow AC after
glaucoma filtration was 2% to 41% [31]. In this study, the
incidence of shallow AC was found to be 10.53%, 20%, and
11.11% in the modified TE group, AGV group, and EX-
PRESS group, respectively. The shallow AC was caused by
strong filtration. Excluding 1 eye with AC puncture, the
AC of 9 eyes was recovered after conservative treatment.
Meanwhile, we also measured ACD at 6 months after sur-
gery and found that the postoperative ACD of the AGV
group was statistically deeper versus the preoperative ACD.
The result was consistent with the decrease of IOP in the
group. The reason may be that when the ACD is normal,
the AH circulation is normal, thus reducing the IOP [32].
The results were consistent with those of some domestic
scholars [33].

In this study, the incidence of hyphemia was 2.63% in
the modified TE group, 15% in the AGV group, and 5.56%
in the EX-PRESS group. All patients’ injuries were caused
by rupture of iris neovascularization, and hemostasis was
absorbed after symptomatic treatment. We analyzed the
causes of postoperative hyphemia: (1) bleeding from the
wound caused by resection of trabeculae and iris tissue
during surgery and (2) preoperative IOP was not controlled,
resulting in hyperemia of the eyeball. After incision of the

AC, the sudden decrease of IOP caused the rupture of capil-
laries in the eye, resulting in bleeding. (3) The ciliary body
was damaged. (4) Iris neovascularization did not completely
receded after anti-VEGF therapy in NVG patients, and the
rupture of neovascularization resulted in hyphemia. Some
studies have found that when patients were given anti-
VEGF therapy 6-8 days before TE, only the neovasculariza-
tion on the surface of the iris was reduced, and the vessels
in the stromal layer still existed. The risk of hyphemia after
surgery could not be greatly decreased. However, anti-
VEGF therapy was given at 10 ± 11 days before surgery,
and the risk of hyphemia was significantly decreased [34].
Hyphemia is considered to be the most common complica-
tion of antiglaucoma surgery for NVG patients, with an inci-
dence of 34.3%-63% [35].

Hypotony is also a common complication. It usually
occurs in conjunction with choroidal detachment and
may also be associated with antimetabolic medications,
strong filtration, filtration bubble wrapping, and inflamma-
tory reactions [32, 36]. The incidence of hypotony in this
study was 4 eyes (10.53%) and 1 eye (5.56%) in the modi-
fied TE group and the EX-PRESS group, respectively. Cho-
roidal detachment was observed in 4 eyes, except for 1 eye
which was considered to be related to strong filtration.
Studies have found that persistent hypotony can cause idi-
opathic hypotony maculopathy [37]. The choroid of all
patients with hypotony was recovered, and IOP returned
to normal after conservative treatment. It has been reported
that the incidence of hypotony after glaucoma filtration was
only 1.6%~12.4% in clinical trials [38, 39] and 7.2%~42.2%
in observational studies [36, 40, 41]. Hypertony after glau-
coma filtration may be related to inflammatory reaction,
hyphemia, malignant glaucoma, and encapsulation or scar-
ring of filter bubbles. In this study, hypertony occurred in
both the early and late postoperative periods. The incidence
of early hypertony was 5% in the AGV group and 11.11%
in the EX-PRESS group. In the modified TE group, 1 eye
was found to have uncontrollable hypertony due to filtra-
tion bleb scarring, so modified TE was performed again to
control IOP. There was 1 eye each with filter bubble wrap-
ping in the modified TE group and the AGV group, while 2
eyes in the EX-PRESS group. All patients with filter bubble

Table 10: Postoperative complications in all patients.

Group A (n = 38) (%) Group B (n = 20) (%) Group C (n = 18) (%) P

Total postop. complications 13 (34.21) 7 (35.00) 8 (44.44) 0.745

Early postop. complications 11 (28.95) 6 (30.00) 6 (33.33) 0.945

Shallow anterior chamber 4 (10.53) 4 (20.00) 2 (11.11) 0.611

Hyphemia 1 (2.63) 3 (15.00) 1 (5.56) 0.177

Hypotony 4 (10.53) 0 (0.00) 1 (5.56) 0.422

Early hypertony 0 (0.00) 1 (5.00) 2 (11.11) 0.071

Choroidal detachment 3 (7.89) 0 (0.00) 1 (5.56) 0.671

Late postop. complications 2 (5.26) 1 (5.00) 2 (11.11) 0.705

Hypertony 2 (5.26) 1 (5.00) 2 (11.11) 0.705

Scarring filtration bleb 2 (5.26) 1 (5.00) 2 (11.11) 0.705

Group A: modified trabeculectomy group; Group B: AGV group; Group C: EX-PRESS group.
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wrapping had hypertony. At present, scarring of filtration
bleb was widely considered to be an important cause of fail-
ure in glaucoma filtration surgery. The medications, such as
5-FU or MMC, were used intraoperatively and postopera-
tively to effectively reduce the rate of scarring formation
of filtration bubbles. Zhou et al. [7] observed the surgical
effect of the MCC treatment of drainage valve implantation
and found statistically less fibrosis of the filtration bubble in
the treatment group (2.6%) compared with the untreated
group (19.5%). Cui et al. [42] also retrospectively analyzed
50 patients who underwent drainage valve implantation
and found an obviously higher success rate in the treatment
group with antimetabolic medications compared with the
untreated group (86% vs. 58%). We also used 5-FU during
the operation, and all patients of NVG were treated with
anti-VEGF medications before operation. The chance of
the filtration bubble scar was reduced, and the success rate
of the operation was improved.

5. Conclusion

In conclusion, the modified TE can validly reduce IOP in
RG patients, decrease antiglaucoma drug use, significantly
improve the success rate of traditional TE, and reduce the
incidence of postoperative complications. The operative
effect was comparable to AGV and EX-PRESS implantation.
However, the cost of modified TE was lower than that of the
other two surgical methods, and the modified TE should be
promoted. Due to the complicated etiology of these patients,
a reasonable surgical method must be selected according to
the specific situation of the patients. The present study has
some limitations. First, the small sample size may limit the
identification of differences in values. Second, the duration
of observation is not long enough. Therefore, the efficacy
and safety of the three surgical methods for RG patients
need to be further demonstrated by long-term observation
and a larger sample size study.
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Scarring, which develops due to fibroblast activation and excessive extracellular matrix deposition, can cause physical,
psychological, and cosmetic problems. Fibroblasts are the main type of connective tissue cells and play important roles in
wound healing. However, the underlying mechanisms of fibroblast in reaching scarless wound healing require more exploration.
Herein, we systematically reviewed how fibroblasts behave in response to skin injuries, as well as their functions in regeneration
and scar formation. Several biocompatible materials, including hydrogels and nanoparticles, were also suggested. Moreover,
factors that concern transformation from fibroblasts into cancer-associated fibroblasts are mentioned due to a tight association
between scar formation and primary skin cancers. These findings will help us better understand skin fibrotic pathogenesis, as
well as provide potential targets for scarless wound healing therapies.

1. Introduction

Many situations can cause skin injuries, and most human
skin wounds heal with the process of scarring. While some
scars reach complete regeneration, many others undergo
pathological tissue repairs, which occur with hypertrophic
and keloid scars [1]. Treatment often involves surgical resec-
tion, laser therapy, radiation therapy, physical therapy (i.e.,
pressure therapy), and medication (i.e., triamcinolone injec-
tions) [2–5]. Currently, a number of animal studies have
reported the molecular basis of scar-free healing [6–9]. Sev-
eral factors, including growth factors, cytokines, cells (espe-
cially fibroblasts), and the extracellular matrix (ECM),
contribute to scar formation. However, any preventive and
therapeutic strategies to date remain unsatisfactory [10],
which brings significant challenges to clinical practice. Addi-
tionally, differentiation towards cancer-associated fibroblasts
(CAFs) may have an adverse function in skin healing. Yet,

given the rapid development of nanotechnology, the use of
nanodrugs may facilitate scar-free wound healing [11, 12].

2. Fibroblasts in Wound Healing and
Pathological Scar Repair

2.1. Wound Healing Process. The wound healing proceeds
across three partially overlapping phases, including inflam-
mation, re-epithelialization, and tissue remodeling [13]. It
is considered to be a rather complex, but well-organized
physiological process that involves mediators, ECM compo-
nents, growth factors, and proteinases [12, 14].

The inflammation often occurs within 48h after injury
and is characterized by a hypoxic and ischemic environment
[15]. A fibrin clot is formed, and platelets are able to be
activated by release of several growth factors, including
transforming growth factor (TGF-α and TGF-β), epidermal
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growth factor (EGF), platelet-derived growth factor (PDGF),
and fibroblast growth factor (FGF) [16–18]. Neutrophils and
macrophages are also activated and summoned to curb the
infection [19]. The re-epithelialization stage is characterized
by the formation of new tissues. The early event involved the
migration of keratinocytes to cover the skin surface [20].
Under stimulation of PDGF and FGF from previously
attracted inflammatory cells, granulation tissue is gradually
formed by involvement of angiogenesis, as well as migration
of fibroblasts [21]. With the accumulation, differentiation,
and proliferation of fibroblasts, new ECM is produced, and
wounds become slowly contracted [22]. The remodeling
phase can last for a year or even longer, and apoptosis
develops in most endothelial cells, macrophages, and
fibroblasts, at this stage [23]. The collagen III in the newly
synthesized ECM is gradually replaced by more robust colla-
gen I, which enhances tensile strength of the healed skin [24].

2.2. Fibroblasts in Wound Healing. Fibroblasts, which are
known as connective-tissue-resident cells that generate
ECM the scaffolding of the body, play important roles in
wound healing [25]. The normal dermis can be divided into
three layers containing different fibroblasts, including the
papillary dermis (with papillary fibroblasts), reticular dermis
(with reticular fibroblasts), and hypodermis/white adipose
layer (with preadipocytes and adipocytes) [26, 27]. The his-
tological structure of skin scars can be quite distinguishable.
Numerous active fibroblasts and lymphocytes are located
within the superficial dermis, while the middle layer con-
tains abundant fibroblasts and ECM. Only a few dermal cells
lie within the deep layer [28]. After injuries, the reticular
fibroblasts gather and produce ECM [26, 29]. By expressing
α-smooth muscle actin (α-SMA) and large amounts of ECM
proteins, dermal regeneration is initiated. This phenomenon
was observed by Driskell et al. and Emanuel et al. [27, 30].
The papillary fibroblasts are then recruited in the subsequent
re-epithelialization phase [27]. Goss et al. suggested that,
unlike reticular fibroblasts, papillary lineage-derived fibro-
blasts significantly enhance the regeneration of blood
vessel-associated pericytes, which indicates a higher angio-
genic potential during the second phase of wound healing.
This result is also supported by Emanuel et al. [31, 32].
Additionally, modulation of developmental pathways,
including canonical wingless-related integration site (Wnt)
transcription factor lymphoid enhancer factor 1 (Lef1) in
papillary fibroblasts, enables better skin repair [33].

The resident fibroblasts can also facilitate skin repair by
wound contraction and crosstalk with immune cells by dif-
ferentiating themselves into myofibroblasts, which are the
major force in scarring [34, 35]. As they are a distinct sub-
population of myofibroblasts, adipocyte precursors have
been proven to contribute to wound repair and ECM pro-
duction and regulation [35, 36]. Maksim et al. have also indi-
cated that new hair follicles in a wound can reprogram the
myofibroblasts into adipocyte differentiation by activating
the bone morphogenetic protein signaling pathway [37].

Besides the afore-mentioned fibroblasts, other types of
fibroblasts have also been reported to affect skin repair. For

example, fascia fibroblasts help scarring by swarming to
the skin surface in the case of deep wounds [38]. Among
chronic open wounds, however, Engrailed-1 (En1-)-positive
fibroblasts were detected both in the skin, as well as in the
underneath fascia, which can help prevent fascia fibroblasts
from migrating upwards, thus inhibiting wound repair [38].

2.3. Fibroblasts in Pathological Scar Repair. Pathological scar
formation (i.e., hypertrophic scarring or keloids) may
develop as long-term sequelae of delayed wound healing
[39]. It is mainly featured by excessive proliferation of fibro-
blasts, as well as massive deposition of ECM (mostly colla-
gen), reduced tensile strength and elasticity, and a lack of
hair follicles [40].

Fibroblasts are heterogeneous cells, whether by cell
lineage or by molecular phenotype [25]. For example, fibro-
blasts that are derived from embryonic precursors that
express En1 have been reported to be the culprit in skin
fibrosis, and targeted suppression/inhibition can effectively
reduce formation of scars during wound healing [41]. Leavitt
et al. demonstrated the inherent fibrotic characteristics of
paired-related homeobox-1 (Prrx1-)-expressing fibroblasts
during wound repair by lineage tracing and single-cell tran-
scriptomics technology [42]. Deeper understanding of skin
fibroblast lineages may help provide increased clues with
regard to regenerative therapies that target subpopula-
tions [43].

Surface markers are often frequently utilized to further
identify and isolate fibroblast populations. For example, the
upper (papillary) and lower (reticular) dermis can be subdi-
vided by differentially expressed markers [27]. As is con-
firmed by lineage tracing, the papillary fibroblasts are
characterized by an a8 integrin subunit, dipeptidyl peptidase
4 (Dpp4), Lrig1, and B lymphocyte-induced maturation pro-
tein 1 (Blimp1), while Dlk1 and Sca1 are selective markers
for the lower dermis [27, 29, 44]. Functional analysis and
expression profiling studies have suggested that FAP
+CD90- cells represent a population of papillary fibroblasts
that display proliferative potential. On the other hand,
FAP-CD90+ fibroblasts from the reticular lineage may
undergo adipogenic differentiation [45].

Myofibroblasts, the primary effector cells in scar forma-
tion, mainly derive from fibroblasts with distinct markers
and functions. According to a study led by Shook et al., the
most abundant populations include adipose precursors
(Aps) that express CD26, as well as cells with highly
expressed CD29 on the surface (CD29-High) in the wound
bed [35]. The significant upregulation of Connexin 43
(Cx43) in specialized fascia fibroblasts are known to be
responsible for scar formation, while inhibition of Cx43 pre-
vents collective migration of fascia En1-positive fibroblasts,
which disrupts the repair of deep injuries [46]. Other
wound-associated biomarkers include SMAα+, FAP+, and
FSP1+ [22]. Meanwhile, high expression of FOXF2 is mea-
sured in scar fibroblasts, and knockdown of FOXF2 demon-
strates declined scars and reduced collagen I. In contrast to
normal skin, abnormal scars fail to drop the immature scar
phenotype, which is characterized by a CD34 and α-SMA
dermal region [47].
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3. Regulation of Fibroblasts in Wound Healing
and Scar Formation

3.1. Microenvironment. The microenvironment in the
wound area often regulates behaviors of fibroblasts through
the use of mechanical forces, interaction with other cells
(i.e., keratinocytes), and numerous substances, including
cytokines. Mechanical forces are able to cause scarring via
myofibroblast differentiation and collagen overproduction.
The shift of fibroblasts towards profibrotic phenotypes is
driven by ERK-YAP activation in human cells [48]. Consist-
ing of more than 80% of epithelial cells, keratinocytes make
a great contribution to not only skin protection, but also to
re-epithelialization and wound closure after injuries [49].
The secretion of the high-mobility group box chromosomal
protein 1 (HMGB1) by keratinocytes is known to trigger an
α-smooth muscle actin promoter by motivating fibroblasts
by promoting the nuclear import of MRTF-A, as well as
increasing nuclear accumulation of MRTF-A/SRF com-
plexes [50]. Interestingly, thinner skin and reduced collagen
density were found among mice with focal adhesion kinase
(FAK)-deleted keratinocytes, which actively participate in
mechano-transduction and ECM production [51, 52].

In addition, cytokines and cell adhesion molecules are
also reported to play roles in ECM deposition, fibroblast dif-
ferentiation, and cell migration. TGF-β-induced release of
IL-11 is significantly upregulated in hypertrophic scars,
which activates the enrichment of CD39+ fibroblasts within
the upper dermis and secretes a large amount of ECM [53].
CD44 is a cell surface adhesion receptor that has been impli-
cated in leukocyte recruitment, T cell extravasation, and
hyaluronic acid metabolism. Mice that lack CD44 exhibit
reduced collagen degradation, which leads to increased accu-
mulation during and after wound closure [54]. CXCL4 has
been validated to stimulate endothelial-to-mesenchymal
transition in fibrotic tissues. Myofibroblast differentiation
and collagen synthesis are directly induced, indicating that
CXCL4 may be a potential therapeutic target for the treat-
ment of fibrosis and scars [55]. Meanwhile, N-cadherin has
been shown to be critical in injury-triggered swarming, as
well as migration of fascia fibroblasts that progressively con-
tract the skin and form scars [56].

3.2. Signaling Pathway. Key aspects of fibroblast biology,
which consists of cell differentiation, migration, prolifera-
tion, and ECM secretion, are regulated by several signaling
pathways during wound healing and scar formation. In
general, aggravated scarring is thought to be associated with
c-Jun N-terminal kinase (JNK), TGF-β, Wnt, and Hippo
pathways (with enhanced fibroblast migration, increased
transition into myofibroblasts, and ECM rearrangement),
whereas JUN is related to better repair. Contractile myofi-
broblast state transition is needed for fibroblasts to fully
function, while the aberrant and sustained switch contrib-
utes to both scarring, as well as the development of certain
cancers.

As previously reported, differentiation is dominantly
controlled by the TGF-β pathway. TGF-β pathway controls
a wide variety of cellular processes, ranging from cell prolif-

eration and differentiation to tissue homeostasis and regen-
eration via SMAD-dependent (canonical) and independent
(noncanonical) signaling [57, 58]. Based on functional anal-
ysis, boosted myofibroblast differentiation and excessive
deposition of ECM have been observed due to increased
levels of TGF-β1, mediated by Dpp4 and urokinase (PLAU)
in vitro [59].

Relative therapeutic strategies include targeted inhibition
of TGF-β at the genetic and cellular levels. As a TGF-β pro-
fibrotic signaling-related microRNA, MiR-125b is known to
be required for fibroblast-to-myofibroblast transition [60].
The suppression of miR-1224-5p is indicated to decrease
proliferation, as well as invasion of keloid fibroblasts, by
inhibiting the TGF-β1/Smad3-related pathways, thereby
further emphasizing the importance of miRNAs as the
potential target [61]. Similar activation of the myofibroblast
transition has been suggested in other signaling pathways.
For example, scars can develop when the translocation of
β-catenin in fibroblasts is enhanced by Wnt, thereby leading
to proliferation, migration, and transition of fibroblasts into
myofibroblasts, as well as deposition of type I collagen [62].
Reduced expression of collagen I and III was observed in a
biomimetic nanodrug delivery system with increased efficacy
on hypertrophic scars by regulating Wnt/β-catenin and
JAK2/STAT3 pathways [63]. Interestingly, Sun et al. recently
discovered that activation of sonic hedgehog can eliminate
the negative effect brought by long-term Wnt signaling
[64]. In another study, David et al. demonstrate that induced
fibroblast activation and upregulated expression of myofi-
broblast marker proteins are present in samples that are
treated with extracellular signal regulated kinase (ERK) or
JNK inhibitors and that treatment with a p38 inhibitor can
sufficiently inhibit fibroblast activation [65]. It is also worth
mentioning that the activation of fibroblasts differentiation
mediated by ERK or JNK inhibition can be partially antago-
nized by cotreatment with a small molecule inhibitor of
TGF-βR1, indicating that there is underlying crosstalk
between these various signaling pathways [66]. In the mean-
time, stimulation on other fibroblast subpopulations is also
proposed. Hippo signaling pathway has emerged as being
central to regeneration, in which an elevated nuclear level
of YAP and TAZ has been observed [67]. On the other hand,
YAP inhibition blocks activation of En1 and promotes ENF-
mediated repair, which induces recovery of normal dermal
ultrastructure [68]. Additionally, administration with the
nuclear Yap-TEAD inhibitor verteporfin prolonged myofi-
broblast persistence and converted tissue regeneration to
fibrosis in vivo [69]. JUN initiates hypertrophic scar forma-
tion by regulating CD36, modulating distinct fibroblast sub-
populations, boosting reticular fibroblasts, and decreasing
levels of lipofibroblasts [70].

Given the role of fibroblasts and signaling pathways, any
abnormalities that concern fibroblasts (dysregulation of
gene expression, altered differentiation, adverse microenvi-
ronment, and deflected signaling pathways) can affect
regeneration and even cause pathological scarring. For
instance, both in vivo and in vitro experiments conducted
by Schulz et al. indicated that a lack of α11β1 related to
defective TGF-β-dependent JNK signaling prevents effective
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conversion from dermal fibroblasts to myofibroblasts, caus-
ing poor collagen remodeling [71]. In another study, fibro-
blasts with conjugation-deficient ISG15 were associated
with increased reactive oxygen species (ROS) levels and
fewer ROS scavengers, which manifested as ulcerating skin
lesions [72]. It has also been shown that selective loss of
fibroblasts from the upper dermis after acute and chronic
ultraviolet radiation can cause skin injury [73].

4. Fibroblasts and Cancer-
Associated Fibroblasts

Despite the mechanisms that are involved in regeneration
and scar formation, the dysfunction of fibroblasts can lead
to a worse case——cancer. It is known that the process of
wound healing (scarring in particular) and cancer progres-
sion shares several common characteristics, including pro-
moting proliferation and migration of epithelial cells and
activation of fibroblasts and excessive ECM deposition,
angiogenesis, and lymphangiogenesis, as well as increase in
levels of various types of immune cells [74, 75]. From this
phenomenon, we can draw the hypothesis that cancers and
scarring may share some similar mechanisms.

The microenvironment plays a significant role in both
wound healing and tumorigenesis through intracellular
communication. The past decade has witnessed a soaring
interest in studies that concern the tumor microenviron-
ment and CAFs, a major component and the main cell type
that produces ECM. CAFs derive from a diverse group of
cells (mainly intrinsic fibroblasts and stellate cells) under
either endogenous or exogenous stimulation. Although
some biomarkers of CAFs, such as fibroblast activation pro-
tein (FAP), α-SMA, fibroblast specific protein 1 (FSP1), and
platelet-derived growth factor receptor (PDGFR), have been
proposed, the complex heterogeneity has not yet been fully
revealed [76].

Recent studies demonstrate the process and effect of
reprogramming of skin fibroblasts into CAFs [77, 78]. A
notable example is the strong upregulation of tumor necrosis
factor (TNF)-receptor associated factor 6 (TRAF6) in CAFs
in melanoma, which enhances proliferation and migration
of fibroblasts, and is accompanied by increased expression
of matrix metalloproteinase and α-SMA. Furthermore,
FGF19 has been shown to be a key cytokine regulated by
TRAF6 through NF-κB [79]. Twist1, another key regulator
of CAFs, can directly upregulate Prrx1 expression, and sub-
sequently enhance expression of Tenascin-C (TNC), which,
in turn, increases the expression of Twist1. Thus, a Twist1-
Prrx1-TNC positive feedback loop (PFL) is developed, which
leads to the sustained activation of fibroblasts, and the trans-
formation into CAFs [80]. Notch1 is capable of blocking
DNA damage response and ensures growth arrest by sup-
pression of ATM-FOXO3a association and the downstream
signaling cascade. The amplification of Notch1 is observed
in CAFs from squamous cell carcinomas, as well as normal
dermal fibroblasts (to a lesser extent), and exposure to
UVA (ultraviolet A) expands the effect in normal dermal
fibroblasts, while the squamous cell carcinomas appear to
be resistant [81]. Activin A is overexpressed in different skin

cancers, including basal cell carcinomas, squamous cell car-
cinomas [82], and melanoma [83–85]. It has been reported
to reprogram fibroblasts into protumorigenic CAFs via a
Smad2-mediated transcriptional regulation of the formin
mDia2, promoting filopodia formation and cell migration.
Blockade of this paracrine activin A-mDia2 axis suppresses
cancer cell malignancy and squamous carcinogenesis
in vitro and in vivo [86, 87]. As for facilitated invasiveness,
keloid tissue-derived fibroblasts (KF) with upregulated
LARP6 expression demonstrates enhanced cell proliferation
and invasive behavior in cell culture system, while knock-
down of LARP reverses this effect, with reduced deposition
of type I collagen and inhibition of proliferation and inva-
sion ability [88]. In another study, Tan et al. revealed the role
of PPARβ/δ in the epithelial-mesenchymal communication
involved in cellular redox homeostasis. Mice with PPARβ/
δ-deleted fibroblasts indicated retarded growth of tumors
[89]. Decreased melanoma invasion is detected, with an
upregulation of collagen-cleaving MMP1 expression and
subsequent degradation of local collagen (COL1A1) due to
damaged dermal fibroblasts by UVR [90].

On the other hand, substances that enhance the genomic
stability are likely to prevent CAF transformation. E3 ubiq-
uitin ligase Smurf2 protects human dermal fibroblasts
(HDFs) from malignant transformation by regulating E3
ubiquitin ligase RNF20 and histone methyltransferase
EZH2, thereby stabilizing chromatin. Depletion of Smurf2
converts HDFs into a tumorigenic entity [91]. Down-
modulation of CSL/RBP-Jκ, the effector of canonical
NOTCH signaling, with intrinsic transcription repressive
function, harms genomic stability and causes conversion of
dermal fibroblasts into CAFs [92]. A deficiency of CLEC2A,
the ligand of activating NK cell receptor NKp65, may partic-
ipate in the fibroblast reprogramming process. The expres-
sion of CLEC2A on fibroblasts may be downregulated by
TNF-α, IL-1α, and IL-1β, but not by TGF-β in vitro. It has
been suggested that CLEC2A can accelerate the engulfment
of cancer cells by NK cells at early tumorigenesis stages, at
which time fibroblasts do not change to the CAF pheno-
type [93].

5. Materials in Scarless Wound Healing

As mentioned above, wound repair is an extremely well-
organized process that is mainly conducted by fibroblasts,
and scars are the result of dysregulation with excessive
ECM deposition and fibroblast proliferation. The primary
goal of wound therapy is to help prevent serious infection
postinjury, as well as pathological scar formation to acceler-
ate wound healing. Classic options include medication (i.e.,
intralesional corticosteroids and intralesional fluorouracil),
cryotherapy, surgical excision, and perioperative therapies
and laser therapy. Although some of them have proven to
be effective, many patients undergoing these treatments suf-
fer from a lot of pain or can be bothered by a high risk of
recurrence [94–97]. Thus, developing novel technologies is
required. Recent findings on fibroblasts and nanoscale mate-
rials may help provide a promising future in scarless wound
healing. This strategy largely includes inhibition of fibroblast
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proliferation, modulation of cell differentiation, and alter-
ation of ECM components.

Generally, fibroblast-related technologies refer to detec-
tion and identification of pathological skin repair and
wound healing-associated therapy. Regarding pathological
diagnosis involving the analysis of mRNA expression, mate-
rials include NanoFlares and nucleic-acid-based probe.
Through the use of NanoFlares, a type of imaging nanop-
robes designed for live-cell detection of mRNA, D.C. Yeo
et al. distinguished hypertrophic and keloidal fibroblasts
from normal fibroblasts by measuring the expression of con-
nective tissue growth factor (CTGF) [98]. Similarly, Zeng
et al. utilized a novel nucleic-acid-based probe in order to
achieve this type of distinction. The probe is generally uti-
lized for diagnosis and spontaneous regulation of the abnor-
mal expression (by suppressing the mRNA expression of
TGFβRI and CTGF) of fibrosis-related mRNA in scar-
derived skin fibroblasts [99]. Therefore, these techniques
can serve as means of biopsy-free scar diagnosis and eventu-
ally help make treatment decisions.

With regard to treatment, fibroblast-related technologies
involve skin substitutes, controlled release, and exosomes.
With regard to skin substitutes, bioengineered scaffold,
hybrid membrane, and marine-derived films are invented.
A trilayer PCL-gelatin scaffold mimicking the actual skin
structure displayed improved regeneration with an ideal
mechanical strength by maintaining a porosity gradient
and conducting proper microenvironments [100]. Mean-
while, Li et al. proposed an innovative approach that com-
bines graphene oxide with collagen I and N-acetyl cysteine
(NAC), both of which allowed the continuous release of
antioxidant NAC. The hybrid membrane exhibits a better
antiscar effect, which demonstrates with decreased mRNA
expression of profibrotic factors, as well as overexpression
of antifibrotic factors [101]. Moreover, application of astax-
anthin incorporated collagen film (ACF) and gentamicin
incorporated collagen film (GCF) in order promote epitheli-
alization in Wistar rats with full thickness excision and lin-
ear incision [102].

The second strategy, controlled release, refers to regulat-
ing the same substance across different phases towards
opposite effects. This strategy refers to various methods,
including multilayered structures, porous design, and
photo-induced release. Nanotechniques that play different
roles at various stages of wound healing promote regenera-
tion and suppress scarring. A modified formulation of poly
(γ-glutamic acid), according to electrospun photocrosslink-
able hydrogel fibrous scaffolds combined with ginsenoside
Rg3 (GS-Rg3), has developed for improved tissue repair
function. Reduced scar formation was observed due to sus-
tained release of GS-Rg3, which allows fibroblast prolifera-
tion at an early stage but abated angiogenesis and collagen
accumulation later [103]. As TGF-β signaling pathway par-
ticipates during whole process, from the activation of tran-
scription factors to fibroblast differentiation and α-SMA
production, it remains a promising target with regard to
scarless wound healing. The exogenous growth factor deliv-
ery platform based on coacervate achieves scarless skin
regeneration via dual release of TGF-β3 and IL-10 at differ-

ent stages [104]. This type of results is also demonstrated by
Zhang et al. using an integrated photocrosslinking strategy.
A microcapsule platform is developed with pulsatile release
of TGF-β inhibitors, demonstrating spatiotemporal specific-
ity across both murine skin wounds and large animal models
[105]. Similarly, the controlled release of metformin hydro-
chloride forms a three-layer scaffold, which alleviates scar
formation by downregulating expression of fibrosis-
involved genes, including TGF-β1, collagen type 1 and 3,
fibronectin, and α-SMA [106].

Regarding their last strategy, exosomes comprising
mRNAs, miRNAs, cytokines, and growth factors are iso-
lated, and their effects on the behavior of fibroblasts are eval-
uated. The use of exosomes also exerts promising clinical
translation [11]. For example, transplantation of exosomes
from the human umbilical cord blood plasma (UCB-Exos)
accelerates cutaneous wound healing through miR-21-3p-
mediated promotion of angiogenesis and fibroblast function
[107]. A group of umbilical cord-derived MSCs-derived exo-
somes demonstrate antiscarring functions via suppression of
myofibroblast formation, which may be associated with inhi-
bition of TGF-β2/SMAD2 pathway [108].

Other methods that promote scarless wound healing
include induction of MSCs-differentiated fibroblast [109],
regulation of angiogenesis [110] and TGF-β3 expression
[111], and M1-M2 phenotype switching of macrophages
[112]. Moreover, the silk nanofiber hydrogels loaded with
asiaticoside (AC) have been shown to improve efficiency
compared to previous liposome systems in reaching scarless
wound healing by regulating inflammatory reactions and
angiogenesis [113].

6. Clinical Trials

Several clinical trials have been carried out or are ongoing
that can help clarify the safety, feasibility, and efficacy of
fibroblast-based therapeutics in wound healing and skin
regeneration. Although clinical guidelines have not included
use of fibroblasts, many studies have shown the great poten-
tial of fibroblast therapy in clinical applications (Table 1).

A study that enrolled 49 volunteers with circular 5-mm
full-thickness wound of unblemished skin underneath both
arms who were treated with α-CT1 demonstrated dose-
dependent decreases in fibroblast movement directionality,
which resulted in increased randomness during the migra-
tion paths [114]. Meuli et al. recruited seven patients, each
with seven wounds. Three wounds were administered fibro-
blast injection, while the other three wounds used fibroblasts
that were seeded on amniotic membrane scaffolds (FAMS).
The last one was treated with standard wound care (SWC)
(Vaseline gauze). Although increased wound healing was
achieved using the first two methods, the fibroblast injection
was proven to be superior to FAMS, and a continuous colla-
gen layer was established with better microscopic effects in
completely healed wounds [115]. ICX-RHY-013 is an inves-
tigational medicinal product that is comprised of viable allo-
geneic human dermal fibroblast (HDFs) cells that were
suspended in HypoThermosol®-FRS. Rubin and colleagues
conducted a clinical trial that included eight participants.

5Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

The participants were divided into two cohorts according to
their wound types (cohort 1 with an abdominal incision scar
and cohort 2 burn scars with restrictive scar contractures).
There were no life-threatening events observed, but there
were mild adverse events, including redness and itching. In
order to investigate the safety and efficacy of autologous
fibroblasts towards severe facial acne scarring, 109 patients
were selected and administered with autologous fibroblasts
and placebo on either sides of their cheeks, respectively.
The autologous fibroblast-treated cheeks earned better
scores of Evaluator Live Acne Scarring Assessment (ELASA)
and Subject Live Acne Scarring Assessment (SLASA),
thereby indicating improved healing conditions with autolo-
gous fibroblast treatment.

7. Discussion

Skin wound repair is a complex process that can accomplish
two major tasks. First, wound repair attenuates skin barrier
functions, which effectively protects skin stability and pre-
vents infection. Moreover, wound healing restores the phys-
iological and mechanical properties of skin. Fibroblasts are
expected to contract wounds and secrete ECM during the
process, but uncontrolled proliferation of fibroblasts and
excessive deposition of ECM contributes to the scar forma-
tion and should be avoided.

During recent years, numerous studies have been carried
out in the field of inhibiting scar formation and have
achieved some promising results. Fibroblast heterogeneity,
intracellular crosstalk, and signaling pathways have provided
some innovative thoughts. However, the exact mechanisms

that are involved are still not revealed. Limitations, such as
the lack of detection in dynamic change of fibroblast pheno-
types and the obscurity of how these lineages are intercon-
nected, remain unsolved. Therefore, further tests during
clinical samples are still needed. The treatment of patholog-
ical scars remains a thorny and daunting challenge, as most
of the current studies, especially clinical trials, have not
shown any beneficial effect of treating scarless wound heal-
ing. Nevertheless, the recently progressive application of bio-
materials has brought some insight into this issue. Special
probes are designed as diagnostic tools for pathological
scars, and significant therapeutic effects were found in
fibroblasts-based technologies concerning skin substitutes,
controlled release, and exosomes. Meanwhile, novel tech-
niques and methods, such as lineage tracing, intravital
microscopy, single-cell transcription, and epigenetic profil-
ing, can help uncover the underlying mechanisms of skin
scarring and provide potential therapeutic targets for regen-
erative treatment of skin injuries.

The TGF-β signaling pathway participates in wound
healing, scar formation, and fibroblast reprogramming
towards CAFs. While elevated expression of TGF-β at the
re-epithelialization stage seems to promote wound repair,
the continued upregulation at the remodeling phase is
related to scarring. While administration of TGF-β anti-
bodies during remodeling and the resolution stage can cause
significant improvement of skin scarring, treatment at an
early stage may cause later cutaneous wound healing [116].
This suggests the importance of the timing of intervention.
Meanwhile, TGF-β expression is reported to be upregulated
in skin cancers such as melanoma. It is worth mentioning

Table 1: The clinical trials of fibroblast-based therapy in wound healing and scarring.

Conditions Interventions Status Results

Acne scarring
of the face

Biological: autologous human
fibroblasts (azficel-T)

Completed Reduced scars in autologous fibroblast cheeks

Restrictive scar
contracture
Restrictive
hypertrophic scar
Burn scar
contractures
Burn scar

ICX-RHY-013 Terminated Safe

Hypertrophic
scarring

AbobotulinumtoxinA 500 UNT
Active, not
recruiting

Ongoing

Trophic ulcer
Nonhealing wound
Nonhealing ulcer
of skin

Dermal fibroblasts
LED phototherapy

Completed Ongoing

Burns Fibroblasts and keratinocytes Completed Ongoing

Wound scars
Connexin 43 carboxyl terminal

mimetic peptide αCT1
Completed

Decreased directionality of fibroblast movement, and the
generation of a 3D collagen matrix postwounding

that is similar to unwounded skin

Dystrophic
epidermolysis
bullosa

Fibroblast injection
Amniotic membrane
scaffolds (FAMS)

Vaseline gauze (SWC)

Completed
Establishment of a continuous collagen layer

and better microscopic effects
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that fibroblast sensitivity to TGF-β in keloids is higher than
normal skin fibroblasts, which causes increased secretion of
ECM. On the other hand, melanoma cells appear to be less
sensitive to the growth inhibiting effect of TGF-β. Therefore,
the controlled inhibition of TGF-β can be applied clinically
as an intervention.

Activated fibroblasts during wound healing, especially
scarring and CAFs, share many common cellular features
and signaling pathways, but with distinct characteristics.
These fibroblasts associated with ECM have a primary role
in tissue repair and tumor proliferation. Normal skin fibro-
blasts can be converted to CAFs under certain condition,
with TRAF6, Twist1-Prrx1-TNC loop, and LARP6 acting
as inducers, while CLEC2A, SMURF2, and CSL can be used
as inhibitors. Therefore, it is likely that controlling prolifer-
ation and activities of CAFs may limit tumor progression
and improve response to antitumor therapies. In addition,
we hypothesize that preventing the transformation of CAFs
may reduce progression of tumor at an early stage. More-
over, therapeutic strategies that are aimed at reducing scars
may also work in the suppression of cancer. However, a dee-
per understanding of the main role of fibroblasts in tumors
and scars is needed.
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Objective. To observe the outcomes of cataract surgery in ocular cicatricial pemphigoid (OCP) patients and explore routine
perioperative medical treatments. Design. Retrospective case series. Methods. Fourteen eyes of 8 patients were included in the
study. Foster’s stage 1-4 OCP patients were given human intravenous immunoglobulin, whereas patients with active
inflammation were treated with prednisone tablets and methotrexate. Those who were intolerant to methotrexate and had
severe inflammatory symptoms were treated with cyclophosphamide. Cataract surgery was performed for all patients after
three months of systemic treatment under stable conditions. The conjunctival biopsy was evaluated by immunofluorescence
microscopy. Then, patients were divided into individuals with or without ankyloblepharon. Records were reviewed for OCP
stage, type of surgery, best-corrected visual acuity (BCVA), Schirmer I test, corneal fluorescein sodium staining, meibomian
gland coloboma range, and ocular surface disease index (OSDI) scores. Follow-up was for the duration of taking topical and
systemic medication. Results. Nine female (64.29%) and 4 male (35.71%) eyes were diagnosed with OCP by biopsy. The mean
follow-up time was 60:64 ± 35:62 months. Thirteen eyes (92.86%) of 7 patients underwent phacoemulsification. One eye
underwent phacoemulsification combined with amniotic membrane transplantation. The intracapsular extraction of cataract
was applied to one eye. The BCVA improved significantly in all the patients, which remained stable until the last follow-up.
The Schirmer I test was higher than that before the surgery. Corneal fluorescein sodium staining after surgery showed a
decrease in score compared to the preoperative score. The BCVA of the patients after surgery increased significantly. The
OSDI scores of patients with ankyloblepharon were significantly higher than for those without it. Postoperative symblepharon
showed no significant difference compared to the preoperative symblepharon. Conclusions. In this series, OCP patients with
cataracts were able to undergo phacoemulsification surgery, whereas routine use of immunosuppression and closed
postoperative follow-up were necessary.

1. Introduction

Mucous membrane pemphigoid (MMP) is a systemic auto-
immune bullous skin disease which mainly affects mucosal
tissues, such as the conjunctiva, nasal cavity, oropharynx,
esophagus, trachea, skin, and genitals [1]. Approximately
70% of patients with ocular damage as the main clinical
symptom have bilateral [2], asymmetric, and chronic pro-

gressive fibrosis and inflammatory conjunctivitis, known as
ocular cicatricial pemphigoid (OCP) [3]. According to rele-
vant reports, OCP is a rare and potentially blinding disease.
One of its characteristics is that it destroys the adhesion
between the conjunctival epithelium and the subepithelial
tissues, thereby causing the subepithelial tissues to form blis-
ters [2]. The incidence rate of OCP is 1-5/60,000, mainly in
women (male to female ratio is approximately 1 : 2). The
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average age of onset of patients was 65 years old, and all eth-
nic groups were roughly the same [4, 5]. Patients affected by
this autoimmune disease will eventually develop conjunctival
scarring. If the patient does not receive proper treatment or is
not treated, it may cause ocular corneal opacity and perma-
nent vision damage and loss [6]. OCP is an autoimmune
chronic cicatricial conjunctivitis, and abnormal immune
system regulation is an important feature of OCP [4]. Thus,
ocular MMP treatment guidelines are designed to control
immune-mediated inflammatory diseases, prevent fibrosis,
and manage ocular surface diseases [7]. Mycophenolate
mofetil, azathioprine, and methotrexate can be used for the
treatment of moderate disease. Of these drugs, mycopheno-
late mofetil had the best safety profile and was well tolerated,
with the lowest withdrawal rate among the drugs used. The
recommended dose is 1 gram twice daily, and the treatment
can be controlled in 59% of patients [8, 9].

Surgical operations may stimulate the patient’s immune
response, which had entered the cessation period of inflam-
mation [10]. Such patients should be treated with
preservative-free artificial tear eye drops, topical steroids,
or immunosuppressants. In the stable period of inflamma-
tion, OCP and Stevens-Johnson syndrome (SJS) or toxic epi-
dermal necrolysis (TEN) are safe for cataract extraction [11,
12]. Cataracts are visual impairments caused by decreased
transparency and refractive power of the lens. When cata-
racts become obvious, surgery is the only certain treatment.
Patients without other complications usually have excellent
postoperative vision after cataract surgery [13]. The reported
success rates for improved visual acuity in age-related cata-
ract surgeries range from 91% to 98.5% [14, 15]. When cat-
aracts are associated with other ocular surface diseases, such
as Steven-Johnson syndrome (SJS), OCP, silkworm corneal
ulcer, spring keratoconjunctivitis, and limbal stem cell defi-
ciency, the prognosis of visual quality is rarely reported
[15]. Puranik et al.’s study reported the outcomes of cataract
surgery in ocular cicatricial pemphigoid and found that cat-
aract surgery could be safely performed with no major intra-
or postoperative complications [11]. However, OCP patients
often present common causes of cataracts, which may result
in visual loss through aging, medication-induced or complex
cataracts. Age-related cataracts are more common in OCP
patients because they tend to occur at an older age [6].
Drug-induced cataracts may be caused by local and systemic
steroids used to treat conjunctival inflammation, and com-
plex cataracts may be caused by uveitis associated with ker-
atitis [16]. Vision improvement of such patients after
cataract surgery may not be comparable to that of patients
with senile cataract alone. Many studies have shown that
surgical interventions such as cataract removal often trigger
excessive inflammation in the eyes of OCP patients, leading
to disease deterioration. In most patients, it is difficult to
observe cataracts through the opaque cornea, which could
increase the risk and difficulty of the surgical process [17].
At the same time, the risk of complications after surgery is
also increased with a higher degree of scar adhesion or
aggravated corneal disease after surgery. Previous studies
have shown that cataract surgery can achieve certain success
after complete control of conjunctival inflammation before

surgery [18]. However, due to the progressive scar formation
of the disease itself, the benefits of improved vision are
short-lived [17].

The significance of cataract surgery in patients with OCP,
the opportunity for surgery, and the choice of methods have
always been controversial. Improper perioperative medica-
tion can aggravate existing ocular symptoms in OCP [15].
Therefore, the motivation and purpose of our study are to
indicate the safety and effectiveness of such patients after cat-
aract surgery and to provide guidelines for clinical research
and treatment in OCP patients through evaluating ocular
manifestations and symptoms of OCP stage, BCVA, Schir-
mer I test, corneal fluorescein sodium staining, meibomian
gland coloboma range, and OSDI scores after surgery. We
suggest that the routine use of immunosuppression and post-
operative close follow-up are necessary.

2. Methods

2.1. General Data. The study was a retrospective cohort case
study. A total of 14 eyes from 8 patients diagnosed with OCP
who underwent cataract surgery in the Department of Oph-
thalmology, at the Second Affiliated Hospital of Xi’an Med-
ical University from 2010 to 2018, were included and
followed up for at least 2 years. The described research
adhered to the tenets of the Declaration of Helsinki, and
Ethics Committee approval of the Second Affiliated Hospital
of Xi’an Medical University was obtained. All patients met
the diagnostic criteria of ocular cicatrix pemphigoid disease
with lens opacity [19]. The basic information of the patients
and the detailed medication history related to the disease
were collected. Every patient underwent evaluation, includ-
ing BCVA (LogMAR), slit lamp examination, Goldmann
applanation tonometry, and indirect fundoscopy before sur-
gery. Ocular surface disease index (OSDI), Foster’s staging
system (Table 1), stage of keratopathy (Table 2), stage of
the symblepharon degree (Table 3), corneal sodium fluores-
cein dyeing (Table 4), score of meibomian gland coloboma
range (Table 5), aqueous flare, and Schirmer I test were com-
pared before and after surgery. The surgical procedure, sero-
logical markers, and postoperative complications were
recorded for each patient.

Inclusion criteria: (1) patients who met the diagnosis of
OCP based on ocular manifestations, with ocular symptoms
including red eyes, blepharospasm, lacrimonia, photophobia,
decreased vision, burning, foreign body sensations, itching,
and heavy eyelids associated with dry eye. (2) A slit lamp
was used to evaluate the ocular lesions in detail. Trichiasis,
dichiasis, blepharoglandular dysfunction and blepharitis,
conjunctival congestion, papillary hyperplasia, and follicular
formation were observed. In severe cases, conjunctival kera-
tosis with subepithelial fibrosis, fornix shortening, and con-
junctival scarring may be present. (3) Local eye conjunctiva
was taken for lab examination. Direct immunofluorescence
microscopy showed linear fluorescence along the conjuncti-
val epithelial basement membrane region. (4) In accordance
with the diagnostic criteria of cataract (LOCS III), after the
pupil was dilated at least 5mm, the lens was examined by
ophthalmoscope or slit lamp microscope with the opacity
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accompanied by painless vision loss. (5) Consent for the
operation was provided and the informed consent was
signed. (6) The cataract surgery indications were met. (7)
All patients were diagnosed for the first time without taking
relevant therapeutic drugs. (8) All patients were followed
up with for more than 2 years. Exclusion criteria: (1) patients
with other serious physical or tumor diseases; (2) people with
mental illness; (3) patients with insufficient medical records;
(4) patients with follow-up less than 2 years.

2.2. Treatment Protocols. Patients with Foster’s stages I-IV
were given 2-3 g/kg human immunoglobulin (IVIG) sys-
temic intravenous injection within 4-5 h per day and divided
into three equal parts for at least three days. Cataract surgery
was performed after ocular surface inflammation was in the
quiescence phase (no conjunctival congestion or secretions
and no progress in subconjunctival scar formation). Patients
with active inflammation are routinely treated with predni-
sone tablets (starting at 1mg/kg/d) in combination with
methotrexate, with the doses ranging from 5 to 10mg/week.
Folic acid (5mg) was taken orally the next day after metho-
trexate administration, to reduce its adverse reactions. Cata-
ract surgery was performed after 3 months when the
inflammation was stable. Methotrexate intolerance and stage
IV fosters were treated with prednisone tablets (starting dose
1mg/kg/d) combined with cyclophosphamide (1-2mg/kg/d).

Prednisone tablets (1mg/kg/d) were taken orally for all
patients 1 week before surgery, and levofloxacin eye drops
were given to the eyes 3 days before surgery, 4 times per
day. Compound tropicamide eye drops (0.5%) were applied
to the eyes to fully dilate the pupils before surgery. The dos-
age of prednisone tablets was reduced after 4-16 weeks when
the inflammation was stable, by withholding one to two tab-
lets every two to four weeks until the dosage was 10mg daily,
and then reduced to one tablet every 4-8 weeks. Prednisone
was withdrawn until the condition of OCP patients was sta-
ble. The patients who were treated with immunosuppres-
sants before surgery continued to take them after surgery.

2.3. Biological Sample Processing. A 2mm × 6mm inferior
fornix of conjunctiva sample was obtained with sterilized
smooth forceps and ocular surgical scissors after topical
anesthesia for cataract surgery. The conjunctival sample
was divided into two equal parts: one used for immunofluo-
rescence microscopy and the other for hematoxylin-eosin
(HE) staining. The samples were inserted into optimal cut-
ting temperature compound (OCT) for embedding and
quickly in liquid nitrogen. After quick freezing, the tissues
were cut into serial sections with a cryostat at minus 20°C
and stored for subsequent testing.

2.4. HE Staining. The slices were incubated at room temper-
ature and stained with hematoxylin for 5min. The slices
were then differentiated in 1% hydrochloric acid ethanol

Table 1: The stage of ocular cicatricial pemphigoid (Foster’s staging system).

Stage Clinical feature

I Conjunctival congestion, subconjunctival fibrosis, chronic nonspecific conjunctivitis

II Except for conjunctival scar, the lower fornix is shortened and the corneal epithelium is punctate stained

III
Significant eyelid adhesion, especially at the epicanthus, conjunctival scar thickening, corneal infiltration, scar, neovascularization,

and dry eye

IV Eyelid adhesions, corneal epithelial keratosis, corneal neovascularization, trichiasis, eyelash disorder, rabbit eye, varus

Table 2: The stage of keratopathy.

Stage Clinical feature

0 Normal cornea

1 Mild to moderate superficial punctate keratitis

2 Severe superficial punctate keratitis

3 Mild to moderate scarring and/or neovascularization

4 Severe scarring and/or neovascularization

Table 3: The stage of the symblepharon degree.

Stage Clinical feature

0 No symblepharon

1 Symblepharon only involves the conjunctival surface

2
The formation of symblepharon involves less than half of

the corneal surface

3
The formation of symblepharon involves more than half of

the corneal surface

Table 4: Corneal fluorescein sodium dyeing score.

Score Degree of dyeing

0 Nonfluorescent dyeing

1 Fluorescein dyeing sites < 5

2
Corneal fluorescein dyeing sites < 30 and ≥5 and/or dyeing

range no more than 2 quadrants

3
Corneal fluorescein dyeing sites ≥ 30 and/or corneal injury

area 2 quadrants or above and fusion of dyeing sites

Table 5: The score of meibomian gland coloboma range.

Score Meibomian gland coloboma range

0 No coloboma

1 <1/3 proportion

2 1/3~2/3 proportion

3 >2/3 proportion
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(a)

Figure 1: Continued.
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Figure 1: Continued.
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for a few seconds and dehydrated with 95% alcohol for 30 s.
The same procedure was used for eosin alcohol staining
solution for approximately 3min. The excess dye was rinsed
with water and differentiated with 85% alcohol. The slices
were successively dehydrated with different concentrations
of alcohol. Finally, the slices were added to xylene to make
them transparent and sealed with neutral gum and then
were examined with a light microscope (Olympus, Japan)
and photographed with a digital camera.

2.5. Immunofluorescence Microscopy. After cryoembedding
at -20°C, the slices were ventilated to remove water vapor,
fixed with 4% paraformaldehyde fixing solution, and washed
with PBS three times. After the antigens were heated, they
were naturally cooled at room temperature and incubated
with goat serum for 1 h. Anti-IgA (1 : 100, Abcam, UK),
IgG (1 : 300, Abcam, UK), and IgM (1 : 1000, Abcam, UK)
antibodies were then added overnight at 4°C. Fluorescence
isothiocyanate- (FITC-) labeled sheep anti-human anti-
bodies IgA, IgG, and IgM were added followed by incubation
in the dark, at room temperature for 1 h. After washing with

PBS, the nuclei were stained with DAPI, and the antique-
nching agent was used to seal the slices. The slices were then
observed under a confocal microscope (Nikon, Japan).

2.6. OSDI Score. According to the subjective feelings of the
patients, the OSDI scoring scale [20] was used to self-test
the patients. The completion of the questionnaire was car-
ried out under the strict professional guidance of ophthal-
mologists in our hospital. This questionnaire contained a
total of 12 questions, for example: whether the patients have
photophobia, pain, and foreign body sensation and other eye
discomfort symptoms; whether there was blurred vision and
visual fluctuations in the daily reading, writing, driving, the
use of computers and television; and whether eyes in the
sand, dry, and air conditioning environment felt uncomfort-
able. Each question was followed by five possible answers: 0
(never experienced such symptoms), 1 (occasional occur-
rence of such symptoms), 2 (had such symptoms about half
the time), 3 (most of the time), and 4 (this kind of symptom
occurred all the time). Patients answered the questions selec-
tively but responded to at least two items. Each score will be

(e)

Figure 1: HE staining and immunofluorescence assay. (a) The histology of OCP conjunctiva. Multiple infiltrating immune cells were
observed in the HE-stained slides from 10 eyes of 8 patients. (b) Control group. There was no staining along the conjunctival basement
membrane zone. (c–e) Positive results of brilliant IgM, IgA, and IgG fluorescent staining along the basement membrane zone.
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Stage I
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Stage II
14.29 %

Stage III
14.29 %

Stage IV
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Stage II

Stage III
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(a)

Stage 1
21.43 %

Stage 2
14.29 %

Stage 3
21.43 %

Stage 4
42.86 %

Stage 1
Stage 2

Stage 3
Stage 4

(b)

Figure 2: Continued.
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Stage
37.14 %

Stage 1
33.71 %

Stage 2
57.15 %

Stage 1
Stage 2
Stage 3

(c)

Score 0
0 %

Score 1
28 %Score 3

29 %

Score 2
43 %

Score 0
Score 2

Score 3
Score 4

(d)

Figure 2: Preoperative and postoperative stage and score of OCP patients. (a) Foster’s stage I-IV. (b) Keratopathy stage 1-4. (c)
Symblepharon stage 1-3. (d) Meibomian gland coloboma range score 0-3.
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summarized with a score range of 0~100, calculated by the
following formula: OSDI score = ðtotal score × 25Þ/number
of questions.

2.7. Follow-Up Observation Indices. LogMAR visual acuity
was recorded at 1 day, 1 week, 1 month, 3 months, 6 months,
1 year, and 2 years and at the final follow-up after surgery.
The conjunctiva, cornea, and anterior segment were exam-
ined with a slit lamp. Ankyloblepharon and inflammation
were examined and compared with those before the opera-
tion. The OSDI score was used to distinguish between
patients with normal eye and dry eye. Perioperative doses
and the durations of local and systemic immunosuppressive
agents were recorded. Complications before, during, and
after cataract extraction and other surgical interventions
were also recorded. Patients were divided into two groups
according to Foster’s staging system and ankyloblepharon.
The first group (without ankyloblepharon) included mild
to moderate patients with OCP stages I, II, and III. The sec-
ond group included severe patients (ankyloblepharon group)
with OCP stage IV. The changes in OSDI score, Schirmer I
test, corneal sodium fluorescein staining, meibomian gland
coloboma range, and BCVA were compared before and after
surgery among patients with different grades at different
times. Routine blood and urine examinations were per-
formed every week. Liver and kidney function examinations
were also recorded every half a month. Blood pressure and
blood glucose of OCP patients were kept within normal
ranges.

2.8. Statistical Analysis. All data were analyzed by SPSS 20.0
software. Paired sample t-tests were used for intragroup
comparisons, ANOVA was used for intergroup compari-
sons, repeated measure ANOVA was used to analyze
intragroup differences in OSDI scores before and after sur-
gery, and group t-tests or Wilcoxon rank sum tests were
used for comparisons between groups. P < 0:05 was consid-
ered to be statistically significant.

3. Results

3.1. Demography of Patients. Seventeen eyes of 10 OCP
patients underwent cataract surgery. Two of them were
inadequate after follow-up and were excluded. Finally, 14
eyes of 8 patients were analyzed, including 9 eyes of 5 female
patients (64.29%) and 5 eyes of 3 male patients (35.71%).
The average age of the patients was 66:11 ± 6:33 years, and
the mean follow-up time was 60:64 ± 35:62 months. The
shortest follow-up time was 24 months, and the longest con-
tinuous follow-up time was 120 months.

3.2. HE Staining and Indirect Immunofluorescence Assay.
Fourteen eyes of 8 patients were diagnosed with OCP and
included in this study. None of them received any treatment
or took medication before diagnosis. All patients underwent
conjunctival biopsy during cataract surgery. Multiple typical
infiltrated immune cells, such as lymphocytes, plasma cells,
and white blood cells, were observed by HE staining
(Figure 1(a)). A positive result with linear direct immunoflu-
orescence labeling (green) of autoantibodies was staining
along the basement membrane zone. (Figures 1(c)–1(e)).
Since the time between the binocular operations was no
more than three months, conjunctival tissue was excised
from only one eye of 4 patients for HE staining.

3.3. Other Ocular Surgeries. One eye (7.14%) was unable to
undergo phacoemulsification because of severe corneal
opacity, and intracapsular cataract extraction (ICCE) was
finally applied (patient 5). One patient (7.14%) underwent
phacoemulsification combined with amniotic membrane
transplantation (patient 6). One patient with a case of bino-
culus (14.28%) underwent upper eyelid surgical treatment of
entropion and trichiasis (patient 2).

3.4. Comparison of Patient Information before and after
Surgery. Foster’s stage, corneal fluorescein sodium staining,
and meibomian gland coloboma range did not change pre-
and postoperatively (Figures 2(a)–2(d)). Table 6 shows the

Table 6: Preoperative information of patients.

Patient Age/sex Eye OCP Aqueous flare Symblepharon Keratopathy BCVA Meibomian gland coloboma range Schirmer I test

1
51/M OD I 0 1 3 1 1 3

51 OS I 0 1 4 1.3 1 4

2
68/F OD IV 0 2 3 2 2 18

67 OS IV 0 2 1 1.9 2 7

3
64/F OD IV 0 2 2 1.1 2 4

64 OS IV 0 2 4 1.4 2 3

4
72/F OD III 0 2 3 1.2 2 15

72 OS III 0 1 2 1.3 2 10

5 71/F OS IV 2 2 4 0.0025 3 2

6 71/M OD IV 2 3 4 0.005 3 3

7
65/M OD IV 2 2 4 0.005 3 5

66 OS IV 2 2 4 0.005 3 5

8
66/F OD II 0 1 1 0.4 1 12

66 OS II 0 1 1 0.5 1 15

The aqueous flare: 0: no; 1: have; 2: not clear.
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basic information of preoperative OCP patients. Six patients
underwent binocular cataract surgery (12 eyes, 85.71%), and
two patients underwent monocular cataract surgery (2 eyes,
14.29%). The BCVA of patient 5 was light perception preop-
eratively. The BCVA of patient 8 was 0.4 in the right eye and
0.5 in the left eye. For the Schirmer I test, 9 eyes (64.29%)
were hyposecreted before the operation, and 6 eyes
(42.86%) were dry eyes. Foster’s staging system, stage of ker-

atopathy, stage of the symblepharon degree, and score of
meibomian gland coloboma range after operation were very
stable compared with those before operation, and there was
no significant difference between pre- and postoperative
states Table 7.

Compared to the preoperative values, the BCVA of all
patients improved to varying degrees after surgery. The
Schirmer I test and corneal fluorescein sodium staining were

Table 11: Antibody detection, types, and complications.

Patient Eye Type Serological markers
Postoperation conjunctival

complications
Postoperation corneal

complications

1
OD Phaco+PCIOL

Antibody to pemphigoid (+)
— —

OS Phaco+PCIOL — —

2
OD Phaco+PCIOL Antibody to pemphigoid (+) Conjunctival congestion Conjunctival congestion

OS Phaco+PCIOL Rheumatoid factors (+) — —

3
OD Phaco+PCIOL

Antibody to pemphigoid (+)
Conjunctival congestion Corneal edema

OS Phaco+PCIOL — —

4
OD Phaco+PCIOL

Antibody to pemphigoid (+)
— —

OS Phaco+PCIOL — —

5 OS ICCE Antibody to pemphigoid (+) Conjunctival congestion Neovascularization

6 OD Phaco Antibody to pemphigoid (+) Conjunctival congestion Corneal edema

7
OD Phaco

Antibody to pemphigoid (+)
Conjunctival congestion

Corneal edema

Neovascularization

OS Phaco — Corneal edema

8
OD Phaco+PCIOL

Antibody to pemphigoid (+)
— —

OS Phaco+PCIOL — —

Phaco: phacoemulsification; PCIOL: posterior chamber intraocular lens; ICCE: intracapsular cataract extraction.

Table 12: Steroid hormones and immunosuppressant.

Patient Eye
Medicine

Preoperation Postoperation
Admission Before one week After one week After three months Final

1
OD Mtx Mtx, IVIG, Pred Mtx, Pred, FML, Iα-2aI Mtx, FML Mtx

OS Mtx Mtx, IVIG, Pred Pred, FML, Iα-2aI Mtx, FML Mtx

2
OD Mtx Mtx, IVIG, Pred Mtx, Pred Mtx Mtx

OS Mtx Mtx, IVIG, Pred Mtx, Pred Mtx Mtx

3
OD Mtx Mtx, IVIG, Iα-2aI, CED, Pred Mtx, CED, Pred Mtx Mtx

OS Mtx Mtx, Iα-2aI, IVIG, CED, Pred Mtx, CED, Pred Mtx Mtx

4
OD Mtx Mtx, IVIG, Iα-2aI, Pred Mtx, Iα-2aI, Pred Mtx Mtx

OS Mtx Mtx, IVIG, Pred Mtx, Pred Mtx Mtx

5 OS Mtx Mtx, IVIG, Pred Mtx, Pred Mtx Mtx

6 OD Iα-2bED, Pred, CED, Cyc IVIG, Iα-2bED, Pred, CED, FML, Cyc Iα-2bED, Pred, CED, Cyc Mtx, CED, Cyc Cyc

7
OD Mtx Mtx, IVIG, Pred Pred, Mtx Mtx Mtx

OS Mtx Mtx, IVIG, Pred Pred, Mtx Mtx Mtx

8
OD Mtx Mtx, IVIG, Pred Mtx, Pred Mtx Mtx

OS Mtx Mtx, IVIG, Pred Mtx, Pred Mtx Mtx

Cyc: cyclophosphamide; Mtx: methotrexate; Pred: prednisone tablets; IVIG: intravenous immunoglobulin; FML: fluorometholone; Iα-2aI: recombinant
human interferon α-2a injection; Iα-2bED: recombinant human interferon α2b eye drop; CED: cyclosporine eye drops.

14 Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

not performed within 3 months after surgery to avoid ocular
infection. The postoperative results 3 months after surgery
are shown in Table 8. Compared with one week after the
operation, the BCVA of 5 eyes (35.71%) was still improving.
The aqueous flare disappeared in some patients, which may
be related to the postoperative fade of corneal edema. The
Schirmer I test showed that only 4 eyes (28.57%) remained
hyposecreted after the operation, and there were no dry eyes.
Table 9 analyzes the results of BCVA and Schirmer I test
after operation in six months. Between 3 months and the
final follow-up time, no changes in aqueous flare, keratopa-
thy, symblepharon degree, or meibomian gland coloboma
range were observed (Table 10). The BCVA in 2 eyes of
one patient (14.29%) after the operation was 0. The BCVA
improved by 7 lines in one eye of one patient (7.14%). There
was no significant difference in the existing Foster’s stage
postoperatively compared to preoperatively.

3.5. Patient’s Antibody Detection, Types, and Complications.
The patient’s surgical types, serological markers, and early
and late complications before and after surgery are summa-

rized in Table 11. Pemphigoid antibodies can be detected in
the serum of all patients. Patient 2 (12.5%) showed a positive
result for rheumatoid factor. Ten eyes (71.43%) underwent
phacoemulsification and intraocular lens implantation.
Three eyes (21.43%) were without intraocular lens implanta-
tion. One eye (7.14%) did not receive regular medication one
year after ICCE and developed progressive conjunctival
hyperemia 24 months later. Conjunctival complications
occurred in 5 eyes (35.71%) after surgery, manifested as con-
junctival hyperemia, which disappeared after 3 days. Corneal
edema occurred in 5 eyes (35.71%). After the application of
hypertonic saline eye drops and recombinant bovine basic
fibroblast growth factor eye gel, corneal edema disappeared.
Two patients with 2 eyes present (14.28%) did not take med-
icine regularly after the operation and their cornea neovas-
cularization was worse than preoperation, but the OCP
stage did not improve.

3.6. The Medicine of Perioperative Period. All patients took
oral immunosuppressive agents at the beginning of treat-
ment. Seven of them received oral methotrexate (87.5%),

0
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20
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30

> 0.4

> 2

0.4–0.6

0.7–1

1.1–1.3

1.4–2

Preoperation
Postoperation

Figure 3: Preoperative and postoperative radar images of the BCVA in OCP patients. The postoperative BCVA of the standard logarithmic
visual acuity chart above 0.1 was significantly increased.

Table 13: BCVA distribution statistics in pre- and postoperation.

Preoperation (n%) Postoperation (n%)
>2 1.4-2 1-1.3 <2 >1 0.7-1 0.4-0.6 <0.4

BCVA 4 (28.57) 4 (28.57) 3 (21.43) 3 (21.43) 3 (21.43) 4 (28.57) 3 (21.43) 4 (28.57)
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Figure 4: The BCVA, Schirmer I test, and corneal fluorescein sodium staining preoperative and postoperative. (a) The BCVA preoperative
and postoperative (compared to preoperative, ∗P < 0:001, n = 14). (b) The difference in BCVA between preoperative and postoperative
patients (compared to the group without ankyloblepharon, ∗P < 0:05). (c) The Schirmer I test preoperative and postoperative (compared
to preoperative, ∗P < 0:001, n = 14). (d) The difference in the Schirmer I test between preoperative and postoperative values. (e)
Preoperative and postoperative corneal fluorescein sodium staining (compared to preoperative, ∗P < 0:001, n = 14). (f) The difference in
corneal fluorescein sodium dyeing between preoperative and postoperative samples.
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and one patient received oral cyclophosphamide (12.5%). All
patients were intravenously injected with immunoglobulin,
and prednisone tablets were taken one week before the oper-
ation. The patients stopped taking oral prednisone three
months postoperation. Immunoglobulin was discontinued
after the operation. Patient 1 was given cyclosporine eye
drops before the surgery, and recombinant human inter-
feron α-2 injection (Iα-2aI) was used for 2 weeks after sur-
gery. Fluorometholone eye drops were applied until the
ocular symptom condition was stable (Table 12).

3.7. Comparison of Eye Conditions. The BCVA (Table 13,
Figure 3) was lower than 2 in only 3 eyes (21.43%) before
the operation, while the number of patients was increased
to 11 eyes after the operation (78.67%). The BCVA was sig-
nificantly improved after the operation in all patients com-
pared to preoperative values (Table 14, Figure 4(a))
(P < 0:001). The difference between the BCVA between the
with and without ankyloblepharon groups was statistically
significant on the first day after surgery (P < 0:05). There

was no statistically significant difference in the subsequent
days (Table 15, Figure 4(b)). Schirmer I test numerical value
in all postoperative patient increased and improved com-
pared to preoperative (Table 14, Figure 4(c)) and was statis-
tically significant (P < 0:01). There was no statistical
significance in the comparison of the difference of Schirmer
I test between the group with or without ankyloblepharon
after operation (Table 16, Figure 4(d)). The positive rate of
corneal sodium fluorescein dyeing at 6 months, 1 year, 2
years, and the final follow-up time decreased significantly
compared to preoperatively (Table 14, Figure 4(e))
(P < 0:01). The difference in corneal sodium fluorescein dye-
ing between the group with or without ankyloblepharon was
not statistically significant after surgery (Table 17,
Figure 4(f)). The meibomian gland coloboma range in all
patients remained unchanged after surgery (Table 14).
Figure 5 shows the difference in OSDI score between preop-
erative and postoperative samples. Figures 6–8 show the pre-
operative and postoperative images of the partial anterior
segment.

Table 16: Comparison of Schirmer I test differences pre- and postoperation.

Postoperative
day

1 week after
operation

1 month after
operation

3 months after
operation

6 months after
operation

1 year 2 years
FinalAfter

operation
After

operation

Ankyloblepharon
(n = 6) 0:52 ± 0:23 0:62 ± 0:29 0:62 ± 0:29 0:67 ± 0:29 0:67 ± 0:29 0:72 ± 0:29 0:72 ± 0:29 0:72 ± 0:29

Without
ankyloblepharon
(n = 8)

0:24 ± 0:18 0:42 ± 0:24 0:50 ± 0:22 0:50 ± 0:22 0:50 ± 0:22 0:61 ± 0:36 0:61 ± 0:36 0:61 ± 0:36

F 6.062 1.847 0.647 1.392 0.340 0.340 0.340 0.340

P 0.030 0.199 0.437 0.261 0.570 0.570 0.570 0.570

Table 15: Comparison of BCVA pre- and postoperation.

3 months after operation 6 months after operation
1 year 2 years

Final
After operation After operation

Ankyloblepharon (n = 6) 5:00 ± 4:10 3:83 ± 4:91 4:33 ± 4:71 2:66 ± 5:47 5:67 ± 4:76
Without ankyloblepharon (n = 8) 3:50 ± 3:60 3:75 ± 4:20 4:00 ± 4:21 4:38 ± 5:01 4:63 ± 4:50
F 0.532 0.001 0.019 0.369 0.175

P 0.480 0.973 0.891 0.555 0.683

Table 17: Comparison of corneal fluorescein sodium dyeing differences pre- and postoperation.

3 months after operation 6 months after operation
1 year 2 years

Final
After operation After operation

Ankyloblepharon (n = 6) 0 ± 0 −0:50 ± 0:55 −0:50 ± 0:55 −0:83 ± 0:98 −0:83 ± 0:98
Without ankyloblepharon (n = 8) −0:38 ± 0:52 −0:63 ± 0:74 −0:63 ± 0:74 −0:63 ± 0:74 −0:63 ± 0:74
F 3.086 0.120 0.120 0.205 0.205

P 0.104 0.735 0.735 0.659 0.659
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3.8. OSDI Questionnaire Survey Analysis. The OSDI scores
of patients with OCP stages I, II, and III were significantly
higher at 1 day and 1 week postoperation than preoperation.
The OSDI scores of patients with OCP stage IV were higher
at 1 day, 1 week, and 1 month after surgery. The score signif-
icantly increased before operation and then began to
decrease until it eventually reached the same level as preo-
peration, but there was no statistically significant difference
between each group before and after treatment (P > 0:05).
The average OSDI scores of patients with preoperative and
postoperative OCP stages I, II, and III were significantly
higher than those of grade IV patients (P < 0:01) (Table 18).

4. Discussion

MMP is a skin disease with chronic, recurrent, and multisys-
temic autoimmune dysfunction. Inflammation and scar for-
mation on mucosal surfaces are characteristic pathological
clinical manifestations of OCP [21]. It has been reported
that the visual acuity of patients with OCP combined with
cataracts improves poorly after phacoemulsification [6].
The main reason for the poor prognosis of vision is the pro-
gression of the disease and subsequent scarring. Maza et al.
[18] reported that twenty OCP patients received systemic
immunosuppression before cataract surgery and none of
the patients showed disease progression during an average
of 22 months of follow-up, indicating that cataract surgery

can be performed safely with complete remission of the
diseases.

The commonly used immunosuppressants for OCP
patients are cyclophosphamide, azathioprine, methotrexate,
and dapsone. Patients should be given less effective medi-
cines after diagnosis and gradually change a medical pre-
scription. It has been reported that preoperative and
postoperative use of artificial tears and autologous serum
eye drops can help stabilize the ocular surface condition
[21]. All of our patients were treated preoperatively and post-
operatively. Bissen-Miyajima and his team reported that the
combination of limbal and amniotic membrane transplanta-
tion for ocular surface reconstruction and cataract surgery
showed a faster visual rehabilitation effect in SJS patients
[22]. One eye of our patients was treated with amniotic mem-
brane transplantation combined with cataract surgery, and
the BCVA improved significantly.

According to the visual acuity statistics in our study, the
postoperative BCVA was 57.14% higher than the preopera-
tive BCVA. The BCVA of 5 of 14 eyes (36%) met the legal
criteria for “blindness” before surgery, but navigated visual
acuity was achieved in all eyes after surgery. This result
shows that OCP patients with well-controlled inflammation
can obtain good visual benefits after cataract surgery. Con-
trol of long-term medication can maintain good visual acu-
ity. The BCVA of one patient in their right eye improved
from 1 to 0.5 after 120 months of follow-up after surgery.
The BCVA of the left eye improved from 1.3 to 0.6. All
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Figure 5: The difference in OSDI score between preoperative and postoperative samples. There was statistically significant difference
between the group without ankyloblepharon and the group with ankyloblepharon (∗compared to preoperative P < 0:01, the group with
ankyloblepharon n = 6, the group without ankyloblepharon n = 8).

19Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

(a)
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(c)

Figure 6: Continued.
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patients’ BCVA improved postoperatively, and the P values
were less than 0.001. The BCVA on the first postoperative
day between patients with or without eyelid adhesions was
significantly different. This was mainly because the patients

without eyelid adhesions and cataracts had milder lesions.
Phacoemulsification energy had little effect on the cornea,
due to a lower probability of corneal edema after surgery
and a faster recovery speed.

(d)

Figure 6: Anterior segment image of the patient in the OCP stage of Foster’s stage II and III. (a) Cortical and nuclear opacifications were
found in the lens after dilatation before the operation of the eighth patient in the OCP stage of Foster’s stage II. Sodium fluorescein staining
before surgery of the eighth patient in the OCP stage of Foster’s stage II, anterior segment image 1 month and 6 months after surgery. (b)
Anterior segment image of the fourth patient in the OCP stage of Foster’s stage III before surgery, the double frontal fornix becomes
shallower preoperatively, and there are obvious symblepharons, which are especially evident in the inner and outer canthus. (c) Anterior
segment image of the fourth patient in the OCP stage of Foster’s stage III in 6 months after surgery. (d) Anterior segment image of the
fourth patient in the OCP stage of Foster’s stage III in 2 years after surgery.

Before surgery
Sodium fluorescein staning

before surgery

One day after surgery One month after surgery

One year after surgery Two year after surgery

Figure 7: The anterior segment image of the second patient in the
OCP stage of Foster’s stage IV.
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Figure 8: Anterior segment image of the fifth patient in the OCP
stage of Foster’s stage IV. (a) Both eyes showed corneal
neovascularization before surgery. (b) Anterior segment image
and sodium fluorescein staining image of both eyes 2 years after
ICCE surgery.
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It has been reported that patients with dry eye have poor
BCVA due to late corneal complications, endophthalmitis,
and other causes after cataract surgery [23]. The Schirmer
I test of our patients increased from 7:57 ± 5:39mm to
12:64 ± 4:68mm after surgery. The OCP stage had no effect
on the Schirmer I test results. Although there was a short-
term decline in postoperative results, the long-term results
were gratifying. This may be because the patients paid more
attention to their eyes after surgery than before. However,
Schirmer I test results alone cannot evaluate dry eye symp-
toms of OCP patients.

The Foster stage, meibomian gland coloboma range, cor-
neal fluorescein sodium staining, keratopathy stage, and
symblepharon degree of patients did not change after sur-
gery. Short-term complications occurred in 6 eyes of 5
patients (42.86%). After treatment, conjunctival hyperemia
and corneal edema disappeared. Corneal neovascularization
appeared in 2 eyes of 2 patients (14.29%) and was aggravated
compared to preoperation. After immunosuppressive treat-
ment, the symptoms were relieved without affecting visual
acuity. Cataract surgery did not cause corneal surface injury
and even improved after standard treatment, independent of
the degree of symblepharon, also confirmed by the OSDI
score scale. However, the OSDI scores of patients with anky-
loblepharon were higher than those of patients without
ankyloblepharon. Cataract surgery did not affect the subjec-
tive perception between the two groups of patients. The rea-
son why the OSDI scores before and after did not improve
may be because most of the patients were middle-aged and
had a low demand for driving and reading. The OSDI score
scale does not fully reflect the benefits of vision correction.

With the improvement of modern cataract surgery
refinement and technology, cataract extraction surgery has
become safer than before. The decision of whether stage IV
OCP patients should undergo cataract surgery still needs to
be cautiously determined. Finally, OCP patients must con-
sider the level of vision loss caused by cataracts. Surgeons
must try to balance the risk of intraoperative or postopera-
tive complications. All patients must be followed up in time
to prevent irreversible disease progression. Therefore, preop-
erative treatment and advanced surgical techniques by oph-
thalmologists are necessary.

This study still obtains some limitations; due to the fact
that this is a retrospective case study, it is not allowed to ran-
domize the patients into groups which might jeopardize the
similarity of patients in groups. Meanwhile, the treatment
effect of patients administered novel medicines such as
rituximab during the operation period has not been evalu-
ated which may be one of the potential therapeutic medi-
cines that can replace immunosuppressants or other large
clinical side effects for OCP patients in the future. Besides,
this study had few objective evaluations of postoperative
results.

5. Conclusion

With complete control of ocular surface inflammation,
patients with a low stage of OCP could obtain greater post-
operative BCVA improvement. Standardized perioperative

medication and detailed surgical plans resulted in fewer
postoperative adverse reactions and complications and
improved patient satisfaction. After successful elimination
of active conjunctival inflammation in OCP patients with
systemic steroids and immunosuppressants, there was a
low risk of disease activity due to surgical trauma. Since
there was no conclusive evidence about the quiescent period
of OCP inflammation, the best time for surgical treatment
was waiting for at least 3 months after active inflammation
subsided. The prospect of this study is to provide reliable
efficacy and safety support for the surgical treatment of
OCP patients complicated with cataract.
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Purpose. Diabetic macular edema (DME) is a major cause of vision loss in patients with diabetic retinopathy; this study is aimed at
comparing the expression of aquaporins (AQPs) on the inner limiting membranes (ILMs) of various vitreoretinal diseases and
investigating the role of aquaporins expressed on the ILMs in mediating the occurrence of DME. Methods. The whole-
mounted ILM specimens surgically excised from patients with various vitreoretinal diseases (idiopathic macular hole, myopic
traction maculopathy, and diabetic retinopathy) were analyzed by immunohistochemistry (IHC). The distribution and
morphology of AQP4, AQP7, and AQP11 on the ILMs were correlated with immunohistochemical staining characteristics.
Moreover, immunofluorescence of AQP4 was performed on the ILM specimens of the patient in four groups: the control
group, negative control group, no DME group, and DME group. The immunofluorescence intensity value of AQP4 was
measured using ImageJ. The difference between the four groups and the correction between the immunofluorescence value and
central foveal thickness (CFT) were analyzed. Results. In IHC sections, the expression of AQP4, AQP7, and AQP11 on ILMs of
diabetic retinopathy (DR) with macular edema, respectively, seemed to be more abundant than in the idiopathic macular hole
(iMH) and myopic traction maculopathy (MTM). Moreover, markedly higher fluorescence intensity of AQP4 of ILMs was
determined in the DME group (51:05 ± 5:67) versus the other three groups (P < 0:001). A marked positive association was
identified between the fluorescence intensity of AQP4 and CFT (r = 0:758; P = 0:011). Conclusions. AQP4, AQP7, and AQP11
can be expressed on human ILM in vivo. The increased expression of AQPs on the ILMs of DR may be associated with the
occurrence of DME. Moreover, the degree of DME may be positively correlated with the expression of AQP4 on the ILMs.

1. Introduction

For retina, a vital sensory tissue, delicate fluid balance is
required for the maintenance of cellular homeostasis and
proper tissue functions. The water transport of cells through
the plasma membrane is a vital molecular process, which
enables glandular tissue to secrete fluid, fluid flow in tissues
to exchange nutrients and metabolites, and cell volume
modulation [1]. Aquaporin (AQP) is an important type of
protein that regulates osmotic gradients and hydrostatic
pressure to control the bidirectional movement of water

across cell membranes [1]. It is repeatedly documented in
animal models that AQP is implicated in the nosogenesis
of retinal vascular disease, retinal nerve injury, and diabetic
retinopathy [1–9]. Moreover, Vujosevic et al. has demon-
strated that the biomarkers AQP1 and AQP4 in the aqueous
humor of diabetic patients with diabetic retinopathy were
significantly higher than nondiabetic patients, indicating
that diabetes might have a strong effect on Müller cells [10].

Previous studies have shown that the internal limiting
membrane (ILM) is anatomically organized by the basement
membrane of Müller cells, located at the vitreoretinal
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interface [11]. The mRNA expression of all AQPs, namely,
AQP0 to AQP12, can be detected in the human retina
[12], while only AQP4, AQP7, and AQP11 can be detected
on human ILMs in vitro [13–15]. As the only human living
retinal tissue currently available, there have not been many
studies on the correlation between AQP and the pathogene-
sis of eye diseases. Therefore, the motivation of this study is
to investigate whether AQPs on ILMs will undergo patho-
logical changes in various vitreoretinal diseases, or whether
these changes are related to the pathogenesis. Due to the
unknown mechanism in the change of AQPs on ILMs and
the undefined relationship between them and the occurrence
of the disease, the content of this research constitutes its
novelty.

This study is aimed at comparing the expression of
AQPs on ILMs of various vitreoretinal diseases and investi-
gating the role of AQPs expressed on the ILMs in mediating
the occurrence of diabetic macular edema.

2. Materials and Methods

2.1. Subjects. A total of 64 eyes of 64 patients who had
undergone vitrectomy with ILM peeling due to various
vitreoretinal diseases were enrolled, including 19 patients
with idiopathic macular hole (iMH), 9 patients with myopic
traction maculopathy (MTM), and 36 patients with diabetic
retinopathy (DR). Inclusion criteria for DR are as follows:
patients with stage IV and above who underwent pars plana
vitrectomy (PPV) for traction retinal detachment, vitreous
hemorrhage (VH), etc. Inclusion criteria for MTM are as fol-
lows: (1) MTM diagnosed by optical coherence tomography
(OCT), (2) highly myopic eyes defined as an axis length ≥ 26
mm or a spherical equivalent refractive error ≥ −6:00D, and
(3) patients without other general diseases and can undergo
surgery. Inclusion criteria for iMH are as follows: (1) OCT
diagnosed as a full-thickness macular hole and (2) patients
without other general diseases and can undergo surgery.
Exclusion criteria are as follows: (1) previously received
anti-VEGF drug therapy or macular laser photocoagulation
and (2) previously received PPV treatment. The Institutional
Review Board of Zhejiang Eye Hospital ratified the study,
together with the module for patients’ informed consent.

The distribution and morphology of AQP4, AQP7, and
AQP11 on ILMs were obtained by immunohistochemical
staining. There were 3 specimens for each of the following
three groups including the iMH group, MTM group, and
DR group. The immunofluorescence staining of AQP4 was
performed on ILM specimens of other patients. The corre-
sponding study consists of four groups, with 8 iMH speci-
mens in the control group, 2 iMH specimens and 6 DR
specimens in the negative control group, 9 specimens in
the no diabetic macular edema (DME) group, and 12 speci-
mens in the DME group.

2.2. Surgical Techniques. Under retrobulbar anesthesia plus
intravenous anesthesia, all operations were completed by
the same surgeon. All patients underwent standard 3-port
23- or 25-gauge PPV. With the purpose of reducing photo-
toxicity and photoactivation of indocyanine green (ICG)
while ensuring adequate surgical field, the endoillumination
levels were adjusted to a minimum of <40%. After core vit-
rectomy, the posterior vitreous cortex was stained with tri-
amcinolone acetonide (TA; 0.1mL with the concentration
of 0.1mL/4mg) and the residual vitreous was then removed
as completely as possible. Epiretinal membrane was then
peeled if present. After that, ILM was peeled within 2 papil-
lary diameters (PD) of macular fovea with the aid of 0.17%
ICG (Figure 1(a)). Excessive ICG was aspirated at once after
injection to minimize possible toxicity to the tissue. For
patients without DME, the residual posterior vitreous cortex
in macular area was peeled together with the ILMs to pre-
vent postoperative preretinal proliferation in macular area.

2.3. Tissue Preparation for Immunohistochemical (IHC) and
Immunofluorescence (IF) Microscopy. Surgically excised ILM
specimens for IHC and IF staining were placed onto glass
slides and being processed with the use of a stereomicro-
scope (MS 5; Leica, Wetzlar, Germany). Precleaned micro-
scope slides were prepared by adhering two secure seal
spacers to each slide face, allowing two flat mounts per slide.
Thereafter, the specimens were subjected to unfolding in
0.1M phosphate-buffered saline (PBS; pH7.4) and then
immediate 4% paraformaldehyde immobilization (4°C) for
≥24 hours.

(a) (b) (c)

Figure 1: Experimental methods and data acquisition. (a) The peeling of ILM was performed within 2PD of macular fovea with the aid of
0.17% ICG. (b) ImageJ was used to measure immunofluorescence value; all images chosen 8 bit type and set threshold and then traced an
rectangular box of similar size where the fluorescence intensity was uniformed by wand tool to measure immunofluorescence intensity
values. (c) The distance between the inner limiting membrane (ILM) and the surface of retinal pigment epithelium (RPE) at the fovea
was used to record the CFT (central foveal thickness). Magnification: (b) ×400.
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2.4. Immunohistochemistry (IHC) of Flat-Mounted ILM
Specimens. Various antibodies were applied to label the AQPs
that were in interest (anti-AQP4, 1 : 100, Thermo; anti-AQP7,
1 : 300, Novus; anti-AQP11, 1 : 50, Abcam). After tissue immo-
bilization, specimens were treated with 3 rinses using 0.1M
PBS (pH7.4) before approximately 5min of indoor incubation
with 3% H2O2. Then, the sections were subjected to another 3
rinses using 0.1M PBS, followed by 1-2 hours or overnight
incubation (4°C) with the primary antibodies at ambient tem-
perature. After 3 PBSwashes (3min/time), the specimens were
treated with the enhance labeled polymer system ELPS (Envi-
sion, Beijing Zhongshan Jinqiao Biotechnology Co. Ltd.) for
15-20min at indoor temperature. After 15-20min of immer-
sion in the horseradish enzyme at room temperature, speci-
mens were treated with 3 PBS washes (3min/time) and then
placed into the color developing agents for 3-15min of incu-
bation. After thorough rinsing, counterstaining, dehydration,
hyalinization, and sealing, the sections were observed with
optical microscopy.

2.5. Immunofluorescence of Flat-Mounted ILM Specimens.
After fixation in 4% paraformaldehyde (PFA) overnight,

the specimens were incubated in 0.3% BSA and 1% Triton
X-100 for 30 minutes. Then, a 30μL (1 : 240) diluent primary
antibody, Aquaporin 4 Polyclonal Antibody) was added and
incubated with the specimens overnight at 4°C. After that,
excess primary antibodies were washed away after 3 rinses
(5min/time) with 0.01M PBS (pH7.4) on a shaking table.
Then, the specimens were incubated in 30μL (1 : 300) sec-
ondary antibody (Goat Anti-rabbit IgG/PE antibody (bs-
0295G-PE)) for 1.5 hours at 37°C in darkroom. Finally, spec-
imens were subjected to 3 rinses (5min/time) with 0.01M
PBS on the shaking table in darkroom.

To prepare the specimens in the negative control group
(the 2 iMH specimens and 6 DR specimens), the primary
antibody was substituted with diluent and specimens were
incubated with the secondary antibody alone. All other pro-
cedures were identical to the procedures illustrated above.

Images were acquired using a confocal microscope
(LSM880 with AiryScan+TP; ZEISS). All the acquisition
parameters were kept the same at all times.

2.6. The Measurement of Fluorescence Intensity. After
obtaining immunofluorescence images using ZEN (a

Table 1: Clinical data of patients.

Case Eye Age Gender Diagnosis Method

1 OS 55 M DR, VH, DME Immunohistochemistry AQP4

2 OS 59 M DR, DME, VH Immunohistochemistry AQP4

3 OD 56 F DR, VH, DME Immunohistochemistry AQP4

4 OS 54 M iMH Immunohistochemistry AQP4

5 OS 69 F iMH Immunohistochemistry AQP4

6 OS 65 F iMH, ERM Immunohistochemistry AQP4

7 OS 49 F MHRD Immunohistochemistry AQP4

8 OS 68 F MHRD Immunohistochemistry AQP4

9 OS 56 M MHRD Immunohistochemistry AQP4

10 OS 46 F DR, VH, DME Immunohistochemistry AQP7

11 OD 50 F DR, DME Immunohistochemistry AQP7

12 OS 63 F DR, DME, VH, ERM Immunohistochemistry AQP7

13 OS 62 M iMH Immunohistochemistry AQP7

14 OD 35 M iMH Immunohistochemistry AQP7

15 OS 77 F iMH, ERM Immunohistochemistry AQP7

16 OS 61 F MHRD Immunohistochemistry AQP7

17 OD 49 F MHRD Immunohistochemistry AQP7

18 OD 53 F MHRD, ERM Immunohistochemistry AQP7

19 OS 66 M DR, VH, DME Immunohistochemistry AQP11

20 OD 64 F DR, VH, DME Immunohistochemistry AQP11

21 OD 56 F DR, VH, DME Immunohistochemistry AQP11

22 OS 69 M iMH Immunohistochemistry AQP11

23 OD 67 M iMH, ERM Immunohistochemistry AQP11

24 OD 56 F iMH Immunohistochemistry AQP11

25 OD 53 F MHRD Immunohistochemistry AQP11

26 OD 49 F MHRD Immunohistochemistry AQP11

27 OD 53 F MHRD, ERM Immunohistochemistry AQP11

OD: right eye; OS: left eye; iMH: idiopathic macular hole; DR: diabetic retinopathy; VH: vitreous hemorrhage; MHRD: macular hole retinal detachment;
DME: diabetic macular edema; ERM: epiretinal macular membrane; AQP: aquaporin.
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supporting software of confocal microscope), the open
access software ImageJ was used to measure the fluorescence
intensity of the proteins on ILM specimens that were posi-
tively stained. All images were transformed to 8-bit type
and a threshold was set. Then, traced a rectangular box of
similar size where the fluorescence intensity was uniformed
by wand tool to measure values of the fluorescence intensity
(Figure 1(b)).

2.7. Measurement of Central Foveal Thickness. With the use
of the Spectralis optical coherence tomography (OCT; Hei-
delberg, Germany) instrument, retinal images were obtained
from DR patients who could successfully completed the pre-
operative macular OCT scan. The central foveal thickness
(CFT) corresponds to the distance from the ILM to the sur-

face of the retinal pigment epithelium (RPE) at the fovea
(Figure 1(c)). An average value was obtained from three
consecutive CFT measurements.

2.8. Statistical Processing. SPSS v22.0 for Windows (SPSS,
Inc., Chicago, IL) was responsible for statistical analysis.
According to variance homogeneity of the fluorescence
intensity of AQP4 evaluated by Levene’s test, the analysis
was parametric and was displayed as mean ± standard
deviation. One-way analysis of variance was employed for
the determination of significant differences in AQP4 fluores-
cence intensity between the 4 groups. Correlation analysis
between the AQP4 fluorescence value and CFT was made
by Spearman’s rank correlation coefficients. P values < 0.05
were considered statistically significant.

100×

(a)

400×

(b)

200×

(c)

400×

(d)

200×

(e)

400×

(f)

Figure 2: Flat-mount preparation of the ILMs for immunohistochemistry of AQP4. (a, b) On the ILM of DR with DME, AQP4-positive
reactions are abundant, irregularly gather, and form clusters (arrowheads). (c–f) On the ILM of iMH or MHRD, AQP4-positive reactions
are detected (arrowheads). Magnification: (a) ×100, (b, d, f) ×400, and (c, e) ×200. The area circled by the square is the positive area,
which is also the enlarged display area in the next figure.

4 Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

3. Results

3.1. IHC. An immunohistochemical study was conducted
on the ILM specimens of 9 patients separately with iMH,
MTM, or DR with DME. The basic characteristics of these
patients are summarized in Table 1. As shown in Figures 2–
4, AQP4-positive, AQP7-positive, and AQP11-positive
reactions were all abundantly observed on the ILMs of the
DR with the DME group (Figures 2(a), 2(b)Figures 3(a), 3
(b),Figures 4(a) and 4(b)). Some brown particles of
AQP4-positive, AQP7-positive, and AQP11-positive reac-
tions were irregularly gathered on the dense specimens,
forming clusters on the ILMs of the DR with DME group
(Figures 2(a), 2(b), Figures 3(a), 3(b),Figures 4(a), and 4

(b)). Compared to the ILMs of iMH and MTM, on the
three ILM specimens of DR with DME, respectively,
seemed to be stained markedly positive for AQP4, AQP7,
and AQP11 antibodies, indicating the possible association
between the AQPs and macular edema.

3.2. Immunofluorescence. Another thirty-seven ILM speci-
mens were collected for the AQP4 immunofluorescence
study. They included 8 patients with iMH as the control
group, 2 patients with iMH and 6 patients with DR as the
negative control group, 9 patients with DR as the no DME
group, and 12 patients with DME as the DME group. See
Table 2 for patient basic characteristics.

100×

(a)

400×

(b)

100×

(c)

400×

(d)

100×

(e)

400×

(f)

Figure 3: Flat-mount preparation of the ILMs for immunohistochemistry of AQP7. (a, b) On the ILM of DR with DME, AQP7-positive
reactions are abundant, irregularly gather and form clusters (arrowheads). (c–f) On the ILM of iMH or MHRD, AQP7-positive reactions
are detected (arrowheads). Magnification: (a, c, e) ×100 and (b, d, f) ×400. The area circled by the square is the positive area, which is
also the enlarged display area in the next figure.
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As shown in Table 3 and Figure 5, the value of fluo-
rescence intensity of AQP4 on ILMs in the negative con-
trol group (17:37 ± 5:81) was statistically lower versus the
other three groups (control group, no DME group, and
DME group, all P < 0:001), indicating that AQP4 can be
expressed on human ILM, though there may be differences
in the degree of expression in different diseases. Moreover,
the value of fluorescence intensity of AQP4 on ILMs in
the DME group (51:05 ± 5:67) was evidently higher versus
the other three groups (control group, negative control
group, and no DME group, all P < 0:001). However, there
was no statistical difference between the value of fluores-
cence intensity of AQP4 on ILMs between the no DME

group (36:79 ± 6:60) and the control group (38:01 ± 5:04;
P = 0:669).

3.3. The Correction between AQP4 Immunofluorescence
Intensity Value and CFT. A total of twelve DR with DME
patients were able to successfully complete preoperative
macular OCT scan. The CFT value ranged from 212 to
730μm (mean 491:36 ± 146:36μm). As indicated by
Figure 6, a marked positive association was determined
between CFT and immunofluorescence intensity values of
AQP4 (r = 0:758; P = 0:011).

There was a significant positive correlation between the
AQP4 immunofluorescence intensity value and CFT.

100×

(a)

400×

(b)

100×

(c)

400×

(d)

100×

(e)

400×

(f)

Figure 4: Flat-mount preparation of the ILMs for Immunohistochemistry of AQP11. (a, b) On the ILM of DR with DME, AQP11-positive
reactions are abundant, irregularly gather and form clusters (arrowheads). (c–f) On the ILM of iMH or MHRD, AQP11-positive reactions
are detected (arrowheads). Magnification: (a, c, e) ×100 and (b, d, f) ×400. The area circled by the square is the positive area, which is also the
enlarged display area in the next figure.
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4. Discussion

For the purpose of addressing the limitations of conven-
tional sectioning and embedding preparation, this study
analyzes AQPs IHC and immunofluorescence on ILMs
using flat-mount preparations, a procedure that makes the
enface visualization of the whole ILM specimen possible.
Unlike conventional sectioning preparations, flat-mount
preparations can even detect the formation of single small

cell clusters of ILM specimens that might be missed by
serial-sectioning preparations [16].

In the present study, the result of AQPs IHC showed
that AQP4, AQP7, and AQP11 could be detected on ILMs
of various vitreoretinal diseases, confirming that AQP4,
AQP7, and AQP11 can be expressed on the human ILMs
in vivo for the first time. Moreover, the expression of
AQP4, 7 and 11 on ILMs of DR with DME seemed all higher
than the ILMs of iMH and MTM, indicating the increased

Table 2: Clinical data of patients of four groups.

Case Group Eye Age Gender Diagnosis Intraoperative medications

1 Control OD 47 F iMH TA/ICG

2 Control OS 57 F iMH TA/ICG

3 Control OD 57 F iMH TA/ICG

4 Control OD 64 M iMH TA/ICG

5 Control OD 46 F iMH TA/ICG

6 Control OD 56 F iMH TA/ICG

7 Control OS 77 F iMH TA/ICG

8 Control OD 67 M iMH TA/ICG

9 Negative control OS 69 F iMH TA/ICG

10 Negative control OD 71 F iMH TA/ICG

11 Negative control OS 49 F PDR, DME TA/ICG

12 Negative control OS 56 M PDR TA/ICG

13 Negative control OS 67 M PDR TA/ICG

14 Negative control OD 47 F DR, DME TA/ICG

15 Negative control OD 59 M DR, DME TA/ICG

16 Negative control OD 56 F DR TA/ICG

17 No DME OD 48 M DR TA/ICG

18 No DME OS 69 F DR TA/ICG

19 No DME OD 64 F DR TA/ICG

20 No DME OS 51 M DR TA/ICG

21 No DME OD 73 F DR TA/ICG

22 No DME OD 48 F DR TA/ICG

23 No DME OS 56 M PDR TA/ICG

24 No DME OS 66 F PDR TA/ICG

25 No DME OS 69 F VH, DR TA/ICG

26 DME OS 52 M DR, DME TA/ICG

27 DME OS 66 M VH, DME TA/ICG

28 DME OD 59 M VH, DME TA/ICG

29 DME OS 54 M VH, DME TA/ICG

30 DME OS 52 F DR, DME TA/ICG

31 DME OD 56 M DR, DME TA/ICG

32 DME OS 79 M DR, DME TA/ICG

33 DME OS 55 M DR, DME TA/ICG

34 DME OS 50 F DR, DME TA/ICG

35 DME OD 73 M DR, DME TA/ICG

36 DME OS 59 M PDR, DME TA/ICG

37 DME OS 63 F PDR, DME TA/ICG

OD: right eye; OS: left eye; iMH: idiopathic macular hole; PDR: proliferative diabetic retinopathy; DR: diabetic retinopathy; VH: vitreous hemorrhage; DME:
diabetic macular edema; ICG: indocyanine green; TA: triamcinolone acetonide.
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expression of AQPs on the ILMs of DR may be associated
with the occurrence of DME. Under normal conditions,
AQP7 is involved in maintaining the osmotic gradient across
the outer membrane in the retina, which regulates the trans-
port of water through the RPE into the choroid, thereby pre-
venting patients from retinal detachment and subretinal
edema [17]. Yakata et al. [18] indicated that AQP11 has a
lower water permeability and is essential for maintaining
endoplasmic reticulum homeostasis of vascular endothelial
cells under the metabolic stress state of the liver and kidney
[19]. In addition, pathogens, inflammatory factors, radia-
tion, and other stress effects regulate AQP11 through signal-
ing pathways such as JNK/NFκB, which in turn affect the
differentiation process of lipid cells [20]. Previous studies
indicated that AQP7 and AQP11 are mainly involved in
the outflow channel of tissue water in the retinal nerve fiber
layer and RPE layer, and AQP11 deletion at Müller glia
plasma cell membranes may result in weakened capacity of
cells to reduce cell volume through water outflow, which
gives rise to cell swelling and consequently fatal retinal
edema in ERU and other retinal diseases as well like DME
[8]. However, in this study, AQP7 and AQP11 were
increased on the ILM of diabetic retinopathy with macular
edema compared with other patients.

Therefore, we hypothesize that AQP7 and AQP11 on the
ILM may also participate in the water absorption process.
The increase in water absorption causes an accumulation
of water in the retina, while the expression of AQP7 and
AQP11 in other retinal tissues is downregulated, decreases
the outflow of water, and finally causes the retinal edema.
Compared with AQP4, the water absorption function of
AQP7 and AQP11 should be much weaker; therefore, the
changes of AQP7 and AQP11 in the ILM of DR with DME
are not significant. However, the regulation mechanism of
AQPs is not completely clear by far, and further investiga-
tion is required. AQP7 and AQP11 are colocalized in the
Müller cell endfeet at the ILM, while AQP4 is polarized dis-
tributed in Müller cells and mainly expressed in the endfeet
membranes [12, 21]. According to the results of AQPs’ IHC
in this study, AQP4 seemed to be, qualitatively, the most
abundant among the three AQPs expressed on the ILMs,
so we selected AQP4 as the protein for immunofluorescence
detection.

The results of AQP4 immunofluorescence in this study
identified statistically higher AQP4 fluorescence intensity
in the DME group versus the other three groups. Moreover,
there was a significant positive correlation between the
AQP4 immunofluorescence intensity value and CFT, indi-
cating that the increased expression of AQP4 on the ILMs
of DR may be associated with the occurrence of DME, and
the degree of DME may be positively correlated with the
expression of AQP4 on the ILMs. Vujosevic et al. have dem-
onstrated that diabetes might have a strong effect on Müller
cells [10]. Functionally, expressing voltage-gated channels
and neurotransmitter receptors, Müller cells can modulate
neuronal viability via modulating the extracellular content
of neuroactive substances (K+, glutamate, GABA, H+, etc.).
Around the retinal vessels, there are Müller cell endfeet.
AQP4 has abundant expression in the glial processes facing
retinal capillaries, and the contact between end-feet with
capillary endothelium can release K+, acid equivalents, and
water, [22] which is in keeping with the role of AQP4 in
water release to the capillaries, thus helping to maintain
extracellular osmolality during neuronal activity. Oku et al.
[7] have confirmed that nitric oxide (NO) increased not only
AQP4 expression but also the volume of optic nerve astro-
cytes via the cGMP/protein kinase G axis. Therefore, we
assume that osmotic pressure, oxygen concentration, hor-
mones, neurotransmitters, cytokines, and other factors affect
the expression of AQP4 through cGMP/PKG, MAPK [23],
and other signaling pathways, thereby affecting the blood-
retinal barrier and active transfer of water, K+, etc., leading
to the formation of ischemia and edema in patients with dia-
betic retinopathy.

As an important type of protein that relies on osmotic
gradients and hydrostatic pressure to control the bidirec-
tional motion of water through the membrane, AQPs may
be essential in the pathogenic mechanism of DME. Recently,
PPV combined with ILM peeling was performed for refrac-
tory macular edema, with ideal clinical effects [24–26]. In
previous studies, the authors indicated that the removal of
ILM may release the mechanical traction on macula, exert
interference with nutrition or oxygenation of retina, and
remove the proteins and cytokines related to DME on the
inner limiting membrane [26]. According to the results of
this study, the increase in AQP expression on ILMs of DR
may be associated with the occurrence of DME; therefore,
the use of AQP antagonists or the inhibitors of the proteins
related to the mechanism of AQP may have a preventive or
therapeutic effect on DME, instead of just using anti-VEGF
or corticosteroids on the conservative treatment. Cui et al.
[27] found that intravitreal injection of AQP4 protein inhib-
itor such as AQP4 shRNA (R) lentivirus particles or negative
lentivirus particles could enhance AQP4 expression in dia-
betic rat retina. So, the regulation of AQP4 on retinal func-
tion may reduce diabetic retinopathy.

As the only human living retinal tissue currently avail-
able [1], the ILM, located at the vitreoretinal interface, can
be used as a medium to study abnormal changes of vitreous
body and retina. So, this study attempted to analyze the
abnormal expression of AQPs on the ILMs of various
vitreoretinal human diseases for the first time and to explore

Table 3: Comparison of the AQP4 immunofluorescence intensity
values of four groups.

Group
AQP4 immunofluorescence

intensity value

Control group, n = 8 38:01 ± 5:04
Negative control group, n = 8 17:37 ± 5:81∗

No DME group, n =9 36:79 ± 6:60
DME group, n = 12 51:05 ± 5:67∗

P value <0.0001
Values are displayed as mean ± standard deviation. P values were computed
with one-way analysis of variance; ∗P < 0:05, compared to the other three
groups. DME: diabetic macular edema; AQP4: aquaporin 4; n: number.
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the correction between the degree of DME and the expres-
sion of AQP4 on the ILMs. This study still obtains some
deficiencies and shows some room for improvement. Firstly,
the sample size should be expanded, and the ILMs of DR
patients without DME should be included in particular. Sec-
ondly, in this study, only preoperative OCT was observed.
For some patients who could not complete the scan due to
VH or severe cataract before surgery, it can be combined
with intraoperative OCT. Thirdly, in the subsequent study,

it can be combined with the patient’s follow-up. The pros-
pect of this study is to further investigate whether AQP
can be a treatment target on human retina disease and find
out its clinical value.

5. Conclusions

In conclusion, AQP4, AQP7, and AQP11 can be expressed
on the ILM of human in vivo. The increase in AQP expres-
sion on ILMs of DR may be associated with the occurrence
of DME. Moreover, the degree of DME may be positively
correlated with the expression of AQP4 on the ILMs.
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Figure 5: Flat-mount preparation of the ILMs for AQP4 immunofluorescence. (a) Low-intensity AQP4-positive reactions are uniformly
scattered and evenly distributed on the ILM of a patient of the control group (arrow). (b) No AQP4-positive reactions are detected on
the ILM of a patient of the negative control group. (c) Compared with the control group, higher intensity AQP4-positive reactions are
detected and more densely distributed in the no DME group (arrow); (d) In the DME group, AQP4-positive reactions are most
abundant, irregularly gather and form clusters (arrow).
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intensity Value and CFT.
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Polycystic ovary syndrome (PCOS) is the most common endocrine disorder in women of childbearing age. Cryptotanshinone
(CRY) has been shown to be effective in reversing reproductive disorders, but whether it can be used in the treatment of
polycystic ovary syndrome remains unclear. We aimed to explore whether the mechanism of cryptotanshinone (CRY) in the
treatment of polycystic ovary syndrome (PCOS) can be driven via regulating ferroptosis. A rat model of PCOS was established
by daily injection of human chorionic gonadotropin and insulin for 22 days. An in vitro model of ischemia-reperfusion (IR) of
granulosa cells was established. The in vitro and rat models of PCOS were subjected to different treatments including
ferroptosis activators and inhibitors, CRY, and MAPK inhibitor. Oxidative stress was evaluated by measuring the activities of
SOD, MDA, and GSH-PX. Total body weight and ovarian weight, as well as the levels of LH and the LH to FSH ratio,
significantly increased in rats with PCOS, compared with controls. The expression of Bax was increased in PCOS tissues while
PGC1α, NFR1, GPX4, catalase p-ERK, and Bcl-2 were all downregulated. Ferroptosis activator, erastin, had effects similar to
those of PCOS while the contrary was found with CRY and ferroptosis inhibitor treatment groups. In vitro, CRY inhibited
oxidative stress, MMP, and NF-κB and activated MAPK/ERK signaling by regulating ferroptosis. Overall, this study indicated
that CRY protects against PCOS-induced damage of the ovarian tissue, via regulating oxidative stress, MMP, inflammation,
and apoptosis via regulating ferroptosis.

1. Introduction

Polycystic ovary syndrome is an endocrine disease affecting
15%-20% of women of childbearing age [1]. The etiology
and pathogenesis of PCOS are unknown, and the diagnosis
is often delayed. The repercussions of PCOS are varied and
include psychological, gynecological, and metabolic disor-
ders such as insulin resistance, type II diabetes, cardiovascu-

lar risks, and obesity; PCOS is also one of the causes of
infertility in women due to the ovulatory disorders it triggers
[2–6]. To date, there is no effective treatment to cure PCOS
and the proposed treatments are symptomatic and are aimed
at correcting the symptoms related to hyperandrogenism,
restoring the menstrual cycle to increase the chances of fer-
tility, and correcting metabolic abnormalities [7–9]. For
PCOS patients with infertility, infertility treatment options
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such as drugs (letrozole, clomiphene citrate, and gonadotro-
pins), surgery, and in vitro fertilization are offered to
patients [10, 11]. Therefore, given the urgency of the situa-
tion, it is necessary to look for ways to develop effective
treatments for PCOS.

Cryptotanshinone is one of the major bioactive mole-
cules extracted from the plant Salvia miltiorrhiza Bunge
(Danshen), a plant recognized in traditional Chinese medi-
cine for its virtues in the treatment of various diseases [12].
Previous studies have shown that CRY has biological activi-
ties for the treatment of diseases such as coronary heart dis-
ease, kidney failure, Alzheimer’s disease, cancers, obesity,
ageing, diabetes, and fibrosis of the liver, lungs, heart, and
kidneys [13–23]. A limited amount of research has shown

that CRY may be effective in the treatment of PCOS and
some molecular mechanisms have been proposed [24–27].
In our previous study [28], we also demonstrated the efficacy
of CRY in the treatment of PCOS and proposed that its
mode of action is mediated by its effect on the regulation
of the HMGB1/TLR4/NF-kappaB signaling pathway. How-
ever, given the complexity of the pathogenesis and patho-
physiology of PCOS, it is important to further investigate
the molecular mechanisms underlying PCOS and to explore
the mechanisms of action of CRY in order to propel this
molecule in the treatment of PCOS.

Ferroptosis is a type of necrotic cell death that has been
implicated in the pathogenesis of various diseases such as
cancers, cardiovascular diseases, neurodegenerative diseases,

Table 1: List of primers used in this study.

Forward primer 5′→3′ Reverse primer 5′→3′
PGC1a AGGTCCCCAGGCAGTAGAT CGTGCTCATTGGCTTCATA

NRF1 TGGTGTCACTGGGCTCAATC GTCTCAAGCTCTGGCCGAAT

GPX4 GGGGACAAAGAGCCGGTAG GGTTACTGGGACCTAGGGGA

Catalase CCACTCTCTCAGGAATCCGC GGGTTCAGCTGTGCTGACT

ERK CAGGCGCTGAGAGGAGAAAA TGCTGCTAAGCCCATGGAAA

UCP2 CAATGTTGCCCGAAATGCCA AGTTGGGTGAGGGGATCCAA

BAX CTGAGACACTCGCTCAGCTT TTGCTACAGGGGTGAGTGTG

BCL2 CCCCACAATGGTATGGCACT CTGCAACACTGCTCTTTGCC

SOD1 AGCCCTATTGGTGAAGCAGA TGTTTCCTTGCTCGTGGCTA

NF-κB CAACGCTGTCTCTCACTGGT GACTGCCTTGACTTCCGTGA

MAPK GGAGGGGCTCCTTTGAACTT TGCTCCCTCTCATATCCCACA

Actin AGGGAAATCGTGCGTGACAT ACAACTACAGGGCTGACCAC
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Figure 1: Ferroptosis is activated in ischemia-reperfusion- (IR-) induced injury of granulosa cells. (a) Effect of different ferroptosis
inhibitors on cell viability. (b) Effect of IR alone or in combination with ferroptosis inhibitors on cell viability. ns: nonsignificant. ∗p <
0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001, compared to control; #p < 0:05 compared to IR.
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Figure 2: Continued.
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diabetes, and renal failure [29–36]. Studies have shown that
ferroptosis is at the center of a multitude of metabolic path-
ways [31, 33], which gives it a key role in understanding and
developing therapeutics. Indeed, studies have demonstrated
an interconnection between ferroptosis and biological pro-
cesses such as oxidative stress and mitochondrial function
[37–39]. The current trend suggests that modulation of fer-
roptosis, either through its inhibition or activation, could
be beneficial for the treatment of many diseases. However,
although few studies have suggested the involvement of fer-
roptosis in processes related to ovarian disorders, the role of
ferroptosis in PCOS remains unknown. In addition, it has
been reported that cryptotanshinone against lung cancer
cells is through ferroptosis [40]. Also, cryptotanshinone
may increase the accumulation of ROS by inhibiting the
expression of xCT and GPX4 to induce the ferroptosis of
HepG2 cells [41]. Furthermore, despite the potential of
CRY in the treatment of various diseases, no published
study, to the best of our knowledge, has yet scrupulously

analyzed whether ferroptosis could be a target of the mech-
anism of action of CRY in the treatment of PCOS or other
diseases. Thus, the novelty and motivation of this study are
to expand our knowledge on the mechanisms of action of
CRY and its impact on ferroptosis in PCOS would be of
great importance in the treatment of PCOS and various
diseases.

Thus, in the present study, we set out to extend our pre-
vious research by exploring the effect of CRY on ferroptosis
and related biological processes such as oxidative stress and
mitochondrial function.

2. Material and Methods

2.1. The Rats Used in the Experiments. The rats used in this
study were commercially acquired from the Shanghai Labo-
ratory Animal Center, Co. Ltd. The weight of the rats was in
the range of 174-210 g, and their average age was 87.8 days.
The rats were housed and acclimatized in a temperature-
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Figure 2: Cryptotanshinone inhibits ischemia-reperfusion-induced oxidative stress by regulating ferroptosis via the MAKP signaling
pathway in granulosa cells. (a) Ultrastructural analysis of GCs by transmission electron microscopy. (b) Effect of different treatments on
cell viability. (c) Effect of different treatments on SOD. (d) Effect of different treatments on MDA. (e) Effect of different treatments on
GSH-PX. (f) Effect of different treatments on ROS production. ns: nonsignificant. ∗p < 0:05, compared to control; #p < 0:05 compared to
IR; $p < 0:05 compared to IR+CRY; &p < 0:05 compared to IR+CRY+ferrostatin-1.
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controlled environment of 25 ± 2°C with alternating cycles
of 12 h of darkness and 12 h of light under humidity condi-
tions of 55 ± 15%. The animals had free access to food and
water. The experimental protocols were in accordance with
the standards of the Chinese Ministry of Science and Tech-
nology for the Care and Use of Laboratory Animals after
approval by the Animal Care and Experiment Review Board
of Shanghai Traditional Chinese Medicine Hospital (Shang-
hai, China) (approval no. 20190103).

2.2. Establishment of the PCOS Rat Model and Treatments.
The rats were divided into nine batches of 12 rats each: (1)
the control group consisting of rats intragastrically adminis-
tered with physiological saline; (2) the PCOS group consist-
ing of PCOS rats with intragastric administration of

physiological saline; (3) the PCOS+vehicle group containing
of PCOS rats with administration of DMSO in physiological
saline; (4) the PCOS+CRY group containing PCOS rats with
daily intragastric administration of CRY; (5) the PCOS+fer-
rostatin-1 group containing PCOS rats with daily intragas-
tric administration of saline and daily intraperitoneal
administration of ferrostatin-1, the ferroptosis inhibitor;
(6) the PCOS+CRY+erastin group containing PCOS rats
with daily intragastric administration of CRY (27mg/kg)
and intraperitoneal administration of erastin; (7) the PCOS
+MAPK inhibitor group containing all PCOS rats with daily
intraperitoneal administration of 100μL Skepinone-L
(10mg/kg; China); and (8) the PCOS+CRY+Skepinone-L
(selective p38α-MAPK inhibitor) group containing all PCOS
rats with daily intraperitoneal administration of 100μL
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Figure 3: Cryptotanshinone regulates ischemia-reperfusion-induced mitochondrial membrane potential by regulating ferroptosis via the
MAKP signaling pathway in granulosa cells. (a) Fluorescence image of GCs stained with JC-1 after different treatments. (b) Numerical
data of green/red fluorescence-positive GCs. ∗p < 0:05, compared to control; #p < 0:05 compared to IR; $p < 0:05 compared to IR+CRY;
&p < 0:05 compared to IR+CRY+ferrostatin-1.

5Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

RE
TR
AC
TE
D

RE
TR
AC
TE
D

RE
TR
AC
TE
D

RE
TR
AC
TE
D

RE
TR
AC
TE
D

Skepinone-L (10mg/kg; China). Ferrostatin-1 and erastin
were dissolved in DMSO and diluted in physiological saline
(0.9% NaCl).

The PCOS model was established as described in our
previous study. Briefly, rats were administered by 2 daily
subcutaneous injections with HCG (3.0 IU/day) and insulin
for a duration of 22 days. The insulin dose was gradually
increased from 0.5 to 3U/day from days 1 to 11 and main-
tained at 3U/day from days 12 to 22. Rats in the control
group were treated with 2 skin injections of physiological
saline. At the beginning of the experiment, water was
replaced by 5% dextrose solution. Rats were weighed weekly,
and vaginal swabs were taken daily from day 1 to day 23.
Confirmation of PCOS was confirmed by the loss of regular-
ity of the estrous cycle.

2.3. Assessment of Body Mass Index, Lee’s Index, and
Ovarian Quotient. At the end of the experiment, the length

of the rats from the nose to the anus was measured and used
to calculate Lee’s index [42] and body mass index [43]. The
formula for calculating Lee’s index was as follows: Lee’s
index = weight1/3 × 103/length. The formula for calculating
the body mass index was BMI = weight/length2. The unit
of length was in centimeter while weight was in grams (g).
Ovarian quotient was calculated as the quotient of ovarian
mass to body mass and expressed in milligrams per 100 g.

2.4. Collection of Samples. At the end of the experiment, the
rats were anaesthetized by intraperitoneal injection of
sodium pentobarbital (55mg/kg) after an overnight fast.
Blood (5-7mL) was collected from the abdominal aorta
and subjected to centrifugation (4°C; 1,500 × g; 20min) for
serum collection. After this, pentobarbital sodium (250mg/
kg) was used to kill the animals and death was confirmed
by exsanguination. Dissection of the ovaries was then per-
formed, followed by weighing. For the immediate
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Figure 4: Immunofluorescence analysis of GPX4 and NF-κB regulated by cryptotanshinone under ischemia-reperfusion injury. (a)
Fluorescence image of GCs stained with GPX4 and NF-κB after different treatments. The photograph shows GPX4 and NF-κB and
merge images. (b) Numerical data of the expression of GPX4-positive cells. (c) Numerical data of the expression of NF-κB-positive cells.
∗p < 0:05, compared to control; #p < 0:05 compared to IR; $p < 0:05 compared to IR+CRY; &p < 0:05 compared to IR+CRY+ferrostatin-1.
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experiments, a part of the samples was fixed in a 4% parafor-
maldehyde solution at 25°C for 24 hours. The rest of the
samples were stored in a refrigerator at -80°C.

2.5. Histopathological Analysis. For histomorphometric anal-
ysis, the tissues were successively dehydrated in graded con-
centrations of ethanol (50, 70, 80, 90, and 100%) for 30 sec.
Afterwards, the tissues were washed in xylene and embedded
in paraffin to make 4μm thick slices. The slices thus made
were subjected to picric acid staining at room temperature
for 30min and hematoxylin-eosin staining at room temper-
ature for 15min. Finally, the stained sections were examined
under a fluorescence microscope with the Leica DM5000
platform (Leica Microsystems, Inc.; magnification, ×100).

2.6. Immunohistochemistry. Protein expression was assessed
by the immunohistochemical approach. Tissues were first
fixed for 24h in 4% paraformaldehyde at 4°C, embedded in

paraffin, and cut into small 4μm thick slices. Subsequently,
the tissues were blocked in 0.5% BSA solution followed by
incubation with primary antibodies to GPX4 (1 : 200; cat.
no. ab125066; Abcam), BAX (1 : 250; cat. no. ab32503;
Abcam), NF-κB (1 : 2000; cat. no. ab32536; Abcam), and
HMGB1 (1 : 200; cat. no. Ab92310; Abcam) overnight.
Revealing was done by visualization with biotin-conjugated
secondary antibodies (1 : 300; cat. no. ab7176; Abcam) after
half an hour incubation at 25°C using the Dako EnVision+
Detection System kit in strict accordance with the manufac-
turer’s guidelines. Counterstaining of the coverslips was
done by hematoxylin-eosin staining for 5min at 25°C, and
microscopic observation was done with the Leica DM5000
microscope (Leica Microsystems, Inc.; magnification, ×100).

2.7. Isolation and Culture of Rat Ovarian Granulosa Cells.
Young female rats between 21 and 25 days of age were used
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Figure 5: Immunofluorescence analysis of BAX and HMGB1 regulated by cryptotanshinone under ischemia-reperfusion injury. (a)
Fluorescence image of GCs stained with BAX and HMGB1 after different treatments. The photograph shows MAPK and HMGB1 and
merge images. (b) Numerical data of the expression of MAPK-positive cells. (c) Numerical data of the expression of HMGB1-positive
cells. ∗p < 0:05, compared to control; #p < 0:05 compared to IR; $p < 0:05 compared to IR+CRY; &p < 0:05 compared to IR+CRY
+ferrostatin-1.
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Figure 6: Continued.
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to isolate granulosa cells from the ovary. The rats used in
this study were commercially acquired from Shanghai Labo-
ratory Animal Center, Co. Ltd. For this purpose, the rats
were subjected to a subcutaneous injection of pregnant mare
serum gonadotropin (PMSG) (150 IU/kg). 48 h after the
injection, the rats were dissected and the ovaries were
removed and subjected to follicular puncture as described
above for the isolation of granulosa cells, after filtration
and centrifugation for 5min at 200 × g at 4°C. Subsequently,
the supernatant was discarded and the cells were resus-
pended in Dulbecco’s modified Eagles medium (Thermo
Fisher Scientific, Inc.) to which compounds such as insulin,
gentamicin, selenium, and transferrin were added. Cell cul-
ture was performed in 6-well plates at a density of 5 × 104
cells/mL in an incubator set to a humidified atmosphere
containing 5% CO2 for 24 h at 37°C.

2.8. Application of Ischemia-Reperfusion [28] to Granulosa
Cells. Establishment of ischemia-reperfusion was done by
treating granulosa cells with 1μmol/L dexamethasone for a
period of 72 h, followed by determination of glucose and
sucrose concentration with appropriate kits according to
the vendor’s recommendations.

2.9. Treatment and Determination of Cell Viability. Cells
were subjected to different treatments including ischemia-

reperfusion as described above, CRY, erastin, ferrostatin-1,
and MAPK inhibitor. In other cases, several ferroptosis
inhibitors were used. The treated cells were grown in 96-
well plates at a density of 1 × 104 cells per well. For the
assessment of cell viability, the cells were treated with
MTT reagent (0.2mg/mL MTT) which was added to each
well, followed by incubation in a humidified atmosphere
containing 5% CO2 for 4 h at 37°C. Then, the formazan crys-
tals were dissolved by treatment with DMSO and the absor-
bance at 490nm was measured spectrophotometrically with
microplate readers (Safire 2, Tecan Group, Ltd.).

2.10. Analysis of the Ultrastructure of Granulosa Cells. The
ultrastructural changes of cells from different groups were
analyzed using a transmission electron microscope. Briefly,
GCs from different treatment groups were collected and
after successive fixing in 2.5% glutaraldehyde and 1%
phosphate-buffered osmium tetroxide, the GCs were embed-
ded and colored using uranyl acetate and lead citrate. The
transmission electron microscope (JEOL, Tokyo, Japan)
was finally applied for microscopic imaging as well as
analysis.

2.11. Intracellular ROS Measurement. The fluorescent 2′,7′
-dichlorofluorescin diacetate probes (DCFH-DA) (Sigma-
Aldrich, Poznan, Poland) were employed for the assessment
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Figure 6: mRNA and protein expression regulated by cryptotanshinone under ischemia-reperfusion injury. (a) mRNA expression of PGC1a
as determined by RT-qPCR. (b) mRNA expression of NRF1 as determined by RT-qPCR. (c) mRNA expression of GPX4 as determined by
RT-qPCR. (d) mRNA expression of catalase gene as determined by RT-qPCR. (e) mRNA expression of SOD1 as determined by RT-qPCR.
(f) Blot images and numeric quantification of protein expression of PGC1a, NRF1, GPX4, catalase, ERK, p-ERK, UCP2, BAX, and BCL2 as
determined by western blotting. ∗p < 0:05, compared to control; #p < 0:05 compared to IR; $p < 0:05 compared to IR+CRY; &p < 0:05
compared to IR+CRY+ferrostatin-1.

9Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

RE
TR
AC
TE
D

RE
TR
AC
TE
D

RE
TR
AC
TE
D

RE
TR
AC
TE
D

RE
TR
AC
TE
D

Control PCOS
PCOS +
vehicle

PCOS +
CRY

PCOS + CRY
+ Erastin

POS + CRY +
 Ferrostatin

-1

PCOS + drug
+ MAPK
inhibitor

PCOS +
MAPK 

inhibitor

10
0x

40
x

(a)

Control PCOS PCOS +
vehicle

PCOS +
CRY

PCOS + CRY
+ Erastin

POS + CRY+
 Ferrostatin

-1

PCOS + drug
+ MAPK
inhibitor

PCOS +
MAPK 

inhibitor

M
ER

G
E

D
A

PI
TU

N
EL

20 μm

20 μm

20 μm 20 μm

20 μm 20 μm

20 μm

20 μm

20 μm

20 μm

20 μm

20 μm 20 μm

20 μm

20 μm

20 μm

20 μm 20 μm

20 μm

20 μm 20 μm

20 μm

20 μm

20 μm

(b)

60

40

20

0

Contro
l IR

Eras
tin

IR
 + ve

hicle

IR
 + CRY

IR
 + CRY + Eras

tin

IR
 + M

APK in
hibito

r

IR
 + CRY + M

APK in
hibito

r

IR
 + CRY + Ferr

osta
tin

-1

TU
N

EL
 p

os
iti

ve
 ce

ll 
ar

ea
 (%

)
/fi

el
ds

⁎
⁎

⁎

⁎ #

#

#

#

⁎

⁎

⁎

⁎

#

$

$

$
&

(c)

400

300

100

200

0

Contro
l

PCOS

PCOS +
 ve

hicle

PCOS +
 CRY

PCOS +
 CRY + Eras

tin

PCOS +
 M

APK in
hibito

r

PCOS +
 CRY + M

APK in
hibito

r

PCOS +
 CRY + Ferr

osta
tin

-1

⁎
⁎

⁎

#
#

#

#
⁎

⁎
⁎

⁎

#

$ $

$

&

Bo
dy

 w
ei

gh
t (

g)

(d)

Figure 7: Continued.
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Figure 7: Continued.
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of intracellular ROS. The GCs from different treatment
groups were incubated in the dark with DCFH-DA
(10mM) at 37°C. Next, after rinsing three times, the cells
were observed with the Olympus BX51 fluorescence micro-
scope (Tokyo, Japan) for the detection of intracellular ROS
fluorescence.

2.12. Terminal Deoxynucleotidyl Transferase dUTP Nick-End
Labeling (TUNEL) Assay. A TUNEL-specific antibody was
used for the histochemical staining of 6μm ovary sections.
The sections were deparaffinized using Histo-Clear. After-
wards, following permeabilization in 0.3% Triton X-100,
the DeadEnd™ Colorimetric TUNEL System (Promega,
Madison, USA) was used for the detection of apoptosis in
ovary tissues following the recommendations provided by
the manufacturer. The Olympus IX81 microscope (Olympus
America Inc., Center Valley, PA) was used for microscopic
analysis, and green fluorescence was used for the identifica-
tion of TUNEL-positive cells; counterstaining with the
diamidino-2-phenylindole (DAPI) was used for the identifi-
cation of nuclei.

2.13. RNA Extraction and RT-qPCR. RNA was extracted
with the conventional method using the TRIzol extraction
kit. The extracted RNA was retrotranscribed to cDNA using
the GoScript™ Reverse Transcription System Kit (Promega
Corporation) and following the protocols recorded therein.
Amplification was done using the SYBR-Green PCR master
mix platform supplied by Thermo Fisher Scientific, Inc.
Thermal cycler settings were as follows: activation step at
50°C, denaturation at 95°C (30 seconds), 40 amplification

cycles (95°C, 5 seconds), and termination (60°C, 30 seconds).
The sequences of the primers used in the reaction mixture
were recorded in Table 1.

2.14. Western Blot. For the western blot experiment, proteins
were first extracted from the samples using RIPA reagent
(cat. no. ab7937; Abcam). The protein-containing lysates
were centrifuged and then subjected to quantification using
BCA reagent (cat. no. 23227; Thermo Fisher Scientific,
Inc.). Next, an aliquot of 50μg of protein was electrophoret-
ically separated on 12% SDS-PAGE, followed by loading
onto PVDF membranes and incubation in 25% skim milk
for 120min. The membranes were then contacted with solu-
tions of primary antibodies directed against the indicated
proteins. The antibodies used were PGC1a monoclonal anti-
body (1 : 5000, cat. no. 66369-1-Ig) from Proteintech, anti-
NRF1 antibody (1 : 1000, cat. no. ab175932) from Abcam,
GPX4 monoclonal antibody (1 : 1000, cat. no. 67763-1-Ig)
from Proteintech, catalase monoclonal antibody (1 : 2000,
cat. no. 66765-1-Ig) from Proteintech, ERK monoclonal
antibody (1E5) (1 : 2000; MA5-15896) from Thermo Fisher,
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody
#9101 (1 : 1000) from Cell Signaling Technology, anti-UCP2
antibody (1 : 1000, cat. no. sc-390189) from Santa Cruz, anti-
Bax antibody (1 : 1000, cat. no. sc-7480) from Santa Cruz,
BCL2 monoclonal antibody (1 : 2000, cat. no. 60178-1-Ig)
from Proteintech, SOD1 monoclonal antibody (1 : 5000,
cat. no. 67480-1-Ig) from Proteintech, Anti-NF-κB p65 anti-
body [E379] (1 : 1000, ab32536) from Abcam, p38 MAPK
(D13E1) XP® Rabbit mAb #8690 (1 : 1000) from Cell Signal-
ing, and anti-beta Actin antibody (1 : 1000, ab8227) from
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Figure 7: Cryptotanshinone protects against the deleterious effects underlying PCOS through inhibition of ferroptosis and activation of
MAPK. (a) Histopathological analysis of ovary tissues obtained from different treatment groups. (b) TUNEL staining of ovary tissues
obtained from different treatment groups. (c) Proportion of TUNEL-positive cells of ovary tissues obtained from different treatment
groups. (d) Body weight or animals in different groups, (e) Ovarian weight from different groups. (f) Ovary quotiety in different groups.
(g) Lee’s index. (h) BMI of animals in different groups. (i) FSH level in different groups. (j) LH level in different groups. (k) LH/FSH
ratio in different groups. (l) Testosterone level in different groups. ∗p < 0:05, compared to control; #p < 0:05 compared to IR; $p < 0:05
compared to IR+CRY; &p < 0:05 compared to IR+CRY+ferrostatin-1.
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Abcam. After incubation, the membranes were washed three
times with TBST and incubated with the HRP-coupled sec-
ondary antibody solutions (1 : 5000; cat. no. ab7097; Abcam)
at 25°C for 60min. The revelation of the signals correspond-
ing to the immune complexes was performed using the ECL
reagent (cat. no. WBKLS0050; EMD Millipore). Finally,
ImageJ software (Image J, National Institutes of Health,
Bethesda, MD) was used for densitometric analysis of the
bands. The ImageJ results were then used to calculate the
relative expression of the proteins with reference to the
Actin protein.

2.15. Immunofluorescence Staining. For protein (GPX4,
BAX, NF-κB, and HMGB1) expression in cells, GCs were
subjected to immunofluorescence. GCs from different treat-

ment groups were washed, and after fixing and incubation
for blocking in 1% bovine serum albumin (BSA), GCs were
incubated with primary antibodies (anti-GPX4, anti-BAX,
anti-NF-κB, and anti-HMGB1) at 4°C overnight. Then, the
incubation with the secondary antibodies was performed in
the dark for 1 h at 37°C. Finally, DAPI was used for counter-
staining and examination under the Olympus BX51 fluores-
cence microscope.

2.16. Statistical Analysis. Data were expressed as mean ± sd.
For comparison between two, the T-test was used. For anal-
yses involving more than two groups, the one-way ANOVA
test was performed; for comparative analyses between differ-
ent groups, the Bonferroni post hoc test was applied follow-
ing the one-way ANOVA. All analyses and graphs were
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Figure 8: Immunohistochemistry analysis of proteins. (a) Immunohistochemistry analysis of GPX4 protein of ovary tissues obtained from
different treatment groups. (b) Immunohistochemistry analysis of BAX protein of ovary tissues obtained from different treatment groups.
(c) Immunohistochemistry analysis of NF-κB protein of ovary tissues obtained from different treatment groups. (d) Immunohistochemistry
analysis of HMGB1 protein of ovary tissues obtained from different treatment groups.
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Figure 9: Continued.
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produced with GraphPad Prism version 9 statistical software
(GraphPad Software, Inc.).

3. Results

3.1. Ferroptosis Is Activated in Ovarian Granulosa Cells
Subjected to Ischemia-Reperfusion. In order to investigate
the probable involvement of ferroptosis in PCOS, we first
treated granulosa cells with different ferroptosis inhibitors.
The results showed that ferroptosis inhibitors had no cyto-
toxic effect on granulosa cells (Figure 1(a)). However, after
ischemia-reperfusion, treatment of granulosa cells with the
inhibitors showed different effects. Indeed, ischemia-
reperfusion was followed by a remarkable decrease in cell
viability (Figure 1(b)); but treatment with the different fer-
roptosis inhibitors was followed by a reversal of the effect
of ischemia-reperfusion on cell viability. In addition, we
found that the abrogation of the effect of ischemia-
reperfusion was most pronounced after treatment with fer-
rostatin. Therefore, ferrostatin was selected as a ferroptosis
inhibitor for further studies. These results indicated that fer-
roptosis activation may play a key role in the pathogenesis of
PCOS.

3.2. CRY Inhibits Oxidative Stress by Regulating Ferroptosis
via the MAKP Signaling Pathway. In order to elucidate the
mechanism of action of CRY on the pathological processes
involved in PCOS, we measured the effect of CRY on oxida-
tive stress in the IR-induced PCOS model in vitro. The ultra-
structural analysis indicated contracted mitochondria in the
IR group and erastin groups while CRY and CRY+ferrosta-
tin-1 treatment markedly improved the morphology of
mitochondria (Figure 2(a)). In addition, the cotreatment of
CRY with MAPK inhibitor or erastin significantly counter-
acted the effect of CRY on IR-induced cells (Figure 2(a)).
The results also showed that IR and treatment with the fer-
roptosis stimulator, erastin, led to a decrease in cell viability
(Figure 2(b)) and the activities of SOD (Figure 2(c)) and
GSH-PX (Figure 2(d)). On the contrary, the level of MDA
released in the PCOS model and in the erastin treatment
group was increased compared to that in the control group
(Figure 2(e)). Further study showed that ROS production
was increased by PCOS or by erastin treatment (Figure 2
(f)). In addition, we noted that treatment with CRY was
followed by a reversal of the effects of erastin and PCOS
on SOD, GSH-PX, MDA, and ROS (Figures 2(b)–2(f)). In
addition, treatment with ferroptosis (ferrostatin) or MAPK
inhibitor was followed by an effect similar to that of CRY.
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Figure 9: mRNA and protein expression regulated by cryptotanshinone in PCOS. (a) mRNA expression of PGC1a as determined by RT-
qPCR. (b) mRNA expression of NRF1 as determined by RT-qPCR. (c) mRNA expression of GPX4 as determined by RT-qPCR. (d) mRNA
expression of catalase gene as determined by RT-qPCR. (e) mRNA expression of SOD1 as determined by RT-qPCR. (f) Blot images and
numeric quantification of protein expression of PGC1a, NRF1, GPX4, catalase, ERK, p-ERK, UCP2, BAX, and BCL2 as determined by
western blotting. ∗p < 0:05, compared to control; #p < 0:05 compared to IR; $p < 0:05 compared to IR+CRY; &p < 0:05 compared to IR
+CRY+ferrostatin-1.
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However, cotreatment with CRY and the ferroptosis activa-
tor (erastin) on the one hand and CRY and the MAPK
inhibitor on the other was followed by a significant abroga-
tion of the effect of CRY on PCOS. These results indicated
that CRY inhibits PCOS-induced oxidative stress by regulat-
ing ferroptosis via the MAKP signaling pathway.

3.3. CRY Inhibits Mitochondrial Membrane Potential
through Regulation of Ferroptosis via the MAKP Signaling
Pathway. In order to detect whether CRY regulates oxidative
stress through modulation of mitochondrial dynamics, JC-1
staining was performed. As shown in Figures 3(a) and 3(b), a
significant decrease in red fluorescence was remarkable in
the PCOS and erastin groups, leading to a drop in the ratio
of red to green fluorescence, compared to the control group.
In contrast, treatment with CRY alone or together with fer-
rostatin counteracted this effect. However, cotreatment of
CRY with erastin or the treatment MAPK inhibitor reversed
the effect of CRY on the ratio of red to green fluorescence.
These results suggested that CRY inhibits mitochondrial
membrane potential through the regulation of ferroptosis
via the MAKP pathway.

3.4. CRY Inhibits GPX4 Expression and Activates NF-κB via
the MAKP Signaling Pathway in the PCOS Cell Model. In
order to detect whether CRY regulates GPX4 and inflamma-
tion in the pathogenic processes of PCOS, immunofluores-
cence of GPX4 and NF-κB was performed. As shown in
Figures 4(a) and 4(b), a significant decrease in GPX4 expres-
sion was observed in the PCOS and erastin groups while NF-
κB expression was significantly increased in both groups
compared to the control group. On the contrary, CRY and
ferrostatin reversed the effect of erastin and IR-induced
PCOS. However, cotreatment of CRY with erastin or the
MAPK inhibitor inhibited the effect of CRY on GPX4 and
NF-κB expression levels. These results suggest that CRY
inhibits PCOS-induced inflammation via the regulation of
ferroptosis via the MAKP signaling pathway (Figure 4(c)).

3.5. CRY Inhibits HMGB1 and BAX Expression via
Inhibition of Ferroptosis in the IR-Induced PCOS Cell
Model. Immunofluorescence of HMGB1 and BAX was per-
formed. As shown in Figures 5(a) and 5(b), significant acti-
vation of HMGB1 and BAX expression was observed in
the IR and erastin groups. In contrast, CRY alone or in com-
bination with ferrostatin abrogated the effect of erastin and
IR on HMGB1 and BAX. However, cotreatment of CRY
with erastin or the MAPK inhibitor inhibited the effect of
CRY on HMGB1 and BAX expression levels (Figure 5(c)).
These results suggest that CRY inhibits IR-induced HMGB1
and BAX expression via the regulation of ferroptosis.

3.6. Effect of CRY on Gene and Protein Expression In Vitro.
In order to further confirm the mode of action of CRY, we
determined the effect of CRY on the expression of genes
involved in various biological processes associated with
PCOS pathogenesis. At the transcriptional level (Figures 6
(a)–6(e)), RT-PCR results showed that compared to the con-
trol group, IR treatment was followed by an inhibition of the
expression of PGC1α, NRF1, GXP4, catalase, and SOD

genes. Similar results were recorded with the ferroptosis acti-
vator, erastin (Figures 6(a)–6(e)). Furthermore, after treat-
ment with CRY alone or in combination with the
ferroptosis inhibitor (ferrostatin-1), the transcriptional levels
of these genes increased compared to the IR group (Figure 6
(a)), indicating an abrogation of the effect of IR and the fer-
roptosis inhibitor on these genes. In addition, treatment with
the MAPK inhibitor abrogated the effect of cryptotanshi-
none, indicating an important role for MAPK in the mode
of action of CRY (Figures 6(a)–6(e)). At the protein expres-
sion level, western blot results showed that the expression
levels of PGC1α, NRF1, GXP4, catalase, SOD, p-ERK,
UCP2, and Bcl2 were inhibited by treatment with IR and
erastin but these inhibitory effects were reversed by treat-
ment with cryptotanshinone alone or in combination with
ferrostatin (Figure 6(f)). The effect of cryptotanshinone
was also abrogated by treatment with the MAPK inhibitor
(Figure 6(f)). A reverse trend was observed for Bax expres-
sion while no significant change was observed for ERK
expression in the different groups (Figure 6(f)).

3.7. CRY Protects against the Deleterious Effects Underlying
PCOS through Inhibition of Ferroptosis and Activation of
MAPK. To verify the mode of action of CRY on PCOS
in vivo, a rat model of PCOS was established. As shown in
Figure 7(a), a regular structure of the rat ovary was observed
in the control group, with numerous follicles (luteal, pre-
antral, and antral) made of multiple layers with visible
oocytes and corona radiata. In the PCOS and vehicle groups,
microscopic examination showed cystic dilatation of the fol-
licles with the presence of small layers of granulosa cells, the
presence of corpora lutea, and lipid inclusions in the cyto-
plasm. However, treatment with CRY alone or with ferrosta-
tin was followed by the presence of various follicles at
different developmental stages and the presence of oocyte
and corona in the mature follicles; corpora lutea growth
and a regular layer of granulosa cells were also observed.
The effect of CRY was abrogated by MAPK inhibitor.

In addition, we sought to verify the effect of cryptotan-
shinone and ferroptosis on cell apoptosis in vivo (Figures 7
(b) and 7(c)). The TUNEL assay was used, and staining of
ovarian tissue sections showed that in the PCOS model, cell
apoptosis was increased compared to the control group.
Treatments with vehicle led to similar results. However,
treatments with CRY alone or in combination with ferrosta-
tin led to a decrease in cell apoptosis. In addition, MAPK
inhibitor increased the apoptosis rate in the PCOS model
and reversed the effect of CRY on cell apoptosis.

In addition, the body weight (Figure 7(d)), ovarian
weight (Figure 7(e)), and ovary quotiety (Figure 7(f)) were
all increased in PCOS model but decreased by the treatment
with CRY alone or in combination with ferrostatin. MAPK
inhibitor reversed the effect of CRY on uterus body weight
(Figure 7(d)), ovarian weight (Figure 7(e)), and ovary quoti-
ety Figure 7(f). Moreover, hormonal tests indicated that
Lee’s index (Figure 7(g)) and BMI (Figure 7(h)) were all
increased in the PCOS group but reversed by the treatment
with CRY and CRY+ferrostatin-1; the effect of CRY was
counteracted by the treatment with MAPK inhibitor. In
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addition, hormonal tests indicated that FSH (Figure 7(i)),
LH (Figure 7(j)), and LH/FSH (Figure 7(k)) ratio as well as
the testosterone (Figure 7(l)) levels were all increased in
the PCOS group but reversed by the treatment with CRY
and CRY+ferrostatin-1; however, treatment with the MAPK
inhibitor counteracted the effect of CRY.

Immunohistochemistry was used to check the expression
of proteins such as GPX4, BAX, NF-κB, and HMGB1. As
shown in Figures 8(a) and 8(b), in the PCOS group and after
treatments with erastin and MAPK inhibitor, a decrease in
the expression of GPX4, BAX, NF-κB, and HMGB1 was
observed in ovarian tissues whereas treatment with CRY
and ferrostatin-1 was followed by an abrogation of this effect
characterized by an increase in cells staining positive for
these proteins. Moreover, the effect of CRY was counter-
acted by the treatment with the MAPK inhibitor (Figures 8
(c) and 8(d)).

In order to further confirm the mode of action of CRY
in vivo, we determined the effect of CRY on the expression
of genes involved in various biological processes associated
with the pathogenesis of PCOS. At the transcriptional level
(Figures 9(a)–9(e)), RT-PCR results showed that compared
to the control group, an inhibition of the expression of
PGC1α, NRF1, GXP4, catalase, and SOD genes was observed
in the PCOS group. Furthermore, after treatment with CRY
or CRY+ferrostatin-1, the transcriptional levels of these
genes increased compared to the PCOS group (Figures 9
(a)–9(e)), indicating an abrogation of the effect of PCOS
on these genes. In addition, treatment with the MAPK inhib-
itor abrogated the effect of CRY, indicating an important
role for MAPK in the mode of action of CRY (Figures 9
(a)–9(e)). At the protein expression level, western blot
results showed that the expression levels of PGC1α, NRF1,
GXP4, catalase, SOD, p-ERK, UCP2, and Bcl2 were inhib-
ited by treatment with PCOS and erastin but these inhibitory
effects were reversed by treatment with CRY or CRY+ferros-
tatin-1 (Figure 9(f)). The effect of CRY was also abrogated by
treatment with the MAPK inhibitor (Figure 9(f)). A reverse
trend was observed for Bax expression while no significant
change was observed for ERK expression in the different
groups (Figure 9(f)).

4. Discussion

Recent studies have demonstrated the crucial importance of
ferroptosis in various biological processes such as cancers
and cardiovascular and neurodegenerative diseases [33, 35,
44–47]. Studies have also shown that ferroptosis could affect
the therapeutic efficacy of various drugs in the treatment of
these diseases by promoting drug resistance [48–50]. In
one of our previous studies, we proved the efficacy of CRY
in the treatment and prevention of PCOS [28]. Other
researchers have also reported the efficacy of CRY in the
treatment of various ovarian conditions, including PCOS
[24–27]. In addition, some undetailed studies by other inves-
tigators have suggested that ferroptosis may play an impor-
tant role in the pathogenesis of PCOS [51, 52]. Thus, in
the present study, we proposed to investigate the role of fer-
roptosis in the mechanisms underlying PCOS and to verify

whether the mechanism of action of CRY could be mediated
by its inhibitory action on ferroptosis. In this line, we con-
ducted in vitro experiments by subjecting granulosa cells to
ischemia-reperfusion and to treatments with CRY, inhibi-
tors, and activators of ferroptosis and of the inhibitor of
MAPK signaling pathway. Our results demonstrated
in vitro and in vivo that ferroptosis was increased in cells
subjected to IR in vitro and in the PCOS model in vivo. In
addition, treatment with the ferroptosis activator and the
MAPK inhibitor showed results with trends similar to the
PCOS model. In contrast, treatments with CRY and the fer-
roptosis inhibitor were followed by a reversal of the effect
observed in the PCOS model. In addition, the same trends
were reported with respect to MMP, ROS, and expression
of oxidative stress-related genes as well as apoptosis. These
results indicate that the mechanism of action of CRY in
the treatment of PCOS relies on its mediating effect on cel-
lular ferroptosis. These results are of great value in the treat-
ment and prevention of PCOS.

The results of the present study showed that ferroptosis
levels were increased in granulosa cells subjected to IR and
in the PCOS model in vivo. To date, specific studies investi-
gating the role of ferroptosis in PCOS have not been
reported. Only a few studies have reported the role of ferrop-
tosis in ovarian cells or pathological conditions related to
PCOS. An earlier study reported that uterine or placental
ferroptosis can be modulated by insulin resistance and
hyperandrogenism [51]. The sensitivity of clear cells found
in the kidney and ovary to ferroptosis was also reported in
another study which indicated that this sensitivity is based
on the inhibition of GPX4 [52]. Proteomic analysis of CD4
+ T cells from infertile PCOS patients showed that key pro-
teins were involved in the ferroptosis pathway [50]. Differ-
ential gene expression analysis also demonstrated that
crosstalk between autophagy, apoptosis, and ferroptosis is
involved in the initiation of follicular atresia in pig ovaries
[53]. Treatment of ovarian cells with the ferroptosis inhibi-
tor reverses cellular cytotoxicity [54]. In view of the above,
our study is the first of its kind to elucidate the involvement
of ferroptosis in PCOS.

The effects of ferroptosis inhibitor and activator on
MMP, ROS, and the expression of proteins involved in oxi-
dative stress, inflammation, and apoptosis suggest that acti-
vation of ferroptosis in PCOS follows a deregulation of
mitochondrial dynamics, promotion of inflammatory stimu-
lation, and exacerbation of oxidative stress. These results
corroborate those of a large body of literature showing an
interconnection between ferroptosis and oxidative stress
[55]. Furthermore, our results are consistent with other
studies suggesting that oxidative stress is induced during
the process of ferroptosis [56, 57]. Other studies have shown
that during the regulation of ferroptosis, consequent changes
occur at the mitochondrial level, including morphological
changes, change in energy metabolism, change in iron
metabolism, and change in lipid metabolism [58]; these
results are in line with the results of the present study show-
ing an effect of depolarization of MMPs by induction of fer-
roptosis. Our results are in line with those of other
researchers also indicating that oxidative stress is induced

17Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

RE
TR
AC
TE
D

RE
TR
AC
TE
D

RE
TR
AC
TE
D

RE
TR
AC
TE
D

RE
TR
AC
TE
D

by free radicals released during ferroptosis [59]. In this con-
text, oxidative stress is induced by mitochondrial ROS
release [59], which is consistent with the results of the pres-
ent study showing the induction of ROS production by the
activator of ferroptosis. However, the present study could
only demonstrate the role of ferroptosis on oxidative stress
and mitochondrial dynamics. Further studies are needed to
confirm the directionality of the regulation between ferrop-
tosis and oxidative stress as this outcome is equivocal.
Indeed, although the studies cited above have confirmed
the trend of our results, other researchers have shown that
oxidative stress is a positive regulator of ferroptosis. For
example, it has been reported that induction of oxidative
stress by arsenite leads to induction of ferroptosis [60]. It
has also been shown that oxidative stress induces ferroptosis
and mitochondrial dysfunction in the retinal pigment cells
PC12 [38, 61, 62].

CRY is known to have therapeutic and prophylactic ben-
efits in a variety of diseases including ovarian, colon, blad-
der, and lung cancers and pulmonary fibrosis [12, 63–66].
CRY has also been reported to be effective against ovarian
disorders, including PCOS [28, 67]. In many diseases, stud-
ies have demonstrated the mode of action of CRY by asses-
sing its effect on a number of biological processes and
signaling pathways. However, no study has evaluated the
effect of CRY on disease-associated ferroptosis, especially
in PCOS. Our present study therefore has the merit of dem-
onstrating that CRY inhibits cell death by ferroptosis in
PCOS. These results are of paramount importance as ferrop-
tosis is considered a promising pharmacological therapeutic
target for various diseases. Inflammation also plays an
important role in PCOS. Many studies have shown a stimu-
lation of inflammation in PCOS. In our previous study, we
demonstrated that CRY inhibits inflammation by inhibiting
metabolic pathways involving the NF-κB protein. These
results were confirmed in the present study. In addition,
numerous studies have shown that ferroptosis involves
inflammatory pathways involving the inflammasome.
Although we did not measure the effect of CRY on the
inflammasome, the regulation of NF-κB by CRY is an indi-
cation that activated cellular ferroptosis in PCOS may be
the result of an inflammasome activation cascade. Further
study involving the NLRP3 inflammasome may clarify this
hypothesis in our future studies.

We also noticed that CRY inhibits the MAPK/ERK path-
way via inhibition of ferroptosis. Many studies have shown
the connection between ferroptosis and the MAPK/ERK sig-
naling pathway. According to the results of these studies, in
case of ferroptosis, the MAPK/ERK pathway is activated.
The activation of MAPK/ERK is also induced by the produc-
tion of ROS in the medium. Here, we also noticed that
HMGB1 protein was also upregulated in the PCOS model
but inhibited by treatment with CRY and the ferroptosis
inhibitor. Previous studies have shown a regulatory link
between HMGB1 and the MAPK/ERK pathway. Therefore,
we deduce that CRY exerts its therapeutic effect on PCOS
by inhibiting the HMGB1/MAPK/ERK pathway via the
induction of ferroptosis. There are still some limitations that
remain to be solved in this study. Although CRY can

decrease the expression of HMGB1 and NF-κB in rats with
PCOS, the underlying mechanism remains unclear. Besides,
the protective effects of CRY on IR-induced ovarian granu-
losa cells were not confirmed through validation experi-
ments other than cell viability detection. Still,
cryptotanshinone may be a potential treatment option for
polycystic ovary syndrome and the efficacy and safety of this
mechanism need to be further studied.

5. Conclusions

In conclusion, the present study explored the mode of action
of CRY on PCOS. The results demonstrate for the first time
that ferroptosis is upregulated in PCOS and that the thera-
peutic or protective effect of CRY may be mediated by inhi-
bition of this process which is a regulator of the HMGB1/
MAPK/ERK pathway involved in the regulation of many
pathological processes. This study provides a new perspec-
tive on understanding the pathogenesis of PCOS and offers
hope in the search for therapeutic compounds for PCOS.
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The therapeutic efficacy of anthracycline antibiotic, doxorubicin (Dox), is hampered due to the dose-dependent cardiotoxicity. The
objective of the study was to explore the counteraction of aqueous bark extract of Nauclea orientalis in Dox-induced cardiotoxicity
in Wistar rats. The acute and subchronic toxicity study performed with 2.0 g/kg of the plant extract revealed biochemical and
haematological parameters to be within the physiological range, and no histological alterations were observed in any organs
isolated. Screening of plant extract for the protection of the myocardium from Dox-induced oxidative stress, inflammation, and
apoptosis was performed on five groups of rats: control, plant extract control, Dox control (distilled water (D.H2O) 2 weeks +
on the 11th day single injection of Dox, 18mg/kg), plant + Dox (2.0 g/kg plant extract 2 weeks + on the 11th day Dox, 18mg/
kg), and positive control, dexrazoxane. A significant increase in cardiac biomarkers and lipid peroxidation (p < 0:001) and a
significant decrease in antioxidant parameters (p < 0:001) were observed in the Dox control group. All these parameters were
reversed significantly (p < 0:05) in the plant-pretreated group. The histopathological assessment of myocardial damage provided
supportive evidence for the biochemical results obtained. Inflammatory markers, myeloperoxidase, expression of TNFα and
caspase-3, and DNA fragmentation (TUNEL positive nuclei) were significantly elevated (p < 0:05), and expression of Bcl-2 was
significantly decreased (p < 0:05) in the Dox control; however, all these parameters were significantly reversed in the plant
extract-treated group. In conclusion, the aqueous bark extract of Nauclea orientalis (2.0 g/kg) has the ability to attenuate the
Dox-induced oxidative stress, inflammation, apoptosis, and DNA fragmentation in Wistar rats.

1. Introduction

Doxorubicin (Dox), the anthracycline antibiotic, is a
widely accepted chemotherapeutic agent in the treatment
of diverse malignancies [1]. Unfortunately, its long-term
usage is restricted by the multiorgan toxicity including
severe cardiotoxicity [2]. Dox-induced dose-dependent car-
diotoxicity could be manifested by various changes within
the heart like cardiac arrhythmias, electrocardiographic
alterations, permanent degenerative cardiomyopathy, and

congestive heart failure [3]. Several molecular mechanisms
have been identified in the pathogenesis of acute and
chronic Dox-induced cardiotoxicity including oxidative
stress, altered iron metabolism, dysregulation in calcium
homeostasis, structural alterations in sarcomeres, modula-
tion of gene expression, and apoptosis [4]. However, one
of the foremost important mechanisms is the oxidative
stress caused by the generation of free radicals which sub-
sequently cause the lipid peroxidation, reduction of sulfhy-
dryl groups, and depletion of antioxidant enzymes [3].
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Additionally, inflammation, apoptosis, and impairment of
DNA arise in the myocardium.

The main reason for oxidative stress caused by Dox is the
imbalance between reactive oxygen species and the endoge-
nous antioxidant defence system [4]. Radical formation in
Dox-induced cardiotoxicity occurs by two main pathways: a
nonenzymatic pathway via iron and an enzymatic pathway
via mitochondrial respiratory chain [5]. Dox is converted to
a Dox semiquinone form by reduced flavoenzymes such as
nicotinamide adenine dinucleotide phosphate hydrogen-
(NADPH-) cytochrome P450 reductase [5, 6]. This reduced
form is in a position tomake a complex with iron (Fe2+) which
has the ability to impulsively reduce molecular oxygen to
superoxide. In the enzymatic pathway, free oxygen radicals
are also produced when Dox gets reduced at complex I of
the electron transport chain by accepting electrons from nico-
tinamide adenine dinucleotide (NADH) or NADPH [5]. The
redox cycling that happens might also be very harmful since
a small amount of Dox was found to be adequate for the for-
mation of the large amount of superoxide radicals. As Dox
has high affinity to cardiolipin, Dox enters the mitochondria
and suppresses respiratory chain by binding to cardiolipin,
which is identified as a cardiac-specific, polyunsaturated fatty
acid-rich phospholipid found within the mitochondrial inter-
nal membrane [5, 7]. Dox is also capable of reducing the
action of cardiac enzymes like glutathione S-transferase,
superoxide dismutase (SOD), and catalase. Moreover, the
myocardial tissues are more vulnerable to be injured by
Dox-induced free radicals because the antioxidants available
in the heart tissues are low in comparison to other organs [7].

Furthermore, generation of ROS results in activation of
the mitochondria-mediated apoptotic signalling pathway
which consequently activates caspase-3-mediated intrinsic
cardiomyocyte apoptosis [8]. In addition to the activation
of extrinsic apoptotic pathway, death ligands like tumour
necrosis factor α (TNFα) also contribute to the apoptosis
in cardiomyocytes.

As Dox remains a highly effective anticancer drug for var-
ious malignancies, several therapeutic approaches are tested to
scale back the occurrence of cardiotoxicity including the
administration of defensive agents like antioxidants, iron che-
lators, and radical scavengers [4]. Nauclea orientalis (L.) L.
that belongs to the family Rubiaceae is a useful medicinal plant
which has a high antioxidant effect. Consistent with previous
reports, the root and the bark of this plant contain constituents
such as β-sitosterol and phenolic substances which play a cru-
cial role in scavenging free radicals in addition to the metal
chelating and anticarcinogenic properties [9]. A study led by
Daoa et al. has also revealed that the bark ofNauclea orientalis
(L.) L. has significant DPPH radical scavenging and inhibitory
action on lipid peroxidation [10]. Therefore, the aqueous bark
extract of Nauclea orientalis (L.) L. was selected to determine
the cardioprotective effect against Dox-induced cardiotoxicity
in Wistar rats.

2. Methods

2.1. Collection of Nauclea orientalis (L.) L. Bark. The identi-
fied bark of Nauclea orientalis (L.) L. consistent with the

study of Jayaweera [11] was collected from the Southern
province, Sri Lanka, and authenticated at the National Her-
barium, Royal Botanical Gardens, Peradeniya, Sri Lanka.

2.2. Pharmacognostic Standardization

2.2.1. Determination of Physicochemical Parameters and
Phytochemical Profile. Heavy metal analysis, extractable
matter, and moisture content were determined following
WHO guidelines [12]. Morphological features were exam-
ined using a microscope following WHO (2011) guide-
lines on quality control and standardization of plant
materials [13].

D.H2O or organic extraction of the Nauclea orientalis
(L.) L. bark was used for the phytochemical screening tests
in the identification of compounds including glycosides
(anthracene, cyanogenic, and cardenoloid), polyphenols, fla-
vonoids, alkaloids, saponin, tannins, reducing sugars, and
proteins [14, 15].

2.3. Determination of Total Polyphenol Content and In Vitro
Antioxidant Activity of Nauclea orientalis (L.) L. Bark

2.3.1. Preparation of Aqueous Extract. A Nauclea orientalis
bark (2.50 g) was dried at 40°C and coarsely ground. Then
it was added to D.H2O (60mL) and extracted by refluxing
for 3 h. Then the mixture was kept in a rotary evaporator
for 1 h at 100 rpm. After that, the mixture was filtered
through muslin cloth, and the filtrate was concentrated
through evaporation on a water bath at 100°C. The final
extract was weighed (0.33 g, percentage yield was 13.2%)
and stored. Subsequent assays were performed on a concen-
tration series (1-500μg/mL) of the extract.

2.3.2. Estimation of Total Polyphenol Content. The aqueous
bark extract of Nauclea was subjected to determine the poly-
phenol content based on the spectrophotometric method
using the Folin-Ciocalteu reagent [16]. The plant extract
(1.0mL) was added into a solution mixture containing 95%
ethanol, D.H2O, and the newly prepared 50% Folin-
Ciocalteu reagent. After five minutes, the mixture was incu-
bated with sodium carbonate (Na2CO3) at 27°C for one
hour. The absorbance was determined (725 nm), and the
results were mentioned as milligrams of gallic acid equiva-
lent per gram of extract dry weight (mgGAE/g dw).

2.3.3. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Free Radical
Scavenging Activity. The method of Bhuiyan et al. [17] was
modified to assess the DPPH radical scavenging activity of
the aqueous bark extract of Nauclea. The concentration
series of the bark extract and the standard (L-ascorbic acid)
were incubated in 0.004% DPPH solution (3.0mL) at 25°C,
and the absorbance was measured (517 nm). The absorbance
of the control was obtained from 0.004% DPPH solution.
The radical scavenging ability (percentage inhibition of free
radicals) was calculated by the below-mentioned equation.

Radical scavenging activity %ð Þ
= Abs control –Abs testð Þ½ �/ Abs controlð Þ� × 100:

ð1Þ
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The IC50 value (concentration of the plant extract or
standard required to inhibit DPPH radical formation by
50%) was finally calculated to measure the antioxidant activ-
ity of the aqueous bark extract of Nauclea orientalis.

2.3.4. Nitric Oxide (NO) Radical Scavenging Activity. Sodium
nitroprusside which has the ability to react with oxygen gen-
erates nitric oxide; hence, it is used as the NO• generator.
The NO radical scavenging activity of Nauclea bark was
assessed by the modified Griess reaction [18]. The buffered
sodium nitroprusside (10mM) was incubated with the con-
centration series of aqueous plant extract (1mL) and the L-
ascorbic acid (standard) at 25°C for 180min. Then they were
mixed with the Griess reagent in equal volume. The absor-
bance of the pink colour formed during the reaction was
measured by a spectrophotometer (550 nm). Radical scav-
enging activity was estimated by Equation (1).

2.3.5. Ferric Reducing Antioxidant Power (FRAP) Assay. The
FRAP assay was performed based on the method published
by Zahin et al. [19]. In the reaction, Fe3+(CN−)6 is reduced
to Fe2+(CN−)6, and the addition of excess ferric ions in the
medium develops a Perl’s Prussian blue complex. The con-
centration series of the aqueous bark extract was added
into the mixture of potassium ferricyanide (1%,
K3Fe(CN6)) and the phosphate buffer (pH6.6) and incu-
bated for 20min (at 50°C). After the addition of 10% tri-
chloroacetic acid and 0.1% FeCl3, the mixture was again
incubated at room temperature for 20min, and absorbance
was measured (700 nm).

2.4. Experimental Animals. Wistar albino rats (6-8 weeks
old), weighing 175 ± 25 g, were procured from the Medical
Research Institute (MRI), Sri Lanka. The rats were housed
in stainless-steel cages in a controlled environment, temper-
ature at 23 ± 2°C, and humidity 55 ± 5% under a 12-hour
light-dark cycle. They were fed with a standard laboratory
diet of rat pellets and water ad libitum. The animal experi-
ments were followed obeying the CIOMS international guid-
ing principles [20] under the approval of the Ethics
Committee of the Faculty of Medicine, University of
Ruhuna, Sri Lanka.

2.5. Dose-Response Effect of Aqueous Bark Extract of Nauclea
orientalis (L.) L. against Dox-Induced Cardiotoxicity In Vivo.
The following treatment protocol was followed in seven
groups of 10 animals in each: group I (control): oral dose
of D.H2O (10mL/kg) for 2 weeks and single intraperitoneal
(IP) injection of saline on the 11th day; group II (Dox con-
trol): oral dose of D.H2O (10mL/kg) for 2 weeks and single
IP injection of Dox (18mg/kg) on the 11th day; and groups
III to VII; oral dose of freeze-dried aqueous bark extract of
Nauclea orientalis (L.) L. (0.125, 0.25, 0.5, 1.0, and 2.0 g/kg)
for 2 weeks and single IP injection of Dox (18mg/kg) on
the 11th day; IP injections were given after 16 h fasting in
each animal. 72 h after the administration of IP injections,
serum was collected from the blood for the detection of car-
diac troponin I (cTnI), aspartate aminotransferase (AST, EC
2.6.1.1), and lactate dehydrogenase (LDH, EC 1.1.1.27), and

myocardial tissues were fixed in 10% buffered formalin for
histological assessment of myocardial damage.

2.6. Evaluation of Acute and Subchronic Toxicity of Plant
Extract. Toxicity studies were followed on the optimum con-
centration of the aqueous bark extract which showed the
very best cardio protection within the dose-response study.
Both acute and chronic toxicity studies were performed fol-
lowing the principles of the Organization for Economic
Cooperation and Development (OECD) [21, 22]. Two
groups of Wistar rats were used in the acute toxicity study,
and one group (control group) was administered with a sin-
gle dose of water (10mL/kg) orally. The second group was
treated with a single dose (2.0 g/kg) of aqueous extract of
Nauclea orientalis (L.) bark. Individual animals were
inspected during the initial half an hour, then from time to
time within the first 24 h, giving special attention during
the initial 4 h. Then they were observed daily for 2 weeks
by giving attention to changes in the mucous membranes,
eyes, skin, fur, and general behaviours. Further, the signs of
toxicity such as lethargy, salivation, diarrhoea, tremors,
sleep, convulsions, and coma were also observed.

Healthy rats were randomly assigned into two groups in
the subchronic toxicity study. The control group of rats was
given an oral dose of D.H2O daily throughout one month,
and the second group of rats received freeze-dried aqueous
bark extract of Nauclea orientalis (L.) L. (2.0 g/kg) daily
throughout one month via oral route. The experimental rats
were inspected during the one-month period for the signs of
toxicity and mortality. After 24h of the last dose, the animals
were sacrificed after 16 h fasting, and blood samples were
collected into two tubes: one with EDTA for the assessment
of haematological parameters including red blood cell (RBC)
count, white blood cell (WBC) count, platelet count, haema-
tocrit, haemoglobin concentration, mean corpuscular hae-
moglobin (MCH), mean corpuscular volume (MCV), and
mean corpuscular haemoglobin concentration (MCHC)
and the other without additives for the assessment of bio-
chemical parameters including AST, alanine aminotransfer-
ase (ALT), alkaline phosphatase (ALP), creatinine, and
blood urea. The weighed organs (heart, lungs, kidney, liver,
small intestine, and spleen) were fixed in 10% buffered for-
malin for the detection of histologic evidences of toxicity.

2.7. Screening of Nauclea orientalis (L.) L. Aqueous Bark
Extract for Cardioprotective Effect against Dox-Induced
Oxidative Stress, Inflammation, and Apoptosis In Vivo. Five
groups (n = 10) of Wistar albino rats were subjected to the
following test protocol. This study uses the method of San-
damali et al., and the method description partly reproduces
their wording [23]. Figure 1 shows the summary procedure
of the treatment protocol used in the study.

Group I received D.H2O by gastric gavage daily for 2
weeks, and an IP injection of normal saline was given on
the 11th day after a fasting period (16 h). Rats in group II
were given a daily oral dose of freeze-dried aqueous bark
extract (2.0 g/kg) for 2 weeks while an IP injection of normal
saline was introduced on the 11th day after a 16 h of fasting
period. Group III and group V were also administered with
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an oral dose of D.H2O for 2 weeks, and in the 11th day, both
groups were injected with a single IP injection of Dox while
the positive control group received single IP injection of dex-
razoxane (180mg/kg) half an hour before the introduction
of Dox. Rats in group IV were given aqueous bark extract
of Nauclea orientalis (2.0 g/kg) daily for 2 weeks, and a single
respective dose of IP injection of Dox was administered after
16 h of fasting on the 11th day.

At the end of the two weeks, all animals were sacrificed
after 16 h of fasting, and blood samples were collected into
tubes with no additives (plain tubes) for the determination
of N terminal-pro-brain natriuretic peptide (NT-pro BNP),
cTnI concentration, AST activity, and LDH activity, and
the results were compared among the five groups utilized
in the study.

The antioxidant parameters (glutathione peroxidase
(GPx, EC 1.11.1.9), reduced glutathione (GSH), glutathione
reductase (GR, EC 1.8.1.7), SOD (EC 1.15.1.1) activity, cata-
lase (EC 1.11.1.6) activity, and total antioxidant level) and
lipid peroxidation as an oxidative stress biomarker were
determined using the homogenate (tissue weight to homog-
enization buffer: 1 : 10) of heart tissues prepared by half of
the heart collected into ice-cold phosphate-buffered saline
(PBS), and the results were compared among the five groups.

The rest of the heart tissues fixed in 10% buffered forma-
lin were used in the determination of histological evidences
of cardiac damage, in the immunohistochemical analysis of
inflammatory and apoptotic markers, and in the terminal
deoxynucleotidyl transferase-mediated dUTP nick-end
labelling (TUNEL) assay.

The myeloperoxidase (MPO, EC 1.11.2.2) activity which
was used as a biochemical inflammatory marker was mea-
sured in the serum of experimental rats.

2.7.1. Collection of Blood (Cardiac Puncture) and Heart
Tissues. Experimental Wistar rats were anesthetized using
isoflurane inhalation and euthanized by cardiac exsanguina-

tion [24]. They were placed in the recumbent supine posi-
tion on the animal operation table; an incision was made
on the ventral aspect of the thoracic wall just above the dia-
phragm by using a surgical scissor, and the thoracic cavity
was opened. Then the blood sample was collected slowly
using a 21G needle from the ventricles. After that, the heart
was collected from the mediastinum by dissecting it out
from the major blood vessels. The heart was washed in
saline, soaked in a blotting paper to extract the blood, and
fixed in 10% buffered formalin. The myocardial tissue was
sampled for histological assessment from the ventricle,
5mm above the apex of the heart of all animals.

2.7.2. Histological Assessment of Cardiac Damage. The heart
tissues fixed in 10% buffered formalin were processed and
embedded in paraffin. Then they were sectioned at 3μm
thickness and stained with haematoxylin and eosin (H&E)
[23]. The sections were examined by a histopathologist
blinded to the treatments under the compound light micro-
scope, and histological features of the necrosis were scored.
The grading system was prepared by the authors of the study
by inspecting the myocardium of rat tissues (section with
5mm diameter) as follows: absence of any myocardial cells
with features of necrosis: 0; ≤10 myocardial cells with fea-
tures of necrosis: 1; 11-50 myocardial cells with features of
necrosis: 2; 51-100 myocardial cells with features of necrosis:
3; and >100 myocardial cells with features of necrosis: 4.

Necrotic myocytes were identified with the features
including hypereosinophilic cytoplasm, without striations
and changes in the nucleus such as pyknosis, karyolysis, or
karrheorhexis. Necrotic myocytes were counted separately
in the subendocardial region and peripheral region of the
rat myocardium.

2.7.3. Immunohistochemical Analysis of Inflammatory
Markers, TNFα and Apoptotic Markers, Caspase-3, and Bcl-
2. Immunohistochemical analysis was followed on the basis

Group I (Control) Distilled water (10 mL/kg) for 14 days, IP injection of
normal saline (10 mL/kg) on 11th day

Distilled water (10 mL/kg) for 14 days, IP injection of
doxorubicin (18 mg/kg) on 11th day

Plant extract (2 g/kg) for 14 days, IP injection of
normal saline (10 mL/kg) on 11th day

Plant extract (2 g/kg) for 14 days, IP injection of
doxorubicin (18 mL/kg) on 11th day

Plant extract (10 mL/kg) for 14 days, IP injection of
doxorubicin (18 mL/kg) on 11th day, dexrazoxane (180
mg/kg) 30 min. before Dox

Group II
(Plant control)

Group III
(Doxorubicin control)

Group IV
(Dox + Plant extract)

Group V
(Positive control)

Figure 1: Treatment protocol.
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of a modified method explained by Bulut et al. [25]. Antigen
retrieval from the heart tissue sections was performed by
placing them in a citrate buffer (pH6.0). Then the sections
were subjected to overnight incubation with the primary
antibodies for TNFα, Bcl-2, and caspase-3 at 4°C. They were
treated with the streptavidin peroxidase substrate solution,
and then chromogen and diaminobenzidine (DAB) were
applied followed by the counterstain haematoxylin. The
breast carcinoma tissue (for TNFα), reactive lymph node tis-
sue (for Bcl-2), and colon tissue (for caspase-3) were used as
positive controls for immunostaining. The freely download-
able Image J 1.53a (2015) software [26] was applied to mea-
sure the area of expression of the respective markers which
showed the brown colour staining on the tissue sections,
and finally, the average area (in m2) of brown-stained area
was calculated.

2.7.4. TUNEL Assay. DNA fragmentation considered one of
the features of apoptosis was detected using the TUNEL
technique [27]. The DeadEnd™ Colorimetric TUNEL Sys-
tem detection kit (Promega Corporation, USA) was used,
and the manufacturer’s protocol was followed. In the pres-
ence of terminal deoxynucleotidyl transferase, 3′-OH ends
of the fragmented DNA in apoptotic cells were labelled with
biotinylated nucleotide. Then horseradish peroxidase-
labelled streptavidin was bound to the biotinylated nucleo-
tide and was detected using the hydrogen peroxide and sta-
ble chromogen, diaminobenzidine which gave the brown
colour. Then the number of apoptotic nuclei in the 10
high-power field (×400 magnification) was counted.

2.8. Statistical Analysis. Data were expressed as the mean
± standard deviation (SD). For a statistical analysis of the
data, the group means were compared by the one-way
analysis of variance with post hoc analysis (SPSS 26.0
software). Dunnett’s post hoc test was applied to identify
significance among groups; p < 0:05 was considered statis-
tically significant.

3. Results

3.1. Standardization of Plant Material

3.1.1. Physicochemical and Phytochemical Analysis. The
physicochemical analysis of Nauclea orientalis (L.) L. bark
is shown in Supplementary data Table 1. The highest
quantity of extractable matters was detected in hot water.
Heavy metals including arsenic (As), cadmium (Cd), lead
(Pb), and mercury (Hg) were absent in the Nauclea
orientalis bark. The microscopic appearance of the bark is
also included in Table 1 (Supplementary data).

The phytochemical profile of the Nauclea orientalis (L.)
L. bark is shown in the Supplementary data Table 1.
Polyphenols, tannins, alkaloids, and reducing sugars were
detected in the bark. However, the Nauclea bark was
negative for cyanogenic glycosides, anthracene glycosides,
and cardenoloid glycosides. Saponin, flavonoids, and
proteins were also not detected in the Nauclea bark.

3.2. In Vitro Antioxidant Activity of the Nauclea orientalis
(L.) L. Bark. The ex vivo antioxidant activity and polyphenol
content of the aqueous extract of Nauclea orientalis are
included in Table 2 (Supplementary data). The correlation
between the polyphenol content and the in vitro antioxidant
activities of aqueous plant extract was determined using the
linear regression analysis, and results are shown in Figure 2.
A considerable positive correlation was detected between the
polyphenolic content and antioxidant activities (R2 = 0:9325,
R2 = 0:8961, and R2 = 0:86, respectively). Therefore, it is
evident that there is a substantial impact of phenolic
substances to the antioxidant activity detected in the aqueous
bark extract of Nauclea orientalis.

3.3. Dose-Response Effect of Aqueous Bark Extract of Nauclea
orientalis (L.) L. for Cardioprotective Effect against Dox-
Induced Cardiotoxicity In Vivo. Rats in the Dox control
group showed a momentous rise (p < 0:001) in the serum
cTnI level at 156.76 pg/mL in comparison to the control at
0 pg/mL (Figure 3(a)). After the administration of Nauclea
orientalis bark extract, a considerable decrease (p < 0:05) in
cTnI concentration was detected in all rat groups in compar-
ison to the Dox control (groups III-VII: 41.04, 38.96, 17.75,
13.75, and 13.0 pg/mL). A significant increase (p < 0:001)
in the enzyme activities of AST and LDH was also observed
in rat groups administered with Dox in comparison to the
normal control (Figures 3(b) and 3(c)). Although the rat
groups treated with all concentrations of Nauclea orientalis
bark extract showed significant changes (p < 0:05) against
the Dox control group of rats for the LDH activity, a signif-
icant difference (p < 0:05) in the AST activity was detected
only in rat groups treated with higher doses including 0.5,
1.0, and 2.0 g/kg.

Cross-section of the tissues of the myocardium of the
normal control group exhibited normal morphology
(Figures 4(a) and 4(b)). Rats administered with Dox alone
exhibited the maximum score (7.9) for the early changes of
necrosis showing greater damage to the peripheral and sub-
endocardium of the myocardial tissues (Figures 4(a)–4(c)).
All groups of rats subjected to the treatment of different
doses of plant extract (group III-VII) showed a regular
decrease in the score of myocardial cells with early changes
of necrosis with the increase of the dosages of plant extract
(Figure 4(c)). Additionally to the necrosis, other histological
changes including congestion of blood vessels, intracellular
vacuoles, interstitial oedema, haemorrhages, inflammatory
infiltrations, and wavy myocardial fibers were also seen in
the rats treated only with Dox (Supplementary data
Table 3, Figure 4(d)). Groups of rats administered with
different doses of plant extract exhibited different degrees
of above histologic changes while haemorrhages, interstitial
oedema, and inflammatory infiltrations were totally absent
in groups of rats administered with higher dosages of the
plant extract. Supporting the collective results obtained for
biochemical parameters and histopathological assessment
of cardiac damage, 2.0 g/kg of Nauclea orientalis bark
extract was considered the optimum dosage to be used for
the determination of cardioprotective activity against Dox-
induced cardiotoxicity.
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3.4. Acute and Subchronic Toxicity Evaluation of Plant
Extract. The acute toxicity study revealed that rats treated
with a single dose of Nauclea bark extract (2.0 g/kg) did
not show mortality or morbidity throughout the 14-day
period. No changes were observed in the morphology of
the eyes, nose, fur, and skin. The respiratory and central ner-
vous system effects such as tremors, convulsions, salivation,
diarrhoea, and lethargy were also not examined in animals
that were administered with a single dose of bark extract,
and they did not show any unusual behaviour throughout
the observation period.

Oral administration of freeze-dried aqueous extract of
Nauclea orientalis bark daily for 30 days did not produce
any conspicuous symptoms of toxicity in experimental Wis-
tar rats. There was no treatment-related mortality reported
in rats treated with the plant extract. No changes were
observed in food and water intake during the period of
investigation. Changes in body weight during the period of
investigation are presented in Supplementary data, Table 4.
Statistically significant changes (p > 0:05) in the gain of
body weight were not detected between the control and the
plant extract-treated group.

The subchronic administration of Nauclea orientalis
bark extract on the changes in haematological parameters
was presented in Supplementary data, Table 5. The
measured haematology parameters were within the
physiological range during the 30-day period of
investigation, and a significant difference (p > 0:05) was not
detected in comparison to the rats in the control group.

Liver function (AST, ATL, and ALP activities) and kidney
function (blood urea and creatinine) test results of the
study groups are shown in Supplementary data, Table 6.
Statistically considerable changes (p > 0:05) were not
examined in those biochemical tests between the rats in
the control group and the plant extract-administered group.

Absolute and relative organ weights of Nauclea-adminis-
tered rats and control rats were shown in Supplementary
data, Table 7. A significant change was not observed
between the plant extract-treated group and the control
group. No evidences of histological changes were examined
in the six organs isolated (Supplementary data, Figure 1).
The microscopic examination of the heart, kidneys, lungs,
liver, small intestine, and spleen did not show any
structural changes in the cells when viewed under the
compound light microscope with multiple magnifications.

3.5. Screening of Nauclea orientalis (L.) L. Aqueous Bark
Extract for Cardioprotective Effect against Dox-Induced
Oxidative Stress, Inflammation, and Apoptosis In Vivo

3.5.1. Cardiac Biomarkers in Serum. The intracellular cTnI is
released into the circulation when there is damage to the car-
diomyocytes. The rat group treated with Dox (Dox control)
showed the maximum concentration of cTnI among the
groups of rats utilized in this experiment indicating that
Dox causes damage to the myocardium as shown in
Table 1. Rats pretreated with Nauclea orientalis bark extract
followed by Dox presented a substantial reduction (p < 0:05)
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Figure 2: In vitro antioxidant activity as determined by the total polyphenol content of freeze-dried aqueous extract of Nauclea orientalis
bark. (a) Correlation between polyphenol amount and the percentage inhibition in DPPH assay. (b) Correlation between polyphenol
amount and the percentage inhibition in NO assay. (c) Correlation between polyphenol amount and the FRAP assay results. R2:
correlation coefficient. DPPH: 2,2′-diphenyl-2-picrylhydrazyl hydrate. NO: nitric oxide. FRAP: ferric reducing antioxidant power.
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in cTnI concentration in comparison to the Dox control.
The rats in plant control group did not show significant
change (p < 0:05) in cTnI concentration compared to the
control group of rats. The rat group treated with Nauclea
bark extract and Dox and the positive control group showed
a significant change (p < 0:001) in cTnI concentration com-
pared to the control group of rats.

NT-pro BNP is similarly measured as a suitable bio-
marker in the identification of cardiotoxicity. Considering
the results, it could be noticed that NT-pro BNP concentra-
tion is significantly augmented (p < 0:05) in rats treated with
Dox compared to the control group as exhibited in Table 1.
Rats pretreated with aqueous Nauclea bark extract followed
by Dox treatment exhibited a significantly low (p < 0:05)
value in comparison to the rats in the Dox control group.
The rats treated with Nauclea bark extract which was con-
sidered the plant control did not show any noteworthy
change (p < 0:05) in the NT-pro BNP concentration related
to the rats in the control group. However, the rat group

treated with plant extract and Dox and the positive control
group showed a significant increase (p < 0:001) in the NT-
pro BNP concentration compared to the control.

AST and LDH are valuable cardiac enzymes which are
released into the circulation when there is necrosis. The
rats in the plant control group did not show any impor-
tant difference (p < 0:05) in AST and LDH activities in
relation to the rats in the control group as exhibited in
Table 1. The AST and LDH activities were considerably
elevated (p < 0:05) in Dox-administered rats in comparison
to the rats in the control group. The rats in the plant
extract-pretreated group followed by Dox injection exhib-
ited a significant decrease (p < 0:05) in AST and LDH
activities in comparison to the rats in the Dox control
group. Although the rats in group IV (Nauclea + Dox)
showed a significant elevation (p < 0:05) in AST and
LDH activities compared to the control, the positive con-
trol group did not show a significant elevation (p > 0:05)
compared to the control.
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Figure 3: Biochemical investigation of the dose-response effect of freeze-dried aqueous Nauclea orientalis bark extract in Wistar rats treated
with Dox. (a) Cardiac troponin I (cTnI) concentration in rats’ serum. (b) Aspartate aminotransferase (AST) level in rats’ serum. (c) Lactate
dehydrogenase (LDH) level in rats’ serum. Group 1: normal control, group 2: Dox control, group 3: rats treated with Dox (18mg/kg) and
Nauclea bark extract (0.125 g/kg), group 4: rats treated with Dox (18mg/kg) and Nauclea bark extract (0.25 g/kg), group 5: rats treated with
Dox (18mg/kg) and Nauclea bark extract (0.50 g/kg), group 6: rats treated with Dox (18mg/kg) and Nauclea bark extract (1.0 g/kg), and
group 7: rats treated with Dox (18mg/kg) and Nauclea bark extract (2.0 g/kg). Each column represents the mean ± SD (n = 10). ∗p < 0:05
, ∗∗p < 0:01, ∗∗∗p < 0:001, significant difference compared to the Dox control.
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3.5.2. Antioxidant Parameters in Homogenate of Heart
Tissue. The results of GSH, GPx, and GR activities among
the groups of rats utilized in this experiment are shown in
Figures 5(a) and 5(b). The glutathione system has a key role
in protecting the cells against oxidative damage. Dox induces
damage to the myocardium due to oxidative stress generated
by ROS, and this was reinforced by the results found in the

present study as well revealing a considerable reduction
(p < 0:001) in GSH, GPx, and GR enzyme activities in myo-
cardial tissues of Wistar rats subjected to the treatment of
Dox and D.H2O compared to the rats of the control group.
However, the rats in the pretreated plant extract group
followed by the Dox injection showed a significant
(p < 0:05) elevation in the GSH level as well as other two
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Figure 4: Histological investigation of the dose-response effect of freeze-dried aqueous Nauclea orientalis bark extract in Wistar rats treated
with Dox (H&E, 10 × 40). (a) Cardiac myocytes with early changes of necrosis in the subendocardial region. (b) Cardiac myocytes with early
changes of necrosis in the peripheral region. (c) Average grading of cardiac myocytes with early changes of necrosis (absence of any
myocardial cells with features of necrosis: 0; ≤10 myocardial cells with features of necrosis: 1; 11-50 myocardial cells with features of
necrosis: 2; 51-100 myocardial cells with features of necrosis: 3; and >100 myocardial cells with features of necrosis: 4). I: control, II: Dox
control, III: rats administered with Dox (18mg/kg) and Nauclea bark extract (0.125 g/kg), IV: rats administered with Dox (18mg/kg)
and Nauclea bark extract (0.25 g/kg), V: rats administered with Dox (18mg/kg) and Nauclea bark extract (0.5 g/kg), VI: rats
administered with Dox (18mg/kg) and Nauclea bark extract (1.0 g/kg), and VII: rats administered with Dox (18mg/kg) and Nauclea
bark extract (2.0 g/kg). (d) Dox-induced reversible histologic changes in the myocardium of Wistar rats. VIII: interstitial oedema, IX:
inflammatory infiltrations, X: haemorrhages, XI: congestion of blood vessel, XII: wavy myocardial fibers, and XIII: intracellular vacuoles.
Arrows indicate reversible cellular changes. Each column represents the mean ± SD (n = 10).
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antioxidant enzyme (GPx and GR) activities in relation to
the rats in the Dox control group. Rats in the plant extract
control group did not exhibit any substantial difference
(p > 0:05) in the GSH level and other two enzyme activities
in comparison to the rats in the control. However, the rats
in group IV (Nauclea + Dox) showed a significant reduction
(p < 0:05) in GSH, GR, and GPx activities while the positive
control showed a significant reduction (p < 0:05) only in
GPx and GR activities.

In the present study, antioxidant enzymes which detox-
ify oxygen radicals like catalase and SOD also displayed a
significant rise (p < 0:05) in the rats in the Dox control
group in comparison to the rats in the normal control group
as shown in Figure 5(c) representing free radical formation
following Dox treatment. However, rats pretreated with
freeze-dried aqueous extract of Nauclea orientalis bark
followed by Dox injection were capable of significantly aug-
menting (p < 0:05) the SOD and catalase enzyme levels in
comparison to the rats in the Dox control group. Consider-
able differences (p > 0:05) could not be detected in these two
enzyme activities in the heart tissues of rats treated with
aqueous Nauclea bark extract alone (plant control) when
compared to the control group of rats. The positive control
group and rat group treated with plant extract and Dox
showed significant reductions (p < 0:05) in SOD and catalase
activities compared to the control.

The total antioxidant status assessed among the groups
of experimental rats is shown in Figure 5(d). Wistar rats in
the Dox control group exhibited the significant drop
(p < 0:001) in total antioxidant status when compared with
the control group of rats confirming that Dox causes the
exhaustion of antioxidants within the myocardial tissues.
However, Wistar rats pretreated with the Nauclea bark
extract followed with Dox injection were capable of signifi-
cantly increasing (p < 0:001) the total antioxidant status in
comparison to the Wistar rats in Dox control indicating its
high antioxidant effect. The plant extract control did not
show a significant difference (p > 0:05) in total antioxidant
activity compared to the control. However, rats treated with
Nauclea bark extract and Dox showed a significant reduc-
tion (p < 0:001) in total antioxidant activity compared to
the control.

3.5.3. Analysis of Lipid Peroxidation in Homogenate of Heart
Tissue. Results of lipid peroxidation by means of malondial-

dehyde (MDA) concentration are presented in Figure 5(e).
The Nauclea bark extract control group did not exhibit any
considerable difference (p > 0:05) in the lipid peroxidation
compared to the normal control. Rats in the Dox control
exhibited a significant rise (p < 0:05) in lipid peroxidation
in comparison to the rats in the control group indicating
that Dox treatment increases the lipid peroxidation.
Although the rats in the group pretreated with freeze-dried
aqueous plant extract followed by Dox treatment showed a
significant increase (p < 0:001) in lipid peroxidation com-
pared to the control, they exhibited a substantial decrease
(p < 0:001) in the MDA level in comparison to the rats in
the Dox control group.

3.5.4. MPO Activity in Serum. Inflammation is another obvi-
ous outcome of the Dox treatment which is evident by
increased MPO activity. The results of the MPO activity
among the experimental groups of the present study are
shown in Figure 6. The plant extract control group did not
show a considerable difference (p > 0:05) in MPO activity
when compared with the control group. Wistar rats in the
Dox control group showed a significant rise (p < 0:001) in
MPO activity in comparison to the rats in the control group,
and it was the highest concentration among the five groups
of rats. However, rats in the group pretreated with the plant
extract followed by Dox treatment showed a considerable
reduction (p < 0:001) in the MPO activity compared to the
rats in the Dox control group.

Rats in the positive control group were treated with dex-
razoxane as it is the accepted protective agent in the clinical
setting to be used to treat the Dox-induced cardiotoxicity.
When considering the biochemical results of the present
experiment, a significant difference (p < 0:001) was observed
between the rats in the positive control group and the Dox
control in all parameters tested.

3.5.5. Histological Assessment of the Myocardial Damage.
The myocardial tissues of the rats in the control group
exhibited the general architecture in the peripheral and sub-
endocardial regions of the myocardium (Figures 7(a) and
7(b)). A large number of cells with early changes of necrosis
were observed in both regions (peripheral and subendocar-
dium) of the myocardium of the Dox control group of rats,
and they exhibited the highest score (7.8) among the five
groups of rats used in the present study (Figure 7(c)).

Table 1: Investigation of cardiac biomarkers in the screening of aqueous extract of Nauclea orientalis (L.) L. bark for the potential
cardioprotective effect.

Serum cardiac biomarkers Group I Group II Group III Group IV Group V

cTnI (pg/mL) 0.00 0.00 145:15 ± 10:77c 38:92 ± 3:08∗∗∗,c 11:46 ± 2:59∗∗∗,c

NT-pro BNP (pg/mL) 41:57 ± 7:29 44:43 ± 4:27 371:14 ± 9:69c 233:29 ± 11:12∗∗∗,c 159:43 ± 12:39∗∗∗,c

AST (U/L) 25:71 ± 1:41 25:12 ± 1:74 66:10 ± 2:07c 34:98 ± 2:14∗∗∗,c 26:90 ± 1:26∗∗∗

LDH (U/L) 1057:21 ± 38:6 1181:06 ± 36:30 1584:19 ± 83:4c 1308:96 ± 68:8∗∗,c 1104:97 ± 58:7∗∗∗

cTnI: cardiac troponin I, NT-pro BNP: N terminal-pro-brain natriuretic peptide, AST: aspartate aminotransferase, LDH: lactate dehydrogenase. Group I:
control group, group II: Nauclea orientalis plant control, group III: Dox control, group IV: rats received Nauclea orientalis bark extract + Dox, and group
V: positive control. p values ∗<0.05, ∗∗<0.01, and ∗∗∗<0.001 were considered significant (compared to the Dox control). p values a<0.05, b<0.01, and c<
0.001 were considered significant (compared to the control).
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Figure 5: Investigation of oxidative stress biomarkers in the screening of aqueous extract of Nauclea orientalis (L.) L. bark for the
cardioprotective effect. (a) Effect of plant extract on GSH activity of homogenate heart tissues. (b) Effect of plant extract on GPx and GR
activity of homogenate heart tissues. (c) Effect of plant extract on SOD and catalase activity of homogenate heart tissues. (d) Effect of
plant extract on total antioxidant activity of homogenate heart tissues. (f) Effect of plant extract on lipid peroxidation in the homogenate
heart tissues. Group I: control group, group II: Nauclea orientalis plant control, group III: Dox control, group IV: rats received Nauclea
orientalis bark extract + Dox, and group V: positive control (rats received dexrazoxane + Dox). p values ∗<0.05, ∗∗<0.01, and ∗∗∗<0.001
were considered significant (compared to the Dox control); p values a<0.05, b< 0.01, and c<0.001 were considered significant (compared
to the control). Each column represents the mean ± SD (n = 10). GSH: reduced glutathione, GPx: glutathione peroxidase, GR: glutathione
reductase, SOD: superoxide dismutase, and MDA: malondialdehyde (end product of lipid peroxidation).
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However, a number of cells with necrotic changes were more
visible in the subendocardial region when compared with
the peripheral region (Figures 7(a) and 7(b)). Features of cell
injury including intracellular vacuoles, congestion of blood
vessels, interstitial oedema, haemorrhages, and wavy myo-
cardial fibers (Supplementary data Table 8, Figure 4(d))
were observed in rats of the Dox control group.
Pretreatment with the freeze-dried Nauclea orientalis bark
extract reduced the early changes of necrosis as evident by
the lesser number of necrotic cells being visible with a
score of 4.5 (Figure 7(c)). However, cells with early
changes of necrosis were more noticeable in the
subendocardial region. Only a few reversible changes of
cell injury including occasional intracellular vacuoles,
congestion of blood vessels, and wavy myocardial fibers
were observed while interstitial oedema, inflammatory cell
infiltrations, and haemorrhages were absent in the rat
group which underwent pretreatment with plant extract
followed by Dox treatment (Supplementary data Table 8).
The plant extract control group (group II) did not show
any histological changes in the myocardium and were the
same as the control group (Figures 7(a) and 7(b)). The
Wistar rats in the positive control group showed well-
preserved myocardium with a minimum score in the
necrosis scale, and the intracellular vacuoles were observed
as the only reversible histological changes of cell injury.

3.5.6. Immunohistochemical Analysis of Inflammatory
Markers (TNFα) and Apoptotic Markers (Caspase-3 and
Bcl-2). Expression of respective inflammatory and apoptotic
markers was visualized in brown colour in immunostained
cardiomyocytes. The microscopic appearance of expression
of TNFα is shown in Figure 8(a). Expression of TNFα which
is an inflammatory marker was absent in the control group
of rats and rats treated with Nauclea orientalis bark extract
(plant control) alone. However, the expression of TNFα
was markedly elevated in rats administered with Dox, and

they showed the highest amount of cytokine expression with
an average area of expression of 0.85m2 among the experi-
mental groups as shown in Figure 8(b). Pretreatment with
lyophilized aqueous Nauclea orientalis bark extract in rats
treated with Dox showed a considerable (p < 0:001) decrease
in the expression of TNFα when compared with the Dox
control as evident in the reduction of area which expresses
the TNFα (Figure 8(b)). Dexrazoxane-treated rats (positive
control group) also exhibited a significant decrease
(p < 0:001) in the expression of TNFα in comparison with
the Dox control group.

Caspase-3 is a key protein marker expressed in apopto-
sis. Microscopic evidence of expression of caspase-3 is
shown in Figure 8(c). Expression of caspase-3 was not
observed in the control group of rats and rats treated with
the plant extract alone. Treatment with Dox (Dox control)
markedly increased the level of caspase-3 as shown in
Figure 8(d), and this group of rats showed the highest
expression of caspase-3 among the study groups which was
evident by the highest area (0.37m2) of expression. Interest-
ingly, pretreatment with aqueous bark extract of Nauclea
orientalis significantly reduced (p < 0:001) the area of
expression of caspase-3 protein compared to the Dox con-
trol group as shown in Figure 8(d). The positive control
group that underwent dexrazoxane treatment showed the
lowest level of caspase-3 which was evident by the lowest
area of expression.

Bcl-2 is considered an antiapoptotic marker. Figure 8(e)
shows the microscopic observations of Bcl-2 expression.
Expression of Bcl-2 marker was absent in the control group
as well as in the rat group treated only with the aqueous
plant extract. A markedly increased level of Bcl-2 marker
(average area of expression was 0.24m2) was observed in
the positive control group of rats that were treated with dex-
razoxane. On the other hand, the lowest expression of anti-
apoptotic marker, Bcl-2, was observed in rats treated with
Dox alone (Dox control) which was evident with the lowest
area (0.03m2) of expression. However, a significant increase
(p < 0:001) in Bcl-2 expression was observed in rats pre-
treated with aqueous bark extract of Nauclea orientalis that
were exposed to Dox injection compared to the Dox control
group as shown in Figure 8(f).

3.5.7. TUNEL Assay. TUNEL assay detects DNA cleavage
which is considered an early nuclear change of apoptosis.
The microscopic appearance of the TUNEL stained myocar-
dium is shown in Figure 8(g). Some rats in the control group
as well as the plant extract control group showed very few
numbers of TUNEL-positive nuclei, and the results are
shown in Figure 8(h). The Dox control group of rats showed
significantly (p < 0:001) increased the number of TUNEL-
positive nuclei compared to the control group, and the aver-
age number of TUNEL-positive nuclei per 10 high-power
fields was 59.6. However, pretreatment with lyophilized
aqueous bark extract of Nauclea orientalis in rats treated
with Dox showed a significant reduction (p < 0:01) in apo-
ptotic nuclei compared to the Dox control group, and the
average number of apoptotic nuclei in 10 high-power fields
was 33.8. The positive control group of rats treated with
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Figure 6: Investigation of serum inflammatory marker (MPO
activity) in the screening of aqueous extract of Nauclea orientalis
(L.) L. bark for the cardioprotective effect. Group I: control group,
group II: Nauclea orientalis plant control, group III: Dox control,
group IV: rats received Nauclea orientalis bark extract + Dox, and
group V: positive control (rats received dexrazoxane + Dox). p
values ∗<0.05, ∗∗<0.01, and ∗∗∗<0.001 were considered significant
(compared to the Dox control); p values a<0.05, b< 0.01, and c<
0.001 were considered significant (compared to the control). Each
column represents themean ± SD (n = 10). MPO: myeloperoxidase.
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Figure 7: Histological investigation in the screening of aqueous extract of Nauclea orientalis (L.) L. bark for the cardioprotective effect. (a)
Cardiac myocytes with early changes of necrosis in the subendocardial region (H&E, 10 × 40). (b) Cardiac myocytes with early changes of
necrosis in the peripheral region (H&E, 10 × 40). (c) Average grading of cardiac myocytes with necrotic changes (absence of any myocardial
cells with features of necrosis: 0; ≤10 myocardial cells with features of necrosis: 1; 11-50 myocardial cells with features of necrosis: 2; 51-100
myocardial cells with features of necrosis: 3; and >100 myocardial cells with features of necrosis: 4). Group I: control group, group II:
Nauclea orientalis plant control, group III: Dox control, group IV: rats received Nauclea orientalis bark extract + Dox, and group V:
positive control (rats received dexrazoxane + Dox). p values ∗<0.05, ∗∗<0.01, and ∗∗∗<0.001 were considered significant (compared to
the Dox control); p values a<0.05, b< 0.01, and c<0.001 were considered significant (compared to the control). Each column represents
the mean ± SD (n = 10).
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Figure 8: Immunohistochemical analysis of inflammatory markers (TNFα) and apoptotic markers (caspase-3 and Bcl-2) and TUNEL assay.
(a) Microscopic observation of immunohistochemical analysis of TNFα (10 × 40). (b) Average area of expression of TNFα in myocardial
tissues of rats. (c) Microscopic observation of immunohistochemical analysis of caspase-3 (10 × 40). (d) Average area of expression of
caspase-3 in myocardial tissues of rats. (e) Microscopic observation of immunohistochemical analysis of Bcl-2 (10 × 40). (f) Average area
of expression of Bcl-2 in myocardial tissues of rats. (g) Microscopic analysis of TUNEL-positive nuclei (10 × 40). (h) Average number of
TUNEL-positive nuclei in myocardial tissues of rats. Group I: control group, group II: Nauclea orientalis plant control, group III: Dox
control, group IV: rats received Nauclea orientalis bark extract + Dox, and group V: positive control (rats received dexrazoxane + Dox).
p values ∗<0.05, ∗∗<0.01, and ∗∗∗<0.001 were considered significant (compared to the Dox control); p values a<0.05, b<0.01, and c<0.001
were considered significant (compared to the control). Each column represents the mean ± SD (n = 10). TNFα: tumour necrosis factor α,
Bcl-2: B-cell lymphoma 2, and TUNEL: terminal deoxynucleotidyl transferase dUTP nick-end labelling.
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dexrazoxane also showed a significant reduction (p < 0:001)
in the number of apoptotic nuclei compared to the Dox
control group.

4. Discussion

Dox, the most potent anthracycline chemotherapeutic agent,
exhibits acute and chronic cardiotoxicity which leads to left
ventricular dysfunction and subsequent heart failure [28].
A solid body of evidence suggests that oxidative stress,
inflammation, and apoptosis are main mechanisms involved
in the pathogenesis of Dox-induced cardiotoxicity [29].

The molecular mechanism of cardiotoxicity is multifac-
torial, and the most accepted mechanism is the generation
of ROS related to oxidative stress [5]. Due to the importance
of oxidative stress in the occurrence of Dox-induced cardio-
toxicity, strategies that are capable of reducing oxidative
stress have been identified as effective approaches to prevent
cardiotoxicity [7]. Based on this, combination therapies of
drugs with antioxidants have been investigated in many
studies. Therefore, in the present study, a medicinal plant
which showed a higher antioxidant activity was selected to
be screened against Dox-induced cardiotoxicity.

Although oxidative stress plays a major role in the path-
ogenesis of Dox-induced cardiotoxicity, Dox-induced
inflammatory effects on the myocardium and the vascula-
ture are mediated through the upregulation of NF-κB
expression [30]. Furthermore, there is accumulated evidence
to suggest that mechanisms of programmed cell death, such
as apoptosis which is characterized by nuclear and chromo-
somal DNA fragmentation, cell shrinkage, and blebbing as
well as autophagy, also play an important role in the patho-
genesis of cardiotoxicity [30, 31]. Therefore, assessment of
markers for cardiac damage, oxidative stress, inflammation,
apoptosis, and DNA fragmentation is important in the diag-
nosis of anthracycline-induced cardiotoxicity as well as in
the determination of mechanism of action of therapeutic
interventions used against them. In this study, we deter-
mined the effect of the aqueous bark extract of Nauclea
orientalis on the oxidative stress, inflammation, apoptosis,
and DNA fragmentation induced by the administration of
Dox in Wistar rats.

According to the recommendations given in OECD
guidelines to perform limit tests, a higher dose of 2.0 g/kg
must be used to investigate the acute and subchronic toxicity
of plant extracts [22, 23]. Previous studies have revealed that
severe growth depression may occur due to reduced food
intake which is a common phenomenon if plant extracts
are toxic to the experimental animals [32]. In this study, in
addition to the absence of any signs of acute toxicity, the
consumption of food and intake of water were not changed
between the control and treatment groups suggesting that
this plant extract neither induced nor suppressed appetite
in healthy rats. Further, a significant difference was not
observed in the body weights of the test group compared
to the control group. The analysis of biochemical and hae-
matological parameters is also relevant for the evaluation
of risk as they are widely used as predictors of toxicity of
medicinal plant extracts to humans and animals [32]. The

rat group treated with Nauclea orientalis bark extract did
not show any significant changes in haematological parame-
ters, liver function, and kidney function parameters suggest-
ing that subchronic administration of plant extract had no
toxic effects in Wistar rats. The histological assessment of
the body tissues is considered the gold standard for the eval-
uation of treatment-related pathological changes in different
tissues [33]. The microscopic examination of organs includ-
ing the heart, kidneys, lungs, liver, small intestine, and
spleen did not show any alterations in cell structure or any
unfavourable effects when viewed under the light micro-
scope using multiple magnifications confirming the non-
toxic effect of Nauclea orientalis bark extract.

It is already proven that oxidative stress is the major
cause of cardiotoxicity, and cardiomyocytes are more prone
to this damage if their antioxidant defence mechanism is
compromised [27, 34, 35]. Further, it is proven that supple-
mentation of an exogenous antioxidant provides protection
against cardiac injury. Therefore, Nauclea orientalis bark
extract was screened for the potential cardioprotective effects
against Dox-induced cardiotoxicity in vivo. Cardiotoxicity
induced by Dox is manifested by increased activities of cTnI,
NT-pro BNP, AST, and LDH which are released from dam-
aged cardiomyocytes in response to the degree of cardiac
injury, ischaemia, and infarction [34]. In the present study,
it was revealed that Nauclea orientalis bark extract has the
potential to significantly reduce the cardiac biomarkers
increased in response to Dox administration suggesting that
it is an effective approach to attenuate Dox-induced cardio-
toxicity. Consistent with our results, a study done by Sergazy
et al. has shown that Dox causes increased activity of AST
and cardiac troponin T, and administration of grape poly-
phenol concentrate significantly reduced the release of these
two parameters [36]. Another study done by El-Sayed et al.
has shown that serum creatine kinase-MB activity and
LDH activity increased with Dox treatment in rats, and Cur-
cuma longa L. extract which has an antioxidant effect had
the ability to significantly reduce the two cardiac biomarkers
[37]. Afsar et al. also corroborated our results showing that
Acacia hydaspica R. Parker significantly reduced the AST,
LDH, and creatine kinase-MB activities which were
increased by Dox treatment [34].

Elevated level of lipid peroxidation and alterations in the
enzymatic and nonenzymatic antioxidant systems are con-
sidered the signs of oxidative stress induced by Dox [38].
GSH, GPx, GR, SOD, and catalase are the common antioxi-
dant compounds found in tissues which protect tissues from
oxidative stress injury. GSH is the most abundant intracellu-
lar antioxidant molecule, and the deficiency of GSH
observed in the Dox-treated group could be due to the con-
sumption of GSH during the interaction between Dox-
induced free radicals with biological membranes, macromol-
ecules, and subsequent lipid peroxidation [39]. In the pres-
ent study, oxidative damage was observed in the Dox
control group as shown by the markedly elevated MDA con-
centration and reduced GSH, GPx, GR, catalase, and SOD
levels, but the aqueous Nauclea bark extract could signifi-
cantly increase all antioxidant enzyme activities in plant
extract-treated group suggesting its high antioxidant activity.
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According to the results of the present study, important phy-
tochemicals such as polyphenols, alkaloids, and tannins were
present in the Nauclea orientalis bark while toxic phyto-
chemicals were absent. It was already reported that plants
with high polyphenol content have significant antioxidant
activity [40]. Results of this study also revealed that the Nau-
clea orientalis bark has a considerable polyphenol content
which may have contributed to its antioxidant activity. A
previous study conducted in Sri Lanka also reported that
the aqueous extract of Nauclea orientalis bark extract pos-
sesses high antioxidant activity which corroborates the
results obtained in our study [33]. A study done by Gnana-
pragasam et al. also confirmed this mechanism showing that
Centella asiatica which has high antioxidant activity has the
ability to significantly increase GSH and GPx activities in
heart tissues after the administration of Dox [41]. SOD
and catalase are also important antioxidant enzymes in the
first-line defence mechanism which protect the biological
systems from oxidative stress damages [42]. Dox treatment
causes depletion of these enzyme activities as it produces
many oxygen radicals [40]. A study done by Liu et al.
reported that Panax notoginseng has a significant effect on
the increase of SOD and catalase activities in mice injected
with Dox [43]. Hence, results reported in many other studies
are consistent with that of the present study as they have also
shown that natural compounds with high antioxidant activ-
ities have the potential to attenuate Dox-induced cardiotoxi-
city [27, 35–38]. The formation of ROS in Dox metabolism
can cause lipid peroxidation of the cell membrane which
can increase the MDA concentration in the myocardial tis-
sues [44]. A study done by Singh et al. also showed that
administration of Dox causes significant increase in MDA
concentration, and the aqueous extract of Terminalia arjuna
bark which has significant antioxidant effect greatly reduced
the lipid peroxidation which was evident by the low MDA
concentration reported [35]. Several other studies have also
confirmed the results reported by Singh et al. [27, 36–38].
The results of the present study were also in line with the
above test results showing that Nauclea orientalis bark
extract also has a significant capacity to reduce MDA pro-
duction subsequent to Dox administration and could be an
effective approach to reduce cardiotoxicity induced by Dox.

Histopathological evidence of cellular necrosis is consid-
ered the gold standard in the identification of Dox-induced
cardiotoxicity in rodents [3, 45]. In the present study, the
aqueous extract of the Nauclea orientalis bark significantly
decreased the histological changes such as necrosis, intracel-
lular vacuoles, congestion of blood vessels, and wavy myo-
cardial fibers while histological changes including
haemorrhages, oedema, and inflammatory infiltrations were
completely absent in the plant-treated group indicating its
cardioprotective activity. Consistent with our findings, a pre-
vious study done by Sun et al. also showed that myocardial
fibrosis and necrosis are evident after the administration of
Dox [46]. Further, Sun et al. showed that scutellarin, which
has an antioxidant effect, significantly reduced the histolog-
ical changes of myocardial damage [46]. Another study done
by Zang et al. also showed that an antioxidant compound,
oxymatrine, effectively reduced the histological changes such

as necrosis, intracellular oedema, damaged mitochondria,
and wavy cardiac fibers in Dox-treated rats [47]. Iqbal
et al. reported that telmisartan attenuated the histological
changes including focal necrosis, oedema, haemorrhage,
and congestions in rat heart induced by a single dose of
Dox [48].

Dox-induced cardiotoxicity is a multimolecular mecha-
nism which is mainly led by oxidative stress, inflammation,
and apoptosis. Previous studies reported that Dox-induced
cardiotoxicity is initiated by the production of ROS. As
Dox enters the body, it binds tightly to cardiolipin which is
located in the inner mitochondrial membrane and accumu-
lates in mitochondria. This affects the synthesis of ROS and
reactive nitrogen species via the electron transport chain
which subsequently cause mitochondrial and cellular mem-
brane damage and diminished antioxidant defence system
leading to cellular apoptosis [49]. Mitochondrial damage
also initiates an imbalance in the intracellular Ca2+ concen-
tration, which further affects the apoptosis pathways causing
myocardial cell death [50]. Because of this molecular mech-
anism, it is expected that the use of plant extract which has a
high antioxidant effect is capable of attenuating the apopto-
sis in cardiac tissues without obstructing the anticancer
effect of Dox mainly led by DNA intercalation [5].

Dox-induced myocytic necrosis evokes an inflammatory
response in the cardiac tissues by upregulating the expres-
sion of NF-κB signalling which increases the secretion of
inflammatory cytokines including TNFα, interleukin 1β,
and interleukins 6 and 8. These cytokines subsequently
cause profound pathological alterations which lead to car-
diomyopathy [29]. Therefore, to investigate some of these
mechanisms further, inflammatory markers were analysed
where MPO activity was estimated in the serum, and the
immunohistochemical analysis of TNFα was performed in
the myocardial tissues. The results of the present study
showed a significant reduction in the serum inflammatory
marker, MPO, and expression of TNFα in myocardial tissues
suggesting that Nauclea orientalis bark may also have signif-
icant anti-inflammatory activities. Consistent with the
results obtained in this study, the study done by Zhang
et al. showed that Dox treatment increases the inflammatory
mediators including TNFα and interleukin 6 (IL-6) in the
serum of mice, and injection of “shenmai” which is com-
posed of Panax ginseng and Ophiopogon japonicus (Thunb.)
suppressed the expression of TNFα and IL-6 [50]. Other
studies done by Hijazi et al. and Hamza et al. also showed
similar results [51, 52]. Programmed cell death, apoptosis,
also plays a major role in Dox-induced cardiotoxicity which
increases the cytochrome c, Bax expression, and caspase-3
activity [49]. Dox reduces the expression of Bcl-2, a major
antiapoptotic protein which inhibits apoptosis for the pro-
tection of structure and function of mitochondria. In the
present study, the TUNEL assay was performed to detect
DNA fragmentation that results in apoptosis, and immuno-
histochemical markers for caspase-3 and Bcl-2 were used to
identify involvement of apoptosis in Dox-induced cardio-
toxicity. The TUNEL assay identifies DNA fragments which
result in apoptosis [46]. Although DNA fragmentation is not
specific to apoptosis as it occurs in necrosis as well, the use of
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TUNEL assay together with the upregulation of caspase-3
and downregulation of Bcl-2 which are known markers of
apoptosis provides evidence for the presence of apoptosis
[53]. In the present study, the Dox control group showed a
marked elevation of TUNEL-positive nuclei, and the expres-
sion of caspase-3 and reduction in Bcl-2 expression com-
pared to the control group confirmed the presence of
apoptosis in Dox-treated rats. Pretreatment with aqueous
extract of Nauclea orientalis bark showed a significant
reduction in caspase-3 activity and TUNEL-positive nuclei
as well as an elevation in expression of Bcl-2 marker
showing that Nauclea bark may also have an antiapoptotic
effect. Previous study done by Zhang et al. corroborated
the results obtained in our study and has shown that
luteolin which is a flavonoid found in vegetables and fruits
attenuates the Dox-induced cardiotoxicity by upregulating
the AKT/Bcl-2 pathway [54]. Several other studies also
showed that natural compounds with antioxidant and
antiapoptotic effects have the ability to attenuate Dox-
induced cardiotoxicity [27, 55–58].

In the present study, dexrazoxane was used as the posi-
tive control as it is the only cardioprotective drug approved
by the FDA for the prevention of anthracycline-induced car-
diotoxicity [59]. However, when the results of the rat group
treated with the plant extract were compared with the posi-
tive control, a significant difference (p < 0:05) was observed.

This may be due to the differences in the mechanisms of
action triggered by the active constituents in the plant
extract and dexrazoxane to attenuate Dox-induced cardio-
toxicity. Although the mechanism of dexrazoxane is not
completely understood, numerous studies have proven that
it is due to iron chelation which decreases the generation
of ROS [60, 61]. But, in the present study, we assume that
the cardioprotective effect of Nauclea orientalis bark is due
to the replenishment of cardiomyocytes with antioxidants
provided by the plant.

In the present study, cardiac biomarkers were analysed
to detect the structural abnormalities in the heart of
Wistar rats. However, cardiac function tests such as ECG
analysis and echocardiography analysis could not be per-
formed due to limited resources, and it is considered a
limitation of this study.

In summary, as shown in Figure 9, formation of ROS
during Dox metabolism induces the oxidative stress and also
upregulates the inflammatory and apoptotic pathways in
myocardial tissues. However, Nauclea orientalis bark extract
which has high antioxidant activity significantly reduced the
oxidative stress in the cardiac tissues. The current study also
provided evidence that the Nauclea orientalis bark extract
protected the cardiomyocytes of Wistar rats against Dox-
induced cardiotoxicity via a synergistic effect through the
suppression of oxidative stress, inflammation, and apoptosis.

Ros NF-κB
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(Lipid peroxidation)

Antioxidant activity
(GSH, GPx, SOD, catalase,
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Figure 9: Schematic representation of cardioprotective effect of Nauclea orientalis bark extract.
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5. Conclusion

In conclusion, administration of standardized aqueous
bark extract of Nauclea orientalis (2.0 g/kg) attenuated
the Dox-induced oxidative stress, inflammation, apoptosis,
and DNA fragmentation, and it has the potential to be
developed as an adjunct against Dox-induced cardiotoxi-
city in cancer patients who undergo anthracycline
chemotherapy.
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Inhibition of human ether-a-go-go-related gene (hERG) potassium channel is responsible for acquired long QT syndromes, which
leads to life-threatening cardiac arrhythmia. A multikinase inhibitor, vandetanib, prolongs the progression-free survival time in
advanced medullary thyroid cancer. However, vandetanib has been reported to induce significant QT interval prolongation,
which limits its clinical application. Some studies have showed that ginsenoside Rg3 decelerated hERG K(+) channel tail
current deactivation. Therefore, in this study, we aim to confirm whether ginsenoside Rg3 targeting hERG K(+) channel could
be used to reverse the vandetanib-induced QT interval prolongation. Electrocardiogram (ECG) and monophasic action
potential (MAP) were recorded using electrophysiology signal sampling and analysis system in Langendorff-perfused rabbit
hearts. The current clamp mode of the patch-clamp technique was used to record transmembrane action potential. The whole-
cell patch-clamp technique was used to record the hERG K+ current. In Langendorff-perfused hearts, vandetanib prolonged the
QT interval in a concentration-dependent manner with an IC50 of 1.96 μmol/L. In human-induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs), vandetanib significantly prolonged the action potential duration at 50%, 70%, and 90%
repolarization (APD50, APD70, and APD90). In stable transfected human hERG gene HEK293 cells, vandetanib caused
concentrate-dependent inhibition in the step and tail currents of hERG. As expected, ginsenoside Rg3 relieved vandetanib-
induced QT interval prolongation in Langendorff-perfused heart and reversed vandetanib-induced APD prolongation in
hiPSC-CMs. Furthermore, ginsenoside Rg3 alleviated vandetanib-induced hERG current inhibition and accelerated the process
of the channel activation. Ginsenoside Rg3 may be a promising cardioprotective agent against vandetanib-induced QT interval
prolongation through targeting hERG channel. These novel findings highlight the therapeutic potential of ginsenoside to
prevent vandetanib-induced cardiac arrhythmia.

1. Introduction

Medullary thyroid cancer (MTC) is a rare neuroendocrine
tumor, which originates from thyroid parafollicular cells (C
cells) [1]. Sporadic MTC is usually diagnosed as an advanced
disease because of no symptoms. In recent years, with the
development of targeted drugs, a variety of multitarget
small-molecular tyrosine kinase inhibitors have been
reported to be effective against unresectable locally advanced
MTC, including vandetanib, cabozantinib, lenvatinib, anloti-
nib, sulfatinib, and axitinib.

Vandetanib is a once-daily oral (300mg/day) small
molecular kinase inhibitor, by targeting on vascular endo-
thelial growth factor receptor (VEGFR), rearranged during
transfection (RET), epidermal growth factor receptor EGFR
[2–4], and v-kit Hardy-Zuckerman 4 feline sarcoma viral
oncogene (v-kit) [5]. Vandetanib was demonstrated to be
the most preferred drug for MTC treatment with regard to
progression-free survival [6, 7]. In 2011, the United States
Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) approved vandetanib for the
treatment of progressive, symptomatic, inoperable locally
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advanced or metastatic MTC [8, 9]. Nevertheless, QTc inter-
val prolongation is one of the major adverse effects of this
drug. The data from nine trials with 2,188 patients showed
that the total occurrence rate of all-grade and high-grade
QTc interval prolongation was 16.4% (95% CI, 8.1-30.4%)
and 3.7% (8.1-30.4%), respectively [10]. Clinical application
of vandetanib is limited by cardiotoxicity (QTc interval pro-
longation), and the exact mechanisms are unclear [10–12].
Therefore, it is of great value for clinical treatment to study
the mechanism of antitumor drug-induced cardiotoxicity
and try to find agents which could alleviate the cardiotoxi-
city during the period of chemotherapy. The rapid compo-
nent of the delayed rectifier K+ current (IKr, encoded by
the hERG gene) is one of the most crucial ion channels in
myocardium repolarization, which dysfunction leads to QT
interval prolongation [13–15]. It has been reported that
ginsenoside Rg3 (Gin Rg3) can increase the current ampli-
tude of hERG and slow the deactivation of tail current.
Therefore, we speculated that the combination of Gin Rg3
and vandetanib could reverse vandetanib-induced hERG
current inhibition and then alleviated the prolongation of
QT interval induced by vandetanib.

2. Materials and Methods

2.1. Drugs and Reagents. Vandetanib (Van, #HY-1284) and
Gin-Rg3 (#HY-N1376) were purchased from MedChemEx-
press company (MCE, USA). All chemicals for solution
preparation were purchased from Sangon Biotech (Shang-
hai, China).

2.2. Animals and Management. Animal experiments were
carried out in compliance with the Laboratory Animal
Management Rules of China and approved by the Animal
Care and Use Committee of Peking University. Twenty-
four New Zealand white rabbits with a body weight of
2.5-3.5 kg were used in this study. First, the rabbits were
heparinized (heparin sodium, 1000U/kg) for 10min and
then anaesthetized with urethane (20%，5mL/kg) for about
5-10min. Immediately, the heart was isolated and perfused
from the aorta using a Langendorff perfusion apparatus
(37°C, oxygenated with 95% O2 and 5% CO2) with Tyrode
solution (mM 118 NaCl, 4.8 KCl, 2.0 pyruvic acid sodium
salt, 2.5 CaCl2, 1.2 MgSO4, 0.5 Na2-EDTA, 25 NaHCO3,
5.5 glucose, 1.2 KH2PO4, and pH7.4 with NaOH). The
rabbit experiments were divided into 3 groups: (1) control
group, only perfusion with Tyrode solution; (2) van-
treated group, perfusion with various concentrations of
van (0.3, 1, 3, 10, and 30μmol/L); (3) Van+Gin-Rg3-
treated group, perfusion with van 3μmol/L+various con-
centrations of Gin-Rg3 (0.3, 1, 3, 10, and 30μmol/L);
monophasic action potential duration at 50% (MAPD50),
70% (MAPD70), and 90% (MAPD90) and ECG recording
were measured by the multichannel electrophysiological
recording system (BIOPAC, MP150, USA) [16]. hiPSC-
CM culture. hiPSC-CMs used for action potential record-
ing were purchased from Help Stem Cell Innovations
(Nanjing, China). In this study, hiPSCs at differentiation
day 40 were selected to record action potential. Before
recording, hiPSC-CMs were seeded onto 1% matrigel-
coated coverslips with 24-well plates at a lower density
for more than 48 h.
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Figure 1: Effects of vandetanib on QT and MAPD in rabbit hearts. Vandetanib prolonged QT interval and MAPD in a concentration-
dependent manner. (a) Representative recording traces of monophase action potential and ECG in Langendorff-perfused rabbit hearts;
(b) QT interval statistical chart; (c, d) statistical chart of MAPD70 and MAPD90. Data are represented by the means ± SEM. ∗Compared
with the control group, ∗P < 0:05 and ∗∗P < 0:01; #compared with the 3 μM Van group, #P < 0:05 and ##P < 0:01.
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2.3. Action Potential Recording by Patch-Clamp Technique.
The hiPSC-CMs on coverslips were placed onto a
temperature-controlled (35-37°C) recording chamber and
perfused continuously with an extracellular solution
(mmol/L 140 NaCl, 40 KOH, 5 KCl, 1 MgCl2, 5 HEPES,
1.8 CaCl2, 140 NaH2PO4, and pH7.35 with NaOH). The
pipette electrodes with tip resistances of 4∼6MΩ were pulled
from borosilicate glass capillaries (WPI, USA) and filled with
pipette solution (mmol/L 5.4 KCl, 136 K-aspartate, 5Mg2-
ATP, 1 MgCl2, 5K2-EGTA, 1 HEPES, 5 Na-phosphocrea-
tine, and pH7.2 with KOH). Action potentials (APs) were
recorded by using current-clamp mode with Multiclamp
700B microelectrode amplifier (Axon, USA). APs were
evoked by a stimulus current of 800-1000pA for 10ms at a
frequency of 1Hz with a current injection of 50pA. The rest-
ing membrane potential (RMP), AP amplitude (APA), and
the AP duration at 50% (APD50), 70% (APD50), and 90%
(APD90) repolarization were measured before or after treat-
ment with vandetanib 3 micromolar/L (abbreviated as μM)
and vandetanib with Gin Rg3 (1, 3, and 10μM).

2.4. Cell Culture and Transfection. hERG cDNA plasmid was
stably transfected in human embryonic kidney (HEK293,
ATCC, USA) cells by using lipofectamine 3000 reagent
(Invitrogen, Carlsbad, CA). Then, HEK293 cells were
cultured in DMEM with 10% fetal bovine serum. For elec-
trophysiology experiment, cells were available after being
seeded on coverslips for more than 24 h.

2.5. hERG K+ Current Recording. For recording hERG K+

current, the bath solution contained (mmol/L) 140 NaCl,
40 KOH, 5 KCl, 1 MgCl2, 5 HEPES, 1.8 CaCl2, 140
NaH2PO4, and adjusted pH to 7.35 with NaOH. The pipette
solution contained (mmol/L) 0.1 GTP, 110 D-aspartic acid,
5Mg2-ATP, 110 KOH, 20 KCl, 1 MgCl2, 5K2-EGTA, 10
HEPES, 5 Na-phosphocreatine, and adjusted pH to 7.2 with
KOH. hERG currents were recorded by using the whole-cell
voltage-clamp technique at room temperature. The microelec-
trode resistance of the tip was about 2-4MΩ. When high
impedance seal was formed, the series resistance was
compensated up to 70% or so. The sampling frequency was
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Figure 2: Rg3 alleviated vandetanib-induced prolongation of QTc interval and MAPD in rabbit hearts. (a) Representative monophasic
action potential map and simulated ECG tracing. (b) Statistical chart of QT interval. (c, d) Statistical chart of MAPD70 and MAPD90,
respectively. Data are represented by the means ± SEM. ∗Compared with the control group, ∗P < 0:05 and ∗∗P < 0:01; #compared with
the 3μM van group, #P < 0:05 and ##P < 0:01.
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10kHz. The data was analyzed with Clampfit 10.4 (Axon,
USA) and plotted with Origin 8.0 software (OriginLab, USA).

2.6. Statistical Analysis. Data are expressed as mean ±
standard error of mean (SEM). Statistical analysis compari-
son was performed by using Student’s t-test. For compari-
sons among multiple groups, one-way ANOVA was used.
A P < 0:05 was considered significant difference.

3. Results

3.1. Vandetanib Prolonged QT Interval and MAPD in Rabbit
Hearts. In Langendorff-perfused New Zealand rabbit hearts,
electrocardiograph (ECG) and monophasic action potential
duration (MAPD) can be simultaneously recorded with the
multichannel electrophysiological recording system. Data
showed (Figure 1) that vandetanib concentration depen-
dently (0, 0.3, 1, 3, 10, 30μM) prolonged QT interval,
MAPD70 and MAPD90. Vandetanib 1, 3, 10, and 30μM sig-
nificantly prolonged QT interval, respectively, from 202:25
± 4:43ms (control, n = 16) to 228:8 ± 11:78ms (n = 5,
1μM, P < 0:01), 241:38 ± 4:11ms (n = 16, 3μM, P < 0:01),
255:33 ± 14:73ms (n = 6, 10μM, P < 0:01), and 254:33 ±
11:32ms (n = 6, 30μM, P < 0:01). The IC50 value of vandet-
anib on QT interval prolongation was 1.96μM by Hill equa-
tion fitting from a dose-response curve (Figure 1(b)).
Vandetanib prolonged MAPD70 from 133:70 ± 2:963ms
(control, n = 11) to 154:69 ± 2:79ms (n = 11, 3μM, P <
0:01), 159:11 ± 5:71ms (n = 5, 10μM, P < 0:01), and 156:77

± 5:54 (n = 5, 30μM, P < 0:01) (Figure 1(c)). Meanwhile,
van increased MAPD90 from 154:14 ± 6:89ms (control, n
= 11) to 185:07 ± 10:12ms (n = 11, 3μM, P < 0:01), 187:40
± 11:32ms (n = 5, 10μM, P < 0:01), and 183:38 ± 6:90ms
(n = 5, 30μM, P < 0:01) (Figure 1(d)). Van had no signifi-
cant effect on the prolongation of APD50 (n = 5, P > 0:05).

3.2. Gin Rg3 Alleviated Vandetanib-Induced QT Interval and
MAPD Prolongation in Rabbit Hearts. In Langendorff-
perfused rabbit hearts, after treatment of 3μM vandetanib
for 10min, then perfused Gin Rg3 (1, 3, 10, 30μM) with
vandetanib 3μM for 10min. Figure 2 illustrates that Gin
Rg3 dose-dependent decreased vandetanib-induced QT
interval and MAPD prolongation in rabbit hearts. Com-
pared to the treatment of 3μM vandetanib on QT interval,
Rg3 (10μM) significantly decreased QT interval from
241:38 ± 3:98ms to 212:31 ± 4:07ms (n = 13, P < 0:01).
The effect began at a concentration of 3μM and stabilizes
at 30μM of Gin Rg3. Compared to the treatment of vandet-
anib 3μM on MAPD, 3μM (n = 13, P < 0:01), 10μM, and
30μM of Gin Rg3 displayed significantly decreased MAPD70
and MAPD90.

3.3. Gin Rg3 Improved Vandetanib-Induced APD
Prolongation in hiPSC-CMs. In this study, the current-
clamp mode of the whole-cell patch0clamp technique was
used to record action potential with hiPSCs at differentiation
day 40. hiPS-CMs without spontaneous contraction were
selected to record action potential with a stimulated
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Figure 3: Effects of vandetanib on APD in hiPSC-CMs. (a) Representative action potential traces of human iPS-induced differentiated
cardiomyocytes (hiPSC-CMs). (b–d) Statistical chart of APD50, APD70, and APD90, respectively. Data are represented by the means ±
SEM. ∗Compared with the control group, ∗∗P < 0:01.
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frequency of 1Hz. Compared to the control group, vandeta-
nib prolonged APD50, APD70, and APD90 in a concentration-
dependent manner (Figure 3, n = 7, P < 0:01). In order to
illustrate whether Gin Rg3 could reverse vandetanib-
mediated action potential duration prolongation, Gin Rg3
was reperfused for 15min to maximum effect on APD after
the treatment of vandetanib (Figure 4). The vandetanib
(3μM) group and the vandetanib (3μM) with Gin Rg3
(3μM) group both had no significant effect on resting mem-
brane potential (RMP). In comparison with the treatment of
vandetanib (3μM), Gin Rg3 remarkably improved the
APD50 (310:82 ± 18:23ms vs. 192:80 ± 12:22ms, n = 6, P <
0:01), APD70 (370:20 ± 18:83ms vs. 248:12 ± 9:79ms, n = 6,
P < 0:01), and APD90 (428:36 ± 11:20ms vs. 340:69 ± 12:32
ms, n = 6, P < 0:01), respectively. These results indicated that
vandetanib plays a prolonged role on APD in hiPSC-CMs,

the prolonged effect can be reversed by combination of Gin
Rg3 with vandetanib.

3.4. Inhibition of IhERG in Stable Transfected HEK293 Cells by
Vandetanib. To confirm whether APD prolongation by
vandetanib is involved in the inhibition of myocardial repo-
larization. IhERG was recorded by the whole-cell patch-clamp
technique in stably transfected HEK293 cells at room
temperature. For recording IhERG, the holding potential
was maintained at −80mV and the voltage steps of depo-
larization were initiated from -50mV to +60mV for 3 s;
the tail currents were initiated by repolarization to
-60mV for 3 s. Figure 5(a) shows the representative cur-
rent traces of IhERG. The first 3 s was used to record the
step current, and another 3 s was used to record the tail
currents. Vandetanib dose-dependently inhibited IhERG:tail
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Figure 4: Effects of Rg3 on vandetanib-induced APD prolongation in hiPSC-CMS. (a) Representative action potential traces of hiPSC-CMs
in control, vandetanib 3μM, and vandetanib 3 μM with Gin Rg3 3μM. (b–d) Statistical chart of APD50, APD70, and APD90, respectively.
Data are represented by the means ± SEM. ∗Compared with the control group, ∗P < 0:05 and ∗∗P < 0:01; #compared with the 3 μM van
group, #P < 0:05 and ## P < 0:01.
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(Figures 5(b) and 5(c)). Compared to the control group
(Figure 5(c)), vandetanib suppressed IhERG:tail by 18:7 ±
5:28% (0.3μM), 40.69± 3.52% (1μM), 64:63 ± 3:64%
(3μM), and 81:78 ± 1:36% (10μM), respectively. IC50 of

vandetanib on IhERG:tail is approximately 1.89μM (n = 8,
P < 0:01). Furthermore, in Figures 5(d) and 5(e), vandeta-
nib also dose-dependently inhibited IhERG:step with IC50 of
around 2.79μM (n = 6, P < 0:01).
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Figure 5: Effect of vandetanib on IhERG in stable transfected HEK293 cells. (a) Representative hERG current traces in HEK293 cells. (b) I-V curve
of hERG tail current, vandetanib inhibits hERG current in a concentration-dependent manner (n = 6). (c) The rate of inhibition of vandetanib on
IhERG‐tail at different concentrations (n = 8). (d) I-V curve of hERG step current. (e) The rate of inhibition of vandetanib on IhERG‐step at different
concentrations (n = 8). Data are represented by the means ± SEM. ∗Compared to the control group, ∗P < 0:05 and ∗∗P < 0:01.
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3.5. Vandetanib Inhibited Steady-State Inactivation Process
of hERG K+ Channels in HEK293 Cells. In addition to the
effect of vandetanib on the hERG current amplitude, the role
of vandetanib on the hERG channel inactivation process is
also a point that needs to be concerned. Figure 6 displays
the representative traces of hERG channel steady-state inac-
tivation. Compared with the control group in Figure 6(c),
the treatment with vandetanib (2μM) caused a significantly
leftward shift in a steady-state inactivation curve. The time
constant of inactivation process reflects the charging and
discharging speed of cell membrane capacity and the rate

of inactivation. As shown in Figure 6(f), the inactivation
time constant was shortened by treatment with vandetanib,
which indicated that vandetanib can accelerate the inactiva-
tion process of the hERG K+ channel.

3.6. Vandetanib Blocking on Activation and Time-
Dependence Process of hERG K+ Channels in HEK293 Cells.
The activation and inactivation of the hERG K+ channel
almost occur simultaneously. In this study, we used a special
envelope of tail current protocol to measure the activation
dynamics of the channel. In the process of repeated

20 40 60
–4000
–2000

0
2000
4000
6000
8000

pA

ms

Control

(a)

20 40 60
–4000

–2000

0

2000

4000

6000

8000

pA

ms

Van 2 𝜇M

(b)

Potential (mV)
–120 –100 –80 –60 –40 –20 0 20 40

N
or

m
al

iz
ed

 C
oo

rr
ec

te
d 
I hE

RG

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Control
Van 2 𝜇M

⁎⁎⁎⁎
⁎⁎

⁎⁎
⁎⁎

⁎⁎

⁎⁎

⁎⁎

⁎⁎

(c)

pA

ms

Control

40 60 80 100 120 140 160

–2000

0

2000

4000

6000

8000

(d)

pA

ms
40 60 80 100 120 140 160

–2000

0

2000

4000

6000

8000
Van 2 𝜇M

(e)

Potential (mV)
–40 –20 0 20 40 60

In
ac

tiv
at

io
n 

ta
u 

(m
s)

0

10

20

30

40

Control
Van 2 𝜇M 

** **
**

** **
**

** ** ** **

(f)

Figure 6: Effect of vandetanib on steady-state inactivation process of hERG channels in HEK293 cells. (a, b) The steady-state inactivation
curves of the control and 2μM vandetanib group, respectively. (c) Statistical diagram of steady-state inactivation. (d, e) The curves of
inactivation time constants of the control and 2 μM vandetanib group. (f) The statistics of inactivation time constant. Data are
represented by the means ± SEM. ∗Compared with control, ∗P < 0:05 and ∗∗P < 0:01.
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stimulation, the stimulus time course of depolarization grad-
ually increases.

The effect of vandetanib on the development of the
hERG channel was further assessed using an envelope of tail
current measurement procedure (Figures 7(a) and 7(b)). The
relative tail current was obtained by comparing the tail cur-
rent of the control group (Figure 7(a)) with that of the 2μM
vandetanib group (Figure 7(b)). The relative tail current is
attenuated in a time-dependent manner. The initial value
of the relative tail current activated by vandetanib was used
to estimate the blocking effect on hERG current. The initial

relative tail current (Figure 7(c)) at 50ms was 78:22 ± 7:39
% (inhibited by 21.78%) and the steady-state tail current
was 55:31 ± 9:01% (total inhibition by 44.69%) at 4200ms
with 2μM vandetanib. Therefore, the percentage of vandet-
anib inhibition to hERG channel was 21.78%, while the ratio
of 2μM vandetanib to open channel was 22.91%. The results
showed that vandetanib exerts blocking effects on both the
opening and closing states of hERG channels.

The time-dependent effect of vandetanib on hERG chan-
nel blocking was produced by the whole-cell patch-clamp
technique. The voltage was depolarized from -80mV to
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Figure 7: The development of vandetanib block of hERG channels was further assessed using an envelope of tail test in HEK293 cells. (a, b)
Envelope tail protocol and representative hERG current before (control) and after application of 2 μM vandetanib. Cells were held at a
holding potential of –80mV and pulsed to depolarizing voltage (+30mV) for variable durations from 50 to 4800ms in 250ms
increments. IhERG‐tail was recorded upon repolarization to –50mV. (c) A plot of relative tail current with 2μM vandetanib versus the
depolarizing duration. The time-dependent decay in relative tail current was fitted by a single exponential function. (d) Voltage clamp
pulse protocol and representative recordings of hERG current before and after exposure of the cell to 2 μM vandetanib. (e) Drug-
sensitive current expressed as a proportion of the current in the absence and the presence of 2μM vandetanib. Data are represented by
the means ± SEM. ∗Compared with control, ∗P < 0:05 and ∗∗P < 0:01.
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0mV with a step of 10 s. The current traces are shown in
Figure 7(d). Compared to the control group, vandetanib sig-
nificantly inhibited the depolarization current and showed a

blocking effect on the hERG channel. The effect of vandeta-
nib on open channel blocking was analyzed by the formula:
½ðIC – IvanÞ/IC�, where Ivan represents before and after
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Figure 8: The effect of Gin Rg3 on vandetanib-induced inhibition of hERG channels in HEK293 cells. (a) Representative hERG current
traces in HEK293 cells. (b) Representative hERG current trace at +30mV by treatment of control, vandetanib 2μM, and vandetanib
2μM along with the Gin Rg3 3 μM group. (c–e) I-V curve of hERG tail current, deactivation of hERG tail current, and hERG step
current of control, vandetanib 2 μM, and vandetanib 2μM with the Gin Rg3 3μM group (n = 10). ∗Compared with control, ∗P < 0:05
and ∗∗P < 0:01. #Compared with 2μM vandetanib, #P < 0:05 and ##P < 0:01.
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Figure 9: Effect of Rg3 on vandetanib-induced inhibition on steady-state inactivation process of hERG K+ channels in HEK293 cells. (a)
hERG channel current steady-state inactivation curve. The steady-state inactivation current diagram of different groups of hERG
channels including control (A), vandetanib 2 μM (B), and vandetanib 2 μM with Gin Rg3 3 μM (C). hERG channel current steady-state
inactivation fit curve (D). (b) The curves of inactivation time constants of control (A), vandetanib 2μM (B), and vandetanib 2 μM with
Gin Rg3 3 μM (C). (D) The statistics of inactivation time constant. Data are represented by the means ± SEM. ∗Compared with control,
∗P < 0:05 and ∗∗P < 0:01.
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vandetanib 2μM treatment. The data was fitted by a single
exponential equation (Figure 7(e)). The drug sensitivity cur-
rent was increased with time increasing. The results showed
that open channel blocking is involved in the inhibition of
vandetanib on hERG K+ channels.

3.7. Gin Rg3 Reversed Vandetanib-Induced IhERG Inhibition
in HEK293 Cells. Figure 8(a) shows the representative cur-
rent traces of control and vandetanib (2μM) with or without
Rg3 (3μM). In Figure 8(b), Gin Rg3 remarkably reversed
vandetanib-induced IhERG inhibition at +30mV (n = 10, P
< 0:05). The I-V curve of tail current is shown in
Figure 8(c). Compared with the treatment of vandetanib,
Gin Rg3 displayed an increasing effect on the tail current
amplitude (IhERG:tail). The end of repolarization during
recording the IhERG:tail represents the deactivating tail cur-
rent (IhERG:deactivating‐tail). Compared with the control group,
vandetanib did not significantly change IhERG:deactivating‐tail
(n = 10, P > 0:05). However, Gin Rg3 caused a significant
increase in IhERG:deactivating‐tail (Figure 8(d), n = 10, P < 0:01)
in comparison to the control group and the vandetanib
group. The I-V curve of IhERG:step is shown in Figure 8(e).
These results indicated that Gin Rg3 reversed van-induced
inhibition of IhERG:tail, IhERG:step, and IhERG:deactivating‐tail.

3.8. Gin Rg3 Improved Vandetanib-Induced Inhibition on
Steady-State Inactivation Process of hERG K+ Channels in
HEK293 Cells. The current traces in Figure 9(a), A–C were
used to evaluate the inactivation time constant of Gin Rg3
and van on hERG channels. Compared with the control
group (Figure 9(a), B and C), Gin Rg3 (3μM) with vandeta-
nib (2μM) decreased the inactivation time constant with the
voltages from -30mV to +60mV, and the difference was
statistically significant. Compared with vandetanib 2μM,
Gin Rg3 3μM with vandetanib 2μM had no effect on the
inactivation time constant (Figure 9(a), D). These results
suggest that van accelerated hERG channel inactivation,
and Gin Rg3 3μM had no effect on hERG channel inactiva-
tion induced by vandetanib. The effects of vandetanib and

Gin Rb3 on the steady-state inactivation of the hERG chan-
nel are shown in Figure 9(a), D. Compared with the control
group, the half-inactivation potential of van and Rg3 with
van both shifted to the left, which showed obvious leftward
shift between +10mV and -70mV, and the difference has
statistical significance. Compared with van, Rg3 had no
effect on hERG channel inactivation. The results showed
that vandetanib accelerated hERG channel inactivation.

The representative current traces are shown in
Figure 9(b), A–C, the time constant of inactivation process.
As shown in Figure 9(b), D, the inactivation time constant
was shortened by treatment with vandetanib with or without
Gin Rg3; no effect was acted on the group between vandeta-
nib and vandetanib with Gin Rg3, which indicated that
vandetanib could accelerate the inactivation process of the
hERG channel, while Rg3 has no action to reverse the effect
on van-induced inactivation time constant shortening.

3.9. The Time Dependence of Gin Rg3 on Vandetanib-
Induced hERG Channel Blocking. Vandetanib induced sup-
pression of the current during in depolarization, while Gin
Rg3 reversed it (Figure 10(a)). The trigger of open channel
block was produced by using the drug-sensitive formula as
follows: ½ðIC − IXÞ/IC�, where IC represents the current of
control and IX represents the currents of vandetanib with
or without Gin Rg3. The data was fitted by monoexponential
equation. Compared with the vandetanib 2μM, the current
amplitude of vandetanib 2μM with Gin Rg3 3μM was
increased, while the sensitivity current of the combined
application was decreased. The drug sensitivity current of
van and van with Gin Rg3 was increased with time. The
results showed that inhibition of van on hERG channels is
involved in open channel blocking. Gin Rg3 reversed van-
mediated hERG channel inhibition.

4. Discussion

Our study demonstrated that ginsenoside Rg3 can reverse
vandetanib-induced QT interval prolongation by targeting
on the hERG K+ channel.
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Figure 10: (a) Voltage clamp pulse protocol and representative recordings of hERG current before and after exposure of the cell to 2μM
vandetanib and 2 μM vandetanib with 3 μM Gin Rg3. (b) Drug-sensitive current expressed as a proportion of the current in the absence
and the presence of 2μM vandetanib.

11Oxidative Medicine and Cellular Longevity



RE
TR
AC
TE
D

Vandetanib targets multiple cell-signaling pathways,
which is involved in the molecular pathogenesis of advanced
thyroid cancer. Vascular endothelial growth factor receptor
(VEGFR), epidermal growth factor receptor (EGFR), and
rearranged during transfection receptor (RET) are the main
targets of vandetanib on MTC treatment [17]. Vandetanib is
regarded as a class of tyrosine kinase inhibitors (TKIs),
which has been used for the treatment of thyroid cancer in
clinic with a good therapeutic effect. In recent decades,
increasing evidence is emerging for reports of vandetanib
involving diarrhea, rash, and photosensitivity, especially
LQT syndrome which occurs, which limits its clinical appli-
cation [18, 19]. Abnormal T wave and QT interval prolonga-
tion are susceptible to cause the clinical syndrome of
malignant ventricular arrhythmia, syncopal, and sudden
death [20, 21]. In this study, we demonstrated that vandeta-
nib prolonged the QT interval in Langendorff perfusion
rabbit hearts. Also, vandetanib can prolong the cardiac
action potential in rabbit heart and hiPSC-CMs, which are
consistent with the results reported in the literature [22].
Malignant arrhythmias caused by QT interval prolongation
pose a serious threat to patient’s life safety and then limit
their clinical application. Although QT interval prolongation
induced by vandetanib is uncommon, drug-induced QT
interval prolongation is associated with life-threatening
arrhythmias and sudden death. Therefore, studies on the
molecular mechanism of anticancer drug-induced LQT
and searching for new drug to reverse LQT will provide a
new choice for the drug therapy of clinical cancer patients.

The underlying mechanism of cardiotoxicity induced by
vandetanib is unclear. Studies have reported that vandeta-
nib can prolong hiPSC-CM action potential and inhibit
hERG current, as well as inhibit both sodium current and
calcium current [22]. The dynamic characteristics of hERG
channel caused by vandetanib have not been analyzed. In
this study, we analyzed the hERG current dynamics
induced by vandetanib, including activation, inactivation,
and deactivation. By analyzing the hERG channel dynamics
of vandetanib, we further clarified the mechanism of QT
interval prolongation.

Gin Rg3, a monomer extract from ginseng, is one of the
effective components of ginseng. It has been reported that it
plays beneficial roles on antitumor [23, 24], oxidation [25],
anti-inflammatory [26], and other effects. Jiang et al. demon-
strated that ginsenoside Rg3 can reduce the levels of trans-
forming growth factor β1, tumor necrosis factor-α,
interleukin 6, interleukin 1, and endothelium-1 in hyperten-
sive rats [27]. Thus, Gin Rg3 has a protective effect on
cardiovascular disease [28]. Gin Rg3 can be used as an adju-
vant in conventional cancer therapy, which can improve the
efficacy and reduce adverse reactions through synergistic
activity [29–31]. Therefore, we speculate that the combina-
tion of Gin Rg3 and vandetanib has a protective effect on
the arrhythmias induced by vandetanib.

Our results showed that the combined application of Gin
Rg3 and vandetanib could reverse vandetanib-induced
action potential duration prolongation, which may be
directly related to the effect of Rg3 on repolarized potassium
channels.

Kv11.1 (hERG) is the molecular basis of IKr in cardio-
myocytes and plays an important role in cardiac repolariza-
tion [32, 33]. The hERG K+ channel current is the main
current of action potential phase 3. hERG K+ channel muta-
tions can lead to hereditary arrhythmic syndrome character-
ized by prolongation or shorten QT interval and increased
incidence of life-threatening arrhythmia [34–36]. Lee et al.
[22] found that vandetanib inhibited hERG current, INa
and ICa‐L. However, the dynamic characteristics of hERG
channel current were not studied, and the specific mecha-
nism of prolongation of action potential was not clear.

In this study, we analyzed the hERG current dynamic
characteristics of vandetanib and found that vandetanib
concentration-dependent inhibited the activation of hERG
current and the end current of depolarization. Meanwhile,
the inactivation time constant decreased, the steady-state
inactivation voltage shifted to the left, and the deactivation
current did not change. This suggests that vandetanib pro-
longs the duration of cardiac action potential by affecting
the activation and inactivation of hERG current. The com-
bined application of Gin Rg3 and vandetanib had no effect
on hERG current activation, inactivation time constant,
and steady-state inactivation, and the deactivation current
increased significantly. Choi et al. [37] found that ginseno-
side Rg3 had no significant effect on the tail current of
hERG K+ channel, and ginsenoside Rg3 could increase in
deactivation tail of hERG channel, which was consistent
with our results, indicating that ginsenoside Rg3 could
increase the deactivation current of hERG K+ channel,
thus alleviating vandetanib-mediated action potential dura-
tion prolongation.

In conclusion, vandetanib prolonged the monophase
action potential of New Zealand rabbits and the action
potential of human regenerated cardiomyocytes by affecting
the activation and inactivation of hERG current. Gin Rg3
can shorten the duration of vandetanib-mediated action
potential by affecting the deactivation current. Therefore, it
is helpful to clarify the cardiac toxicity mechanism of van-
detanib and discover the protective effect of ginsenoside
Rg3 on the heart, which can guide rational clinical drug use.
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