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Objective. This study is aimed at exploring the regional changes in brain cortical morphology (thickness, volume, and surface area)
in the early-blind adolescents (EBAs) by using the surface-based morphometric (SBM) method. Methods. High-resolution
structural T1-weighted images (T1WI) of 23 early-blind adolescents (EBAs) and 21 age- and gender-matched normal-sighted
controls (NSCs) were acquired. Structural indices, including cortical thickness (CT), cortical volume (CV), and surface area
(SA), were analyzed by using FreeSurfer software, and the correlations between structural indices and the blindness duration
were computed by Pearson correlation analysis. Results. Compared to controls, EBAs had significantly reduced CV and SA
mainly in the primary visual cortex (V1) and decreased CV in the left vision-related cortices (r-MFC). There were no regions
that EBAs had a significantly larger CV or SA than NSCs. EBAs had significantly increased CT in the V1 and strongly
involved the visual cortex (right lateral occipital gyrus, LOG.R) and the left superior temporal gyrus (STG.L), while it had
decreased CT in the left superior parietal lobule (SPL.L) and the right lingual gyrus (LING.R). Additionally, no correlation was
found between cortical morphometric measures and clinical variables in the EBA group. Conclusions. SBM is a useful method for
detecting human brain structural abnormalities in blindness. The results showed that these structural abnormalities in the visual
cortex and visual-related areas outside the occipital cortex in the EBAs not only may be influenced by neurodevelopment,
degeneration, plasticity, and so on but also involved the interaction of these factors after the early visual deprivation.

1. Introduction

Blindness provides a rare model to explore the impacts of
visual experience on the structural and functional organization
of the human brain [1–5]. A number of studies have investi-
gated brain structural abnormalities in early-blind people.
These findings include changes of the local brain structures,
such as significantly volumetric atrophy of gray matter
[6–11], decreased SA [12, 13], increased CT [12–19], and
impaired white matter integrity [20], as well as alterations of

the brain structural networks, such as decreased network effi-
ciency in the blind individuals [21].

However, most of them were based on volumetric mea-
sures, using voxel-based morphology (VBM) or deformation-
based morphometry (DBM), which may conceal fine anatomic
details in other features. Several VBM [6–8] and DBM [10]
studies have observed significant volumetric atrophy of gray
matter (GM) throughout the visual cortex in early-blind (EB)
subjects [6–8, 10]. A more effective morphometry analysis tool
than VBM and DBM is the SBM method which provides fine
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anatomic details in other features, such as CT and SA, and pro-
foundly probe determining factors of CV approximated by
multiplying CT by SA [22]. Previous SBM studies of blindness
have shown decreased CV and SA [12, 13] and increased CT
[12–19] in the occipital lobe. These changes may be account-
able for following factors: neurodevelopment, degeneration,
and plasticity [23, 24]. Previous research [25] indicated that
degeneration and neurodevelopment may cause axonal dam-
age and synapses interruption, which could lead to the reduced
CV, SA, and CT of the visual cortex in the blind. However,
other researches [26–28] concluded that plasticity and neuro-
development may cause strengthened subcortical and cortico-
cortical connections and reduced synaptic pruning, which
could lead to the increased CV, SA, and CT in the visual cortex.
From these previous results, we learned that these major fac-
tors, namely, neurodevelopment, degeneration, and plasticity,
may influence differently on determining measures such as
CV, SA, and CT. Therefore, these measures may change in
even opposite directions (like a decreased CV or SA and an
increased CT) under the interactions of these factors.
However, the interactions of these factors remain to be not
clearly understood.

In addition, these early blindness studies focused on the
structural reorganization of the visual cortex, but the visual-
related areas outside the occipital cortex in the blind have
few been reported. Previous MRI studies of blindness
reported reduced cortical thickness in the visual-related
areas outside the occipital cortex (anterior STG and SPL)
and increased cortical thickness in the visual cortex [12,
17]. Thus, whether the alteration mechanism in the thick-
ness of the nonvisual cortex is as same as the visual cortex
remains to be determined. Furthermore, it is interesting to
explore the impact of the critical developmental period on
the structural reorganization of these regions and the corre-
lation between these structural indices and the blindness
duration.

To elucidate these questions, in this study, we investi-
gated cortical morphology (CT, CV, and SA) alterations in
the visual cortex and visual-related areas outside the occipi-
tal cortex in the EBAs using a surface-based morphometric
method [29]. We aimed to investigate the major factor(s)
(neurodevelopment and/or degeneration and/or plasticity)
how to play an interactive role in structural reorganization
and possible neurological mechanism of structural reorgani-
zation in the blind.

2. Materials and Methods

2.1. Participants. Twenty-three EBAs (loss of sight at birth or
within 1 year, 8 female, range = 11-18 years, mean age ± S:D::
14:80 ± 2:07 years) were recruited from the Guangdong Prov-
ince Blind School. Twenty-one NSCs (normal-sighted con-
trols, NSCs) of volunteers (10 female, range = 11-19 years,
mean age ± S:D:: 14:56 ± 2:59 years) participated in the study.
Analysis of two-sample T-test did not indicate any significant
difference in age (t = 0:33, P = 0:74), and a chi-squared test
did not reveal a gender effect (X2 = 0:75, P = 0:39) between
the EBA and NSC groups. Causes of blindness included reti-
nopathy of prematurity, congenital retinal lesions, congenital

glaucoma, and congenital cataracts. All participants met the
following inclusion criteria: (1) right-handedness, (2) no his-
tory of neurological or psychiatric diseases and identifiable
MRI normal structural brain, and (3) normal hearing. The
study was approved by the Ethics Committee of the First
Affiliated Hospital of Jinan University, and all subjects and
their guardians signed a written informed consent form before
undergoing the MRI examinations.

2.2. Data Acquisition. High-resolution 3D T1-weighted
BRAVO images were obtained on a 3.0-Tesla MR scanner
(Discovery MR750 System; General Electric, Milwaukee,
WI, USA), fitted with an 8-channel head coil. The parame-
ters were as follows: flip angle = 12°, TR = 8:2ms, TE = 3:2
ms, FOV = 256 × 256mm2, 256 × 256 matrix, slice gap = 0
mm, slice thickness = 1mm, and 172 slices in the axial plane.
Total scan time was 3min 17 sec. During this MR scan, the
subject’s head was fixed using several foam cushions to min-
imize head motion.

2.3. Image Analysis. 3D T1-weighted MRI data were
processed and analyzed using FreeSurfer V6.0 [30, 31]
(http://surfer.nmr.mgh.harvard.edu/) with a standard
cross-sectional pipeline. Starting from nonuniform intensity
normalization, removal of nonbrain tissue, transformation
to Talairach space, skull stripping, segmentation into
white-matter (WM) and gray-matter (GM), and tessellation
into the WM and GM boundary, an initial surface was con-
structed. This surface was used to reconstruct the final corti-
cal surface after smoothed, inflated, and automated topology
correction. The cortical thickness measurements were pro-
duced by calculating the distance between these surfaces at
each point across the cortical mantle [32]. The cortical thick-
ness was compared node by node, and the statistical results
were visualized by creating an average template and register-
ing the cortical surface for each subject to it by a surface-
based registration method [30, 31]. The cortex was parcel-
lated, and the means of CT, CV, and SA were obtained at
each point on the reconstructed surface. Finally, a heat ker-
nel (10mm width) was used to smooth the data of CT, CV,
and SA to improve the normality of the data.

2.4. Statistical Analysis. Firstly, the obtained structural indi-
cators were compared between groups based on vertices. For
each hemisphere, the General Linear Model (GLM) with
vertex-wise analyses of surface morphometric measure-
ments, including CT, CV, and SA, was performed in EBA
and NSC groups. Statistical maps were generated using
FreeSurfer’s Query, Design, Estimate, Contrast (QDEC)
interface. Age and gender were introduced in the model as
nuisance factors. Finally, multiple comparisons were
corrected with Monte Carlo Simulation using a vertex-level
P value set at <0.01, and cluster-level threshold P < 0:05. In
addition, the Statistical Package for the Social Sciences
(SPSS) software (version 23.0; IBM Corporation, NY, USA)
was applied in all demographics analysis and the correlation
analysis between cortical morphometric measures and sub-
jects’ age in both groups. Simultaneously, the correlation
between cortical morphometric measures and blindness
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duration in the EBA group was examined. A two-tailed value
less than 0.05 was considered statistically significant.

3. Results

Compared to controls, EBAs had significantly increased CT
in the left pericalcarine (pCAL.L), left cuneus (CUN.L), left
superior temporal gyrus (STG.L), and right lateral occipital
gyrus (LOG.R), while they had decreased CT in left superior
parietal lobule (SPL.L) and right lingual gyrus (LING.R). In
terms of the CV, EBAs had significant CV loss in bilateral
pCAL and left rostral middle frontal gyrus when comparing
with NSCs, and there were no CV increased regions found in
EBAs. Regarding the SA, EBAs had significantly reduced SA
in bilateral pCAL and LING and left cuneus (CUN.L) com-
pared to NSCs. No larger SA was observed in EBAs in com-
parison to NSCs. The detailed data are summarized in
Table 1 and illustrated in Figure 1. Additionally, no signifi-
cant differences in the demographic characteristics were
noted and no correlation was found between cortical mor-
phometric measures and clinical variables in both groups
(P > 0:05).

4. Discussion

4.1. Morphological Alteration in the Primary Visual Cortex
(V1) and Vision-Related Cortices (Left Rostral Middle
Frontal Gyrus, L-r MFC). Our findings revealed significantly
decreased CV and SA and increased CT in the V1 in the
EBA group, which are similar to previous studies [12, 13].
These findings demonstrated that the development of V1 is
strongly dependent on early visual experience [21, 25, 33,
34]. The following factors may affect the morphological
alteration of the V1 during the developmental period. First,
axonal degeneration is a key factor causing a reduced SA
of the V1 in the early blind [25]. However, our finding of
SA loss in the V1 of EBAs cannot completely be explained
by axonal degeneration, which may be associated, at least
to some degree, with visual loss leading to neurodevelop-
mental retardation during the developmental stage since
no significant negative correlation was found between SA
and blindness duration within the EBA group [12, 13]. Sec-
ond, the increase of CT in the V1of EBAs cannot be
explained by disuse atrophy and crossmodal plasticity at
the adolescence stage, since there was no significant correla-
tion found between CT and blindness duration within the
EBA group. However, the increase of CT in the V1 may be
attributed to the loss of normal neurodevelopment, which
induces the reduction of synaptic pruning [35]. In addition,
a thicker V1 is not found in the subjects who became blind
in adulthood, whose V1 CT showed no difference from the
sighted controls [33]. According to the microscopic neuro-
anatomical studies, the synaptic density in the human V1
is largest in the first postnatal year and gradually drops to
the adult level during adolescence [36]. The disruption of
the normal pruning process in EB, however, might result
in a higher synaptic density in the blindnessV1 and spare
other sensory connections such as thalamocortical connec-
tions and corticocortical connections [26–28], which could

lead to the increased CT in the visual cortex. Finally, the
reduction of GMV in the V1 in early blindness is also consis-
tent with our previous VBM result [37], which reflected axo-
nal degeneration secondary to the impaired visual pathway
in the early blindness [38–40].

Using this more effective method than VBM, we could
further attribute the atrophy of GMV in these areas of the
EBA group to the reduced SA despite the increased CT, since
CV can be approximated by multiplying CT by SA, so we
could infer that the reduction in SA is greater than the
increase in CT. According to the study of the cortical devel-
opment in early childhood, it was reported that CT is devel-
oped earlier than SA. At the age of two, CT can reach 97% of
adult values, while SA only 69%. The authors concluded that
cortical growth after age 1 is mainly induced by increases in
SA [41]. The reduction of SA in V1 in the EBAs implied that
the loss the light stimulation lagged the SA development
after age 1, whereas the loss of light has little impact on
the neuron development of CT. In the light of the radial unit
hypothesis, SA is defined by the number of cortical columns,
while CT is determined by the number of neurons within a
column [41]. Although the number of cortical columns
declined, the number of neurons in each column increased
in V1 in the EBAs that might attribute to the other sensory
connections of the crossmodal plasticity. A few literatures
have reported that the V1 cortex played an important role
in various sensory cognitions (such as auditory and tactile
sensation) in blind people, although visual stimulation is
lacking [2, 4, 5]. In short, the early-blind patients showed
various changes in the CV, CT, and SA in the V1, which
reflected the different influence factors like axonal degenera-
tion, disuse atrophy, neurodevelopment, and plasticity that
played a diverse effect on these indicators.

The left middle frontal lobe approximately overlaps the
frontal eye field, which may be a heterogeneous component
of multiple extrastriate visual areas in charge of eye move-
ments like the intentional saccade trigger [42] and smooth
pursuit, showing reduced CV in EB. It should also be a sub-
sequent change caused by vision loss.

4.2. Cortical Thickness Alteration in the Visual Cortex (Right
Lingual Gyrus, LING.R, and Right Lateral Occipital Gyrus,
LOG.R) and Visual-Related Areas outside the Occipital
Cortex (SPL.L and STG.L). In contrast to the previous report
of [15, 17] the increased CT in the LING.L in the early-blind
subjects, significantly decreased CT was found in the
LING.R in this study. As is known, this cortical area related
to visual object recognition function forms part of the ven-
tral visual pathway [43, 44]. Kim and Zatorre [45] found that
this cortical area of a right hemisphere advantage might be
recruited and activated to process auditory spatial position
tasks in the blind during identifying auditory objects. In
addition, according to the studies by Park et al. and Anurova
et al. [12, 17], the negative correlations were found between
CT of the occipital cortex and functional activation during
auditory localization task in EB. This might account for the
decreased thickness of the LING.R in EB who have better
crossmodal plasticity abilities to guide action related to audi-
tory localization and spatial discrimination. Meanwhile, the
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decrease of the CT in the LING.R is consistent with the theory
mentioned above, in which the synaptic density is largest in
the first postnatal year and gradually drops to the adult level
by synaptic pruning during the activation and development.

Moreover, in line with this, many previous studies [15]
have shown that increased CT was also located in the

higher-level visual association areas (BA 19) such as extra-
striate occipital cortex (LOG.R), which plays an important
role in the attention, feature extracting, shape recognition,
and multimodal integrating functions [46–52].

After visual deprivation, the alteration of the cortical
thickness not only was found in the occipital cortex but also

Table 1: The significant altered cortical morphometry regions in EBA when compared with the NSC group.

Cortical morphometrics Brain regions Max VtxMax Size (mm2) MNIX MNIY MNIZ CWP NVtxs

CT of left hemisphere Superior parietal lobule -5.693 19424 65.24 -26.9 -52.6 62.4 0.0002 131

Cuneus 5.055 68981 64.45 -4.6 -70.3 13.7 0.0002 80

Pericalcarine 3.454 112523 44.64 -8.6 -92.5 7.4 0.01157 44

Lingual 3.635 56056 41.46 -16.7 -87.6 -8.3 0.01931 42

Pericalcarine 4.816 28560 38.47 -23.8 -68.9 7.6 0.03332 97

Superior temporal gyrus 4.332 84916 36.35 -60.4 -14.8 -3 0.04996 74

CT of right hemisphere Lateral occipital gyrus 4.3 136992 50.41 13.2 -100.6 3.7 0.0042 68

Lingual -4.572 148749 39.79 25.8 -46.8 -6.4 0.02761 69

CV of left hemisphere Pericalcarine -5.638 75563 137.23 -14.8 -81.3 7.4 0.0002 264

Pericalcarine -3.068 29579 11.77 -13.3 -85.8 7.1 0.0014 21

Rostral middle frontal gyrus -3.424 4470 11.23 -32 31.7 34.9 0.0016 15

CV of right hemisphere Pericalcarine -4.575 86494 11.35 15.1 -75 6.4 0.0026 18

Pericalcarine -4.192 61382 8.49 7 -84.1 8.4 0.02997 11

SA of left hemisphere Pericalcarine -5.796 128114 155.1 -12.1 -77.7 3.7 0.0002 260

Pericalcarine -5.497 158064 146.1 -21.1 -71.3 7.8 0.0002 291

Pericalcarine -5.581 41148 70.84 -13.6 -90.8 3 0.0002 86

Pericalcarine -6.195 39176 52.31 -6.1 -91.9 7.8 0.0002 55

Pericalcarine -4.742 126455 41.71 -7.1 -85.4 11.1 0.0002 56

Lingual -5.064 162439 21.18 -26.3 -65.3 2.4 0.0002 56

Cuneus -5.263 158481 17.78 -4.9 -91.6 8.4 0.0002 19

Lingual -4.92 17525 16.56 -4.1 -83.3 -0.8 0.0002 23

Cuneus -3.621 135774 15.94 -3.7 -77.8 13 0.0002 23

Cuneus -3.461 39164 11.3 -4.7 -88.4 17.8 0.0016 13

Cuneus -4.573 68974 9.96 -7.1 -71.3 16 0.00519 14

Lingual -3.504 114632 9.52 -7.7 -84 -5.2 0.00878 7

Lingual -5.023 162465 8.44 -16.4 -64.3 0.4 0.02662 13

Lingual -3.355 139407 7.99 -21.6 -62.4 -0.1 0.04528 14

SA of right hemisphere Pericalcarine -4.964 25443 99.08 12.4 -88 1.3 0.0002 141

Pericalcarine -5.676 161917 90.23 6.7 -80.6 1.4 0.0002 112

Lingual -5.595 132374 68.78 16.4 -69.2 3.7 0.0002 104

Pericalcarine -6.278 86238 66.94 13.8 -85.9 8.1 0.0002 90

Pericalcarine -4.442 27615 23.38 8.8 -84 8.9 0.0002 30

Pericalcarine -5.256 135388 15.09 24.3 -66.1 7.6 0.0002 35

Pericalcarine -5.472 43531 13.78 19 -70.7 10.2 0.0004 26

Lingual -4.629 35860 12.7 5.3 -67.9 6.1 0.0006 23

Lingual -4.082 22548 9.47 18.6 -80.2 -12.1 0.01355 8

Lingual -3.719 90574 8.94 8.4 -77.4 -1.8 0.0199 8

Pericalcarine -4.312 156632 8.9 13.6 -91.7 7.1 0.0203 15

Pericalcarine -3.263 118284 8.65 16.1 -94.8 3.4 0.02642 10

Lingual -3.418 95382 8.63 8.3 -61.5 1.3 0.02662 16

Abbreviations: EBA: early-blind adolescents; NSC: normal-sighted controls; CT: cortical thickness; CV: cortical volume; SA: surface area; MNIX, Y, Z:the MNI
coordinate of peak vertex; VtsMax: number of peak vertex of the significant cluster; CWP: cluster-wise probability and the nominal P value; NVtxs: number of
vertices in cluster.
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in the visual-related areas outside the occipital cortex, such
as SPL.L and STG.L.

As a part of the dorsal attention network [53], the SPL is
involved in spatial cognition [2, 54], sensorimotor, attention,
and working memory [55–59]. There is a massive
experience-related reorganization that blind people partici-
pate in the processing of spatial information from auditory
[45, 60] and tactile [44] sense instead of visual input.
According to a study by Park et al. and Anurova et al. [12,
17], areas with a thinner cortex should be associated with
more effective function in EB. Therefore, the thin cortex of
SPL may reveal that stronger plasticity of function in EB
remaps the additional available sensory inputs (e.g., audi-
tion, touch) so that they could handle nonvisual tasks better
in the absence of vision.

Our studies found that the increased CT in the left poste-
rior STG (pSTG) is inconsistent with previous reports [12, 17]
of the decreased CT in the anterior STG (aSTG). The STG is
known to involve in the auditory comprehension process
[61, 62]. Moreover, previous studies [63] have suggested that
pSTG was more involved in the sound localization, while
aSTG was related to auditory pattern processing, which may
be explained by anterior-posterior functional dissociation in
temporal areas. The increase of pSTG might correspond to
the improvement of the ability of the sound localization in
EBAs, which might indicate that cortical plasticity following
visual deprivation enhances intramodal organization of audi-
tory and tactile perception [64].

In summary, this study explored the structural charac-
teristics of brain gray matter from different perspectives in
early EBAs, including CV, SA, and CT. On the one hand,
for V1, EBAs had significantly decreased CV and SA but
increased CT; axonal degeneration is a key factor leading
to a reduced SA of the V1, as well as neurodevelopmental
retardation caused by visual loss, while the increase of CT
results from the reduction of synaptic pruning due to
neurodevelopmental retardation and crossmodal plasticity
companying auditory and tactile perception; thus, the
decrease of CV might indicate that the reduction of the SA

was much more than the increase of the CT. On the other
hand, visual-related areas outside the occipital cortex
included the decrease of the CV in the left rostral middle
frontal gyrus (r-MFC), the increase of the left superior tem-
poral gyrus (STG.L), and the decrease of the CT in the left
superior parietal lobule (SPL.L) and the right lingual gyrus
(LING.R), which might mainly attribute to intramodal plas-
ticity. Moreover, these cortical alterations were not corre-
lated with the blindness duration. These structural findings
might provide the certain basis to interpret the functions
of brain regions in the blind. It has proved that the visual-
related cortex does not shrink and degenerate and they are
involved in various sensory cognitions to different degrees,
which ignites a little light to achieve the possibility of cross-
modal sensory substitution for blindness.

4.3. Limitation. The major limitation of this study is the
limited small sample size, and further studies with larger
cohorts are needed to explore different patterns between
subgroups. Additionally, the results reveal structural
changes, but the relationship between structural changes
and functional activation has not been clearly understood
and calls for further study for mutual interaction between
structure and function.

5. Conclusion

Using the surface-based morphometric (SBM) method and
combining different dimensions, such as CT, CV, and SA,
to analyze the different morphological alterations of brain
after visual deprivation, we investigated the cortical struc-
tural reorganization which occurs not only in the occipital
cortex but also in the visual-related areas outside the occip-
ital cortex. Our result demonstrated that structural reorgani-
zation of different brain regions in EBAs differently was
influenced by the major factor(s) (neurodevelopment and/
or degeneration and/or plasticity) and their interactions dur-
ing development.
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Figure 1: The significant altered cortical morphometry regions in EBAs when compared with the NSC group on CT, CV, and SA.
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Background. To investigate microstructural alterations of white matter in retinal vein occlusion (RVO) patients by tract-based
spatial statistics (TBSS) and diffusion tensor imaging (DTI). Material/Methods. DTI was performed on 14 RVO patients and
14 normal controls (HCs). We measured and recorded fractional anisotropy (FA) and radial diffusivity (RD) of white matter
fibers and classified them through the receiver operating characteristic (ROC) curve and correlation analysis, respectively.
Results. The mean FA value of white matter in RVO patients is lower than the HCs, and the mean RD value in RVO patients
increased, especially in the bilateral posterior thalamic, bilateral sagittal stratum, body of corpus callosum, cingulum, and
fornix. The ROC curve of different brain regions showed high accuracy. Moreover, the mean FA and RD values were
significantly correlated with visual and psychological disorders. Conclusion. TBSS could be regarded as an important method to
reveal the alterations of white matter in RVO patients, indicating the underlying neurological mechanism of the RVO.

1. Background

The retinal vein occlusion (RVO) is a kind of second major
retinal vascular disorder, which is characterized by the
expansion and dilation of retinal veins [1]. Meanwhile,
RVO is considered to be an important cause of visual loss,
including central (CRVO) and branch retinal vein occlu-
sions (BRVO) [2, 3]. According to the previous epidemio-
logical studies of world population, about 16 million adults
have RVO, and the estimated prevalence rate of RVO is
5.2% [4]. RVO is closely related to the advancing age, which
leads to its worldwide increase occurrence because of the
increasing longevity of people [5]. RVO generally occurs in

the case of thrombosis in the vascular system or some arte-
rial diseases, which leads to intraluminal stenosis, venous
congestion, and increased venous pressure [6]. This intra-
vascular alteration potentially causes some secondary condi-
tions including macular edema and neovascularization,
which are the leading causes of vision loss in RVO [4, 6,
7]. Until now, there is still no complete and effective cure
for RVO. A DTI study based on white matter suggests that
retinal vascular pathology is related to poorer microstructure
of cerebral white matter [8]. Thus, we speculate that some
functional and microstructural changes may happen in the
brain of patient with RVO. Currently, fundus fluorescein
angiography (FFA) [1] and optical coherence tomography
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(OCT) [9] are often used for imaging diagnosis of the retinal
and choroidal vasculature, but the neuroimaging examina-
tion is still rare. We believe that neuroimaging method
may provide a new direction for revealing RVO-related
brain processes and the potential neuropathological
mechanisms.

DTI is a special form of functional magnetic resonance
imaging (MRI) and is a new way to describe the structure
of the brain in recent years. As a new imaging method based
on diffusion weighted imaging (DWI), DTI can analyze the
dispersion motion of water molecules in the tissue in
three-dimensional space, providing an insight into living
human brain noninvasively, especially white matter anat-
omy. Additionally, it gives quantitative parameters related
to the microstructure of white matter [10, 11]. A number
of measures calculated using DTI measures can provide
quantitative information, including FA, RD, axial diffusivity
(AD), and mean diffusivity (MD) [12, 13]. Many studies suc-
cessfully used DTI to demonstrate intrinsic neural alter-
ations in patients with visual-related diseases. Li et al. [14]
found that FA of optic nerve and optic nerve radiation
decreased significantly, while MD of bundle increased signif-
icantly, suggesting that indicative degeneration and remod-
eling may occur in patients with glaucoma. Besides, Li
et al. [15] applied voxel-wise statistical analysis and reported
that there is a significant decrease FAs in several white mat-
ter tracts and reduced grey matter volume in children with
amblyopia compare to HCs, which revealed that visual
impairment of amblyopia affects normal development of
brain structure. However, the intrinsic changes of white
matter in RVO patients remain unclear. RVO could cause
vision loss, which in turn may lead to mental illness such
as anxiety and depression. Thus, we suspected that the aver-
age FA and RD might be related to anxiety, depression, and
vision.

Because of the advantages of voxel and trajectory analy-
sis, trajectory-based spatial statistics (TBSS) is not only
widely used in various neurological system diseases but also
has become a popular tool to evaluate DTI data. TBSS pro-
jects volumetric data onto a WM skeleton without data
smoothing, resolving the defect caused by alignment inaccu-
racies [16, 17]. Previous studies have applied TBSS to assess
the neural alterations in patients with visual-related diseases.
A TBSS analysis of patients with concomitant exotropia
showed that FA increased and RD decreased in the relevant
areas [18]. TBSS was applied to investigate the white matter
integrity of patients with congenital and terminal blind and
monocular blindness and found the different mechanisms
of structural changes in white matter [19, 20]. Therefore,
our purpose here is to use TBSS analysis to research the
alterations and to explore the diffusivities of fiber bundles
in RVO patients.

2. Methods

2.1. Subjects. We recruited 14 RVO patients from the First
Affiliated Hospital of Nanchang University Hospital. The
inclusion criteria for this study included the following: [1]
ophthalmoscopy showed RVO signs; [2] OCT revealed mac-

ular oedema; and [3] FFA showed occlusion of retinal vein
(Figure 1 and Table 1). The exclusion criteria for RVO were
as follows: [1] a history of intraocular or extraocular surgery;
[2] combined with other ocular diseases; and [3] mental dis-
ease, cardiovascular diseases, and other systematic diseases.

At the same time, 14 healthy controls (HCs) were
included with the following inclusion criteria: [1] no history
of ocular disease; [2] no brain abnormalities; [3] no mental
and cardiovascular diseases; [4] no drugs or alcohol abuse;
and [5] have MRI examination ability. The age and gender
background of all HCs and RVO were matched. This study
was conducted in strict accordance with the guidelines and
regulations of the Human Research Ethics Committee of
the First Affiliated Hospital of Nanchang University on the
basis of approval. All patients included in this study were
informed and signed a consent form.

2.2. Data Acquisition and Preprocessing. The data in this
study was collected by 3.0T MRI scanner (Siemens,
Erlangen, Germany). The parameters of these sequences
are referenced in previous studies [18]. FMRIB Software
Library (FSL) was used for all MRI data. We performed
these data as previously described [18]. All original data
were extracted, corrected eddy current distortion and head
motion artifacts, and then a brain mask was made.

2.3. TBSS Procedures. Similar to the previous TBSS method
[16], we used the following analytical methods to explore
the characteristics of white matter diffusion. All FA images
were aligned with the standard space of a Montreal Neuro-
logical Institute 152 (MNI152) through nonlinear registra-
tion. Firstly, the mean FA maps of all participants were
projected onto the fMRIB 58 skeleton. Then, after maximum
alignment of the common skeleton, the data was presented
as a four-dimensional image. We used the FSL view and
FSL cluster tool to visualize and select the statistically signif-
icant FA and RD voxel clusters, respectively, and simplified
the visualization of the actual analytical representation
through the script TBSS_fill.

2.4. Evaluation of Anxiety, Depression, and Visual quality.
The Hospital Anxiety and Depression Scale (HADS)
designed in 1983 was used to investigate anxiety and depres-
sion [21]. The Chinese version of National Eye Institute 25-
Item Visual Function Questionnaire (NEI-VFQ25) was used
to measure the quality score of life [22].

2.5. Receiver Operating Characteristic Curve (ROC). We ana-
lyzed the average values of FA and RD through the ROC
methods as previously described [20]. The area under the
curve (AUC) represented the diagnostic rate. The AUC
value of 0.7~0.9 and 0.5~0.7 represented lower and higher
accuracy, respectively.

2.6. Statistical Analysis. The clinical and demographic vari-
ables were analyzed by two-independent-sample t-tests of
SPSS 23.0 (IBM Corp., USA). Threshold-free cluster
enhancement option in the FSL randomize tool was used
to synchronously implement the nonparametric method
based on permutation. P < 0:05 indicated that the results
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were statistically significant through multiple complete cor-
rected comparisons.

3. Results

The demographic and clinicopathological factors of patients
are shown in Table 1. The average ages of RVO patients and
HCs were 52:22 ± 5:95 and 52:12 ± 5:01, respectively. The
average weights of RVO patients and HCs were 51:23 ±
9:11 and 52:35 ± 10:09, respectively.

The comparison of voxel clusters between two groups in
FA and RD presented a notably difference. The declining
mean FA value of total cerebrum in RVO group was
detected (Table 2). Additionally, the mean RD value of total
cerebrum in RVO patients was higher than that in HCs
(Table 3). The patients showed significantly lower FA values
and higher RD values in five clusters: the bilateral posterior
thalamic radiation, bilateral sagittal stratum, body of corpus
callosum, cingulum, and fornix (Figures 2 and 3).

3.1. ROC Curve. The areas under the ROC curve for the FA
values were as follows: the body of corpus callosum (CC),
0.862 (p < 0:001; 95% CI: 0.719–1.000); the right posterior
thalamic radiation (RPTR), 0.883 (p < 0:001; 95% CI:
0.759–1.000); the left posterior thalamic radiation (LPTR),
0.959 (p < 0:001; 95% CI: 0.896–1.000); the right sagittal
stratum (RSS), 0.770 (p < 0:001; 95% CI: 0.595–0.946); the
left sagittal stratum (LSS), 0.837 (p < 0:001; 95% CI: 0.667–
1.000); the right cingulum (RC), 0.893 (p < 0:001; 95% CI:
0.773–1.000); and the left fornix/stria terminalis (LF/ST),
0.796 (p < 0:001; 95% CI: 0.620–0.971) (Figure 4(a)).

The areas under the ROC curve for the RD values were
as follows: the body of CC, 0.923 (p < 0:001; 95% CI:
0.816–1.000); the RPTR, 0.918 (p < 0:001; 95% CI: 0.817–
1.000); the LPTR, 0.969 (p < 0:001; 95% CI: 0.917–1.000);
the RSS, 0.959 (p < 0:001; 95% CI: 0.896–1.000); the LSS,
0.908 (p < 0:001; 95% CI: 0.792–1.000); the RC, 0.847
(p < 0:001; 95% CI: 0.685–1.000); the LF/ST, 0.908
(p < 0:001; 95% CI: 0.792–1.000) (Figure 4(b)).

3.2. Correlation Analysis. The average FA value of the whole
brain was positively correlated with the NEI-VFQ25 score
(r = 0:769, p = 0:001) and negatively correlated with the
HADS score (r = −0:863, p < 0:0001) in RVO patients. The
mean RD value of the total cerebrum negatively correlated
with the NEI-VFQ25 score (r = −0:866, p < 0:0001) and posi-
tively correlated with the HADS score (r = 0:898, p < 0:0001)
(Figure 5).

4. Discussion

This study is the first TBSS analysis of RVO patients. We
adopted DTI scanning and TBSS analysis to probe the fiber
bundle architecture differences between the objective group
and the HCs. To be brief, our findings were that there were

(a) (b)

Figure 1: Example of RVO seen on FC and FFA. (a) RVO observed using a FC which was characterized by massive flame-like hemorrhage
(red arrow) in the retina. (b) RVO seen on FFA which was characterized by petal-shaped fluorescein leakage (red arrow) in the retina. RV:
retinal vein occlusion. FC: fundus camera. FFA: fluorescence fundus angiography.

Table 1: Demographics and clinical measurements of RVO and
HC groups.

Characteristic RVO HC

Male/female 8/6 8/6

Age (years) 52:22 ± 5:95 52:12 ± 5:01
Weight (kg) 51:23 ± 9:11 52:35 ± 10:09
Handedness 14R 14R

RVO: retinal vein occlusion. HC: healthy control. N/A: not applicable. R:
right. L: left.

Table 2: Clusters showing significant differences in FA between
RVO patients and HCs.

Variable Comparison
TFCE

corrected
p

Cluster
number

MNI
coordinates

T
values

FA

RVO<HCs

<0.01

X Y Z

BCC 1 81 96 96 −6.254
RPTR 2 58 83 89 −5.185
LPTR 3 119 62 90 −6.025
RSS 4 53 71 67 −4.187
LSS 5 130 89 61 −5.029
RC 6 79 79 97 −5.162
LF 7 116 96 68 −4.587

RVO: retinal vein occlusion. HC: healthy control. BCC: body of corpus
callosum. RPCR: right posterior corona radiata. LPTR: left posterior
thalamic radiation. RSS: right sagittal stratum. LSS: left sagittal stratum.
RC: right cingulum. LF: left fornix.
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significant differences in voxel clusters, and RVO patients
showed lower FA values than the other group, whereas
higher RD values were presented.

Until now, the TBSS approach for DTI analysis has been
widely used in neuroimaging studies. Compared to the sta-
tistical parametric mapping–based approach, TBSS averts
the insufficiency about registration and smoothing of diffu-
sion data. Furthermore, in TBSS, we can investigate the
brain globally rather than specified certain tracts [16, 23].

In this study, DTI and TBSS were applied in RVO
patients and we found reduced FA and increased RD in
the B.PTR (involve the optic radiation) which is relevant
for the connection between the thalamus and the visual cor-
tex [24]. Previous voxel-based morphometry showed that
reduced gray matter density in the occipital lobe has been
demonstrated in patients with diabetic retinopathy [25].
Malania et al. [26] have found significant diffusion abnor-
malities along the visual pathways in patients with macular
degeneration. Additionally, low FA in optic tract was espe-

cially detected in patients with retinitis pigmentosa in a pre-
vious study [27]. As the transmission of visual information
involves the whole visual system. It is assumed that the dam-
age at retina could trigger microstructural changes in brain.
FA value is influenced by various neurostructural factors and
a decrease in FA was interpreted as structural damage in
nerve bundle [28]. Consistent with the above results, the
decreased FA in our study indicated that the integrity of
tracts was impaired in RVO patients. An increase in RD
indicated the destruction of cell structure and myelin dam-
age [29, 30]. We further infer that an increase in RD suggests
that some pathologic alterations in PTR, representing the
underlying neuropathologic mechanism. Consequently, we
further deduce that this alteration might lead to visual dam-
age in RVO patients.

The sagittal stratum, a large sagittal structure, consists of
inferior longitudinal fasciculus (ILF), inferior fronto-
occipital fasciculus (IFO), and other projection fibers [24,
31]. ILF and IFO are closely related to visual information

Table 3: Clusters showing significant differences in RD between RVO patients and HCs.

Variable
Comparison

TFCE corrected p
Cluster number MNI coordinates

T valuesPatients > HCs X Y Z

RD

BCC

<0.01

1 80 96 96 5.256

RPTR 2 58 65 72 4.298

LPTR 3 117 63 87 6.248

RSS 4 51 91 68 3.284

LSS 5 130 89 61 4.096

RC 6 82 96 103 5.267

LF 7 121 100 66 5.019

RVO: retinal vein occlusion. HC: healthy control. BCC: body of corpus callosum. RPCR: right posterior corona radiata. LPTR: left posterior thalamic
radiation. RSS: right sagittal stratum. LSS: left sagittal stratum. RC: right cingulum. LF: left fornix.

HCs > Patients

Figure 2: Results of whole-brain tract-based spatial statistics analysis comparing fractional anisotropy between RVO patients and HCss. The
skeleton image (green = RD > 0:2) was overlaid by the mean fractional anisotropy image. And the red areas indicate all tracts with
significantly decreased RD values in the RVO patients, which may reflect abnormal white matter integrity (p < 0:05). Significantly lower
fractional anisotropy values were shown in the body of corpus callosum, right posterior thalamic radiation, left posterior thalamic
radiation, right sagittal stratum, left sagittal stratum, right cingulum, left fornix/stria terminalis. RVO: retinal vein occlusion. HCs:
healthy controls.

4 Disease Markers



processing. The ILF provides pivotal connections between
occipital and anterior temporal regions and also is closely
associated with the optic radiations. A study focusing on
functional anatomy of the ILF suggested that it mediated

process of visual memory and recognition of visual informa-
tion [32, 33]. The IFO was considered to connect with differ-
ent cortical regions within the frontal, occipital, and
temporal lobes. Study have once showed that IFO have a

HCs < Patients

Figure 3: Comparison of radial diffusivity in RVO patients and HCs. The skeleton image (green = RD > 0:2) was overlaid by the mean
fractional anisotropy image. And the red areas indicate all tracts with significantly increased RD values in the RVO patients, which may
reflect abnormal white matter integrity (p < 0:05). The statistically significant clusters are presented at different coordinates in these six
parts. These clusters include body of corpus callosum, right posterior thalamic radiation, left posterior thalamic radiation, right sagittal
stratum, left sagittal stratum, right cingulum, left fornix/stria terminalis. RVO: retinal vein occlusion. HCs: healthy controls.
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Figure 4: ROC curve analysis of the mean FA and RD values for altered brain regions. (a) The areas under the ROC curve for the FA values
were as follows: the body of corpus callosum (CC), 0.862 (p < 0:001; 95% CI: 0.719–1.000); the right posterior thalamic radiation (RPTR),
0.883 (p < 0:001; 95% CI: 0.759–1.000); the left posterior thalamic radiation (LPTR), 0.959 (p < 0:001; 95% CI: 0.896–1.000); the right sagittal
stratum (RSS), 0.770 (p < 0:001; 95% CI: 0.595–0.946); the left sagittal stratum (LSS), 0.837 (p < 0:001; 95% CI: 0.667–1.000); the right
cingulum (RC), 0.893 (p < 0:001; 95% CI: 0.773–1.000); the left fornix/stria terminalis (LF/ST), 0.796 (p < 0:001; 95% CI: 0.620–0.971).
(b) The areas under the ROC curve for the RD values were as follows: the body of CC, 0.923 (p < 0:001; 95% CI: 0.816–1.000); the
RPTR, 0.918 (p < 0:001; 95% CI: 0.817–1.000); the LPTR, 0.969 (p < 0:001; 95% CI: 0.917–1.000); the RSS, 0.959 (p < 0:001; 95% CI:
0.896–1.000); the LSS, 0.908 (p < 0:001; 95% CI: 0.792–1.000); the RC, 0.847 (p < 0:001; 95% CI: 0.685–1.000); the LF/ST, 0.908
(p < 0:001; 95% CI: 0.792–1.000). AUC: area under the curve, FA: fractional anisotropy, RD: radial diffusivity, ROC: receiver operating
characteristic, CC: corpus callosum, RPTR: right posterior thalamic radiation, LPTR: left posterior thalamic radiation, RSS: right sagittal
stratum, LSS: left sagittal stratum, RC: right cingulum, LF/ST: left fornix/stria terminalis.
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critical meaning in visual processing and reading [34, 35]. In
similar visual neuroscience studies, Li et al. [15] used DTI
method and indicated significant decreases in FA values in
left ILF/IFO in children with anisometropic amblyopia. Li
D. et al. [18] found an increased FA values in ILF and IFO
in patients with comitant exotropia. Furthermore, Cheng
et al. [36] reported that dyslexia may related to visual per-
ception deficits. In current study, changed FA and RD values
of SS suggested that relevant nerve tract was damaged in
RVO patients, indicating visual information processing dis-
order and visual dysfunction. On the other hand, it was
affirmed that the higher order visual processing systems of
normal individuals is hierarchically organized into two func-
tionally systems, the dorsal and ventral visual pathway [37].
The ventral stream consists of the IFO and the ILF princi-
pally, which is relevant to object recognition [38]. A DTI
study has shown that the microstructure of the ventral
stream changed in blind patients [39]. Therefore, the alter-
ations in FA and RD values of sagittal stratum might clarify
the visual impairment in RVO patients.

The corpus callosum is located at the base of the longitu-
dinal fissure of the cerebral hemisphere. As the largest bun-
dle of connective fibers in the human brain, it connects
cortical regions of both hemispheres [40]. The major func-

tion of CC is to integrate information such as motor sensa-
tion and cognitive activity between two cerebral
hemispheres [41]. Reports in the literature indicated that
the CC has an intimate connection to the visual cortex.
The well connectivity of the callosal fibers is influenced by
alterations of visual input [42]. Kwinta et al. detected low
FA values of the CC in premature infants with abnormal ste-
reoscopic vision and visual perception [43]. Consistent with
previous researches, we speculated that the decrease of FA
and increase of RD indicated the integrity of inner structure
of the CC was damaged and potential pathologic changes or
degeneration may occur in the callosal fibers in RVO
patients, which may leads to inability to integrate visual
information and further cause visual deprivation.

Interestingly, in addition to vision-related regions, we
also found changed FA and RD values in extravisual-
related regions including cingulum and fornix. As one of
the most distinctive fiber tracts in the brain, cingulum con-
nects frontal, parietal, and temporal sites. The largest effer-
ent pathway in the hippocampus is the fornix, which is the
critical component of the limbic system of brain [44, 45].
According to previous studies, significantly decreased FA
value of cingulum was discovered in depression patients
[44]. McCarthy-Jones et al. [46] found reduced integrity of
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Figure 5: Correlation between the average FA and RD values of the whole brain in RVO patients and anxiety, depression and NEI-VFQ25
scores. (a) The average FA value of the whole brain was positively correlated with the NEI-VFQ25 score (r = 0:769, p = 0:001). (b) The
average FA value of the whole brain was negatively correlations with the HADS score (r = −0:863, p < 0:0001). (c) The average RD value
of the whole brain displayed negatively correlated with the NEI-VFQ25 score (r = −0:866, p < 0:0001). (d) The average RD value of the
whole brain displayed positively correlations with the HADS score (r = 0:898, p < 0:0001). RVO: retinal vein occlusion. FA: fractional
anisotropy. RD: radial diffusivity.
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fornix in the process of childhood adversity. Therefore, the
limbic system plays an important role in regulating sensory
information in the central nervous system. Previous studies
have confirmed that patients with visual field and acuity loss
have psychological and emotional disorders [47, 48]. On the
basis of the above studies, the decrease of FA value in RVO
patients may reflect the injury of nerve tracts related to emo-
tion management. Moreover, Schafer et al. [48] have discov-
ered that the autistic neurons grow faster and have more
complex branches. We speculate that the increased RD
values in correlative tracts may clarify the neuropathologic
mechanism of RVO, which tries to repair nerve tract damage
by enhancing neuronal branching to improve their function.
Hence, visual impairment defects increase the psychological
disorders of RVO patients. Our findings may contribute to
illustrate the causes of negative emotions in RVO patients.
In addition to treatment at the disease itself, focusing more
on the psychotherapy may improve the prognosis of RVO
patients.

Our current research has some boundedness. First, the
sample capacity of RVO subjects is relatively small. We need
larger samples for further study. Secondly, there are many
aetiological causes of RVO, which may cause individual dif-
ferences and lead to imprecise results of TBSS measure-
ments. Additionally, we merely analyze the diffusivities
separately and we believe it is necessary to investigate the
interaction between FA and RD values.

5. Conclusion

It was shown that some structural alterations of correlative
tracts developed, which may reveal the neuropathologic
mechanism and may be responsible for the visual impair-
ment in RVO patients. Overall, DTI with the TBSS method
is an available tool to indicate the potential intracephalic
tract involvement in RVO patients.
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Chondrosarcoma is a group of primary bone cancers that arise from transformed cells of chondrocytic lineage. Tumor recurrence
and metastasis are devastating for patients with chondrosarcoma since there are no effective treatment options. IDH mutations
occur in over 50% of tumors from patients with conventional or dedifferentiated chondrosarcomas and represent an attractive
target for therapy. However, their role in the pathogenesis of chondrosarcoma remains largely unknown. In this study, we
sought to determine the association of IDH mutation and HIF-1α in chondrosarcoma. We used the chondrosarcoma JJ012 cell
line and its derived CRISPR/Cas9 mutant IDH1 (IDH1mut) knockout (KO) cells. RNA-Seq data analysis revealed
downregulation of several HIF-1α target genes upon loss of IDH1mut. This was associated with reduced HIF-1α levels in the
IDH1mut KO cells and tumors. Loss of IDH1mut also attenuated the expression of angiogenic markers in tumor tissues and
abrogated the angiogenic capacity of JJ012 cells. Moreover, we observed that exogenous expression of HIF-1α significantly
promoted anchorage-independent colony-formation by IDH1mut KO cells. These results suggest IDH1 mutation confers
angiogenic and tumorigenic properties of JJ012 cells by inducing HIF-1α. Thus, the HIF pathway represents a promising
candidate for combinatorial regimens to target IDH1 mutated chondrosarcomas.

1. Introduction

Chondrosarcomas constitute a heterogeneous group of pri-
mary bone cancers characterized by the formation of a hyaline
cartilaginous matrix. Following osteosarcoma, chondrosar-
coma is the second most common bone malignancy, account-
ing for 20% to 27% of primary bone tumors [1, 2].
Approximately 85% of chondrosarcomas are the conventional
subtypes which can be further classified into central, periph-
eral, and periosteal lesions. The remaining 10–15% consist of
rare subtypes including dedifferentiated, mesenchymal, clear
cell, and myxoid chondrosarcoma. Chondrosarcomas are

notoriously resistant to chemotherapy and radiotherapy, and
surgery is the backbone treatment for most localized tumors
[2, 3]. Chondrosarcomas tend to recur with more aggressive
behavior than the original neoplasm following initial tumor
resection. As a result, many patients developmetastatic disease
which is nearly uniformly fatal. Due to lack of effective treat-
ment strategies for recurrent or metastatic chondrosarcoma,
high-grade conventional and dedifferentiated chondrosarco-
mas have poor prognosis [1, 4]. Current studies focus on clar-
ifying the link between molecular events and pathogenesis of
this malignancy and developing new molecularly targeted
therapies for advanced diseases.
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Isocitrate dehydrogenase (IDH) mutation is among one
of the promising therapeutic targets. IDH1/2 mutations were
found in 71% of conventional chondrosarcomas and 57% of
dedifferentiated chondrosarcomas [4, 5], as well as in glio-
mas and acute myeloid leukemia [6, 7], suggesting a poten-
tial role for aberrant IDH function in the pathogenesis of
these malignancies. IDHs normally convert isocitrate to α-
ketoglutarate (α-KG). However, mutant IDHs lose the ability
to catalyze this reaction but instead gain a neomorphic func-
tion of reducing α-KG to D-2-hydroxyglutarate (D-2HG),
which has been reported to accumulate at high levels in
IDH1/2-mutated tumors [8, 9]. D-2HG and α-KG are struc-
turally similar. Thus, accumulated D-2HG is thought to act
as an oncometabolite through the inhibition of various α-
KG-dependent enzymes including the TET family of 5-
methycytosine hydroxylases, JumonjiC domain-containing
histone demethylases (JHDMs), and the Prolyl Hydroxylase
Domain-Containing Proteins (PHDs) [9–11].

HIF-1α, a key hypoxia-inducible transcription factor, is
associated with tumor development as it functions as a mas-
ter regulator of genes involved in angiogenesis, glucose
metabolism, and other cellular pathways [12]. HIF-1α over-
expression is correlated with disease progression, chemo-
radio-resistance, and increased patient mortality in certain
cancers [13–15]. The stability and transcriptional activity
of HIF-1α are regulated by PHDs (PHD1, PHD2, and
PHD3). Under normal oxygen conditions, PHDs utilize α-
KG and O2 to hydroxylate a conserved proline in HIF-1α,
leading to Von Hippel-Lindau- (VHL-) mediated ubiquiti-
nation and subsequent proteasomal degradation of HIF-1α
[16, 17]. In hypoxic conditions, however, these hydroxyl-
ation events cannot proceed efficiently, resulting in accumu-
lation of HIF-1α [18]. Interestingly, studies examining the
effects of D-2HG on PHDs and HIF-1α in IDH-mutant gli-
omas and leukemias have yielded conflicting results. It has
been reported that D-2HG competitively inhibits the activity
of PHDs as mentioned above and thus leads to increased
levels of HIF-1α [18, 19]. Conversely, D-2HG was shown
to act as an activator rather than an inhibitor of PHDs, ulti-
mately leading to decreased levels of HIF-1α [20, 21]. In
contrast to the emerging knowledge in gliomas and leuke-
mias, little is known regarding the effect of IDH mutation
or D-2HG on HIF-1α activity in chondrosarcoma. Under-
standing their relationship would have great clinical impor-
tance in terms of developing novel targeted therapies for
advanced chondrosarcomas.

In this study, we sought to determine the potential asso-
ciation of IDH mutation and HIF-1α in chondrosarcoma.
We employed the IDH1-mutant chondrosarcoma JJ012 cell
line, CRSPR/Cas9 mutant IDH1 (IDH1mut) knockout (KO)
JJ012 clones, and their derived xenografts. We found that
CRISPR/Cas9 knockout of IDH1mut reduced HIF-1α levels
in vitro and in vivo, leading to downregulation of HIF-1α
target genes. Loss of IDH1mut also decreased the expression
of angiogenic markers in tumors and attenuated the angio-
genic capacity of JJ012 cells. Moreover, we observed restor-
ing HIF-1α levels with exogenous expression significantly
enhanced the anchorage-independent growth of IDH1mut

KO cells. These results suggest IDH1 mutation confers

tumorigenic and angiogenic properties by inducing HIF-1α
in a JJ012 chondrosarcoma model.

2. Materials and Methods

2.1. Cell Culture. The human chondrosarcoma JJ012 and
human chondrocyte C28 cell lines were kindly provided by
Dr. Joel Block and Dr. Karina Galoian, respectively. JJ012
harbors a monoallelic IDH1 R132G mutation while C28
carries wildtype IDH1 (IDH1wt). JJ012 cells were cultured
in RPMI-1640 medium (Lonza) supplemented with 10%
fetal bovine serum (FBS) and 1% Penicillin/Streptomycin.
C28 cells were grown in 1 : 1 DMEM/F12 medium
(HyClone) supplemented with 10% FBS and 1% Penicillin/
Streptomycin. Human umbilical vein endothelial cells
(HUVECs) were obtained from Thermo Fisher Scientific
and grown in Endothelial Cell Growth Medium 2 (EGM-2)
(PromoCell) on 0.1% gelatin-coated plates. Cells were main-
tained at 37°C in a humidified air with 5% CO2.

2.2. IDH1 Knockout by CRISPR/Cas9 Technology. Knockout
of IDH1mut was achieved by the CRISPR/Cas9 system. The
CRISPR/Cas9 plasmid products were purchased from Santa
Cruz Biotechnology. Details of transfection, selection, and
single-cell colonies propagation were previously
described [22].

2.3. Measurement of D-2HG. Quantitative analyses of D-
2HG were conducted by high-performance liquid chroma-
tography–tandem mass spectrometry (HPLC-MS/MS) with
single-reaction monitoring (SRM) scans. This was per-
formed at MtoZ Biolabs (Boston, MA, USA).

2.4. Tumor Tissues. Tumor samples were obtained from
mice-bearing chondrosarcoma xenografts which were
derived from JJ012 parental and IDH1mut KO cells, as previ-
ously described. All animal experiments were performed in
compliance with the University of Miami Institutional Ani-
mal Care and Use Committee (IACUC)-approved protocol
(No. 19-079).

2.5. RNA-Seq and Ingenuity Pathway Analysis (IPA). RNA-
Seq and IPA were described with details previously [22].

2.6. Quantitative Reverse Transcriptase Polymerase Chain
Reaction (qRT-PCR). Total RNA was extracted using the
miRNeasy Mini Kit (Qiagen) according to the manufactur-
er’s protocol. cDNA was synthesized from 2μg of total
RNA using iScript a cDNA synthesis kit (Bio-Rad:1708891)
in a 40μl total volume. qRT-PCR was set up with 20x Taq-
Man probes, 2μl of 1 : 5 diluted cDNA and TaqMan univer-
sal PCR Master Mix (Thermo Fisher Scientific) in 20μl total
volume. Samples were run in triplicate on a Bio Rad CFX-96
real time PCR system. Gene expression levels were calcu-
lated using the 2-ΔΔCt method [23]. Gene-specific TaqMan
primers/probe sets include GAPDH (internal normalization
control), VEGFA, VEGFC, EDN1, and SLC2A3.

2.7. Western Blotting. Cells were lysed in a Laemmli sample
buffer (Bio-Rad) supplemented with 2-mercaptoethanol
(Sigma-Aldrich). The lysates were centrifuged at
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14,000 rpm for 10min at 4° C. The supernatants were col-
lected and denatured at 95°C for 10min. Equal protein
lysates were separated on 4-20% Mini-PROTEIN TGX pre-
cast gels (Bio-Rad) and transferred to nitrocellulose mem-
branes (Pall Corporation). The following antibodies were
used: anti-IDH1 (1 : 1000, Abcam, ab172964), anti-HIF-1α
(0.5μg/ml, RD Systems, NB100-105), and anti-β-actin
(1 : 5000, Cell Signaling).

2.8. Soft-Agar Colony Formation Assay. 5× 103 cells were
plated in a 0.3% top layer soft agar in RPMI-1640 with
10% FBS overlaid on a lower layer of a 0.5% basal agar. Cells
were then maintained in regular incubator with 21% O2, or
in a hypoxia chamber with 1% O2 at 37°C for 10-14 days.
Colonies were stained with 2mg/mL iodonitrotetrazolium
chloride (Sigma-Aldrich), rinsed with PBS, and quantified
with GelCount colony counter (Oxford Optronix).

2.9. Immunohistochemistry (IHC). Immunohistochemical
analysis was performed on 5-μm sections cut from forma-
lin-fixed, paraffin-embedded samples utilizing antibodies
against CD31 (Servicebio, GB11063-2), HIF-1α (Bioworld,
BS3514), VEGFA (Abcam, ab52917), and IDH1 (Abcam,
ab172964) following a standard protocol. A semiquantitative
evaluation method was applied as follows: the score obtained
by the percentage of positive cells (0% = 0; 1 – 25% = 1, 26
– 50% = 2, 51 – 75% = 3, and >75% = 4) was multiplied by
the score obtained by the staining intensity (no staining = 0
, weak staining = 1, moderate staining = 2, and strong
staining = 3). Scoring was evaluated by investigators who
were blinded to the information of research subjects.

2.10. Vascular-Endothelial Tube Formation Assay. JJ012
parental and IDH1mut KO cells were cultured with serum-
supplemented RPMI-1640 overnight, followed by a 24 h
starvation in serum-free medium. Secretome derived from
the culture supernatant was then collected and centrifuged
at 1200 rpm for 5min to remove debris. The vascular-
endothelial tube formation assay was performed with
HUVEC cells in 24-well plates pre-coated with growth
factor-reduced basal membrane Geltrex matrix (Thermo
Fisher Scientific) and left to solidify for 30min at 37°C.
HUVEC cells were harvested with Trypsin/EDTA solution
and the cell concentrations were determined in non-
supplemented EGM-2. 2× 105 cells were seeded in each well
and incubated with 1ml of cell supernatant secretome for
24 hr. After incubation, cells were stained with Calcein AM
(2μg/ml) for 30min, rinsed with 1mM CaCl2 and 0.5mM
MgCl2-supplemented PBS, and fixed with 4% paraformalde-
hyde in PBS for 25min at room temperature. Capillary tubes
were visualized with fluorescence microscopy. The total
vascular-endothelial tube lengths were measured from ran-
domly selected image fields per sample per group using
NIH/Image J. At least five fields per well were examined,
and each experimental condition was tested in triplicate.
All HUVEC cells used in experiments underwent fewer than
eight passages after resuscitation.

2.11. Statistical Analysis. GraphPad Prism 8 software was
used for statistical analyses. p values were determined by

unpaired, two-tailed t tests. p < 0:05 was considered statisti-
cally significant.

3. Results

3.1. Loss of IDH1mut Leads to Downregulation of HIF-1α
Target Genes in JJ012 Cells. In this study, we utilized the
human chondrosarcoma JJ012 cell line which harbors an
endogenous IDH mutation, and its derived two CRISPR/
Cas9 IDH1mut KO clones. Depletion of the IDH1 protein
and reduced D-2HG levels in the two IDH1mut KO clones
are shown in Figures 1(a) and 1(b), respectively. To begin
to understand the role of IDH mutation in chondrosarcoma
tumorigenesis, we initially conducted an RNA-Seq analysis
of JJ012 parental cells and its two IDH1mut KO clones. The
RNA-Seq analysis revealed an association between IDH
mutation and aberrant activation of integrin signaling in
chondrosarcoma [22]. Interestingly, in addition to mediators
of cell adhesion and integrin-related pathways, we found in
the transcriptome of JJ012 IDH1mut KO cells many genes
known to be involved in vasculogenesis. The downregulated
HIF-1α target genes detected in both IDH1mut KO clones are
shown in Figure 1(c). These genes are implicated in glucose
metabolism (SLC2A3, LDHA and LDHB) and angiogenesis
(VEGFA and VEGFC). Downregulation of several well-
established HIF-1α target genes including VEGFA, VEGFC,
EDN1 and SLC2A3 in the IDH1mut KO cells was further
confirmed by qRT-PCR (Figure 1(d)). These results indicate
that IDH mutation is associated with activation of the HIF-
1α signaling pathway.

To be noted, both IDH1wt and IDH1mut were knocked
out in our cell model. To confirm that it is the loss of IDH1-
mut allele rather than that of IDH1wt is responsible for the
downregulation of the HIF-1α target genes, we utilized C28
cells, an immortalized human chondrocyte cell line that
expresses IDH1wt only [24]. A pool of C28 IDH1wt KO cells
with markedly reduced IDH1 levels was created using the
CRISPR/Cas9 technique (Figure 1(e)). qRT-PCR analysis
revealed comparable expression of the aforementioned
HIF-1α target genes between C28 parental and IDH1wt KO
cells (Figure 1(f)), suggesting that loss of the IDH1mut rather
than of the IDH1wt allele caused the downregulation of the
HIF-1α target genes in JJ012 cells.

3.2. Loss of IDH1mut Reduces HIF-1α Levels in JJ012 Cells and
Tumor Tissues. HIF-1α protein levels are regulated by PHDs
which destabilize the angiogenic transcription factor by
post-translational proline hydroxylation under normoxic
conditions. It has been reported that D-2HG competitively
inhibits PHDs due to its structural similarity to α-KG,
thereby causing accumulation of HIF-1α in IDH1-mutant
glioma cells [19]. In our model, D-2HG production was
almost completely suppressed in JJ012 IDH1mut KO clones
[22]. Therefore, it is rational to inquire whether the down-
regulation of HIF-1α target genes in the IDH1mut KO cells
is attributed to HIF-1α inhibition as a result of IDH1mut loss
and reduced D-2HG production. Indeed, HIF-1α expression
appeared to be significantly decreased in the two IDH1mut

KO JJ012 cell lines compared to their parental control under
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normoxic conditions (Figure 2(a)). We then proceeded to
ask whether HIF-1α was similarly regulated in vivo. For this
we measured IDH1 expression in the chondrosarcoma xeno-
grafts derived from parental and IDH1mut KO JJ012 cells
that we have previously established (22). IHC analysis
revealed significant reduction of IDH1 in the IDH1mut KO
tumors (Figure 2(b)). Importantly, HIF-1α levels were con-
comitantly reduced in the same tumors, thus confirming
our in vitro findings. The staining score showed that HIF-
1α expression was reduced by 70%-80% in the IDH1mut

KO tumors compared to parental controls (Figure 2(c)).
These results demonstrate that knockout of IDH1mut down-
regulates HIF-1α in vitro and in vivo, thus supporting the

concept that IDH1 mutation promotes HIF-1α stabilization
and its downstream signaling in our JJ012 chondrosarcoma
model.

3.3. IDH1 Mutation Confers Angiogenic Properties in JJ012
Chondrosarcoma Cells. Angiogenesis represents an essential
step in tumor proliferation, expansion, and metastasis, thus
contributing to the pathology of virtually all human cancers.
HIF-1α is a subunit of HIF-1, an oxygen-dependent tran-
scriptional activator, which plays crucial roles in tumor
angiogenesis and mammalian development [12]. HIF-1 acti-
vates transcription of genes encoding angiogenic growth fac-
tors which are secreted by hypoxic cells and promote
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Figure 1: Downregulation of HIF-1α target genes upon loss of IDH1mut in JJ012 cells. (a) Immunoblot shows depletion of IDH1 protein in
two IDH1mut KO clones of JJ012 cells. (b) HPLC-MS analysis indicates D-2HG production was nearly depleted in two IDH1mut KO clones
of JJ012 cells. (c) Heatmaps of HIF-1α target genes that are downregulated in both IDH1mut KO clones compared to parental control of
JJ012 cells. (d) mRNA expression of VEGFA, VEGFC, EDN1, and SLC2A3 in JJ012 cells was quantified by qRT-PCR. The amount of
transcript was normalized to GAPDH, and the results are shown as fold-change relative to the parental control. Data are shown as mean
± SEM of triplicate values and are representative of three independent experiments. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗ p < 0:001. (e)
Immunoblot shows levels of wildtype IDH1 in CRISPR/Cas9 KO C28 chondrocytes. (f) Bar graphs compare levels of VEGFA, VEGFC,
EDN1, and SLC2A3 mRNA expression in parental and wildtype IDH1 KO C28 cells. NS: nonsignificant (p > 0:05).
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endothelial cell growth [25]. Given the apparent association of
HIF-1α expression with IDH1 mutation, we asked whether
such mutation confers angiogenic properties on the chondro-
sarcoma JJ012 cells. Interestingly, functional analysis of the
transcriptome in JJ012 IDH1mut KO cells identified angiogen-
esis as one of the most prominently regulated programs
(adjusted p = 1:02E − 06) in chondrosarcoma. Upon further
examination of angiogenic markers by IHC, we observed that
CD31 and VEGFA expression in JJ012 IDH1mut KO cell-
derived tumors was markedly reduced when compared to
parental cell-derived tumors (Figures 3(a) and 3(b)). These
findings suggest a functional association of IDH1 mutation
with the HIF-1α-driven angiogenic pathway. To further assess
this functional link, we conducted vascular-endothelial tube
formation assays using HUVECs incubated with the secre-
tome of JJ012 parental or IDH1mut KO cells. We found that
culturing with the DH1mut KO secretome significantly inhib-
ited HUVECs ability to form vascular tubes and reduced cap-
illary tube length by over 20% (p < 0:05) (Figure 3(c)). These
findings indicate that IDH1-mutant JJ012 chondrosarcoma
cells produce a secretome highly capable of stimulating angio-
genesis and promoting tumor growth.

3.4. HIF-1α Contributes to Tumorigenicity of IDH1 Mutation
in JJ012 Cells. HIF-1α regulates gene expression in critical
pathways that drive tumorigenesis [25]. Thus, we endeav-

ored to determine whether HIF-1α contributes to the onco-
genic properties of IDH mutation in the JJ012
chondrosarcoma cells. One of the defining criteria of tumor-
igenicity is anchorage-independent cell growth [26]. In our
previous study, we demonstrated that loss of IDH1mut atten-
uated the tumorigenic potential of chondrosarcoma cells. In
particular, depletion of IDH1mut led to a marked reduction
in JJ012 capacity for anchorage-independent growth in soft
agar [22]. To verify whether HIF-1α contributes to the
observed promotion of colony formation by IDH mutation,
we performed this assay under conditions of hypoxia (1%
O2) and normoxia (21% O2) using JJ012 parental and IDH1-
mut KO cells. We observed that hypoxia caused a dramatic
increase in colony numbers in the IDH1mut KO groups (over
60%; p < 0:05), compared with those grown under normoxic
conditions (Figure 4(a)). A similar pattern was also seen in
the parental cells (Figure 4(a)). Notably, growth in hypoxia
appeared to abolish the previously reported difference in col-
ony formation between the parental and IDH1mut KO JJ012
cells performed in a normoxic atmosphere (22). HIF-1α
levels under both conditions were analyzed by immunoblot-
ting. As expected, incubation with 1% O2 stimulated HIF-1α
expression to comparable levels in all three cell groups
(Figure 4(b)). Together, these results suggest that IDH1
mutation contributes to JJ012 cells oncogenic functions, at
least in part through HIF-1α activation.
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Figure 2: Loss of IDH1mut suppresses HIF-1α in JJ012 cells and tumor tissues. (a) Immunoblots show HIF-1α expression in JJ012 parental
and IDH1mut KO cells; immunohistochemical (IHC) images show cytoplasmic IDH1 (b) and nuclear HIF-1α (c) expression in parental and
IDH1mut KO JJ012-derived xenografts. IHC staining was quantified with intensity scores as detailed in Materials and Methods. Scale bars are
50μm. Data represent mean ± SEM of values from four random fields. ∗∗p < 0:01.

6 Disease Markers



4. Discussion

Tumor recurrence and metastasis are major challenges in
the treatment of chondrosarcomas. Metastatic chondrosar-
coma has a dismal prognosis due to lack of effective systemic
therapies. IDH1/2 mutations have been frequently found in
chondrosarcoma and have become an attractive target for
IDH-mutant advanced chondrosarcomas. By means of drug
inhibition and CRISPR/Cas9 knockout of IDH1mut, our pre-
vious studies have implicated IDH mutation in chondrosar-
coma tumorigenicity, in vitro and in vivo [22, 24]. However,
the underlying mechanism remains largely unknown. It has
been proposed that D-2HG at high levels acts as an oncome-
tabolite and exerts some potential pro-tumorigenic effects by
competitively inhibiting α-KG-dependent enzymes such as
PHDs which regulate HIF-1α stability. Studies have shown
IDH mutations compromise the activity of PhD and stabilize
HIF-1α in glioma cells under normoxic conditions, leading
to inappropriate activation of its target genes [18, 19]. More-
over, HIF-1α and its target genes such as Glut1, VEGF, and
PGK1 are also upregulated in the brains of IDH1 R132H
knock-in mice [27]. Consistently, in our study, RNA-Seq

data analysis of chondrosarcoma JJ012 cells revealed down-
regulation of several HIF-1α target genes upon loss of IDH1-
mut. This is correlated with reduced HIF-1α levels in these
IDH1mut KO cells and tumors compared with their parental
controls. These findings are suggestive of a similar associa-
tion between IDH mutation and HIF-1α induction in chon-
drosarcoma cells.

HIF1α is a key component of HIF1, a transcription fac-
tor that senses low cellular oxygen levels and regulates the
expression of genes implicated in glucose metabolism,
angiogenesis, and other signaling pathways that are critical
to tumor growth. Increased expression of HIF-1α is closely
associated with tumor progression in various cancers [28,
29]. Interestingly, two studies evaluated the expression of
HIF-1α in cartilage tumors and suggested that HIF-1α
expression was significantly correlated with shorter disease-
free survival in chondrosarcoma [30, 31]. To determine
whether HIF-1α is a contributor in IDH mutation-driven
tumorigenesis of chondrosarcoma, we examined the capac-
ity of JJ012 parental and IDH1mut KO cells for anchorage-
independent growth under normoxia and hypoxia condi-
tions in a soft-agar colony formation assay. We observed
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Figure 3: IDH1 mutation promotes angiogenic property of JJ012 cells. (a) IHC images show CD31 expression in JJ012 parental and
IDH1mut KO cell-derived xenografts. Right graph depicts number of CD31-positive microvessels (MCV) per field in each group. (b) IHC
images show VEGFA expression in JJ012 parental and IDH1mut KO cell-derived xenografts. VEGFA staining was quantified with
intensity scores (right graph) as detailed in Materials and Methods. Scale bars are 50 μm. Data represent mean ± SEM of values from at
least four random fields. (c) Representative images and quantification (right graph) of endothelial tube formation. HUVECs were
cultured in secretome-derived media from JJ012 parental and IDH1mut KO cells. The total capillary tube lengths were measured from 9
to 12 randomly selected image fields per sample per group using NIH/Image J. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗ p < 0:001.
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that IDH1mut knockout cells formed less colonies than
parental cells under normoxia condition, but exogenous
induction of HIF-1α significantly boosted the colony-
forming capacity of these cells to a degree that is compa-
rable with that of the parental cells. This suggests that
activation of HIF-1α signaling is involved in the tumori-
genic activity of IDH1mutin vitro. Of note, our previous
study has shown that loss of IDH1mut led to a marked
attenuation of chondrosarcoma tumor formation and D-
2HG production in a xenograft model [22]. Since
anchorage-independent growth is tightly correlated with
tumorigenic potential in vivo, it is conceivable that the
attenuated HIF-1α signaling caused by loss of IDH1mut

might contribute to the observed inhibition of chondrosar-
coma formation in the xenograft model.

Angiogenesis is a key contributor to tumor progression
and metastasis. HIF-1α and VEGF are known to play crucial
roles in the tumor angiogenic process [12, 25, 32]. It is estab-
lished that VEGF expression is mediated by HIF-1α during
hypoxia. The VEGF gene contains a number of HIF-1α-
binding sites at its regulatory region, and HIF-1α is able to
activate the VEGF promoter [33, 34]. HIF-1α-induced
VEGF expression is implicated in the angiogenic switch in
chondrosarcoma [32]. Interestingly, studies have shown that
IDH mutation is associated with elevated levels of HIF-1α
and VEGF levels in IDH-mutant gliomas [18, 35]. Consis-
tently, we found the expression of angiogenic markers,
VEGFA and CD31, was significantly reduced in the IDH1mut

KO cell-derived tumors, suggesting that IDH1 mutation is
associated with the angiogenic potential of chondrosarcoma
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Figure 4: HIF-1α contributes to the tumorigenic function of IDH1 mutation in JJ012 cells. (a) Colony formation assay with JJ012 parental
and IDH1mut KO cells under hypoxic (1% O2) and normoxic (21% O2) conditions. 5× 103 cells per well were seeded in 6-well plates and
incubated for 10–14 days. Graphs compare effects of hypoxia and normoxia on the number of colonies in the parental, KO1, and KO2
groups. Data indicate mean ± SEM of triplicate cultures and are representative of 3 independent experiments. ∗p < 0:05. (b) Immunoblot
shows HIF-1α levels in JJ012 parental and IDH1mut KO cells under normoxia (N) and hypoxia (H) conditions.
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cells. This association was solidified by in vitro vascular tube
formation assay, which shows that the secretome of IDH1mut

KO cells substantially reduced HUVECs’ ability to from
primitive vascular tubes in comparison with the secretome
of parental cells. To be noted, our previous study also
showed an association between IDH mutation and aberrant
activation of integrin signaling in chondrosarcoma cells [22].
A few integrins have been implicated in blood vessel forma-
tion and regulation of cell growth, survival, and migration
during tumor angiogenesis and metastasis [36, 37]. Interest-
ingly, although VEGF expression is induced by HIF-1α dur-
ing hypoxia [38], its expression can also be modulated by
tumor integrins, resulting in efficient tumor angiogenesis
under normoxic conditions [39]. Therefore, integrin and
HIF-1α signaling might intertwine with each other by shared
mediators such as angiogenic factors in the tumor microen-
vironment, and thus both pathways contribute to the pro-
cess of angiogenesis in IDH-mutant chondrosarcomas [12,
36]. In any case, the established association in this study ren-
ders antiangiogenic molecules appealing candidates for com-
binatorial regimens with IDH1mut inhibitors for advanced
chondrosarcomas. The use of angiogenesis inhibitors has
been used as an adjunct to other forms of therapy for pre-
venting development of malignant neoplasms [40]. Preclini-
cal studies have shown the benefits of targeting angiogenesis
in chondrosarcomas [41]. Given the modest results with
IDH1mut inhibitors in chondrosarcoma [42], future efforts
to improve the efficacy of these compounds might benefit
from emphasis on biology-driven therapeutic strategies to
improve response rates in IDH-mutated chondrosarcomas.

The present study was limited by the use of only one
conventional chondrosarcoma cell line. In fact, due to the
rareness of this malignancy, very few chondrosarcoma cell
lines are available worldwide. Thus, more chondrosarcoma
cell lines, or patients’ primary tumor cells, will be essential
to further investigate and strengthen the concept explored
in this study. Interestingly, we did not find a similar associ-
ation between IDH mutation and HIF-1α in an IDH1-
mutant fibrosarcoma cell line, HT1080, which was originally
reported as a fibrosarcoma of bone, but is now considered to
represent a dedifferentiated chondrosarcoma. We believe
that the discrepancy is due to pathogenesis heterogeneity
between the chondrosarcoma cell lines as conventional and
dedifferentiated chondrosarcomas were shown to exhibit
distinct biological behaviors and clinical characteristics. As
described previously, differential biology was also observed
within gliomas and leukemias with regards to the effects of
IDH mutation on PHDs and HIF-1α activity [18–21].
Thus, much work remains to better understand the biol-
ogy to fully clarify these discrepancies and identify the
appropriate patient populations for specific targeted thera-
pies. Nonetheless, herein, we identified a strong correlation
between HIF-1α activation and IDH1 mutation status in
chondrosarcoma cells. Furthermore, this study unravels
one aspect of chondrosarcoma pathophysiology and pro-
vides insightful therapeutic possibilities such as combina-
torial regimens of antiangiogenic agents with IDH1mut

inhibitors for patients with advanced IDH mutated
chondrosarcoma.
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Objective. The purpose of this project is to make sequential and indepth observation of the variations of retinal microvascular,
microstructure, and inflammatory mediators at the early stage of diabetic retinopathy (DR) in streptozotocin-induced diabetes
mellitus (DM) rats. Methods. DM was induced by a single intraperitoneal injection of 60mg/kg body weight streptozotocin
(STZ). The fluorescein fundus angiography, hematoxylin and eosin staining, periodic acid-Schiff staining, fluorescence imaging
techniques, quantitative real-time PCR, and vascular endothelial growth factor- (VEGF-) A ELISA were performed on the 8th

day, at the 4th week, 6th week, 8th week, and 10th week after DM induction, respectively. Results. In this study, we observed not
only the decrease of retinal ganglion cells (RGCs) and the increase of endotheliocytes to pericytes (E/P) ratio, acellular
capillaries, and type IV collagen-positive strands began to occur on the 8th day after induction but the vascular permeability
and new vessel buds began to appear in the diabetes group at the 8th week, while the expression of VEGF-A, VEGF mRNA,
IL-6 mRNA, ICAM mRNA, and TNF-α mRNA were significantly higher in the diabetes group compared with the normal
group(P < 0:01) on the 8th day after induction and maintained a high expression level throughout the 10-week observation
period. However, the expression of CD18 mRNA began to increase significantly at the 4th week after induction and reached a
peak at the 6th week. Conclusion. Our study indicated the abnormal alterations of microvessels, microstructure, and
inflammatory mediators at the early stage of DR, which confirms and supplements the previous research, and also promotes an
indepth understanding and exploration of the pathophysiology and underlying pathogenesis of DR.

1. Introduction

Diabetic retinopathy (DR) remains a leading cause of vision
loss in the working age population of industrialized regions
[1]. A third of the 463 million people with diabetes [2] have
signs of diabetic retinopathy, and a third of these might suffer
from severe retinopathy or macular edema [3]. DR is catego-
rized as nonproliferative DR (NPDR) and proliferative DR
(PDR). Due to the fact that the patients without typically
asymptomatic, NPDR (especially the mild NPDR) usually
represents the early stage of DR. Early diabetic retinopathy
is mainly characterized by loss of pericytes and retinal gan-
glion cells (RGCs), overexpression of vascular endothelial

growth factor (VEGF), and compensatory synthesis and depo-
sition of extracellular proteins. In addition, a variety of inflam-
matory mediators on the retina can be upregulated in the early
stage of diabetes, including intercellular adhesion molecule-1
(ICAM-1), VEGF, nuclear factor kappa B (NF-κB), inducible
nitric oxide synthase (iNOS), tumor necrosis factor (TNF)-α,
CD18, and local inflammatory response playing an important
role in the occurrence and development of DR [4, 5].

Researchers have conducted some studies on early path-
ological changes, occurrence, and development of DR. One
study [6] indicated that RGC apoptosis increased at the 4th

week of the diabetes course, and that this early abnormality
of neurons may be due to the loss of nerve cells. Moreover,
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Kuwabara et al. [7] pointed out that microvascular pericytes
were lost in the early stage of diabetic retinal tissue, and that
the loss of pericytes in the vascular wall could lead to the
formation ofmicrohemangioma. Based on a study by Ayalaso-
mayajula et al. [8], the vitreous VEGF expression of diabetic
rats was significantly higher than that of normal control group
on the 8th day after induction. In the 4-week observation
period, the VEGF expression in vitreous of diabetic rats was
the highest at the 4th week, which was significantly higher than
that of the normal control group [9]. The overexpression of
VEGF will transform or alter the occurrence of neovasculari-
zation and improve vascular permeability, leading to retinal
structural and functional abnormalities [10].

Although the studies above have investigated the patho-
logical changes of retinal structure in the early stage of DR,
they have their own limitations, such as discontinuities in time
and differences in results. The pathological changes of retinal
structure in the early stage of DR at continuous time nodes
remain unclear, and the theoretical basis for the early stage
of DR needs further research. To further clarify the retinal
microvascular injury, microstructure changes, and expression
of interleukin-6 (IL-6), CD18, ICAM, TNF-α and VEGF in the
early stage of DR (Figure 1), we conduct sequential and
indepth observation of the occurrence and development at
the early stage of DR in diabetic rats, especially using fluores-
cein fundus angiography (FFA) to examine the fundus of
living organisms.

2. Material and Methods

2.1. Animals. A total of 50 eight-week-old male Sprague-
Dawley (SD) rats (weight, 295 ± 15 g) were purchased from
the Animal Center of Nanchang University (Nanchang,
China). Rats were maintained under a condition of controlled
temperature (23 ± 2°C), humidity (50%), and lighting (12-h
light/dark cycle) and had ad libitum access to sterilized
standard laboratory chow and water. Rats were treated in
accordance with principles of animal ethics and were anesthe-
tized with an intraperitoneal injection of pentobarbital (40mg/
kg body weight; Sigma-Aldrich; Merck Millipore, Darmstadt,
Germany) for the subsequent experiments. All experiments
were conducted in accordance with the Instruction and
Administration of Experimental Animals and were approved
by the Medical Ethics Committee of the First Affiliated Hospi-
tal of Nanchang University.

2.2. Diabetes Induction and Experimental Groups. Diabetes
mellitus (DM) was induced by a single intraperitoneal injection
of 60mg/kg body weight streptozotocin(STZ) (Sigma-Aldrich;
Merck Millipore). Rats with blood glucose levels ≥ 250mg/dl
24h after STZ injection and which remained hyperglycemic
for four days were classified as diabetic. A total of 25 diabetic
rats were treated as diabetes group, and 25 normal rats without
any treatment were used as the normal group. The rats in each
group were randomized (N=5) and sacrificed after FFA exam-
ination on the 8th day, at the 4th week, 6th week, 8th week, and
10th week after induction, respectively.

2.3. Animal Examination of Fluorescein Fundus Angiography
(FFA). Fluorescein fundus angiography (FFA) is one of the
common and main methods for diagnosing DR. The rats
in each group were treated with FFA (Heidelberg Spectraalis
HRA, Heidelberg, Germany) to examine the right eye of rats.
The rats were given intraperitoneal injection of sodium pen-
tobarbital (40mg/kg) for anesthesia after being weighed,
pupil dilation was performed with one drop of compound
topicamide (Mydrin-P○R; Santen, Osaka, Japan) and local
anesthesia with alcaine, and then the corneal surface was
coated with methyl cellulose to keep moist. During FFA
examination, SD rats were intraperitoneally injected with
10% sodium fluorescein injection (0.001ml/g, International
Medication Systems, Dunstable, United Kingdom) for quick
examination.

2.4. Experimental Samples. In order to label all blood-
circulating vessels, an intravascular perfusion of fluorescent
tomato lectin was performed [11]. Anesthetized SD rats were
intravenously injected with 100μl fluorescein isothiocyanate-
conjugated tomato lectin (1mg/ml; Sigma-Aldrich; Merck
Millipore) and 500μl fluorescein isothiocyanate (1mg/ml;
Yuanye Bio-Technology; Shanghai; China). Tomato lectin
bound uniformly to the luminal surface of endothelial cells
[12] and labeled all blood vessels with adequate blood supply.
At 15 mins after injection, rats were perfused with stroke-
physiological saline solution for 5mins through the left ventri-
cle at pressures of 80-120mmHg under anesthesia. The vitre-
ous humor and retina were isolated from the eyes under an
×2.5 anatomic microscope. The vitreous humor was isolated
for VEGF-A ELISA and the retina for hematoxylin and eosin
(H&E) staining, periodic acid-Schiff (PAS) staining, fluores-
cence imaging techniques, and expression of proinflammatory
proteins on the 8th day, at the 4th week, 6th week, 8th week, and
10th week after induction of DM, respectively.

2.5. Estimation of VEGF-A in Vitreous Humor. Isolated vit-
reous humor was homogenized in 185μl sterile phosphate
buffer saline (PBS) after being frozen at -80°C for 5min.
According to the manufacturer’s instructions, a rat VEGF-
A ELISA kit (RayBiotech Inc, Norcross, GA, USA) capable
of detecting both VEGF-A isoforms (RayBiotech Inc, Nor-
cross, GA, USA) was used to estimate the level of VEGF-A
proteins in the vitreous homogenate. The antibodies in the
kit have >95% crossreactivity with rat.

2.6. H&E-Stained Retinal Preparations. One-fourth of the ret-
inal tissue in each sample was isolated from normal and dia-
betic rats and fixed in 4% paraformaldehyde solution at 20°C
for 2h. Samples were subsequently sectioned (5μm), stained
with H&E, and examined under a light microscope (magnifi-
cation, ×400; Zeiss AG, Oberkochen, Germany) to determine
the area and number of RGCs present in the samples.

2.7. Periodic Acid-Schiff Stain- (PAS-) Stained Retinal
Preparations. One-fourth of the retinal tissue in each sample
was isolated from each group and fixed in 4% paraformalde-
hyde solution for at 20°C for 24h. Samples were subsequently
placed into trypsin fluid for 40mins at 37°C, stained with PAS,
and examined under a light microscope (magnification, ×400;
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Zeiss AG) to calculate the number of acellular strands and the
ratio of endotheliocytes to pericytes (E/P).

2.8. Fluorescence Imaging Techniques for Flat Retinal
Preparations. Retinal flat mounts immersing in marker solu-
tions were processed to visualize the vascular basement
membrane. Prior to immersion staining, one-fourth of the
retinal tissue in each sample was incubated for 45 mins at
room temperature in 5% normal bovine serum in PBS con-
taining 0.5% Triton-X-100 (0.5% T-PBS). Subsequently, the
flat mounts were incubated overnight at 4°C in a marker
solution containing rabbit polyclonal anti-type IV collagen
antibody solution (1 : 300; ab19808; Abcam, Cambridge,
UK) for basement membrane [9]. Fluorescent goat anti-
rabbit immunoglobulin (Ig) G (1 : 45; BA1105; Wuhan Bos-
ter Biological Technology, Ltd., Wuhan, China) was treated
as a secondary antibody. Subsequent to secondary incuba-
tion at 20°C for 5mins, the retinal flat mounts were washed
three times in 0.5% T-PBS, kept into DAPI for 5mins, and
washed another three times in 0.5% T-PBS. Then, the retinal
flat mounts were prepared in a Vectashield (Wuhan Boster
Biological Technology, Ltd.) and analyzed using a Zeiss
LSM 710 confocal laser scanning microscope to determine
the area and number of retinal neurocytes and the number
of type-IV collagen strands.

2.9. Quantitative Real-Time PCR Analyses for VEGF and
Various Inflammation-Related Molecules of Retina. In order
to measure the mRNA expression levels of VEGF, IL-6,
CD18, ICAM, and TNF-α in retinal tissue, total RNA was iso-
lated from the one quarter of the retinal tissue remains using
an extraction reagent (TRIzol; Invitrogen, Carlsbad, CA) and
reverse-transcribed with a HiFiScript cDNA Synthesis Kit
(First-Strand, CoWin Biosciences, china). PCR was performed
using TaqDNA polymerase (Servicebio®, WuHan, China) in a

thermal controller (Gene Amp PCR system; Applied Biosys-
tems, Foster, CA). The primer sequences (Sangon Biotech,
ShangHai, China) are as follows: 5′-GAGGCCGAAGTCTG
TTTG-3′ (forward primer) and 5′-GGTTTGTCGTGTTT
CTGGA-3′ (reverse primer) for VEGF, 5′-CACCAGGAA
CGAAAGTCAA-3′ (forward primer) and 5′-CAACAACAT
CAGTCCCAAGA-3′ (reverse primer) for IL-6, 5′-CAGC
AGAAGGACGGAAAC-3′ (forward primer) and 5′-GGAG
GAGGACACCAATCA-3′ (reverse primer) for CD-18, 5′-
CCAGCCCCTAATCTGACCT-3′ (forward primer) and 5′-
CTAAAGGCACGGCACTTGT-3′ (reverse primer) for
ICAM, 5′-CAGCCAGGAGGGAGAAC-3′ (forward primer)
and 5′-GTATGAGAGGGACGGAACC-3′ (reverse primer)
for TNF-α, and 5′-AGCCATGTACGTAGCCATCC-3′ (for-
ward primer) and 5′-ACCCTCATAGATGGGCACAG-3′
(reverse primer) for β-actin, respectively.

2.10. Image Processing and Statistical Analysis. IPP 6.0 and
ImageJ 2.0 were used to process images, and IBM SPSS 19.0
(IBM Corporation, Armonk, NY, USA) statistical software
was used for statistical analysis of the obtained data. Two-way
ANOVA was conducted for multiple mean values, and inde-
pendent sample t-test was conducted for data between groups.
All data were treated withmean ± standard deviation. P < 0:05
was statistically significant.

3. Results

3.1. Metabolic Condition of Rats. The metabolism of rats was
shown in Figure 2 after intraperitoneal injection of STZ. On
the 4th day after DM induction, the body weight of SD rats in
the diabetes group was reduced compared with the normal
group (P < 0:05), and with the progress of disease, the body

(a) (b)

Figure 1: Example of the early stage of DR patients was examined on fundus camera (a) and fluorescence fundus angiography (b). (a)
Fundus photography showed no obvious abnormalities. (b) Optic disc capillaries showed dilation and leakage (yellow arrow) and
hemangioma capillanisum (red arrow).
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weight of SD rats in the diabetes group was significantly
lower than that in the normal group (P < 0:01). In addition,
the blood glucose level of SD rats in the diabetes group
increased significantly 24 hours after intraperitoneal injec-
tion of STZ, which was significantly different from that in
the normal group (P < 0:01), and the difference remained
significant throughout the 10-week observation period after
DM induction.

3.2. Animal Examination of FFA. In order to observe the
changes of the retinal tissue vascular network system in dia-
betic SD rats during the 10-week observation period, FFA
examination was performed (Figure 3). The optic disc of SD
rats was located in the center of the retina, and the retinal
blood vessels were radiated. After intraperitoneal injection of
sodium fluorescein in SD rats for 3-5 s, retinal arteries began
to fill, retinal vein laminar flow was observed for 5-7 s, and
retinal vessel fluorescence decreased significantly for 3-6 mins
until the fluorescence disappeared completely. The whole skin
of SD rats was yellow at the end of examination. During the
10-week observation period after induction of DM, the SD rats
in the diabetes group showed obvious vascular tortuosity and
dilation at the 6th week, and the peripheral roughness and

leakage began to appear at the 8th week, while the obvious vas-
cular leakage and dilation appeared at the 10th week. However,
no such phenomenon was observed in the normal group dur-
ing the 10-week observation period after induction.

3.3. Retinal H&E Staining. In this study, the morphological
changes between the retinal nerve fiber layer and the outer
nuclear layer of rats were observed on the 8th day, at the 4th

week, 6th week, 8th week, and 10th week after DM induction,
respectively, and the number and area of RGCs were counted
and measured in each group (Figure 4). The number of RGCs
in SD rats in the diabetes group decreased significantly com-
pared with that in the normal group (P < 0:01) on the 8th

day after induction, and with the progression of the disease,
the number of RGCs in the diabetes group decreased gradu-
ally. However, there was no significant difference in the num-
ber of RGCs in the diabetes group at the 8th week and 10th

week (P > 0:05), and the number of RGCs tended to be stable.
Furthermore, there was no significant difference in retinal
ganglion cell area between the diabetes group and the normal
group during the 10-weeek observation period after induction
(P > 0:05). Microvascular dilatation was observed at the 6th

week, and the formation of new vessel bud and obvious
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Figure 2: Changes in body weight and blood glucose levels of SD rats in this study. (a) Experimental design scheme. Twenty-five SD rats
were intraperitoneally injected with 60mg/kg STZ and treated as the diabetes group, and 25 normal SD rats were used as the normal group.
Body weight (b) and blood glucose levels (c) of animals in this study. Data presented with mean ± standard deviation (∗P < 0:05, normal
group vs. diabetes group on 4th day; #P < 0:01, normal group vs. diabetes group on 1th day, and 4th day, 8th day, respectively).
Abbreviations: d: day; w: week; N : number; STZ: streptozotocin; FFA: fluorescein fundus angiography.
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microvascular dilatation was observed at the 8th week, while
typical new vessel bud was observed between the ganglion cell
layer and the inner nuclear layer at the 10th week.

3.4. Retinal PAS Staining. In the PAS staining, the nuclei of
endotheliocytes were oval, and the dye was pale, while the
nuclei of pericytes were circular and the dye was darker than
the endotheliocytes (Figure 5). E/P ratio and acellular strands
of retinal tissue vessels of SD rats in each group were counted
on the 8th day, at the 4th week, 6th week, 8th week, and 10th

week after DM induction, respectively. The E/P ratio in retinal
tissue of SD rats in the diabetes group began to be significantly
higher than that in the normal group at the 4th week (P < 0:01
), and with the progress of disease, a significant difference was
maintained between the two groups. The number of acellular
capillaries was increased on the 8th day after induction in the
diabetes group, and the trend of the increase was worse with

the progress of the disease course. The significant difference
began to appear at the 4th week after DM induction
(P < 0:01). At 8th week, new vessel buds and a large number
of acellular strands were observed, while typical new vessel
buds and a large number of acellular filaments were also
observed at the 10th week.

3.5. Estimation of VEGF-A in Vitreous Humor. In this study,
VEGF-A ELISA kit was used to detect the concentration of
VEGF-A in vitreous cavity of SD rats, and the changes in
the concentration of VEGF-A in vitreous cavity of rats in
each group were determined on the 8th day, at the 4th week,
6th week, 8th week, and 10th week after successful modeling
(Figure 6), respectively. On the 8th day after DM induction,
the concentration of VEGF-A in vitreous cavity of SD rats
in the diabetes group became higher than that in the normal
group at the same time point (P < 0:01) and remained at a

(a) (b) (c)

(d) (e) (f)

(g) (h) (i) (j)

Figure 3: Morphological changes of retina in FFA. (a)–(e) were FFA examination images of diabetic rats on the 8th day, at the 4th week, 6th

week, 8th week, and 10th week after induction in the diabetes group, respectively, while (f)–(j) represented FFA images in the normal group
at corresponding time points. Yellow arrow indicated vascular tortuosity and dilation, blue arrow indicated rough and leakage of vascular,
and red arrow indicated typical leaky vessels with vascular tortuosity and dilation. Scale bar: 200μm.
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high concentration with the progression of the disease.
However, the VEGF-A concentration in vitreous cavity of
SD rats in diabetes group began to increase further at the
6th week after the successful modeling, reaching the peak at
the 8th week.

3.6. Fluorescence Imaging Techniques for Retinal–Flat
Preparations. In this study, the changes of microvessels and
cells in the retinal tissue of SD rats were observed by fluores-
cein isothiocyanate (FITC)-tomato lectin, rabbit polyclonal
anti-type IV collagen antibody, and DAPI-labeled retinal-flat
(Figure 7). Compared with the normal group, the number of
anti-IV+ collagen strands crosslinked between retinal vessels

in the diabetes group began to increase on the 8th day after
induction of DM. It was higher than that in the normal group
at the 4th week with statistical difference (P < 0:05), and with
the progression of disease, there was a significant statistical dif-
ference (P < 0:01). The number of nerve cells in the retinal tis-
sue decreased in the diabetes group compared with that in the
normal group on the 8th day after induction (P < 0:05), but
there was no statistical difference at the 4th week (P > 0:05).
With the progress of the disease course, the number of nerve
cells in retinal tissue decreased significantly in diabetes group
at the 6th week (P < 0:01) and became worse at the 8th and
10th week, but the number of cells tended to be stable. In addi-
tion, the retinal tissue cell area of SD rats in the diabetes group
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Figure 4: The number and area of RGCs and the morphological changes in two groups of retinal tissue HE staining, respectively
(magnification, ×400). Retinal tissue looseness and edema and loosely arranged cells were observed in the diabetic group but not in the
normal group. (a)–(e) were the HE staining of the diabetes group.(f)–(j) represented HE staining in the normal group at corresponding
time points. (k, l) represented the ratio of RGCs and RGCs area between the two groups at each time, respectively (∗P < 0:01, #P > 0:05).
Blue arrows indicated new vessel buds, and yellow arrows indicated abnormally dilated microvessels. Scale bar: 25 μm. Abbreviations: d:
day; w: week; RGCs: retinal ganglion cells.
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was significantly higher than that in the normal group
(P < 0:01) on the 8th day, but there was no statistical difference
between the two groups with the progression of disease
(P > 0:05). We observed that the retinal tissue vessels of SD
rats in the diabetes group showed obvious tortuosity and local
leakage at the 8th week, and the conditions were aggravated,
and the formation of new vessel buds were observed at the
10th week.

3.7. The mRNA Expression Levels of VEGF, IL-6, CD18, ICAM,
and TNF-α in Retinal Tissue.Many molecules with inflamma-
tory characteristics were detected in the retina of diabetic ani-
mals (Figure 8). In this study, we found that the mRNA
expression of VEGF in the retinal tissue of SD rats in the dia-

betes group began to increase on the 8th day after induction,
which was higher than that in the normal group (P < 0:05),
and reached the peak at the 8th week. During the 10-week
observation period, the mRNA expression of VEGF in the ret-
inal tissuemaintained a state of high expression in the diabetes
group. At the same time, the mRNA expression of IL-6,
ICAM, and TNF-α in retinal tissue began to be highly
expressed in the diabetes group on the 8th day after induction,
and the difference was statistically significant compared with
that in the normal group at the same time point (P < 0:01).
With the progression of the disease, the mRNA expression
levels of IL-6, ICAM, and TNF-α were in a high expression
state in the diabetes group, and a new peak appeared at the
10th week. However, the CD18 mRNA expression in the
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Figure 5: The ratio of E/P and number of acellular strands and the morphological changes between the two groups in PAS staining of retinal
tissue (magnification, ×400). (a)–(e) were the PAS staining of the diabetes group. (f)–(j) represented PAS staining in the normal group at
corresponding time points. (k, l) represented the ratio of E/P and acellular strands of rats in two groups at each time, respectively.
(∗P < 0:01, #P > 0:05). Yellow arrows indicated acellular strands, and red arrows indicated new vessel buds. Scale bar: 25μm.
Abbreviations: d: day; w: week; E/P: endotheliocytes to pericytes; ASs: acellular strands.
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retinal tissue was significantly higher in the diabetes group
than that in the normal group from the 4th week after model
establishment (P < 0:01) and reached the peak at the 6th week
after induction.

4. Discussion

Diabetic retinopathy affects up to 90% of patients with diabe-
tes, with 5% progressing to legal blindness. It has become
increasingly clear that diabetic retinopathy affects not only
retinal vasculature and retinal neuronal and glial cells but also
a variety of inflammatory mediators [4, 5, 13–17] (Figure 9).
In our study, a series of RGC changes were observed during
the 10-week observation period. The loss of RGCs could lead
to a variety of degenerative diseases, including DR and glau-
coma [18]. RGCs showed increased apoptosis during the
fourth week of the diabetes course [6] and neuronal dysfunc-
tion across all retinal layers 12 weeks after STZ-induced diabe-
tes in rats, which is consistent with a study [19] of the late
functional loss [20]. As diabetes progresses, RGCs began to
decrease at the 6th week [21, 22]. However, previous reports
[23–25] suggested that the ganglion cells underwent apoptosis
after 12 weeks of STZ-induced diabetes. Based on the observa-
tion of different nodes and interspecies difference between our
study and previous reports [6, 20, 23–25], oxidative stress, and
the high expression of inflammatory mediator precursors
caused by hyperglycemia, the apoptosis of RGCs increased
on the 8th day after induction. Although the molecular mech-
anisms of cell depletion or structural abnormalities are not
clear, inflammation, oxidative stress, or advanced glycation
end products have been suggested to be responsible for path-
ologic changes in the retina, including a decrease in the num-
ber of RGCs [22, 26–28]. Furthermore, a report suggested that
the size of RGCs was unchanged compared with the control
group during the three-month observation period [25], which
is consistent with our observations, except on the 8th day after
induction. We speculated that the oxidative stress and the

release of inflammatory mediator might cause abnormal
metabolism in the retinal neuronal cells in the early stage of
diabetes, thereby leading to the increase of the area of the ret-
inal neuronal cells on the 8th day after induction.

The morphological changes seen in retinal microvessels
of DR include many pathological changes, such as early loss
of pericytes, loss of endothelial cells, increased vascular per-
meability, and capillary dropout [29, 30]. Our study sug-
gested that the ratio of E/P, acellular strands, and type IV
collagen-positive strands in the diabetes group were signifi-
cantly higher than those in the normal group at the 4th week
after induction, while the vascular permeability and vessel
buds were observed at the 8th week and 10th week after
induction. These predict the abnormal structure of retinal
vessels and the occurrence of new blood vessels, which will
lead to retinal new vessels. The earliest identified lesion in
the diabetic retina is pericyte loss [7, 31]. Pericyte loss pro-
gresses over time to endothelial cell loss, resulting in the for-
mation of acellular capillaries [32]. However, the mechanism
of pericyte loss in early DR is unclear. Akagi et al. [33] pro-
posed that this mechanism was related to the sorbitol path-
way, because they found that aldose reductase was present
in human retinal capillary pericytes through immunohisto-
chemical staining, but not in endothelial cells. A study [34]
pointed out that hyperglycemia or galactosemia can cause
abnormal secretion or function of platelet-derived growth
factor B chain, which may selectively affect pericyte activity
and lead to pericyte apoptosis. The loss of pericytes in the
vascular wall can lead to the increase of E/P ratio, which will
lead to the formation of microhemangioma.

In our study, we also found that the vitreous VEGF-A con-
centration and the expression level of VEGF RNA in the retinal
tissue began to show high expression on the 8th day after induc-
tion in the diabetes group and reached the peak at the 8th week.
Ayalasomayajula et al. [8] found that the concentration of
VEGF and the VEGFmRNA expression in retinal tissue of dia-
betic rats were significantly higher than those in the normal
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Figure 6: The ratio of the VEGF-A expression in vitreous cavity of SD rats in the diabetes group and normal group (∗P < 0:01, ∗∗P < 0:05,
#P > 0:05).
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Figure 7: (a)–(e) were the immunohistochemical imaging of the diabetes group and (f)–(j) in the normal group, respectively (magnification,
×100). (k)–(m) represented the ratios of type IV collagen-positive strands, retinal cells, and the area of retinal cells in the diabetes group and
the normal group at each time, respectively. Yellow arrows indicated type IV+ collagen-positive strands, blue arrows indicated vascular
permeability, and red arrows indicated new vessel buds. (∗P < 0:05, ∗∗P < 0:01, #P > 0:05). Scale bar: 75μm. Abbreviations: d: day; w:
week; FITC: fluorescein isothiocyanate; TL: tomato lectin; AT-IV CSs: anti-type IV collagen strands; RFCs: retinal flat cells.
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control group on the 8th day after induction, which was consis-
tent with our results. In the 4-week or 12-week observation
period, the VEGF concentration and the VEGF mRNA expres-
sion in retinal tissue of diabetic rats at the 4th week were the
highest compared with the normal control group (P < 0:01)
[9, 35]. However, the VEGF-A concentration in vitreous cavity
and the VEGFmRNA expression level in retinal tissue at the 8th

week in our study were different, which might be due to the
sharp upregulation of the VEGF-A concentration and the
VEGFmRNA expression level in diabetic rats caused by tempo-

rary acute high blood glucose concentration, ischemia, and hyp-
oxia in the diabetic group. In addition, the overexpression of
VEGF is related to altered angiogenesis and the increases of ret-
inal vascular permeability, resulting in retinal dysfunction [10].
Based on the above studies, the occurrence of new vessel buds
or new vessels may be inevitable, and the increasing vascular
permeability seems to be a natural development of the DR pro-
gression. These new blood vessels may lead to retinal microa-
neurysms or pathological neovascularization. One study
demonstrated that the number of type IV+ collagen strands
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Figure 8: (a)–(e) represented the ratio of the VEGF RNA expression, the ratio of the IL-6 RNA expression, the ratio of the ICAM RNA
expression, the ratio of the TNF-α RNA expression, and the ratio of the CD18 RNA expression in retinal tissues, respectively (∗P < 0:05,
∗∗P < 0:01, #P > 0:05).
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without any evidences of endothelial proliferation and contain-
ing no cellular elements had been the earliest morphological
changes at the 1th and 4th week after DM induction [9]. The
type IV+ strands indicate a potential relationship between the
vascular degeneration and the very early stages of DM [36].
Meanwhile, the vascular regression maybe represent hollow
vessels or structurally-collapsed without blood flow, resulting
in “vascular ghosts” [37]. Thus, the presence of type IV+ colla-
gen strands in vascular degeneration is a residue of vascular
basement membrane composition. These results suggest that
endothelial cell degeneration and vascular basement membrane
residue caused by diabetes are due to vascular degenerative
changes.

Many reports have indicated that retinal microvascular
injury is linked to upregulation of several cytokines such as
IL-6, TNF-α, VEGF, and CD18 and the pathological overex-
pression of intercellular and vascular cell adhesion molecules
(ICAM-1 and vascular cellular adhesion molecule-1)
[38–41]. Our study finds that the mRNA expression levels
of IL-6, ICAM, and TNF-α were always high in the diabetes
group during the 10-week observation period, and the high
expression levels began to appear on the 8th day after the
DM induction, but the mRNA expression level of CD18
began to increase significantly at the 4th week after induc-
tion, and reached the peak at the 6th week. Increasing evi-
dence suggests that the IL-6 signaling pathway plays a
prominent role in the endothelial cell dysfunction and vas-
cular inflammation of DR [42–45]. A report [46] has found
that the levels of TNF-α and IL-6 in the diabetes group were
significantly higher than those of the normal group at the 2th

week after induction, while another study [47] has suggested
that IL-6 and TNF-α became significantly elevated in dia-
betic retina after STZ injection as compared with normal
rats at the 4th week after induction and continued to the

8th week. Our results are similar to what have been reported
in the two reports. In addition, the expression of CD18 in
retina became increased at the 1-week old diabetic rats
[48]. Elevated levels of CD18 in neutrophils were present
in each stage of DR: the more severe the disease, the higher
the levels are [49]. The leukostasis is known to be increased
in retinal blood vessels in diabetes, and this process is medi-
ated via ICAM-1, while the retinal ICAM-1 levels were sig-
nificantly increase when compared with the nondiabetic
control group after 1 week of diabetes [50]. ICAM-1 is
upregulated by several stimuli, including VEGF, poly
(ADP-ribose) polymerase activation, oxidative stress, and
dyslipidemia [51–53]. To our knowledge, the dynamics of
these factors are attributable to metabolic disorders and the
activation of inflammatory responses caused by hyperglyce-
mia during diabetes. Our study is a continuation of the
above studies and bears similarities. At the same time, it tries
to offer an indepth and detailed understanding of the patho-
logical changes in the early stage of DR.

In conclusion, our study indicated the abnormal alter-
ations of microvessels, microstructure, and inflammatory
mediators at the early stage of DR, which confirms and sup-
plements the previous research, and also promotes an
indepth understanding and exploration of the pathophysiol-
ogy and underlying pathogenesis of DR. The results are suf-
ficient to warrant further investigations, offer new insight
into the pathogenesis of diabetic retinopathy, and offer novel
targets to inhibit the ocular disease.
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Purpose. Cinnamaldehyde (CA) is the main ingredient in cinnamon, and it has been proven to have an inhibitory effect on many
different tumor types. However, it lacks effect on glioma. This paper explores the effect CA has on glioma cells U87 and U251 at
the cellular and molecular levels. Methods. The relationship between Hif-1α and Sept9 was found by CGGA. Cell Viability Assay
(CCK8) was made to detect the proliferation ability. The scratch experiment and the transwell experiment were applied to the
migration and invasion ability. Annexin V-FITC/PI were used to detect the cell apoptosis. Western blotting was used to
determine the specified protein level. Results. Cell proliferation assay results revealed CA to inhibit the proliferation of glioma
cells in a dose-dependent manner. It promoted apoptosis for upregulating the expression of Bax and downregulating the
expression of Bcl-2. Wound Healing Assay and transwell test found CA to have anti-invasion ability and that it upregulated
the expression of E-cadherin and downregulated the expressions of MMP-2 and MMP-9. The molecular mechanism was
studied from a tumor microenvironment (TME) perspective. Pi3k inhibitor (LY294002) was used for interfering with cells, and
the results found CA to demonstrate a similar effect. Hif-1α and Sept9 expressions were inhibited, and Akt and p-Akt were
also inhibited. By using CoCl2 to make hypoxia, CA was discovered to inhibit the high expression of Hif-1α and Sept9,
demonstrating a correlation with the Pi3k/Akt pathway. It is suggested that the mechanism of Sept9 under hypoxia regulation
can be realized through the Pi3k/Akt pathway. Conclusions. This study proves for the first time that CA is an effective drug for
inhibiting the proliferation of glioma through Sept9 and reveals Sept9 to be related to the Pi3k/Akt pathway in terms of tumor
microenvironment, providing a molecular basis for the further study of CA in glioma treatment.

1. Introduction

Glioma is the most common tumor that is found in the
brain’s nervous system. Treatments for it include chemo-
therapy, radiotherapy, surgery, targeted therapy, and stem
cell therapy. However, it can easily relapse, it has a high
mortality rate, and the prognosis is poor [1]. In recent years,
the pharmacological effects of herbaceous plants have made
significant progress, including tea polyphenols [2] and indir-
ubin [3], which can effectively inhibit the progress of tumor
cells. It has been proven that CA can inhibit colon cancer [4,

5], breast cancer [6], small cell lung cancer [7], and bone
marrow-derived suppressor cells (MDSCs) [8] among others
[9], but a lack of research has been conducted relating to the
treatment of glioma with CA.

CA can inhibit expression of vascular endothelial growth
factor (VEGF), reduce neovascularization and cancer cell
proliferation, and promote cancer cell apoptosis through
tumor hypoxia microenvironmental factor Hif-1α [10, 11].
Therefore, research on the target of Hif-1α has currently
become a topic of great interest. It has been shown that
Sept9 can bind and stabilize Hif-1α, promote its
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transcriptional expression, and promote angiogenesis and
tumor growth [12, 13]. By using Chinese Glioma Genome
Atlas (CGGA) gene correlation analysis, it was discovered
the significant positive correlation between Sept9 and Hif-
1α. It has been proven that cinnamaldehyde can inhibit the
growth and invasiveness of cancer cells through the Pi3k/
Akt pathway. In this paper, experiments were conducted
on this basis in order to confirm that CA can inhibit the
expression of Sept9 and Hif-1α through the Pi3k/Akt path-
way, inhibit the tumor microenvironment, and restrict
tumor growth.

2. Materials and Methods

2.1. Chemicals, Reagents, and Antibodies. CA was purchased
from MedChemExpress LLC China (purity 99%). This was
dissolved in dimethylsulfoxide (DMSO) at a stock solution
(200μg/ml) and stored at -80°C. Dulbecco’s modified Eagle’s
medium (DMEM) and fetal bovine serum (FBS) were pur-
chased from Servicebio (Wuhan, China), and antibodies
against Akt, p-Akt, Bax, MMP-2, MMP-9, Hif-1α, Sept9,
and β-actin were purchased from Servicebio (Wuhan,
China). LC3B was purchased from Bioss (Beijing China),
Bcl-2 was purchased from Cell Signal Technology (Massa-
chusetts, USA), rabbit anti-human antibody against Pi3k
inhibitor LY 294002 was purchased from Cell Signal Tech-
nology (Massachusetts, USA), CoCl2 was purchased from
Aladdin (Shanghai, China), CCK8 kit was purchased from
Biosharp Life Sciences (Beijing, China), and Annexin V con-
jugated to fluorescein-isothiocyanate (Annexin V-FITC)
apoptosis detection kit was purchased from Beyotime
(Beijing, China). All other chemicals that were used in the
experiment were of the highest purity grade available.

2.2. Cell Culture. The glioma cell lines (U87, U251) were
purchased from the Chinese Academy of Medical Sciences
(Beijing, China) and cultured in DMEM that was supple-
mented with 10% fetal bovine serum (FBS) in an incubator
that contained 5% CO2 at 37

°C.

2.3. Cell Viability Assay (CCK8 Analysis). 3 × 103 cells were
uniformly cultured in 96-well plates for 12, 24, and 48 hours
and were then treated with 0, 2, 4, 8, and 16μg/ml of CA.
10μl of CCK8 was added and incubation at 37°C continued
for 30 minutes. The solution was then detected with a micro-
plate reader, and the absorbance was checked at 490nm.

2.4. Cell Apoptosis Assay. The Annexin V-FITC/PI apoptosis
detection kit was used. Glioma cells were inoculated in a 6-
well plate and treated with CA (0, 4, and 8μg/ml) for 24
hours. The cells were harvested following trypsin digestion.
After the cells were washed with cold phosphate buffer
(PBS) twice, the cells were centrifuged for five minutes
(1000g), and the supernatants were removed to allow for cell
collection. PBS heavy suspension count: 5 ~ 10 × 104 cells
were centrifuged for five minutes (1000g) and suspended
in 195μl binding buffer. Annexin V-FITC (5μl) and 10μl
PI were added to the mix before incubation for 30~60min
in the dark at room temperature. The PBS was then washed

twice, and the quenching solution was added before the film
was observed under the fluorescence microscope.

2.5. Wound Healing Assay. U87 and U251 cells were cultured
in 6-well plates. When they grew to approximately 85%
confluence, they were scratched with a new 200μl pipette
tip and washed twice using PBS. The cells were then treated
with 4 and 8μg/ml of CA for 24 and 48 hours. Pictures were
taken under a microscope. ImageJ software was used for the
collection of images and to quantify the gap distance.

2.6. Invasion Assay. Transwell membrane filter inserts were
used (pore size, 8μm; Costar, Corning, NY, USA) in 24-
well dishes. U87 and U251 cells were pretreated with 4μg/
ml and 8μg/ml CA for 24 hours and then inoculated with
approximately 1 × 104 cells in 200μl of serum-free medium
in the upper chamber and 600μl medium containing 15%
bovine serum in the lower chamber. They were incubated
at 37°C with 5% CO2 for 24 hours and then fixed in 4%
paraformaldehyde for 30 minutes and stained in PBS with
0.05% crystal violet for 30 minutes. The cells were gently
removed from the upper part of the filter using a cotton
swab, the filter was allowed to dry naturally, and the cells
from the lower part of the filter were checked and counted
under a microscope.

2.7. Clinical Tissue Samples. Tumor tissue samples and
adjacent normal brain tissue samples were obtained from
eight patients who were undergoing glioma surgery, and
the samples were rapidly preserved at Jiangxi Provincial
People’s Hospital Affiliated to Nanchang University (Jiangxi,
China) from October 2019 to December 2020. None of the
glioma patients received radiotherapy or chemotherapy
prior to surgery while they were hospitalized. Each partici-
pant in this study provided written informed consent. The
clinical characteristics of the patients were collected, includ-
ing age, sex, and pathological findings (including WHO
grade, immunohistochemical information, and genetic
information). The study protocol was approved by the Ethics
Committee of Jiangxi Provincial People’s Hospital Affiliated
to Nanchang University. The glioma and nonneoplastic
brain tissue that were collected were fixed with formalin,
embedded in paraffin, and cut into 5μm thick sections for
immunohistological analysis. The tissue was then frozen in
liquid nitrogen and held at −80°C until calculation.

2.8. Western Blot Analysis. U87 and U251 cells were cultured
and treated in 6-well plates. They were cleaved in an ice bath
in the RIPA buffer for 30 minutes and centrifuged at 12,000g
at 4°C for 15 minutes. The extracted supernatant was stored
at -80°C until analysis. The protein concentration was deter-
mined using the BCA method (Beyotime). An equal volume
of protein was loaded onto a 10% SDS-polyacrylamide gel
for electrophoresis and was then transferred by electropho-
resis to a polyvinylidene fluoride (PVDF) membrane
(Millipore, Boston, MA, USA), which was blocked with
5% bovine serum albumin (BSA) at room temperature
overnight at 4°C and then incubated with the primary anti-
bodies against MMP-9 (1 : 1,000), MMP-2 (1 : 1,000), E-cad-
herin, Bax (1 : 1,000), Bcl-2 (1 : 1,000), Akt (1 : 1,000), Hif-1α
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(1 : 1,000), β-actin (1 : 2,000), Sept9 (1 : 800), LC3B
(1 : 1,000), and p-Akt (1 : 500). After being washed with a
mixture of Tris-buffered saline and Tween-20 (TBST) three
times (5min/time), difluorescent antibody diluted at
1 : 2,000 was added at room temperature for 1 hour. SPEC-
TRA MAX SoftMax Pro analysis software was used for the
detection of the OD signal intensity of each band on the
film. β-Actin was used as load control and normalization.

2.9. Statistical Analysis. All data are presented as means ±
standard deviation (SD). The experiment was repeated a
minimum of three times, and an independent t-test was used
for making a comparison between the two groups. One-way
analysis of variance was used for making comparative
analysis between multiple groups with SPSS 26.0 software.
p < 0:05 was considered to be statistically significant.

3. Results

3.1. There Was a High Expression and High Correlation of
Sept9 and Hif-1α in Gliomas. The high expression of Sept9
and Hif-1α in CGGA datasets was detected, showing a pos-
itive correlation with WHO grade (Figures 1(a) and 1(b)).
There was also a positive correlation between them and
patient survival rate. It is suggested that glioma patients
with low expressions of both have a better overall survival
rate (Figures 1(c) and 1(d)). The correlation analysis of
Sept9 and Hif-1α found there to be a high correlation
between Sept9 and Hif-1α in both primary and recurrent
tumors with WHO grade (Figure 1(e)). Western blotting
analysis also confirmed high expressions of Sept9 and
Hif-1α in glioma tissues and adjacent normal tissues in
eight patients, conforming to WHO grade (Figures 1(f)
and 1(g)). The above results demonstrate that a key role
is played by Sept9 in the regulation of glioma progression
and is closely related to Hif-1α.

3.2. CA Inhibited the Growth and Invasion of Glioma Cells
(U87 and U251). This study examined whether CA can
inhibit the proliferation of glioma cells in vitro. Following
treatment with 0, 2, 4, 8, and 16μg/ml of CA for 12, 24,
and 48 hours, the effects of different concentrations of CA
on cell viability were observed using the CCK8 method
(Figures 2(a) and 2(b)). The cell survival rate following CA
intervention was found to be significantly lower than in the
control group in a dose-dependent manner (p < 0:01), and
a certain time-dependent relationship was observed in the
world group. In order to clarify the effect CA has on the
migration of glioma cells, the inhibition of CA on the migra-
tion of U87 and U251 cells was demonstrated through
wound healing experiments. Cells were treated with 0.4
and 8μg/ml, and then, images of them were obtained under
a microscope after 24 and 48 hours (Figures 2(c) and 2(d)).
The results showed that CA inhibited cell migration in a
dose-dependent manner (p < 0:05) (Figures 2(e) and 2(f)).

3.3. CA Promotes Apoptosis and Inhibits Cell Invasion. To
confirm whether CA can induce apoptosis of glioma cells,
the effect of CA on glioma cells was detected by Annexin V-
FITC/PI double staining. Apoptosis was recorded using a fluo-

rescence microscope and counted (Figures 3(a) and 3(b)). The
results demonstrated that CA increased the rate of apoptosis
in a dose-dependent manner, and the apoptosis rate of cells
treated with 0, 4, and 8μg/ml CAwas significantly higher than
the control group (p < 0:01). While conducting an exploration
of the molecular mechanism of apoptosis induced by CA in
human glioma cells, the expression of apoptosis-related pro-
teins induced by 0μg/ml, 4μg/ml, and 8μg/ml CA was
detected by Western blotting. Analysis showed the expression
of Bax to have increased significantly, whereas the expression
of Bcl-2 decreased, which resulted in an increase in Bax/Bcl-
2 ratio (Figures 3(c) and 3(d)).

3.4. Transwell Chamber Test Was Used for Detecting
Whether CA Inhibits the Invasion of Glioma Cells
(Figure 3(e)). The results showed that following treatment
with CA (0, 4, and 8μg/ml) for 24 hours, compared to the
control group, the number of cells that invaded the lower
chamber through holes with a diameter of 8μm diameter
decreased significantly, which indicates CA inhibited the
invasion of glioma cells in a dose-dependent manner and
that the inhibitory effect on cell invasion was enhanced as
CA concentration increased (Figure 3(f)). The expression
levels of MMP-2, MMP-9, and E-cadherin were analyzed
using Western blotting (Figure 3(g)). CA significantly
reduced the expressions of MMP-2 and MMP-9 in a
concentration-dependent manner. The expression of E-
cadherin was upregulated as the CA dose increased, which
is potentially one of the mechanisms for reducing glioma cell
invasiveness and adhesion.

3.5. CA Inhibited the Expressions of Hif-1α and Sept9, While
Also Inhibiting the Expressions of Akt and p-Akt. Akt is the
key factor of the classical signal path Pi3k/Akt. Western
blotting was used for detecting the expression of related pro-
teins in human glioma cells induced by 0, 4, and 8μg/ml CA
(Figures 4(a) and 4(f)). The results showed that CA signifi-
cantly decreased the expressions of Hif-1α, Sept9, and
LC3B in a concentration-dependent manner (Figures 4(b),
4(c), and 4(g)). At the same time, it also inhibited the
expressions of Akt and p-Akt (Figures 4(d) and 4(e)). From
the statistical results, it can be seen that when the concen-
tration of CA is 8μg/ml, the above proteins are statistically
significant (p < 0:05).

3.6. The Effect of CA on the Pi3k/Akt Signal Pathway in
Glioma Cells. The Pi3k/Akt signaling pathway is involved
in the regulation of the biological behavior of cells. To pro-
vide further confirmation of the results, LY294002
(50μM), a specific inhibitor of Pi3k [5], and CA 4μg/ml
were used as positive controls for 24 hours. Western blot
analysis showed the effect of CA to be similar to that of
LY294002, while it inhibited the expressions of Hif-1α,
Sept9, Akt, and p-Akt protein (Figures 5(a)–5(c)). To deter-
mine whether CA can regulate glioma cell apoptosis through
the Pi3k/Akt pathway under the condition of tumor anoxic
microenvironment, the tumor anoxic microenvironment
was pretreated with CoCl2 (100μM) for 24 hours, while
the control group was treated with CA 8μg/ml. Western
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blotting showed cobalt chloride to increase the expressions
of Hif-1α, Sept9, Akt, and p-Akt (Figure 5(d)). Western
blotting demonstrated that CA inhibited the expressions
of Hif-1 α, Sept9, Akt, and p-Akt when 8μg/ml CA acted
on the cells that were treated with CoCl2 (p < 0:05)
(Figures 5(e)–5(h)).

4. Discussions

Malignant glioma has long been a problem that is difficult
for clinicians. A high mortality rate and poor prognosis are
a significant burden to both patients and society. Several
methods are used for the treatment of glioma, but due to
the characteristics of malignant proliferation, high recur-
rence, and easy migration, there is a worldwide consensus
for studying the pathological mechanism of tumor cells
and the way in which tumor progression can be curbed
through molecular pathways. The study of tumor microenvi-
ronment is currently of great interest in terms of research.
Under hypoxia, tumor angiogenesis increases, tumor cell
proliferation and migration accelerate, and Hif-1α is the
most important factor [14]. The Pi3k/Akt/Hif-1α pathway
has been confirmed through experiments, but finding new
target proteins remains the key point [15, 16]. The antitu-
mor effect of many drugs is achieved by blocking this path-
way. CA is the main component that can be extracted from
traditional herbaceous plants [10]. Several studies on tumors
have confirmed the inhibitory effect of CA on tumor growth
and migration, but comparatively little glioma research has
been conducted [9].

Using the CGGA database, it was discovered that the
expression of Hif-1α in WHO grade increased as the malig-
nant degree increased and had a positive correlation with

patient survival rate. Hif-1α is the core factor of anoxic
microenvironment and is highly expressed in several differ-
ent tumors [7, 17]. The mechanism study is mainly reflected
in the increase of reactive oxygen species (ROS) in cancer
cells for the further promotion of apoptosis [18] and
epithelial-mesenchymal transformation (EMT) [18, 19] and
to promote the expression of vascular growth factor, includ-
ing matrix-derived factor-1 (SDF-1), VEGF, and platelet-
derived growth factor B (PDGFB), among others [20, 21].
Binding to PD-L1 in tumors limits T cell growth, increases
apoptosis, and activates autophagy [19]. Hif-1α has many
mechanisms that are worthy of deeper exploration.

The Sept9 gene is located on human chromosome
17q25.3, containing 17 exons and being approximately 240
× 103 bp in length. It encodes 15 types of peptide [22] and
has the function of recruiting proteins to the cytoplasm
[23]. It is also related to the morphological change and
transformation of cells. Sept9 has direct involvement in actin
dynamics, autophagy, angiogenesis, cell proliferation, cell
motility, and microtubule regulation, and it has also been
reported that Sept9 is involved in glioblastoma development
[24, 25]. Some studies have found Sept9 to be a key factor for
the binding and stabilization of Hif-1α and that it can
increase the transcription of Hif-1α and activate Sept9-Hif-
1α, thereby forming blood vessels and promoting tumor
growth [26]. A high expression of Sept9 can effectively
inhibit Hif-1α ubiquitination and degradation. CGGA gene
analysis also found the expression to increase as the degree
of malignancy defined by WHO grade increased, and that
it had a positive correlation with patient survival rate. There
was a correlation between Hif-1α and Sept9. Tumor samples
and adjacent normal tissues from eight patients with differ-
ent glioma types were detected by WB, and the expressions
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Figure 1: The expression of Hif-1α and Sept9 in tissues. CGGA database analysis shows the following: (a, b) the expression of Hif-1α and
Sept9 in WHO grade of glioma (orange: WHO II, green: WHO III, and blue: WHO IV); (c, d) the relationship between Hif-1α and Sept9
survival rate in primary glioma patients; (e) the correlation between Hif-1α and Sept9 in primary and recurrent gliomas; (f, g) the expression
of HIF-1α and Sept9 in tumor tissues and adjacent normal tissues of eight glioma patients.
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were found to be significantly high in WHO grades. This
study has explored the changes of Sept9 in U87 and U251
cells treated with CA to become a potential therapeutic tar-
get. However, it is unknown which type of cellular signaling
pathway it is related to.

CA was used to interfere with U87 and U251, the results
showing that it could effectively inhibit proliferation and
migration. Annexin V-FITC/PI double staining showed that
CA can effectively promote the apoptosis of glioma cells at
4μg/ml and 8μg/ml. Western blot apoptotic protein analysis
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Figure 2: The effects of CA on the cell viability and migration of U87 and U251 cells. (a, b) U87 and U251 cells were treated with control,
2μg/ml, 4μg/ml, 8μg/ml, and 16 μg/ml of CA for 12, 24, and 48 hours. Cell viability rate was measured using CCK8 assay. (c, d) Statistical
analysis of scratches. Wound healing analysis was used for determining the migration of U87 and U251 cells for 24 and 48 hours. (e, f) The
results of a minimum of three independent trials are presented asmean ± standard deviation (SD). ∗p < 0:05 and ∗∗p < 0:01 compared to the
control group.
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Figure 3: Continued.
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has shown that targeting Bcl-2 family proteins and Bax pro-
teins are common factors of apoptosis induced by many
anticancer drugs, and the proportion of Bax/Bcl-2 plays a
key role [27]. As CA dose increased, WB showed a high
expression of Bax, but a decreased expression of Bcl-2.
Bax/Bcl-2 increased significantly as CA concentration
increased, and the effect of CA 8μg/ml was significant. The
results of the invasion experiment showed CA could inhibit
the invasion of cells. E-cadherin is a member of the cadherin
superfamily, and matrix metalloproteinases (MMPs) can
degrade extracellular matrix proteins, thereby affecting the
invasion and differentiation of cells. With the aforemen-
tioned MMPs, the activities of MMP-2 and MMP-9 gelati-
nases have a close relationship with tumor metastasis [28].
Increasing the concentration of CA led to the expressions
of MMP-2 and MMP-9 being inhibited, whereas the expres-
sion of E-cadherin was increased.

CA promotes apoptosis while inhibiting the proliferation
of glioma cells, but is it related to Hif-1α and Sept9? Some
literature has proven CA to reduce the expression of VEGF

via the Pi3k/Akt pathway [29]. Therefore, an attempt was
made to detect the expression of Akt and p-Akt in glioma
cells that had been treated with CA. The results showed
that the expressions of Hif-1α, Sept9, Akt, and p-Akt were
inhibited as CA concentration increased. The effect is obvi-
ous when CA is 8μg/ml. At the same time, the autophagy
protein LC3B [30] was detected, and the results showed it
to be significantly inhibited when CA was 8μg/ml. Autoph-
agy has a close relationship with anoxic microenvironment
[31], but the further relationship requires further study in
future experiments.

Further experiments verified the Pi3k/Akt pathway. The
Pi3k/Akt pathway has been reported to inhibit apoptosis and
facilitate the promotion of cell survival [16]. U87 and U251
cells were treated with LY249002 and CA, and the results
showed CA to exhibit a similar effect to LY249002. The
statistical results showed the synergistic effect of CA and
LY 249003 to be significant. Many reports on the hypoxia
model have been made by CoCl2 [7, 32, 33]. Hypoxia can
facilitate the promotion of the Pi3k/Akt pathway [34, 35].
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Figure 3: The effects of CA on cell apoptosis and invasive ability of U87 and U251 cells. (a) The cells were inoculated in 6-well plates and
treated with CA (4 μg/ml and 8μg/ml) for 24 hours. Annexin V-FITC/PI apoptosis was detected and photographed under a fluorescence
microscope. (b) Statistical results of fluorescence microscope images from the apoptosis experiment. (c) CA induces apoptosis through
the regulation of apoptosis-related genes. U87 and U251 cells were treated with 0, 4, and 8 μg/mL CA for 24 hours. Western blot was
used for detecting the expressions of Bcl-2 and Bax, and β-actin was the control. (d) The expression levels of Bax and Bcl-2 were
measured. The effect of CA was then evaluated using Bax/Bcl-2 ratio. (e) Following treatment with different concentrations (4 μg/ml and
8μg/ml) of CA, the cells migrated through pores of 8 μm in diameter to the lower lumen within 24 hours, where images were captured
using a light microscope (magnification 400x). The white dots are the 8μm diameter pores of the transwell chamber. (f) Statistical
results of invasion experiment. (g) CA suppresses the expressions of MMP-2 and MMP-9 while increasing the expression of E-cadherin.
U87 and U251 cells were treated with CA (4 and 8μg/ml) for 24 hours. The results of a minimum of three independent trials are
presented as mean ± SD. ∗p < 0:05 and ∗∗p < 0:01 compared to the control group.
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Figure 4: CA inhibits the expression of related proteins. (a) U87 and U251 cells were treated with CA (4 and 8μg/ml) for 24 hours. The
expression levels of Hif-1α, Sept9, Akt, and p-Akt were detected by Western blot analysis, and β-actin was used as a loading control. (b–
e) Statistical results of the expressions of Hif-1α, Sept9, Akt, and p-Akt. (f) The expression levels of LC3B were detected using Western
blot analysis, and β-actin was used as a loading control. The results of a minimum of three independent trials are presented as mean ±
SD. ∗p < 0:05 and ∗∗p < 0:01 compared to the control group.
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Figure 5: Continued.
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Therefore, the control group was set up and CA 8μg/ml and
CoCl2 (100μM) were used for interfering with glioma cells
in order to extract protein for WB detection. The statistical
results showed CoCl2 to promote the expressions of Akt
and p-Akt, and the expressions of Hif-1α and Sept9
increased. However, when CA 8μg/ml was added with
cobalt chloride, CA’s inhibitory effect improved, and the
expressions of Akt and p-Akt increased slightly. Therefore,
it can be speculated that CA inhibits glioma progression
via the Pi3k/Akt pathway, and Hif-1α and Sept9 exhibit
the same trend. However, it is unknown whether Hif-1α
combines with Sept9 to produce such a synergistic effect,
and this requires further confirmation through experiments.

5. Conclusions

The results of this study suggest that the high expression of
Sept9 in gliomas is highly correlated with Hif-1α. This is
consistent with previous CGGA statistical results, so the
inhibitory effect CA has on glioma cells has a significant
relationship with Hif-1α. It is also suggested that a decrease
in Sept9 expression may be a new target for effectively inhi-
biting glioma progression. There were some limitations to
this experiment, so further experiments are required for ver-
ification of the mechanism of CA inhibiting Sept9 in glioma.
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Objective. To study the changes of macular retinal thickness and microvascular system in children with monocular hyperopic
anisometropia and severe amblyopia using optical coherence tomography angiography (OCTA) and to explore the value of
OCTA in the diagnosis and treatment of amblyopia. Methods. Thirty-two children with monocular hyperopic anisometropia
and severe amblyopia who were treated in the Department of Ophthalmology of the First Affiliated Hospital of Gannan
Medical College from January 2020 to December 2020 were included in the study. Eyes with amblyopia (n = 32) served as
the experimental group, and the contralateral healthy eyes (n = 32 eyes) served as the control group. All children underwent
comprehensive ophthalmological examination including slit lamp, eye position, visual acuity, optometry, eye movement,
intraocular pressure, ocular axis, and fundus examination to rule out organic lesions. Macular 6mm × 6mm scans were
performed on both eyes of all subjects by the same experienced clinician using an OCTA instrument. After ImageJ
processing, the vessel density, inner layer, and full-layer retinal thickness (RT) of superficial retinal capillary plexus (SCP)
were obtained. All data were analyzed by SPSS21.0 software, and a paired t-test was used for comparison between groups.
P < 0:05 was considered to indicate statistical significance. Results. The vessel densities of macular SCP in the amblyopia
and control groups were 47:66 ± 2:36% and 50:37 ± 2:24% in the outer superior, 49:19 ± 2:64% and 51:44 ± 2:44% in the inner
inferior, 49:63 ± 2:51% and 51:41 ± 3:03% in the outer inferior, and 45:56 ± 3:44% and 50:44 ± 3:52% in the outer temporal
regions, respectively. The vessel density of macular SCP in the amblyopia group was significantly lower than that in
contralateral healthy eyes in the outer superior, inner inferior, outer inferior, outer temporal, and central regions. There was no
significant difference between the two groups in the inner superior, inner nasal, outer nasal, and inner temporal regions. The
macular RT in the amblyopia group and the control group is 90:38 ± 6:09μm and 87:56 ± 5:55 μm in the outer temporal,
respectively. The RT in the macular inner layer in the outer temporal region of the amblyopia group was thicker than that of the
control group (P < 0:05). There was no significant difference in the other eight regions between the two groups. The whole
macular RT in the amblyopia group was thicker than that in the control group in nine regions, and the central area of macular
RT in the amblyopia and control groups was 229:06 ± 6:70 μm and 214:50 ± 10:36 μm, respectively. Conclusion. The OCTA
results showed the overall RT of macula in 9 areas in the amblyopia group was thicker than that in the control group, which
could show that the macular retinal thickness can be a potential way to distinguish the children with monocular hyperopic
anisometropia and severe amblyopia.
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1. Introduction

Amblyopia is a common ophthalmic disease in children.
Although eye examination does not show any organic lesion,
the corrected visual acuity cannot reach the normal level.
During the critical period of visual development, children
are prone to amblyopia due to binocular abnormal action
or form stripping. The incidence of amblyopia in China is
2–4% [1]. In recent years, the prevention and treatment of
strabismus amblyopia in China has made steady progress,
and remarkable achievements have been made in clinical
diagnosis, treatment, epidemiological investigation, and
early screening, but the specific pathogenesis of amblyopia
is still under continuous exploration and research.

Optical coherence tomography angiography (OCTA) is a
new ophthalmological imaging method, which is applied to
the vascular imaging of the retina, choroid, and optic nerve.
Compared with traditional fundus angiography, OCTA has
the advantages of being noninvasive and fast, offers high-
resolution and three-dimensional imaging, and can more
accurately measure the size of capillary non-perfusion area
and neovascularization [2]. The application potential of
OCTA has attracted the attention of several ophthalmologists,
but there are few studies on fundus thickness and microcircu-
lation changes in children with amblyopia. We analyzed the
changes of macular retinal thickness and microvascular sys-
tem in children with monocular hyperopic anisometropia
and severe amblyopia.

2. Materials and Methods

2.1. General Information. Thirty-two children with monocu-
lar hyperopic anisometropia and severe amblyopia who were
treated in the Department of Ophthalmology of the First
Affiliated Hospital of Gannan Medical College from January
2020 to December 2020 were included in the study. Eyes
with amblyopia (n = 32) served as the experimental group,
and the contralateral healthy eyes (n = 32) served as the con-
trol group. The following inclusion criteria were set in accor-
dance with the consensus of amblyopic diagnostic experts in
2021 [3]: (1) children with monocular hyperopic anisome-
tropic amblyopia and normal contralateral eyes; (2) severe
amblyopia—best-corrected visual acuity ≤ 0:2; and (3) no
organic eye lesions and systemic diseases. The exclusion cri-
teria were as follows: (1) systemic and ocular diseases that
cause changes in fundus microcirculation; (2) patients who
were unable to cooperate with the examination due to vari-
ous reasons; and (3) those with other eye diseases such as
strabismus, ptosis, and cataract. This study was conducted
in accordance with the tenets of the Helsinki Declaration,
and the study was explained to the children and their par-
ents/legal guardians; the latter provided written consent on
behalf of the children. This study was approved by the Ethics
Committee of the First Affiliated Hospital of Gannan Medi-
cal College.

2.2. Methods

2.2.1. Routine Inspection. All selected patients underwent
comprehensive ophthalmologic examination including slit

lamp, eye position, visual acuity, optometry, eye movement,
intraocular pressure, ocular axis, and fundus examination;
all kinds of organic lesions were excluded. Moreover, the
general indices of all candidates were recorded and analyzed,
including age, sex, visual acuity, intraocular pressure, equiv-
alent spherical optometry, and axial length. Objective
optometry under the condition of ciliary paralysis was per-
formed according to the expert consensus on the prevention
and treatment of amblyopia in children (2021 Chinese
Edition).

2.2.2. OCTA Check. All included children were examined by
the same experienced doctor for OCTA examination. The
examination procedures were fully explained to the children
at the start, and their cooperation was obtained. In this
study, all subjects were performed by the AngioVue OCTA
tester (OPTOVUE, USA), and ImageJ software was used to
analyze all data. In this study, OCTA adopted a 6mm × 6
mm macular scanning mode and Early Treatment Diabetic
Retinopathy Study (ETDRS) zoning. The OCTA macular
scanning mode could automatically scan macular superficial
retinal vascular plexus (SCP) and deep retinal vascular
plexus (DCP). The vessel density of SCP, macular inner ret-
inal thickness (RT), and full-layer RT were detected and ana-
lyzed. The scanning area of SCP images 10μm from the
internal limiting membrane (ILM) to the inner plexiform
layer (IPL). The thickness of the inner layer of the retina is
the distance from ILM to IPL, and the thickness of the whole
layer is the distance from the ILM to the retinal pigment epi-
thelium (RPE). The OCTA macular scan divides the macula
into three circles: central fovea (diameter: 1mm), perifovea
(diameter: 1–3mm ring), and central concave edge (diame-
ter of the central ring: 3–6mm). The paracavity and central
concave edge were divided into the upper, lower, nasal, and
temporal quadrants, which are subsequently divided into
nine regions (Figure 1): the inner superior (IS), outer supe-
rior (OS), inner nasal (IN), outer nasal (ON), inner inferior
(II), outer inferior (OI), inner temporal (IT), outer temporal
(OT), and central (C) regions.

2.3. Statistical Methods. SPSS21.0 software (IBM Corpora-
tion, Armonk, NY, USA) was used for statistical analysis,
and the quantitative data in accordance with normal distri-
bution were expressed as the mean ± standard deviation
(SD). The retinal SCP vessel density and the inner layer
and full-thickness RT between amblyopic eyes and control
eyes were compared by a paired t-test; P < 0:05 was consid-
ered to indicate statistically significant differences between
the two groups.

3. Results

3.1. Basic Information of Patients. This study included 32
children (64 eyes, 18 male and 14 female) with monocular
hyperopic anisometropia and severe amblyopia. Thirty-two
eyes with amblyopia were included in the study group, and
32 contralateral healthy eyes were included in the control
group. The mean age of the children was 6:2 ± 3:7 years.
The homologous paired t-test was used in this study, which
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had strong balance and comparability, and there was no
need to compare age and sex. In this study, the best-
corrected visual acuity (BCVA), intraocular pressure (IOP),
spherical equivalent (SE), and ocular axis were compared
between eyes with amblyopia and healthy eyes. The results
are shown in Table 1. There was no significant difference
in IOP between the two groups, but there were significant
intergroup differences in BCVA, SE, and ocular axis.

3.2. Vessel Density of SCP in Each Group. The vessel density
of macular OS, II, OI, OT, and SCP in amblyopic eyes was
lower than that in the control eyes (P < 0:05), but there were

no significant intergroup differences with respect to macular
IS, IN, ON, and IT. The results are shown in Table 2 and
Figure 2.

3.3. Retinal Thickness of Macular Inner Layer Retina and of
Whole Retina in Each Group. The RT in the inner layer of
macular OT in amblyopic eyes was thicker than that in the
control eyes (P < 0:05), but there were no significant differ-
ences in other areas between the two groups. The whole
RT in the nine macular regions of amblyopic eyes was
thicker than that of the control eyes (P < 0:05). The results
are shown in Table 3 and Figure 3.

Table 1: Characteristics of eyes with amblyopia and healthy eyes.

Characteristic Amblyopia eyes (n = 32) Healthy eyes (n = 32) t/χ2 P value

Best-corrected visual acuity 0:12 ± 0:06 1:04 ± 0:09 45.28 <0.001
Mean intraocular pressure (mmHg) 16:72 ± 1:89 16:56 ± 1:90 0.407 0.687

Spherical equivalent refraction (D) 6:05 ± 1:90 0:31 ± 0:51 15.55 <0.001
Length of optic axis (mm) 23:00 ± 0:34 23:45 ± 0:20 7.219 <0.001

Table 2: Comparison of superficial vessel density at different locations between eyes with amblyopia eye and healthy eyes.

Location (%, mean ± SD) Amblyopia eyes (n = 32) (%) Healthy eyes (n = 32) (%) t value P value

IS 52:63 ± 2:12 51:81 ± 1:94 1.946 0.061

OS 47:66 ± 2:36 50:37 ± 2:24 5.988 <0.001
IN 51:03 ± 3:23 49:25 ± 4:42 2.063 0.048

ON 52:63 ± 1:64 51:78 ± 1:83 1.851 0.074

II 49:19 ± 2:64 51:44 ± 2:44 4.313 <0.001
OI 49:63 ± 2:51 51:41 ± 3:03 3.368 0.002

IT 51:50 ± 1:72 50:25 ± 3:38 1.816 0.079

OT 45:56 ± 3:44 50:44 ± 3:52 12.158 <0.001
C 18:75 ± 3:44 22:34 ± 2:53 11.950 <0.001
SD: standard deviation; IS: inner superior; OS: outer superior; IN: inner nasal; ON: outer nasal; II: inner inferior; OI: outer inferior; IT: inner temporal; OT:
outer temporal; C: central.
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Figure 1: (a) Superficial vessel density of macula. (b) Inner thickness of macula, defined as the distance between the internal limiting
membrane (ILM) and inner plexiform layer (IPL). (c) Full thickness of macula, defined as the distance from the ILM to the retinal
pigment epithelium (RPE). The parafoveal and the foveal rim were divided into the upper, lower, nasal, and temporal quadrants. The
macula was divided into nine regions, and their thickness values were displayed, respectively.
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4. Discussion

In the past, OCT was usually used to study retinal thickness,
but OCT cannot detect changes to the retinal microcircula-
tory system. With the continuous development of medical

imaging technology, magnetic resonance imaging (MRI),
functional MRI (fMRI), OCT, and OCTA are now com-
monly used to study amblyopia. In particular, OCTA tech-
nology has recently emerged and played a revolutionary
role in the study of retinal microvascular system [4]. OCTA
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Figure 2: Results of superficial vessel density at different locations between amblyopia eye and healthy eye control (mean ± SD).

Table 3: Comparison of macular retinal thickness at different locations between amblyopia eye and healthy eye controls.

Location Amblyopia eyes (n = 32) (μm) Healthy eyes (n = 32) (μm) t value P value

Macular inner retinal thickness (μm), mean ± SD
IS 104:69 ± 5:70 105:16 ± 5:16 1.305 0.201

OS 100:87 ± 4:11 100:72 ± 4:83 0.181 0.857

IN 101:28 ± 5:51 101:13 ± 5:73 0.469 0.643

ON 114:38 ± 5:05 113:88 ± 5:12 1.806 0.081

II 103:44 ± 5:66 103:88 ± 5:88 1.238 0.225

OI 101:13 ± 4:20 100:50 ± 3:68 1.341 0.190

IT 97:28 ± 4:92 96:75 ± 5:04 1.848 0.074

OT 90:38 ± 6:09 87:56 ± 5:55 8.057 <0.001
C 47:78 ± 3:81 47:25 ± 2:55 1.240 0.224

Macular full retinal thickness (μm), mean ± SD
IS 324:25 ± 10:66 313:03 ± 7:01 8.965 <0.001
OS 295:94 ± 7:49 285:88 ± 8:64 8.790 <0.001
IN 316:09 ± 12:22 306:75 ± 9:92 7.550 <0.001
ON 307:91 ± 8:25 297:31 ± 9:17 12.386 <0.001
II 309:41 ± 15:94 301:47 ± 13:76 6.711 <0.001
OI 281:50 ± 12:11 272:34 ± 10:43 7.282 <0.001
IT 309:41 ± 10:49 299:19 ± 9:39 7.660 <0.001
OT 276:66 ± 11:99 268:06 ± 11:06 7.313 <0.001
C 229:06 ± 6:70 214:50 ± 10:36 8.185 <0.001

SD: standard deviation; IS: inner superior; OS: outer superior; IN: inner nasal; ON: outer nasal; II: inner inferior; OI: outer inferior; IT: inner temporal; OT:
outer temporal; C: central.
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can minimally, simply, and conveniently display the retinal
morphology in great detail and can detect the vessel signals
of the retinal microvascular system and the tiny changes to
RT. Further, OCTA’s application on retinal microvascular
system research has aroused the interest of multiple scholars.
In related research on the retina of patients with amblyopia,
Nishikawa et al. [5] scanned the macular area of OCTA in 22
children with monocular amblyopia. It was seen that the ves-
sel density of the central fovea and accessory central fovea in
amblyopic eyes was lower than that in the healthy contralat-
eral eyes, and the central foveal avascular area in amblyopic
eyes was significantly smaller than that in the contralateral
eyes. Some researchers [6–11] found that the vascular den-
sity of SCP and DCP decreased in amblyopic eyes. However,
other studies [12, 13] reported that the blood vessel density

of SCP and DCP in amblyopic eyes remained unchanged
compared with healthy eyes.

Recent studies [14] showed that the vessel density of SCP
in amblyopic eyes was lower than that in the control group.
Huynh et al. [15–17] found that the macular thickness in
amblyopic eyes was thicker than that in contralateral eyes.
Li et al. [18] showed that the process of amblyopia may
involve changes to the retinal microcirculatory system, and
the macular fovea of amblyopic eyes was thicker than that
of normal eyes. Atakan et al. [9, 19, 20] found no significant
change between the amblyopic and control groups. Khan
et al. [21] found the following results in their study on the
relationship between retinal microvessel density and ocular
axis in the macular region: the longer the eye axis, the
smaller the superficial perfusion area and blood vessel
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Figure 3: Results of macular retinal thickness at different locations between amblyopia eye and healthy eye controls (mean ± SD).
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density, and the retinal macular vessel density is inversely
proportional to the size of ocular axis. Some previous studies
[22–24] reported a negative correlation between AL and
central foveal macular thickness in children with healthy
eyes, although another study did not find this correlation
[25]. Therefore, conclusions about the retinal microvessels
and thickness in patients with amblyopia are fairly
inconsistent.

Our results showed that in the study of retinal SCP vessel
density in children with monocular hyperopic anisometro-
pic amblyopia, the SCP vessel density in amblyopic eyes
was significantly lower than that in contralateral healthy eyes
in the macular OS, II, OI, OT, and C regions; however, there
were no significant intergroup differences in SCP vessel den-
sity in the macular IS, IN, ON, and IT regions. This study
also found that the inner layer RT of macular OT in ambly-
opic eyes was significantly higher than that in the contralat-
eral healthy eyes, while the inner layer RT in the remaining
eight regions only showed minor changes, but these changes
were not significantly different between the two groups. The
full-layer RT in nine macular regions of amblyopic eyes was
thicker than that of contralateral healthy eyes, and the differ-
ence was statistically significant. At present, most studies on
retinal vessel density and RT of amblyopia have not been
classified according to the type of amblyopia and refractive
state. The etiology of amblyopia and refractive state may
affect the retinal vessel density and RT.

In this study, OCTA was used to analyze the retina of
children with severe amblyopia caused by monocular hyper-
metropia, and the results were more comparable, which may
be why our results are distinct from other studies. At pres-
ent, most researchers study the average thickness and mean
vessel density of the macular fovea, and few scholars subdi-
vide the macular region into nine regions for comparative
analyses. The decrease of vessel density in amblyopic eyes
may indicate that these eyes need less nutrition to receive
retinal artery blood supply, resulting in abnormal macular
fovea development and retardation in amblyopic eyes.
Because the nasal side of the retinal vascular system develops
earlier than the temporal side and the microcirculation in
different regions is not uniformed, we thought it was more
meaningful to subdivide the macula into nine regions in this
study.

Our study has some limitations. First, the sample size of
the study is small. Second, the data accuracy was affected by
the poor matching degree detected by OCTA in children.
Third, the control group of myopic anisometropic ambly-
opia and other types of amblyopia have not been established
at the same time. Fourth, the effects of equivalent spherical
lens and ocular axis on retinal vessel density and retinal
thickness cannot be excluded. Last, the current OCTA tech-
nique cannot detect the vessel velocity of retinal microcircu-
lation and the elasticity and diameter of the microvessels.

In conclusion, the emergence of OCTA technology has
significant advantages to study the retinal microvascular sys-
tem changes. The clinical application of OCTA may have a
certain exploration value in the pathogenesis, diagnosis,
and treatment of amblyopia and is expected to play an
important role in its diagnosis and treatment.

Data Availability

The data can be found at OCTA Article original data of fig-
ure files.
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Purpose. To evaluate the relationship between iris sectional parameters on swept-source optical coherence tomography (SS-OCT)
with corneal biomechanics measured by Corneal Visualization Scheimpflug Technology (Corvis ST) in young adults with myopia.
Methods. 117 patients with myopia aged ≥18 years were recruited from the Eye Hospital of Wenzhou Medical University, who had
complete SS-OCT and Corvis ST data. Only the left eye of each participant was selected for analysis. Iris sectional parameters
included iris thickness at 750μm from the scleral spur (IT750), iris sectional area (I-area), and iris curvature (I-curv) measured
from four quadrants. Associations between the iris parameters and corneal biomechanics were analyzed using linear regression
models. Results. The mean age of the included young adults was 26:26 ± 6:62 years old with 44 males and 73 females. The iris
parameters were different among the four quadrants. The nasal, temporal, and inferior quadrants of IT750, together with nasal
and temporal quadrants of I-area, were correlated with corneal biomechanical parameters after being adjusted for age, gender,
pupil diameter, and axial length. Thicker IT750 and larger I-area were related to a softer cornea. However, no association was
found between I-curv and corneal biomechanics. Conclusions. Iris sectional parameters measured from SS-OCT images were
associated with corneal biomechanical properties in myopic eyes. Thicker IT750 and larger I-area indicate a softer cornea.
IT750 and I-area may provide useful information on corneal biomechanical properties in myopic eyes.

1. Introduction

Myopia is one of the most common causes of preventable
visual impairment and blindness, with a predicted preva-
lence of 50% in the world’s population in 2050.[1]. High or
pathological myopia can result in irreversible ocular blinding
diseases, such as choroidal neovascularization, retinal
detachment, and glaucoma [2–4]. This will definitely lead
to heavy cost burden on the families and society. Together
with the increased prevalence of myopia, there has been an
urge to view this major public health problem and better
understand the pathophysiology of myopia.

The development of myopia is believed to be induced by
various patterns of ocular expansions, including equatorial
expansion [5], axial expansion [6], and posterior pole expan-
sion [7]. Accompanied by these expansions, the pathogene-

sis of myopia includes the biomechanical alternations of
the eyeball outer wall, including the cornea, scleral, lamina
cribrosa, and peripapillary ring [8, 9]. The corneal stiffness
was reported to be reduced with the increase in the myopic
degree from Corneal Visualization Scheimpflug Technology
(Corvis ST, Oculus, Wetzlar, Germany) studies [10–12].
Accompanied by these expansions, the inner tissue espe-
cially the iris would also be changed. In a population of 18
to 66 years old, eyes with concave iris configuration are
mostly from myopic eyes and no hyperopic eyes displayed
a concave iris [13]. This suggests that the iris structural fea-
tures may be related to myopia. However, the underlying
mechanism so far is not clear. It may be related to the devel-
opment and biomechanics of the cornea and sclera, the
structure of the iris and choroid, and the microcirculation
of blood vessels.

Hindawi
Disease Markers
Volume 2021, Article ID 2080962, 6 pages
https://doi.org/10.1155/2021/2080962

https://orcid.org/0000-0003-3773-7340
https://orcid.org/0000-0002-5381-3828
https://orcid.org/0000-0003-3385-9965
https://orcid.org/0000-0002-9980-5524
https://orcid.org/0000-0002-7629-0193
https://orcid.org/0000-0002-9950-6161
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/2080962


As iris stroma and corneal stroma are both of mesoder-
mal origin [14, 15], in our previous work, we found that the
iris surface features including crypts and furrows were asso-
ciated with corneal biomechanical parameters [16]. We pos-
tulate that the iris structural features may also be related to
corneal characteristics. With the advantages of SS-OCT
and Corvis ST, we are aiming to explore the relationships
of iris structural measurements with corneal biomechanics
in myopic eyes in this study. This will enrich the under-
standing of the pathophysiology of myopia and may help
to identify the risk factors of myopia.

2. Methods

2.1. Participants. In this prospective, cross-sectional study,
myopic subjects were recruited from a population of refrac-
tive surgery candidates in Eye Hospital of Wenzhou Medical
University which aged older than 18 years and without any
ocular pathology other than refractive error. Data from the
left eyes of all subjects were selected for analysis to eliminate
an intereye correlation issue.

This study was conducted following the tenets of the
Declaration of Helsinki and was approved by the Institu-
tional Review Board of Wenzhou Medical University (IRB
approval number 2020-128-K-113). This study was regis-
tered on Chinese Clinical Trial Registry with the registration
number of ChiCTR2100052498. All the subjects signed an
informed consent form at the time of recruitment.

2.2. Ocular Examinations. Detailed ophthalmological exam-
inations were performed by an experienced ophthalmologist
for all subjects, including slit-lamp examination, refraction
measurement (spherical equivalence (SE)), best-corrected
visual acuity, anterior segment images scanned by swept-
source optical coherence tomography (SS-OCT, Casia SS-
1000 OCT, Tomey, Nagoya, Japan), corneal tomography
with the Pentacam (Oculus, Wetzlar, Germany), corneal
biomechanical properties assessed by the Corvis ST (Oculus,
Wetzlar, Germany), and ocular axial length measured by the
IOL-Master (Carl Zeiss Meditec, Jena, Germany).

2.3. Iris Measurements from SS-OCT. All subjects underwent
a standard swept-source optical coherence tomography (SS-
OCT, Casia SS-1000 OCT, Tomey, Nagoya, Japan) examina-
tion by a single examiner who was masked to the clinical
data. The horizontal and vertical scans of the nasal, tempo-
ral, superior, and inferior four quadrants of all the partici-
pants were obtained using SS-OCT under standardized
dark condition (20 lux). Images with the best quality were
obtained for the iris measurements. The iris thickness at
750μm from the scleral spur (IT750) and iris area (I-area)
was measured as the cross-sectional area from the pupil to
the scleral spur, and the iris curvature (I-curv) was measured
as the distance from the greatest convexity to the line draw-
ing from the most central to the most peripheral point of the
iris pigment epithelium (Figure 1) as previously defined
using ImageJ software [17, 18]. The mean values of the 4
quadrants were used for the analysis.

2.4. Corvis ST Measurement. The corneal biomechanical
properties were obtained using the Corvis ST. Due to an air-
flow released by the instrument, the cornea generates an
inward movement through the first applanation to the high-
est degree of concavity and then moves outward through the
second applanation to the natural shape. In this process, 140
sequential horizontal images of the cornea were captured
with a high-speed Scheimpflug camera at a speed of 4330
frames per second in 30ms. Meanwhile, the biomechanical
parameters were calculated by the device including bIOP;
maximum DA (DA max) at the first applanation; time at
the highest concavity (HC time); time at the first and second
applanation (A1 time and A2 time, respectively); corneal
velocity at the first and second applanation (A1 velocity
and A2 velocity, respectively); DA; deflection length (DLL);
deflection amplitude (DLA) and delta arc length (dArcL) at
A1, HC, and A2; PD, radius, and maximum deflection
amplitude at the first applanation (DLA Max); maximum
delta arc length (dArcLM); maximum inverse radius (max
inverse radius); maximum deformation amplitude ratio
(DA ratio max) at 2mm and 1mm; central corneal thickness
(CCT); integrated radius; and SP-A1.

2.5. Statistical Analysis. All statistical analyses were per-
formed using SPSS version 23.0 software (SPSS for Win-
dows, Chicago, IL, USA). Demographic data and ocular
characteristics from the left eyes of the participants were
described using the mean ± SD. One-way analysis of vari-
ance was used to compare the difference of iris measure-
ments in 4 quadrants of left eyes. Linear regression models
were performed to assess the associations between iris
measurements (independent variable) and corneal biome-
chanical parameters measured by Corvis ST (dependent var-
iable). They were adjusted for potential confounders such as
age and gender in model 1 and additional ones of pupil

Figure 1: Measurement of the cross-sectional iris thickness, iris
area, and iris curvature on anterior segment optical coherence
tomography. IT750: iris thickness at 750μm from the scleral spur;
I-area: iris area; I-curv: iris curvature.
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diameters and axial length in model 2. A P < 0:05 was set to
be statistically significant.

3. Results

In total, 18 subjects were excluded due to the following rea-
sons: poor image quality (10), IOP or bIOP higher than
21mmHg (5), and coexisting with posterior staphyloma
(3). 117 patients were recruited for this study. The demo-
graphics and the characteristics of their ocular parameters
are displayed in Table 1. Most of the included participants
were young adults, and all of them were myopes. The mean
values of corneal biomechanical parameters measured by the
Dynamic Scheimpflug Analyzer (Corvis ST) are shown in
Table 2.

We measured the iris parameters in the superior, tempo-
ral, inferior, and nasal four quadrants (Figure 2). The IT750
was thicker in the inferior and nasal quadrants than in the
superior and temporal quadrants (all P < 0:05). The IT750
in the inferior quadrant did not differ from the one in the
nasal quadrant, and there were no differences of IT750
between the superior and temporal quadrants. The iris area
in the superior and inferior quadrants was larger than that
in the temporal and nasal quadrants (all P < 0:0001). For
the iris configuration, the temporal iris was the most concave
and the nasal iris was the least concave among the four
quadrants (all P < 0:01). It was similar between the superior
and inferior quadrants (P = 0:77). Moreover, the iris curva-
ture was consistent among the four quadrants in most of
the eyes except in one eye, and the iris was concave in the
temporal quadrant and was convex in the other three quad-
rants. Therefore, in this population, there were 91 (77.8%)
eyes in the superior, inferior, and nasal quadrants and 92
(78.6%) eyes in the temporal quadrant with the concave iris.

All quadrants of the IT750, iris area, and iris curvature
were analyzed for the relationship with corneal biomechan-

ical parameters. The correlated parameters are shown in
Table 3. Our results showed that the correlation differs in
different quadrants of the iris features.

For the IT750, temporal IT750 was related to more cor-
neal biomechanical parameters than other quadrants. It was
positively associated with PD, radius, HC DLL, and A2 DLL
and negatively related to max inverse radius after being
adjusted for age, gender, pupil diameter, and axial length
in model 2. In addition, nasal IT750 was related to HC
DLL, and inferior IT750 was associated with dArcLM posi-
tively in model 2. No correlation was found between supe-
rior IT750 and the corneal biomechanics.

For the iris area, there were two quadrants showing asso-
ciation with corneal biomechanical parameters in model 2.
The nasal iris area was negatively related to the max inverse
radius, and the temporal iris area was positively correlated
with A2 time adjusted for age, gender, pupil diameter, and
axial length. Although A2 velocity was negatively associated
with the nasal iris area and inferior iris area in model 1

Table 2: Corneal biomechanical parameters measured by the
Dynamic Scheimpflug Analyzer (n = 117).

Parameters Mean (SD)

DA max (mm) 1.05 (0.09)

A1 time (ms) 7.44 (0.24)

A1 velocity (ms) 0.15 (0.02)

A2 time (ms) 22.00 (0.36)

A2 velocity (ms) -0.27 (0.02)

HC time (ms) 16.66 (0.44)

PD (mm) 4.98 (0.23)

Radius (mm) 6.72 (0.66)

A1 DA (mm) 0.15 (0.01)

HC DA (mm) 1.05 (0.09)

A2 DA (mm) 0.32 (0.06)

A1 DLL (mm) 2.22 (0.23)

HC DLL (mm) 6.32 (0.78)

A2 DLL (mm) 2.89 (0.63)

A1 DLA (mm) 0.09 (0.01)

HC DLA (mm) 0.92 (0.09)

A2 DLA (mm) 0.10 (0.01)

DLA max (mm) 0.93 (0.09)

A1 dArcL (mm) -0.02 (0.00)

HC dArcL (mm) -0.13 (0.02)

A2 dArcL (mm) -0.02 (0.01)

dArcLM (mm) -0.15 (0.03)

Max inverse radius (mm-1) 0.18 (0.02)

DA ratio max (2mm) 4.28 (0.34)

DA ratio max (1mm) 1.56 (0.04)

Integrated radius (mm-1) 9.00 (0.90)

SP-A1 106.23 (17.83)

DA: deformation amplitude; A1: the first applanation; A2: the second
applanation; HC: highest concavity; PD: peak distance; DLL: deflection
length; DLA: deflection amplitude; dArcL: delta arc length; dArcLM: delta
arc length max; SP-A1: stiffness parameter at the first applanation.

Table 1: Demographics and baseline characteristics of participants
(n = 117).

Characteristics Mean (SD) or no. (%)

Age (yrs) 26.26 (6.62)

Gender

Male 44 (37.6)

Female 73 (62.4)

Pupil diameter (mm) 3.05 (0.54)

ACD (mm) 3.70 (0.25)

Axial length (mm) 25.92 (1.13)

bIOP (mmHg) 15.41 (2.02)

CCT (μm) 544.81 (34.18)

Refraction (SE) -5.53 (2.22)

IT7500 (mm) 0.40 (0.09)

Iris area (mm2) 1.41 (0.24)

Iris curvature (mm) 0.19 (0.21)

ACD= angle chamber distance; CCT = central corneal thickness;
SE = spherical equivalent; SD = standard deviation.
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adjusted for age and gender, it showed no association with
them after being adjusted for age, gender, pupil diameter,
and axial length in model 2.

Finally, in model 2, the iris curvature demonstrated no
correlation with all the corneal biomechanical parameters
measured by Corvis ST. Only the inferior iris curvature
showed a positive correlation with HC DLL when adjust-
ing age and gender in model 1.

4. Discussion

In this cross-sectional study, we have provided new data on
the distribution of iris structural parameters measured by
SS-OCT including IT750, I-area, and I-curv in myopic

patients and their associations with corneal biomechanics
measured by Corvis ST. We showed that the iris parameters
on SS-OCT differ among the ocular four quadrants in this
myopic population. Although not all the quadrants of the
iris parameters were related to corneal biomechanics, our
results indicate that thicker IT750 and larger I-area in the
nasal, temporal, and inferior quadrants were related to a
softer cornea after being adjusted for age, gender, pupil
diameter, and axial length.

IT750 and I-area are frequently studied in angle closure
glaucoma and rarely described in myopes. Surprisingly, our
results showed that IT750 and I-area were related to corneal
biomechanical properties in this myopic population. I-area
and IT750 are also the parameters associated with narrow
angles diagnosed on gonioscopy [19]. Larger I-area and
thicker IT750 are the risk factors for the narrow angle [19].
In the present study, these were related to a softer cornea.
The determinant of angle width was always focused on the
iris position, while the role of cornea in the angle width
has not been studied. As part of the anterior chamber angle,
corneal properties may also play an important role in the
angle width. As greater I-area and IT750 were correlated
with the softer cornea in this study, the softer cornea may
also contribute to the narrow angle. The relationship
between the iris and cornea demonstrated in our study pro-
vided further insights into the angle closure pathogenesis.
Moreover, for the refractive surgery candidates, eyes with
larger I-area and thicker IT750 may give the hint of a softer
cornea to the surgeon.

Previously, iris structural parameters were widely studied
in angle closure glaucoma, and the iris curvature was strongly
related to angle width [20]. However, the role of the cornea in
the angle width was neglected although the cornea is the outer
border of angle width. Whether the corneal biomechanics
influence the angle width and the iris contour is unknown, it
is reported that corneal hysteresis (CH), a corneal biomechan-
ical parameter measured from an ocular response analyzer
(ORA), is associated with the scleral spur to spur distance
[21, 22]. The cornea, scleral spur, and iris are all essential
structures comprising the anterior chamber angle. As the
neighboring structures, their relationshipsmay play important
roles in different ocular disorders.

The distribution of iris contour varies along age, gender,
refraction, and different anterior segment diseases. Schuster
et al. reported that none of the hyperopic eyes presented
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Figure 2: The distribution of iris parameters in four quadrants.

Table 3: Associations between iris surface parameters and corneal
biomechanical parameters.

Model 1∗ Model 2ɫ

β P value β P value

Nasal IT750

HC DLL 0.032 0.022 0.034 0.017

Nasal IT750

PD 0.061 0.156 0.107 0.021

Radius 0.032 0.031 0.033 0.029

HC DLL 0.028 0.034 0.029 0.026

A2 DLL 0.036 0.021 0.034 0.027

Max inverse radius -1.744 0.005 -1.825 0.004

Inferior IT750

dArcLM 0.797 0.047 0.825 0.042

Nasal iris area

A2 velocity -2.430 0.016 -1.861 0.063

Max inverse radius -2.696 0.074 -3.171 0.027

Temporal iris area

A2 time 0.153 0.031 0.137 0.046

Inferior iris area

A2 velocity -2.386 0.024 -1.528 0.136

Inferior iris curvature

HC DLL 0.052 0.045 0.048 0.064
∗Model 1 was adjusted for age and gender. †Model 2 was adjusted for age,
gender, pupil diameter, and axial length. HC: highest concavity; DLL:
deflection length; PD: peak distance; A2: the second applanation; dArcLM:
delta arc length max.
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with a concave iris and eyes with a concave iris consisted of
emmetropia and myopia [13]. In the report of narrow
angles, all the iris was convex [19], and in eyes with pigment
dispersion syndrome (PDS) or pigmentary glaucoma (PG), a
concave iris is frequently observed [23]. The iris curvature
reported in other literatures was mostly from temporal and
nasal measurements in one meridian [19]. In the present
study, we measured 4 quadrants of iris configuration from
the vertical and horizontal meridian. There were 91
(77.8%) eyes in the superior, inferior, and nasal quadrants
having a concave iris and 92 (78.6%) eyes in the temporal
quadrant showing a concave iris. Our result was a reversal
to the percentage of 26% concave iris and 67% convex iris
in myopia from 560 eyes of 326 individuals in Schuster
et al.’s report [13]. The reason may be that their age range
was from 18 to 66 years and most of them were male. The
age range in our study was 18 years to 40 years, and male
consisted of 37.6% [13].

The major limitation of this study is that the study pop-
ulation only consisted of myopic patients and most of them
were young age. Since the iris properties changed with age
and refraction, the results in this study may not be able to
be applied to other different populations. Further research
may be necessary to conduct on people with emmetropia
and hyperopia with a wider age range.

5. Conclusions

In conclusion, iris parameters measured by SS-OCT were
associated with corneal biomechanics measured using
Corvis ST. A larger iris sectional area and thicker IT750 were
associated with a softer cornea in myopic eyes. The associa-
tion between iris configuration and corneal biomechanics
may help to understand the pathogenesis in several ocular
disorders.
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The maintenance of visual function not only requires the normal structure and function of neurons but also depends on the
effective signal propagation of synapses in visual pathways. Synapses emerge alterations of plasticity in the early stages of
neuronal damage and affect signal transmission, which leads to transneuronal degeneration. In the present study, rat model of
acute retinal ischemia/reperfusion (RI/R) was established to observe the morphological changes of neuronal soma and synapses
in the inner plexiform layer (IPL), outer plexiform layer (OPL), and dorsal lateral geniculate nucleus (dLGN) after retinal
injury. We found transneuronal degeneration in the visual pathways following RI/R concretely presented as edema and
mitochondrial hyperplasia of neuronal soma in retina, demyelination, and heterotypic protein clusters of axons in LGN.
Meanwhile, small immature synapses formed, and there are asynchronous changes between pre- and postsynaptic components
in synapses. This evidence demonstrated that transneuronal degeneration exists in RI/R injury, which may be one of the key
reasons for the progressive deterioration of visual function after the injury is removed.

1. Introduction

Retinal ischemia/reperfusion (RI/R) causes traumatic tissue
and progressive degeneration of retina ganglion cells (RGCs)
[1]. These pathological events have been considered as the
major cause of RI/R-induced visual dysfunction for decades
[2]. Intervention measures that only compete against the
mechanisms of in situ RGC death cannot recover the degen-
erated visual function following RI/R [3, 4]. Thus, there may
be some other key factors that contribute to visual dysfunc-
tion following RI/R injury.

Neuroscience studies have demonstrated the significant
transneuronal degeneration in neurodegenerative diseases
[5, 6], which can be manifested as cellular edema, apoptosis,
and axonal degeneration [7, 8]. These remote pathological
events were usually neglected but cause functional damage

that ultimately affects prognosis. Diffusion tensor imaging
(DTI) reveals that the white matter of the visual pathways
demonstrates damage proportional to the amount of struc-
tural and functional changes in the optic nerve [9]. Functional
magnetic resonance imaging (fMRI) further described the
blood-flow abnormalities in the brain of patients with primary
open-angle glaucoma [10]. Pathological studies have shown
that the atrophy of the LGN plate, the deformation of neuro-
nal dendrites, decreases of metabolic activity in LGN neurons,
and even the thickness of the primary visual cortex emerged a
significant reduction [11, 12]. A molecular study showed that
the NLRP3 inflammasome can be activated by ATP-P2X7-
NLRP3 signal channel after optic nerve damage and involved
in the secondary degeneration of neurons in the V1 region of
the visual cortex [13]. These studies suggested that the primary
retinal neuronal damage has profound effects on synaptic-
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linked distant neurons. However, what detailed mechanisms
might involve in these transneuronal degenerations?

Scholars have found the synaptic plasticity alterations at
the early stage of neurological diseases such as Alzheimer’s
disease (AD), epilepsy, and convulsions [6, 8, 14], which
probably contribute to the transneuronal degeneration and
be responsible for transferring damage signal between neu-
rons [15, 16]. For further exploration, Kim et al. [17]
revealed that tau protein deposition within axons and spread
along synapse in corticopontine pathways can promote
transneuronal degeneration in the frontotemporal lobar.
Thus, a hypothesis is raised that the presynaptic terminal
changesmay break down the routing and sortingmechanisms
for the cytoskeletal protein tau, which promote the formation
of initial neurofibrillary pathology in the postsynaptic neu-
rons via anterograde transneuronal mechanisms. InWolfram
syndrome, the downregulation of kinesin engine protein in
synaptic terminals slows down the speed of axoplasmic trans-
port, which leads to the decreasing in presynaptic vesicles and
SYN, and this event participated in the extensive neuronal loss
in LGN [18]. In addition, synapses can transfer damage sig-
nals by regulating the levels of cytokines such as inflammatory
factors [19], brain-derived neurotrophic factor (BDNF) [20],
and vascular endothelial growth factor (VEGF) [21]. Further-
more, synapses can also affect distal neurons by remodeling
the dendritic structures and increasing the axon bundles
[22]. Moreover, the alteration of mitochondria proliferation
in axon terminus has profound effects on distant neurons
[23]. Recently, other researchers found that SYN increased
following high intraocular pressure- (HIOP-) induced retinal
injuries [22, 24]. Previous studies revealed that SYNpromoted
the release of excitotoxic glutamate, which enhanced the
activity of N-methyl-D-aspartate (NMDA). This event led to
the accumulation of soluble amyloid-β (Aβ) in hippocampal
excitatory neurons [25]. These studies demonstrated that
transneuronal degeneration has a strong correlation with
retinal synaptic plasticity.

Until now, the details of transneuronal degeneration
after RI/R have not been elucidated yet. In this study, we
established the acute RI/R model of rats and summarized
the temporal and spatial alterations of neurons and synapses
in OPL, IPL, and LGN after RI/R injury. This study may
provide more detailed pathology data in the visual pathway
and more reliable intervention time and targets.

2. Materials and Methods

2.1. Animals and RI/R Model. One hundred and twenty
adult Sprague-Dawley (SD) rats (female: 250-300 g, 9-10
weeks old) were purchased from the animal center of Cen-
tral South University (License number: SCUD (Changsha)
2011-0004, Changsha, China). All animals were housed in
clean level conditions with free access to food and water
under the temperature of 22 ± 1°C, the humidity of 55 ± 5
%, and a 12-hour light/dark cycle. All experimental proce-
dures were reviewed and approved by the Animal Care
and Use Committees of the Laboratory Animal Research
Center at Xiangya Medical School of Central South
University.

All animals were randomly and equally divided into five
experimental procedures (for retrograde tracing, HE stain-
ing, immunohistochemistry, western blot analysis, and
transmission electron microscope), and twenty-four animals
were included in each procedure. We have eight groups in
the first four experimental procedures, which means rats
allowed to survive, respectively, at 2 hours, 6 hours, 12
hours, 1 day, 3 days, 7 days, and 14 days after injury (plus
the untreated control groups, a total of eight observation
groups). For transmission electron microscope (TEM), we
have four experimental observation times, respectively, at
controls, 12 hours, 3 days, 7 days, and 14 days after injury,
and three animals were used for each observation time
(n = 3 rats, 6 eyes).

All animals in the RI/R group were treated following the
procedures previously described [26]; the rats were anesthe-
tized with a 2% pentobarbital sodium (0.3mL/100 g). A 30-
gauge intravenous infusion needle connected to the installa-
tion instrument with normal saline was inserted into the
anterior chambers of the eyes. The intraocular pressure
(IOP) was slowly elevated to 14.63 kPa (110mmHg), main-
tained for 60min, and then gradually lowered to normal
pressure.

2.2. Tissue Preparation. The retinal flats were used for retro-
grade tracing. First, the eyecups were prepared following
perfusion. Next, the eyecups were fixed in 4% paraformalde-
hyde for 1 h at room temperature, and the retina was
detached from the eyecups. To stretch the retinas flat, they
were placed with ganglion cell layers facing upward on
microscope slides and incised with four 3mm long cuts at
their superior, inferior, temporal, and nasal sides. Finally,
the retinas were cleaned using a soft brush, covered with
antifade aqueous mounting medium, and covers lipped.

The frozen sections were used for HE staining and
immunohistochemistry. The eyecups or brain tissue were
postfixed, immersed in ascending sucrose. After the dehy-
dration was completed, the tissues were buried in the
O.C.T. compound (SAKURA, USA), and stored at -20°C,
and prepared for frozen sections. The eyecups were sub-
jected to sagittal sections with 5μm thickness, and select sec-
tions with the optic nerve for standby. And brain tissue was
subjected to coronary sections with 5μm thickness, and
select sections with the dLGN for standby.

For western blotting, retinas and dLGN were dissected
from deeply anesthetized rats and then weighed and
quickly frozen on dry ice and stored at 80C for further
homogenization.

For transmission electron microscopy (TEM), retinas
and dLGN were dissected from perfused rats and rinsed with
clean saline and then fixed in 2.5% pentanediol solution (tis-
sue fixation solution for TEM) for electroscopic tissue
sections.

2.3. Counting of RGCs. For retrograde labeling of RGCs, 4
days before sacrifice, Cholera Toxin B subunit-FITC (CTB-
FITC, 3μL of 5% solution, Cat# abs80001, Absin, China)
was introduced bilaterally into the dLGN according to the
dLGN stereotaxic coordinates (bregma: 4:25 ± 0:18mm,
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lateral: 3:00 ± 0:01mm, and depth: 1:81 ± 0:13mm; Song
et al., 2019) using the stereotaxic instrument (RWD Life Sci-
ence Co., Ltd., Shenzhen, Guangdong Province, China).
After the perfusion, the eyeballs were dissected from deeply
anesthetized rats, and the anterior segments were removed,
and the posterior segments were fixed in 4% paraformalde-
hyde (0.1MPB, pH7.4) for 30min. The retina was then iso-
lated, and the retinal flat was as described above. RGCs were
counted as previously reported [27]. Briefly, five fields for
each quadrant (twenty in total) were taken within the central
periphery of the retina regions (2mm from the optic disc,
Supplementary Figure 1) in each retina flat. CTB-labeled
RGCs were counted at 400x magnification in each field; the
mean of the 20 visual fields represents the number of this
one retina. Corresponding regions from each retina of
experimental and control groups were used for counting.

2.4. Hematoxylin and Eosin Staining. HE staining was con-
ducted according to routine protocols [17]. The 5μm eyecup
sections with the optic nerve were rewarmed and fixed in 4%
paraformaldehyde for 15min and then rinsed in double-
distilled water (DDW). Then, the sections were stained with
hematoxylin solution for 10min followed by 1% acid ethanol
(1% HCl in 70% ethanol) for 30 s and then rinsed in DDW.
Then, the eyecup sections were stained with eosin solution
for 1min and followed by dehydration with graded alcohol
(80%, 95%, and 100%) and clearing in xylene. The tissue
surface was covered with glycerol, cover slides, and stored
for morphological evaluation. Five sections were taken from
each rat and observed under 200x microscopic magnifica-
tion. The visual field of the central retina region (near the
optic nerve) was selected, and the pathological image analy-
sis software (CMIAS system) was used to measure the thick-
ness of retinal OPL and IPL.

2.5. Immunohistochemistry. The brain tissue sections with
the dLGN and the eyecup sections with the optic nerve were
collected for immunofluorescent labeling. These sections
were rewarmed and washed several times in PBS and then
incubated with the anti-rabbit synaptophysin (1 : 500,
Abcam, ab32127) and anti-mouse PSD-95 (1 : 500, Abcam,
ab18258) overnight at 4°C. After several washes with PBS,
sections were incubated with donkey anti-rabbit Alexa 594
(Jackson ImmunoResearch, 711-585-152) and goat anti-
mouse Alexa 488 (Jackson ImmunoResearch, 115-545-062)
for 2 hours at room temperature, followed by 0.5μg/mL
DAPI (Thermo Fisher Scientific) in PBS for 5 minutes at
room temperature before mounting. Five sections were
taken from each rat and observed under 200x and 400x mag-
nification immunofluorescence microscopy; the exposure
time for eye sections was kept at 1 s and brain tissue sections
at 2-3 s. Finally, use the Image J analysis software to measure
the average grayscale values of positive products in retinal
IPL and OPL.

2.6. Western Blotting. As previously detailed [28], tissue
samples were homogenized by sonication on ice in RIPA
buffer containing a cocktail of protease inhibitors (Sigma,
MO, USA). Sonication-digested homogenates were treated

with centrifugation, protein concentration determination,
and degeneration, respectively. Total protein in tissue
extracts was measured using a standard BCA assay (Pierce).
Tissue extract proteins were resuspended in 5× sample
buffer (60mM Tris–HCl pH7.4, 25% glycerol, 2% SDS,
14.4mM 2-mercaptoethanol, and 0.1% bromophenol blue)
at a 4 : 1 ratio, boiled for 5min, and resolved by SDS-
PAGE. Proteins were transferred onto a nitrocellulose mem-
brane, and blots were stained with Ponceau S (Sigma, St.
Louis, MO, USA) to visualize the protein bands and ensure
equal protein loading and uniform transfer. Blots were
washed and blocked for 45min with 5% nondried skim
milk in TBST buffer. Blots were then probed for 24 h using
anti-rabbit synaptophysin (1 : 500, Abcam, ab32127) and
anti-mouse PSD-95 (1 : 500, Abcam, ab18258) and Actin
(Sigma, St. Louis, MO, USA). Blots were then probed with
horseradish peroxidase- (HRP-) conjugated goat anti-rabbit
secondary antibody and HRP-donkey anti-mouse second-
ary antibody. Bound antibodies were detected using an
enhanced chemiluminescence system (Amersham) and X-
ray film. Relative intensity was measured using an Image-
Master®VDS (Pharmacia Biotech), and the fold changes
in these protein levels are indicated below the blot. Results
are representative of five independent experiments. Data
are expressed as mean ± SD.

2.7. Transmission Electron Microscopy. Electron microscopy
was conducted using retinal and dLGN electron microscopic
sections from controls and postsurgery (three rats per
group). Retina and dLGN tissue were cut into 1mm3 cube
with a vibratome and rinsed with clean saline. Tissues were
fixed in 2.5% glutarol solution for 1 hour at room tempera-
ture or 3 hours at 4°C and then with 1% osmium tetroxide in
0.1mmol/L cacodylate buffer for 2 hours. After rinsing with
DDW, sections were treated with 1% aqueous uranyl acetate
overnight, dehydrated in ethanol solutions of increasing
concentration, up to 100%, followed by dry acetone, and
then embedded in durcupan ACM. Ultrathin sections
(0.1μm) were cut and mounted on Formvar-coated slot
grids, stained with 3% lead citrate, and examined with a
Zeiss transmission EM (Zeiss).

2.8. Statistical Analysis. The IBM SPSS Statistics (23.0) soft-
ware was applied in this study; all data are expressed as
means ± SD. Comparisons between the control group, 2
hours, 6 hours,12 hours, 1 day, 3 days, 7 days, and 14 days
were performed using the one-way ANOVA test, and Stu-
dent’s t-test was used in pairwise comparisons. Differences
with P < 0:05 were considered statistically significant.

3. Results

3.1. Changes of Neuronal Soma in Visual Pathways
following RI/R

3.1.1. RGC

(1) Mean Density of CTB-Labeled Retinal Ganglion Cells. We
used cholera toxin subunit (CTB) as a retrograde tracer to
mark RGCs, and the results obtained that the mean density
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of RGCs (MD-RGCs) in the peripheral retina was ð2325 ±
133Þ/mm2 in the control group. And there was no significant
difference between I/R-2 h (P = 0:825), I/R-6 h (P = 1:581), I/
R-12 h (P = 1:304) groups, and control group in mean den-
sity. Specific values for the different groups are shown in
Table 1. The mean density of RGCs in I/R-1 d, I/R-3 d, I/

R-7 d, and I/R-14 d were less than those in the control group
(P < 0:001) (Figures 1(a) and 1(b)).

(2) Changes of RGCs Ultrastructure following RI/R. Under
the TEM, normal RGCs showed round nuclei with smooth
nuclear contours and account for a large proportion of

Table 1: Mean density of RGCs using CTB retrograde tracer (n = 5).

Groups Control I/R-2 h I/R-6 h I/R-12 h I/R-1 d I/R-3 d I/R-7 d I/R-14 d

MD-RGCs (cells/mm2) 2325 ± 133 2450 ± 154 2350 ± 170 2457 ± 152 1500 ± 140 1475 ± 182 1425 ± 145 1137 ± 112
F -626.52 -126.75 -661.24 4124.43 4499.64 5124.46 5939.16

P 0.825 1.581 1.304 <0.001∗∗ <0.001∗∗ <0.001∗∗ <0.001∗∗

Means ± standard error of themean unless otherwise stated. MD-RGCs: mean density of labeled retinal ganglion cells. I/R-2 h: rats euthanized 2 hours post-
RI/R injury; I/R-6 h: rats euthanized 6 hours post-RI/R injury; I/R-12 h: rats euthanized 12 hours post-RI/R injury; I/R-1 d: rats euthanized 1 day post-RI/R
injury; I/R-1 d: rats euthanized 3 days post-RI/R injury; I/R-7 d: rats euthanized 7 days post-RI/R injury; I/R-14 d: rats euthanized 14 days post-RI/R injury.
∗P < 0:05 indicates that there were statistical differences when compared with the control groups. ∗∗P < 0:01 indicates that there were significant statistical
differences when compared with the control groups.
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Figure 1: The mean density of RGC retrograde labeled by CTB (scale bar = 50 μm). (a) I/R-2 h to 14 d: representative photomicrographs
were taken at high magnification of rats euthanized 2 hours, 6 hours, 12 hours, 1 day, 3 days, 7 days, and 14 days post-RI/R injury. (b)
MD-RGCs: I/R-1 d, I/R-3 d, I/R-7 d, and I/R-14 d (rats euthanized 1 day, 3 days, 7 days, and 14 days post-RI/R injury) were less than
those in the control group (P < 0:001). I/R-2 h: rats euthanized 2 hours post-RI/R injury; I/R-6 h: rats euthanized 6 hours post-RI/R
injury; I/R-12 h: rats euthanized 12 hours post-RI/R injury; I/R-1 d: rats euthanized 1 day post-RI/R injury; I/R-1 d: rats euthanized 3
days post-RI/R injury; I/R-7 d: rats euthanized 7 days post-RI/R injury; I/R-14 d: rats euthanized 14 days post-RI/R injury. ∗P < 0:05
indicates that there were statistical differences when compared with the control groups. ∗∗P < 0:01 indicates that there were significant
statistical differences when compared with the control groups.
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volume in cell body (Figure 2(a)). At 12 hours after RI/R
injury, we can see the cytoplasmic edema was prominent
in RGCs (Figure 2(b), red triangle). Moreover, nuclear chro-
matin became condensed, but the aggregation of chromatin
and fragmentation of nuclei did not occur (Figure 2(b), Nu).
At 3 days after RI/R injury, the cytoplasmic vacuole
(Figure 2(c), red circle) formed in RGCs. The chromatin
continues to aggregate, and the volume of the nucleus
shrunk (Figure 2(c), Nu). At 7 days after RI/R injury, more
vacuole can be seen in the cytoplasm of RGCs, and the frag-
mentation of nuclei began to appear; both the chromatin
and the organelles began to dissolve; these phenomena sug-
gest necrosis in RGCs (Figure 2(d)).

3.1.2. Bipolar Cells. The nucleus of bipolar cells in INL was
neatly arranged with a polygonal cross-section (Figure 3,
①). At 12 hours after RI/R injury, severe cellular edema of
bipolar cells in the INL was observed, and some nuclei in
INL were replaced by vacuoles (Figure 3, ②). At 3 days after

injury, the macular edema of bipolar cells showed a slight
trace of recovery but cell morphology becomes irregular
and nuclear chromatin became condensed (Figure 3, ③).
At 7 days after injury, the shape of bipolar cells became
irregular, and the chromatin and the organelles began to dis-
solve, suggested the apoptosis of bipolar cells late after
injury.

3.1.3. Photoreceptor Cells. Nucleus of photoreceptor (PR)
cells in ONL was neatly arranged with a polygonal cross-
section (Figure 3(a)). Outside the ONL are the inner seg-
ments (ISs) of photoreceptor (PR) cells; they were narrow
and long, with a long spindle shape, were arranged orderly,
and rich in mitochondria at the peripheral portion of neuro-
nal soma (Figure 3(e)). The outer segment (OS) of photore-
ceptor (PR) cells contained many flattened membranous
structures called discs. In the normal state, the disc is neatly
folded inside with few gaps in between (Figure 3(i)). At 12
hours after RI/R injury, many PR cells’ nuclei were replaced

Control
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2 μm
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I/R 12h

Nu

2 μm

(b)

I/R 3d

Nu

2 μm

(c)

I/R 7d
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Figure 2: Changes of RGC ultrastructure after RI/R injury (10000×, bar = 2 μm). (a) Control group, Nu: nucleus of RGCs: the nucleus of
RGCs presented round shape with smooth nuclear contours and accounted for most volume in the normal physiological state. (b) I/R-
12 h group, the morphology of RGCs at 12 hours post-RI/R injury: the cytoplasmic edema was visible (red triangle) and nuclear
chromatin became condensed, but the aggregation of chromatin and fragmentation of nuclei did not occur (Nu). (c) I/R-3 d group, the
morphology of RGCs at 3 days post-RI/R injury: the cytoplasmic vacuole formed in RGCs (red circle). The chromatin continues to
aggregate, and the volume of the nucleus shrunk (Nu). (d) I/R-7 d group, the morphology of RGCs at 7 days post-RI/R injury: more
vacuolar can be seen in the cytoplasm of RGCs (red circle), and the fragmentation of nuclei began to appear; both the chromatin and
the organelles began to dissolve; these phenomena suggest necrosis in RGCs. I/R-12 h: rats euthanized 12 hours post-RI/R injury; I/R-3 d:
rats euthanized 3 days post-RI/R injury; I/R-7 d: rats euthanized 7 days post-RI/R injury.
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by vacuoles (Figure 3(b)), and edema in the IS made cells’
volume increased significantly. Mitochondria (Mi) were sig-
nificantly increased and swelled (Figure 3(f)). The OS
swelled, and the arrangement of membranous discs becomes
disordered; the space between membranous discs became
widened (Figure 3(j)). At 3 days after RI/R injury, we found
gliocyte proliferation chromatin aggregation in ONL
(Figure 3(c), red star). At 3 days after injury, the edema in
the IS showed a slight trace of recovery but while mitochon-
dria continue to proliferate and hypertrophy (Figure 3(g),
Mi). Then, nuclei in ONL were lysed, and the number
reduced at 7 days after injury (Figure 3(d)). Organelle was
lysed, the membrane was discontinuous in IS (Figure 3(h)),
and the membrane disc was loose, dissolved, and shrunk
(Figure 3(l)).

3.1.4. Neurons in LGN. Under normal physiological condi-
tions, nerve fiber bundles in LGN were orderly arranged,
axons were surrounded by a myelin sheath, and the
endoneurium-encased myelin sheath and axons were clear
and visible on the nerve fiber surface (green arrow). Axons
were tightly surrounded, and there is no space between
axons and myelin (Figure 4(a)). At 12 hours after RI/R

injury, clear space (red arrow) appears in the myelin sheath
representing early demyelination changes. The axons
showed significant edema and mitochondrial hypertrophy
and hyperplasia (Figure 4(b)). At 7 days after RI/R injury,
there were heterotypic protein clusters (yellow arrow) within
axons and the diameter of axons decreased significantly
(Figure 4(c)).

3.2. Changes of Synapsis in Visual Pathways following RI/
R Damage

3.2.1. Changes in IPL and OPL following RI/R Damage

(1) Morphological Changes in IPL and OPL. Observation
under the optical microscope revealed that a normal 10-
week-old female rat’s thickness was 54:03 ± 6:78μm for
IPL and 11:16 ± 0:91μm for OPL (Figure 5(a), control). At
2 to 12 hours after RI/R injury, the thickness of IPL con-
tinues to increase (P < 0:01) and reach the peak of thickness
at 12 hours (133:89 ± 6:65μm), which was 2.46 times of the
control group. Subsequently, at 1 to 14 days after RI/R
injury, the thickness of IPL continues to decrease, and it
was significantly lower than the control group at 14 days
(P = 0:032) (Figure 5(a)).
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Figure 3: Ultrastructure changes of neurons in the retina after RI/R injury. ①–③: ultrastructure changes in each layer of the retina under
1000× TEM (bar = 20 μm). ① Control group. The boundaries between different layers were clear. The nucleus in ONL and INL was neatly
arranged with a polygonal cross-section. ② Ultrastructure of each layer in the retina at 12 hours post-RI/R injury. Layer demarcation
becomes unclear, and the arrangement of cells becomes loose, and obvious macular edema was observed. ③ Ultrastructure of each layer
in the retina at 3 days post-RI/R injury. The macular edema showed a slight trace of recovery, but cell morphology becomes irregular,
and nuclear chromatin became condensed. (a–l) Ultrastructure changes in each layer of the retina under 10000× TEM (bar = 2μm). I/R-
12 h: rats euthanized 12 hours post-RI/R injury; I/R-3 d: rats euthanized 3 days post-RI/R injury; I/R-7 d: rats euthanized 7 days post-RI/
R injury. (a) Nucleus in ONL was neatly arranged with a polygonal cross-section. (e) Outside the ONL are the inner segments (ISs) of
photoreceptor (PR) cells, and they were narrow and long, with a long spindle shape, were arranged orderly, and rich in mitochondria at
the peripheral portion of the soma. (l) Outer segment (OS) of photoreceptor (PR) cells contained many flattened membranous structures
called discs. In the normal state, the disc is neatly folded inside, with few gaps in between. (b, f, j) I/R-12 h group. (b) Some nucleus in
ONL was replaced by vacuoles. (f) Edema in the IS made cells’ volume increased significantly which decreased intercellular space.
Mitochondria (Mi) were significantly increased and swelled. (j) OS swelled, the arrangement of membranous discs becomes disordered,
and the space between membranous discs became widened. (c, g, k) I/R-3 d group. (c) Gliocyte proliferation in ONL (red star), cell
edema, and chromatin aggregation allowed the nucleus to be deeply stained. (g) The edema in the IS showed a slight trace of recovery
compared to the I/R-12 h group, while mitochondria continue to proliferate and hypertrophy (Mi). (k) The edema in the OS showed a
slight trace of recovery. (d, h, l) I/R-7 d group. (d) Nucleus in ONL was lysed, and the number reduced. (h) Organelle was lysed, and the
membrane was discontinuous in IS. (o) The membrane disc was loose, dissolved, and shrunk.
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The same trend was observed in OPL, and at 2 to 12
hours after injury, the thickness of OPL was all greater than
that in the control group (P < 0:05), 15:06 ± 1:17μm for the
I/R-2 h group, 17:04 ± 1:32μm for the I/R-6 h group, and
16:35 ± 1:44μm for the I/R-12 h group. At 1 to 14 days after
injury, thickness values of OPL showed a downward trend,
15:27 ± 1:93μm for the I/R-1 d group, 12:39 ± 1:77μm for
the I/R-3 d group, 11:88 ± 1:21μm for the I/R-7 d group,
and 11:34 ± 0:84μm for the I/R-14 d group (Figure 5(b)).
The specific thickness values are shown in Table 2.

Images of the TEM showed that numerous synapses
were evenly distributed in the IPL and OPL, and they are
closely arranged and uniform in size and shape under nor-
mal circumstances (Figure 6(a), red arrow). The presynaptic
(Figure 6(d), A) and postsynaptic (Figure 6(d), B) mem-
branes are clear, presynaptic thickenings form a synaptic

active zone (Figure 6(d), red arrow), and clusters of synaptic
vesicles (Figure 6(d), yellow circle) and mitochondria were
normal in size and structure (Figure 6(d), Mi). At 12 hours
after RI/R injury, neurons in IPL and OPL showed signifi-
cant edema (Figure 6(b), red triangle), which made the
membrane of synapsis becomes thinner, and mitochondrial
hyperplasia and hypertrophy (Figure 6(b), Mi). Many small
immature synapses were formed in the IPL and OPL
(Figure 6(b), orange arrow). It can be seen under a higher
magnification that neuronal edema and presynaptic vesicles
(Figure 6(e), yellow circle) increased in both IPL and OPL,
and the synaptic active zone became wider and longer
(Figure 6(e), red arrow). At 7 days after RI/R injury, the
small immature synapses disappeared and neuronal edema
gradually recovered, and aggregation of chromatin and frag-
mentation of nuclei can be observed (Figure 6(c)). Under
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(a) (b) (c)

(d) (e) (f)

Figure 4: Ultrastructure changes of neurons in LGN after RI/R injury (TEM ×20000). I/R-12 h: rats euthanized 12 hours post-RI/R injury; I/
R-3 d: rats euthanized 3 days post-RI/R injury; I/R-7 d: rats euthanized 7 days post-RI/R injury. (a) Control group: nerve fiber bundles in
LGN were orderly arranged, axons were surrounded by a myelin sheath, and the endoneurium-encased myelin sheath and axons were
clear and visible on the nerve fiber surface (green arrow). In normal conditions, axons were tightly surrounded and there is no space
between axons and myelin. (b) I/R-12 h group: clear space (red arrow) appears in the myelin sheath suggesting early demyelination
changes. The axons showed significant edema and mitochondrial hypertrophy and hyperplasia. (c) I/R-7 d group: there are heterotypic
protein clusters (yellow arrow) within axons, and the diameter of axons decreased significantly; this is a phenomenon of axonal
degeneration. (d) Control group, (red arrow): synaptic junction in LGN. The presynaptic (A) and postsynaptic (B) membranes are clear,
presynaptic thickenings form a synaptic active zone (red arrow), and clusters of synaptic vesicles (yellow circle) and mitochondria were
normal in size and structure (Mi). (e) I/R-12 h group: the synapsis in LGN showed significant edema which made the membrane of
synapsis becomes thinner, and the synaptic active band becomes broadened (red arrow), whereas mitochondrial hyperplasia and
hypertrophy in presynapses (Mi). (f) I/R-7 d group: membranes of the synapses were discontinuous, organelle was lysed, presynaptic
vesicles reduced, and the synaptic structure became unclear.
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higher magnification, we found membranes of the synapses
were discontinuous, cell was lysed, organelles were sepa-
rated, presynaptic vesicles reduced (Figure 6(f), yellow cir-
cle), and the synaptic structure became unclear. These
phenomena suggest neuronal death in IPL late after injury.

(2) SYN and PSD-95 Expression in IPL and OPL. The expres-
sion of SYN and PSD-95 was mainly enriched in IPL and
OPL; there are more positive products in IPL than in OPL
(Figures 7(a)–7(p)). Quantitative analysis of gray value
showed the expression of SYN in IPL increased significantly

in I/R-2 h, I/R-6 h, and I/R-12 h groups (P = 0:012, 0.038,
0.022) (Figures 7(a)–7(d)). At 1 day after RI/R, the SYN
expression began to decrease (Figure 7(e)) and keep this
downtrend from 1 day to 14 days after the injury
(Figures 7(e)–7(h)). The expression of SYN in the I/R-3 d,
I/R-7 d, and I/R-14 d groups was all lower than the control
group (P = 0:027, 0.008, 0.044) (Figure 7, A). The expression
of PSD-95 was unchanged in I/R-2 h, I/R-6 h, and I/R-12 h
groups when compared with the control group (P = 1:175,
1.838, 0.651) (Figures 7(i)–7(l), A) and began to decrease
at 1 day after injury, whereas significantly lower than the
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Figure 5: (a) Representative images of HE staining showed morphological alterations of neurons in the retina after RI/R injury (HE 200×,
bar = 100 μm). 2 h: rats euthanized 2 hours post-RI/R injury; 6 h: rats euthanized 6 hours post-RI/R injury; 12 h: rats euthanized 12 hours
post-RI/R injury; 1 d: rats euthanized 1 day post-RI/R injury; 3 d: rats euthanized 3 days post-RI/R injury; 7 d: rats euthanized 7 days.
CMIAS image analysis system was used to quantify the thickness of (b) IPL and (c) OPL, and optical microscopy images were captured
using an inverted microscope at 200x magnification. IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer;
ONL: outer nuclear layer; RPE: retinal pigment epithelium. ∗P < 0:05 indicates that there were statistical differences when compared with
the control groups. ∗∗P < 0:01 indicates that there were significant statistical differences when compared with the control groups.

Table 2: The thickness of retinal IPL and OPL in adult SD rats (μm; n = 5).

Control 2 h 6 h 12 h 1 d 3 d 7 d 14 d

IPL 54:03 ± 6:78 96:39 ± 8:30 119:79 ± 5:82 133:89 ± 6:65 75:66 ± 7:01 68:22 ± 6:98 58:83 ± 6:45 43:7 ± 7:11
F -23.735 -38.086 -46.734 -11.021 -6.458 -0.699 2.447

P <0.001∗∗ <0.001∗∗ <0.001∗∗ 0.084 0.707 1.143 0.032∗

OPL 11:16 ± 0:91 15:06 ± 1:17 17:04 ± 1:32 16:35 ± 1:44 15:27 ± 1:93 12:39 ± 1:77 11:88 ± 1:21 11:34 ± 0:84
F -31.631 -46.44 -46.730 -6.168 -6.977 -2.983 0.889

P 0.048∗ 0.025∗ 0.007∗ 0.044∗ 0.776 1.581 1.330

Means ± standard error of themean unless otherwise stated. 2 h: rats euthanized 2 hours post-RI/R injury; 6 h: rats euthanized 6 hours post-RI/R injury; 12 h:
rats euthanized 12 hours post-RI/R injury; 1 d: rats euthanized 1 day post-RI/R injury; 3 d: rats euthanized 3 days post-RI/R injury; 7 d: rats euthanized 7 days
post-RI/R injury; 14 d: rats euthanized 14 days post-RI/R injury. ∗P < 0:05 indicates that there were statistical differences when compared with the control
groups. ∗∗P < 0:01 indicates that there were significant statistical differences when compared with the control groups.
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control group in I/R-1 d, I/R-3 d, and I/R-14 d groups
(P = 0:004, 0.018, 0.005) (Figures 7(m)–7(p), C).

Quantitative analysis of gray value showed the expres-
sion of SYN and PSD-95 in OPL had the same change trend
as the expression in IPL. SYN increased significantly in I/R-
2 h, I/R-6 h, and I/R-12 h groups (P = 0:012, 0.038, 0.022)
(Figures 7(a)–7(d)) and began to decrease at 1 day after
RI/R (Figure 7(e)). It kept this downtrend from 1 day to 14
days after the injury (Figures 7(e)–7(h)). The expression of
SYN in the I/R-1 d, I/R-3 d, I/R-7 d, and I/R-14 d groups
was all lower than the control group (P < 0:05) (Figure 7,
C). Meanwhile, the expression of PSD-95 was unchanged
in I/R-2 h, I/R-6 h, and I/R-12 h groups (P = 0:121, 0.852,
0.733) (Figures 7(i)–7(l), A) and began to decrease at 1 day
after the injury, whereas significantly lower than the control
group in I/R-1 d, I/R-3 d, and I/R-14 d groups (P = 0:011,

0.017, 0.042) (Figures 7(m)–7(p), C). It indicated that the
expression of SYN in both IPL and OPL presents an asyn-
chronous change with the expression of PSD-95.

In addition, western blot (WB) analysis also showed the
same expression trend in the whole retina. SYN with the
molecular weight of 38 kd was detected to be increased early
after injury. From 2 hours to 1 day after the injury, the
expression of SYN was significantly higher than control
group (P < 0:001; P < 0:001; P = 0:009; P = 0:011). Then,
from 1d after injury, the expression began to decrease
(P < 0:05), and this downward trend continued from 1d to
14 d (Figures 8(a) and 8(c)). And PSD-95 with the molecular
weight of 95 kd, expression remained unchanged from 2
hours to 12 hours after injury (P > 0:05). In I/R-1 d, I/R-
3 d, I/R-7 d, and I/R-14 d groups, PSD-95 expression was sig-
nificantly lower than the control group (P = 0:017, 0.003,
0.034, 0.001) (Figures 8(b) and 8(d)).
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Figure 6: Ultrastructure changes in IPL and OPL after RI/R injury (TEM ×10000, ×20000). I/R-12 h: rats euthanized 12 hours post-RI/R
injury; I/R-7 d: rats euthanized 7 days post-RI/R injury. (a) Control group (10000×; bar = 2μm): numerous synapses were evenly
distributed (red arrow), and they are closely arranged and uniform in size and shape under normal circumstances. (d) Control group
(20000×; bar = 1μm). The presynaptic (A) and postsynaptic (B) membranes are clear, presynaptic thickenings form a synaptic active
zone (red arrow), and clusters of synaptic vesicles (yellow circle) and mitochondria were normal in size and structure (Mi). (b) I/R-12 h
group (bar = 2μm): neurons in IPL and OPL showed significant edema (red triangle) and mitochondrial hyperplasia and hypertrophy
(Mi). Many small immature synapses formed in the IPL and OPL (orange arrow). (e) I/R-12 h group (bar = 1 μm): neuronal edema made
the membrane of synapsis becomes thinner, presynaptic vesicles (yellow circle) increased in both IPL and OPL, and the synaptic active
zone became wider and longer (red arrow). (c) I/R-7 d group (bar = 2μm): the small immature synapses disappeared, and neuronal
edema gradually recovered, and aggregation of chromatin and fragmentation of nuclei can be observed. (f) I/R-7 d group (bar = 1μm):
membranes of the synapses were discontinuous, cell was lysed, organelles were separated, presynaptic vesicles reduced (yellow circle),
and the synaptic structure became unclear (red arrow). These phenomena suggest neuronal death in IPL and OPL.
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3.2.2. Changes in dLGN following RI/R

(1) Morphological Changes in dLGN. Within the neuropil of
LGN, synapses are evenly distributed and have a clear struc-
ture. The presynaptic and postsynaptic membranes were
clear (Figure 4(d)), presynaptic thickenings form a synaptic
active zone (Figure 4(d), red arrow), and clusters of synaptic

vesicles (Figure 4(d), yellow circle) and mitochondria were
normal in size and structure (Figure 4(d), Mi). At 12 hours
after RI/R injury, multiple small newborn synapses formed
within the neuropil, native synapsis in LGN showed signif-
icant edema which made the presynaptic and postsynaptic
membrane become thinner, and the synaptic active band
was broadened (Figure 4(e), red arrow), whereas
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Figure 7: Immunofluorescence images of SYN and PSD-95 expression in the retina after RI/R injury (400x, bar = 50 μm). I/R-2 h: rats
euthanized 2 hours post-RI/R injury; I/R-6 h: rats euthanized 6 hours post-RI/R injury; I/R-12 h: rats euthanized 12 hours post-RI/R
injury; I/R-1 d: rats euthanized 1 day post-RI/R injury; I/R-1 d: rats euthanized 3 days post-RI/R injury; I/R-7 d: rats euthanized 7 days
post-RI/R injury; I/R-14 d: rats euthanized 14 days post-RI/R injury. SYN: synaptophysin (red); PSD-95: postsynaptic density-95 (green);
IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer. The Image J analysis software
was used to determine the average gray value of the SYN expression in (A) IPL and (B) OPL, the average gray value of the PSD-95
expression in (C) IPL and (D) OPL. ∗P < 0:05 indicates that there were statistical differences when compared with the control groups.
∗∗P < 0:01 indicates that there were significant statistical differences when compared with the control groups.
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Figure 8: Western blotting results of SYN and PSD-95 expression in the retina after RI/R injury. (a) 2 h: rats euthanized 2 hours post-RI/R
injury; 6 h: rats euthanized 6 hours post-RI/R injury; 12 h: rats euthanized 12 hours post-RI/R injury; 1 d: rats euthanized 1 day post-RI/R
injury; 3 d: rats euthanized 3 days post-RI/R injury; 7 d: rats euthanized 7 days. Synaptophysin (SYN), a presynaptic vesicle protein, was
significantly increased in the retina at 2 hours to 1 day after RI/R compared to the control group. From 3 days to 14 days, the SYN
expression showed a downward trend. (b) PSD-95, a postsynaptic vesicle protein, remains unchanged at 2 hours to 12 hours after RI/R
compared to the control group. The PSD-95 expression was significantly reduced in the retina at 1 day to 14 days after RI/R. Use the
Image J analysis software to determine the average gray value of the (c) SYN expression and the (d) PSD-95 expression in retina. ∗P <
0:05 indicates that there were statistical differences when compared with the control groups. ∗∗P < 0:01 indicates that there were
significant statistical differences when compared with the control groups.
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Figure 9: Immunofluorescence images of SYN and PSD-95 expression in dLGN after RI/R injury (100×, bar = 100μm). Representative
photomicrographs taken at 100× immunofluorescence microscopy of rats’ coronal plane of LGN on the left side, with (a) control group
and (b) 6 hours; (c) 12 hours; (d) 1 day; 3 days; (e) 7 days; (f) 14 days post-RI/R injury. I/R-2 h: rats euthanized 2 hours post-RI/R
injury; I/R-6 h: rats euthanized 6 hours post-RI/R injury; I/R-12 h: rats euthanized 12 hours post-RI/R injury; I/R-1 d: rats euthanized 1
day post-RI/R injury; I/R-1 d: rats euthanized 3 days post-RI/R injury; I/R-7 d: rats euthanized 7 days post-RI/R injury; I/R-14 d: rats
euthanized 14 days post-RI/R injury.
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mitochondrial hyperplasia and hypertrophy in presynapses
(Figure 4(e), Mi). At 7 days after RI/R injury, membranes
of the synapses were discontinuous, organelle was lysed,
presynaptic vesicles reduced, and the synaptic structure
became unclear (Figure 4(f)).

(2) SYN and PSD-95 Expression in dLGN. The resulting
Immunofluorescence images revealed that dLGN is
spindle-shaped on the coronal section; SYN was fluores-
cently labeled in red and distributed in the axoplasm of
nerve fibers. Retinal termini were stained and present red
lines in Figure 9, according to the location of the RGC pro-
jections reported in the Claire Bc study [27]. PSD-95 was
fluorescently labeled in green and distributed at each axon
terminus of nerve fibers like stars. In I/R-6 h, I/R-12 h, and
I/R-1d groups, the distribution of retinal termini had no sig-
nificant changes when compared with control groups
(Figure 9, control, I/R 6h, I/R 12 h, and I/R 1d). At 7 days
to 14 days after injury, discontinuous changes occur in the

nerve fibers of dLGN, and the number of nerve fibers was
significantly smaller in the same field of view (Figure 9, I/R
7 d and I/R 14 d).

Western blot (WB) analysis showed the expression of
these two synaptic active proteins in the whole dLGN. SYN
with the molecular weight of 38kd remained unchanged from
2 hours to 12 hours after injury (P > 0:05). Then, from 1 day
after the injury, the expression of SYN began to decrease
(P < 0:05). In I/R-1d, I/R-3d, I/R-7d, and I/R-14d groups,
SYN expression was significantly lower than the control group
(P = 0:017, 0.003, 0.034, 0.001) (Figures 10(a) and 10(c)). And
PSD-95 with a molecular weight of 95kd was detected to be
increased early after injury. From 2 hours to 1 day after the
injury, the expression of PSD-95 was significantly higher than
the control group (P = 0:031, 0.022, 0.017, 0.007). Then, from
1d after injury, the expression of PSD-95 began to decrease
(P < 0:05), and this downward trend continued from 1d to
14d (Figures 10(b) and 10(d)).
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Figure 10: Western blot result of SYN and PSD-95 expression in LGN after RI/R injury. (a) 2 h: rats euthanized 2 hours post-RI/R injury;
6 h: rats euthanized 6 hours post-RI/R injury; 12 h: rats euthanized 12 hours post-RI/R injury; 1 d: rats euthanized 1 day post-RI/R injury;
3 d: rats euthanized 3 days post-RI/R injury; 7 d: rats euthanized 7 days. Synaptophysin (SYN) remains unchanged at 2 hours to 12 hours
after RI/R compared to the control group. The SYN expression was significantly reduced in the retina at 1 day to 14 days after RI/R. (b)
PSD-95 was significantly increased in the retina at 2 hours to 1 day after RI/R compared to the control group. From 3 days to 14 days,
the PSD-95 expression showed a downward trend. (c) Use the Image J analysis software to determine the average gray value of the
SYN expression in LGN. (d) Use the Image J analysis software to determine the average gray value of the PSD-95 expression in
LGN. ∗P < 0:05 indicates that there were statistical differences when compared with the control groups. ∗∗P < 0:01 indicates that
there were significant statistical differences when compared with the control groups.
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4. Discussion

Transneuronal degeneration has been proved to be associ-
ated with the pathological processes of a variety of neurolog-
ical diseases, including Alzheimer’s disease [6], amyotrophic
lateral sclerosis [14], and brain trauma [8]. For the visual
signal pathway, the significant loss of relay neurons in M
and P layers of dLGN connected to the glaucomatous eye
[29], which increased linearly with the loss of retinal afferent
fibers, while Hendrickson et al. reported neuronal atrophy in
dLGN after injury in the visual cortex [30]. These evidences
suggest that primary neuron injury visual pathway presents
anterograde and retrograde transneuronal degeneration on
synaptic-linked distant neurons. It has been demonstrated
that intervention measures that only compete against the
mechanisms of in situ RGC death cannot satisfactorily
recover the degenerated visual function following RI/R.
Regrettably, previous research merely focused on preventing
RGCs from death [27, 31], while ignoring the transneuronal
degeneration following RI/R [32].

Presently, we found that relay cell edema, intracellular
mitochondrial proliferation, and the increase in the number
of presynaptic vesicles and mitochondria in IPL were
emerged in the early stage after RI/R injury (2 hours to 12
hours, RGCs did not appear to be significantly lost). This
shows that in the early stage of RI/R injury, abnormal mito-
chondria after an injury have appeared in the upper and
lower neurons of RGCs. As the main place of cell productiv-
ity, mitochondria are prone to abnormal ultrastructural
changes in the face of pathological factors such as ischemia
and hypoxia [33]. The proliferation and hypertrophy of
mitochondria are the typical manifestations of increased
energy consumption after cell injury. Alexei put forward
the lysosome mitochondrial axis-mediated cell death theory
in 2010. This theory expounds that the change of mitochon-
drial membrane permeability can cause the change of lyso-
some permeability through ROS and/or Bcl-2 family-
dependent manner and finally lead to cell death [34]. We
found in the late stage after RI/R injury, mitochondrial dis-
solution in the presynaptic membrane of IPL and OPL also
appeared, and then, bipolar and photoreceptor cells began
to undergo apoptosis. Based on these experimental evi-
dences, we speculated the early hyperplasia mitochondria
may contribute to the apoptosis of bipolar and photorecep-
tor cells through the lysosomal-mitochondrial axis. This
may be the reason for significant alterations in distal neu-
rons after removal of RGC situ damage.

In addition, we observed that in the early stage of RI/R
injury, synapses in IPL also showed significant plasticity
changes. It is manifested by the formation of new small syn-
apses, the increase in the number of presynaptic vesicles and
the widening of the synaptic active band. This indicates that
presynaptic structures and functions from the neurons in
ONL are flourishing at this time. Previous studies have
shown that the early newborn synapses are established rap-
idly after injury [35]. And by changing the expression level
of synaptic active protein [22, 24], adjusting the level of cyto-
kines [19–21], or by changing the content of mitochondria
to transmit damage signals [23], the distal neurons are

affected. These are the compensatory responses of neurons
in early response to injury signals. Park et al. described in
the chronic ocular hypertension model that RGCs showed
more complex dendritic structure and more axon bundles
than the control group 4 weeks after the induction of high
intraocular pressure and formed more synaptic connections
with bipolar cells [22]. These phenomena suggest that neu-
rons in INL attempt to compensate for postinjury signal
transmission by establishing more synaptic connections with
RGCs. Interestingly, although the activity of presynaptic-
related structures and functions in IPL in the early stage
(2 h-12 h) after RI/R injury was observed in this study, there
was no significant change in postsynaptic-related structures
and functions. We speculate that as the earliest and most
severely damaged kind of retinal neurons after RI/R injury
(under the electron microscope, vacuolation and dissolution
of organelles were observed in the RGCs’ cytoplasm in the
early stage after injury), the damaged/stressed RGCs could
not respond to the increased presynaptic activity of bipolar
cells. This asynchronous expression of this synaptic active
protein may not only affect the effective signal transmission
but also increase the energy consumption of upper neurons
in RGCs. This may be one of the important reasons why
patients with acute angle-closure glaucoma still have pro-
gressive loss of vision after the ocular hypertension injury
is relieved. Of course, the mechanisms by which synaptic
plasticity changes cause transneuronal degeneration remains
to be further explored.

Previous studies reported that the relay cell soma in the
LGN after RGC injury in the glaucoma model was atro-
phied, accompanied by the loss of nerve fibers. We also
observed transneuronal changes in LGN in the early postin-
jury period, which were specifically manifested as neuronal
edema, myelinated nerve demyelination, and new synapse
formation. RI/R injury affects the transport function of
ATP-dependent Na+/K+ pump on the cell membrane [36],
which leads to intracellular sodium ion accumulation, cell
edema, and volume increase. In this study, it was found that
the early edema response was not only limited to neurons in
the retina but also involved LGN neurons. Demyelination of
myelinated nerves is a typical manifestation of neurodegen-
erative changes. The mechanism of demyelination involves
oxidative stress theory [37], mitochondrial dysfunction the-
ory, and excitotoxin theory [38]. The nerve impulse conduc-
tion of myelinated nerve fibers completes the jumping
conduction through the adjacent Nodes of Ranvier. The
thicker the myelin sheath and the longer the nodal body,
the faster the conduction velocity. The change in demyelin-
ation makes the conduction rate of the nerve fiber signifi-
cantly reduced [39]. Chang et al. [40] also detected an
increase in the level of myelin alkaline protease in LGN after
injury in the rat ocular hypertension model and believed that
the degree of demyelination of LGN neurons was positively
correlated with the degree of retinal damage.

In addition, similar alterations in synaptic active protein
also appeared in the synapses between RGCs and relay cells
in dLGN in the early stage after injury. Specifically, the
expression of postsynaptic component PSD-95 in dLGN
increased, while the expression of presynaptic vesicle protein
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SYN remained unchanged. Combined with previous studies,
we believe that transneuronal degeneration in LGN after RI/
R injury is still closely related to the changes in synaptic
plasticity. Although the unsynchronous changes of synapto-
tagmins in LGN are similar to those in IPL, the changes in
LGN are symmetrical with those in IPL. Relay cells showed
a change process similar to bipolar cells, including the
increase of synaptic vesicle protein, the widening of the syn-
aptic active band, and the proliferation and hypertrophy of
mitochondria. Evangelho et al. also mentioned that the
anterograde axoplasmic transport function of injured RGCs
was insufficient, and RGCs were in a state of dysfunction
from soma to axon [41]. This may explain why PSD-95, an
increased postsynaptic component of relay cells, lacks the
response to the presynaptic components of RGCs.

In conclusion, our present study suggests that transneur-
onal degeneration exists in RI/R injury. Synaptic structures
in the retina and LGN probably be associated with trans-
neuronal degeneration through asynchronous changes of
active proteins and mitochondrial abnormalities. This trans-
neuronal degeneration may be one of the key reasons for the
progressive deterioration of visual function after the injury is
removed. By intervening in the early alterations of adjacent
neurons and synapses to RGCs after RI/R injury, it will
provide a new idea/inspiration for the recovery of visual
function after ischemic retinopathy.
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Objective. To explore the role of conjunctival microvasculation combined with echocardiography in evaluating the prognosis of
pulmonary arterial hypertension in systemic lupus erythematosus (SLE-PAH). Methods. We prospectively compared the
conjunctival microvascular changes in 17 SLE-PAH patients and 34 SLE patients without PAH in our hospital from January
2020 to December 2020, and we observed the characteristics of conjunctival microvascular changes in SLE-PAH patients. We
analyzed the correlation between the corresponding conjunctival microvascular changes and cardiopulmonary function and
evaluated the predictive value of the vessel density (VD) and the microvascular flow index (MFI) of conjunctival
microvasculation combined with echocardiography in SLE-PAH. Results. Compared with SLE patients without PAH, the
ischemic areas in conjunctival microvasculation were significantly increased in SLE-PAH patients. The VD and MFI of
conjunctival microvasculation are significantly correlated with N-terminal prohormone of brain natriuretic peptide and
6-minute walking distance. Combined with the VD and MFI, it can improve the accuracy of echocardiography in assessing the
risk of death due to SLE-PAH (94.1% vs. 82.2%). Conclusion. The ischemic area, VD, and MFI of conjunctival microvasculation
in SLE-PAH patients can indicate the occurrence of severe SLE-PAH and improve the accuracy of echocardiography in
evaluating the prognosis of SLE-PAH.

1. Introduction

Systemic lupus erythematosus (SLE) is an autoimmune dis-
ease involving multiple organs. Pulmonary arterial hyperten-
sion (PAH), one of its serious complications, is difficult to
treat and is one of the causes of death due to SLE [1, 2]. Right
heart catheterization is the gold standard for the clinical diag-
nosis and assessment of pulmonary hypertension, but due to
its invasiveness and high cost, it is not suitable as a mean of
regular evaluation during treatment. Echocardiography is
recommended for its simplicity for the indirect diagnosis
and dynamic assessment of pulmonary hypertension [3, 4].
However, the consistency of the echocardiography and right
heart catheterization results is still controversial [5]. Therefore,
looking for more markers to improve the accuracy of the

clinical assessment of pulmonary hypertension, early identifi-
cation of high-risk patients, and timely intervention are essen-
tial to improve the prognosis of SLE-PAH patients. A previous
study confirmed that conjunctival microvasculation can effec-
tively assess the hypercoagulable or prethrombotic state of SLE
[6]. Thus, this study observed the characteristics of conjuncti-
val microvasculation in SLE-PAH patients and evaluated its
value combined with echocardiography in the assessment of
SLE-PAH.

2. Materials and Methods

2.1. Subjects. Seventeen consecutive SLE-PAH patients who
were admitted to the Department of Rheumatology and
Immunology of the First Affiliated Hospital of Nanchang
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University from January 2020 to December 2020 and a con-
trol group of 34 SLE patients without PAH who were hospi-
talized during the same period were selected based on the
matched course of the disease, age, and sex. All patients were
evaluated based on the 2019 European League Against
Rheumatism/American College of Rheumatology Classifica-
tion Criteria for Systemic Lupus Erythematosus [7]. Patients
with pulmonary hypertension were divided into three
groups: low, medium, and high risk according to the 2015
European Guidelines for the diagnosis and risk assessment
of pulmonary hypertension [8]. Clinical evaluations, includ-
ing pulmonary hypertension functional classification, 6-
minute walking distance (6MWD), serum uric acid (SUA),
N-terminal prohormone of brain natriuretic peptide (NT-
proBNP), and red blood cell volume distribution width
(RDW), were performed.

2.2. Conjunctival Microvasculation. An SLM-7E digital slit
lamp was used to detect conjunctival microvasculation. Each
subject rotated their eyeballs up, down, left, and right to fully
expose the required observation range. Eight conjunctival
microvasculation images were observed and recorded when
the binoculars were in four different positions. The observa-
tions included the following: ischemic area: more than 3
capillary grid areas without vessels under a 40x microscope;
reticulum deformity: the capillaries increase, the mesh
decreases, and the dendrites become grid-like; microan-
gioma can be divided into local round, fusiform, cystic dila-
tion, or isolated and scattered around the vessel; and wound
spot: vascular blind end-shaped brown, purple, or dark blue
material deposition [6]. Bleeding is exudative (fuzzy vessel
wall), and there are ruptures (spots, patches) around capil-
laries. For vessel density (VD) calculation method, the image
under a 40x mirror was divided into 16 grids with three hor-
izontal lines and three vertical lines, and the number of lines
passing through the grid was calculated and averaged. For
microvascular flow index (MFI), the image under a 100x
microscope was divided into four directions, and the average
was taken after integration. Normal flow was counted as 3
points, sluggish flow was 2 points, intermittent flow was 1
point, and no flow for at least 20 seconds was 0 points [9].

2.3. Echocardiography. A color Doppler ultrasound with a
probe frequency of 1.7~ 3.4MHz was used to detect right
atrial pressure (RAP), systolic pulmonary artery pressure
(sPAP), and tricuspid annular plane systolic excursion
(TAPSE) [10].

2.4. Statistical Analysis. SPSS 22.0 was used for data analysis.
The t-test was used to compare the two sample means
conforming to the normal distribution; otherwise, the
Mann–Whitney test was used. The chi-square test was used
for comparisons between enumeration dates. The Kruskal–
Wallis test was used for multigroup comparisons of ranked
data. Spearman’s test was used for the correlation analysis,
and multiple discriminant analysis was used to compare
the accuracy of the predictive risk assessment. The difference
was statistically significant at P < 0:05.

3. Results

3.1. Comparison of the Characteristics between SLE Patients
with and without PAH. Comparison of the clinical data
showed that Raynaud’s phenomenon, pericardial effusion,
and positive rates of antiphospholipid antibodies in SLE-
PAH patients were significantly higher than those in SLE
patients without PAH. Conjunctival microvasculation in all
patients with SLE had various manifestations, such as twist-
ing, dilation, ischemia, hemorrhage, reticular malformation,
and wound spots. Among them, conjunctival vasodilation,
vascular distortion, and injury points were the most com-
mon, followed by ischemic areas, reticulum deformity, hem-
orrhage, and microangioma. The incidence of SLE-PAH
ischemic areas was significantly higher than that of SLE
patients without PAH (P < 0:05) (Table 1).

Table 1: Comparisons of the characteristics between SLE-PAH
patients and SLE patients without PAH.

Characteristics
SLE-PAH
(n = 17)

SLE without PAH
(n = 34)

P
value

Female sex, n (%) 15 (88%) 31 (91%) 0.625

Age, years ± SD 44:4 ± 14:6 41:7 ± 12:9 0.751

Pleural effusion, n (%) 2 (6.7%) 7 (4.7%) 0.646

Raynaud’s
phenomenon, n (%)

17 (56.7%) 48 (32.0%) 0.010∗

Oral ulcer, n (%) 4 (13.3%) 26 (17.3%) 0.592

Alopecia, n (%) 8 (26.7%) 66 (44.0%) 0.078

Rash, n (%) 9 (30.0%) 50 (33.3%) 0.723

Pericardial effusion,
n (%)

6 (20.0%) 2 (1.3%) ≈0.00∗

Lupus nephritis,
n (%)

5 (16.7%) 30 (20.0%) 0.674

Cytopenia, n (%) 3 (10.0%) 6 (4.0%) 0.169

Elevated ESR, n (%) 19 (63.3%) 80 (53.3%) 0.315

Low C3, n (%) 26 (86.7%) 114 (76.0%) 0.200

Low C4, n (%) 23 (76.7%) 103 (68.7%) 0.383

Anti-dsDNA
antibody, n (%)

18 (60.0%) 62 (41.3%) 0.060

LA, n (%) 24 (80.0%) 66 (44.0%) ≈0.00∗

ACA, n (%) 17 (56.7%) 13 (8.7%) ≈0.00∗

Conjunctival
microvasculation

Ischemic areas, n (%) 6 (35.3%) 5 (14.7%) 0.042∗

Reticulum deformity,
n (%)

4 (23.5%) 13 (38.2) 0.233

Microangioma, n (%) 8 (47.1%) 7 (41.2) 0.101

Twisting, n (%) 16 (94.1%) 27 (79.4) 0.242

Dilation, n (%) 8 (47.1%) 24 (70.6) 0.131

Wound spot, n (%) 13 (76.5) 17 (50) 0.081

Hemorrhage, n (%) 5 (29.4%) 6 (17.6) 0.472

SD: standard deviation; ESR: erythrocyte sedimentation rate; LA: lupus
anticoagulant; ACA: anticardiolipin antibodies. ∗P < 0:05.
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3.2. Correlation between VD and MFI of Conjunctival
Microvasculation and SLE-PAH-Related Parameters. Spear-
man correlation analysis indicated that VD was significantly
negatively correlated with NT-proBNP, UA, and RAP;
meanwhile, MFI was significantly negatively correlated with
NT-proBNP, sPAP, and RAP. In addition, VD and MFI
were positively correlated with 6MWD and TAPSE, respec-
tively (Table 2, Figure 1).

3.3. Comparison of the Parameters between Different Risk
Groups and Discriminant Analysis.According to the risk assess-

ment in pulmonary arterial hypertension in the 2015 ESC/ERS
guidelines for the diagnosis and treatment of pulmonary hyper-
tension, SLE-PAH patients were divided into low risk, interme-
diate risk, and high risk groups. The results suggested that
TAPSE, NT-proBNP, VD, and MFI were significantly different
in the three risk groups, but there was no significant difference
in terms of sPAP, RDW, RAP, and SUA. Multivariate discrim-
inant analysis revealed that the accuracy of the echocardiogra-
phic parameters, PAH, RAP, and TAPSE for PAH risk
assessment was 82.4%, and the accuracy after combining VD
and MFI could be increased to 94.1% (Table 3, Figure 2).
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Figure 1: Scatter plot of the correlation analysis of VD, MFI, 6MWD, and TAPSE.

Table 2: Correlation between VD and MFI of conjunctival microvasculation and SLE-PAH-related parameters.

sPAP NT-proBNP 6MWD SUA RDW RAP TAPSE

Spearman’s rho

VD
Correlation coefficient -0.441 -0.528∗ 0.574∗ -0.560∗ -0.323 -0.637∗∗ 0.539∗

Sig. (2-tailed) 0.076 0.029 0.016 0.019 0.306 0.006 0.026

MFI
Correlation coefficient -0.537∗ -0.546∗ 0.504∗ -0.350 -0.305 -0.689∗∗ 0.683∗∗

Sig. (2-tailed) 0.026 0.023 0.039 0.168 0.335 0.002 0.003

VD: vessel density; MFI: microvascular flow index; sPAP: systolic pulmonary artery pressure; NT-proBNP: N-terminal prohormone of brain natriuretic
peptide; 6MWD: 6-minute walking distance; SUA: serum uric acid; RDW: red blood cell volume distribution width; RAP: right atrial pressure; TAPSE:
tricuspid annular plane systolic excursion. ∗P < 0:05, ∗∗P < 0:01.
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4. Discussion

Systemic lupus erythematosus is an autoimmune disease
that often occurs in women of childbearing age. Studies have
shown that SLE-PAH is one of the most important causes of
death in SLE patients following neuropsychiatric lupus and
lupus nephritis. In particular, severe PAH has a very poor
prognosis, and most of the late deaths are due to progressive
heart and lung failure [11]. Early recognition and treatment
of pulmonary hypertension, regular assessment and treat-
ment of the standard, and control of pulmonary hyperten-
sion to a low-risk state are currently important treatment
strategies for pulmonary hypertension [12–14]. Effective
and accurate assessment of pulmonary hypertension is an
indispensable part in the standard treatment [15].

Microcirculation refers to the blood circulation between
arterioles and venules. It is the peripheral part of the circula-
tory system and an important place for the exchange of sub-
stances between blood and tissue cells. The conjunctiva is a
common site for detecting systemic microcirculation, which
is less affected by external temperature, is closer to the
changes in visceral microcirculation, and can better reflect
diseases of the visceral vessels [16]. Pulmonary hypertension
can cause increased right heart load, reduced pulmonary
flow, and mismatched ventilation and perfusion, resulting
in tissue ischemia and hypoxia, and affect peripheral micro-
circulation through oxidative stress and vasoconstriction
[17]. The local microvessels of the conjunctiva are signifi-
cantly reduced, and the capillaries are closed, showing a state
of disconnection, disappearance, local paleness, and even the
appearance of ischemic areas, which are the manifestations
of severe microcirculation disorders. This study showed that

Table 3: Comparison of the parameters between different risk groups.

Parameters Low risk (n = 7) Intermediate risk (n = 7) High risk (n = 3) P value△

sPAP (mmHg) 32:0 ± 8:0 59:8 ± 31:2 61:5 ± 9:2 0.23

TAPSE (cm) 2:7 ± 0:1 2:1 ± 0:4 1:4 ± 0:3 0.012∗

RAP (mmHg) 5:8 ± 1:5 8:2 ± 3:7 15 ± 0 0.147

NT-proBNP (pg/mL) 247:8 ± 250:1 1456:5 ± 719:8 5418:5 ± 2617 0.003∗

SUA (ummol/L) 430:8 ± 117:9 436:7 ± 92:3 518:5 ± 89:8 0.67

RDW (%) 15:4 ± 2:3 21:7 ± 10:2 18:5 ± 1:7 0.315

VD (n/mm2) 2:7 ± 0:3 2:3 ± 0:2 1:7 ± 0:4 0.006∗

MFI 2:8 ± 0:4 2:3 ± 0:3 1:5 ± 0:7 0.019∗

Conjunctival microvascular
changes # #

sPAP: systolic pulmonary artery pressure; TAPSE: tricuspid annular plane systolic excursion; RAP: right atrial pressure; NT-proBNP: N-terminal prohormone
of brain natriuretic peptide; SUA: serum uric acid; RDW: red blood cell volume distribution width; VD: vessel density; MFI: microvascular flow index.
∗P < 0:05. △ Kruscal-Wallis test; # ischemic areas; ⟶ microangioma.
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6 (35.3%) patients in the SLE-PAH group had ischemic
areas, all of whom had moderate to severe pulmonary
hypertension. The incidence of ischemia was significantly
higher than that of lupus patients without PAH (35.3%
versus 14.7%, P = 0:042), which suggested that the ischemic
areas were features of conjunctival microvasculation in SLE
patients with severe pulmonary hypertension. By observing
the VD and MFI of conjunctival microvasculation through
a slit lamp at a magnification of 40-100 times, we found
that the VD and MFI were significantly correlated with
NT-proBNP and 6MWD (P < 0:05), suggesting that the
changes in VD andMFI might be related to decreased cardio-
pulmonary function. Importantly, this study also found that
the VD and MFI of conjunctival microvasculation could
improve the accuracy of echocardiographic-related parame-
ters in assessing the risk of pulmonary hypertension.

Invasive hemodynamic monitoring of pulmonary hyper-
tension has certain risks, high technical requirements, and
high costs, and it is not suitable for long-term repeated use
[18]. The ultrasound parameters of the risk assessment in
pulmonary arterial hypertension in the 2015 ESC/ERS
guidelines included only RAP and the right atrium area
[8]. However, this study found that compared with RAP,
TAPSE showed more significant changes in different risk
groups, which suggested that it might have more advantages
in the risk assessment of SLE-PAH [19–21].

The study has several limitations. First, when conjunctival
microcirculation is detected, involuntary movements of the
eyeball will cause instability in image acquisition and affect
the accuracy of the data. Second, the sample size of SLE-
PAH patients was not large enough. In the future, a larger
sample will be needed for the verification of these findings.

5. Conclusion

This study proposes a new method for evaluating the prog-
nosis of SLE-PAH. The ischemic area, VD, and MFI of con-
junctival microcirculation combined with echocardiography
can improve the accuracy of risk assessment of PAH in SLE.
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Objectives. To investigate the classification performance of support vector machine in mild traumatic brain injury (mTBI) from normal
controls. Methods. Twenty-four mTBI patients (15 males and 9 females; mean age, 38:88 ± 13:33 years) and 24 age and sex-matched
normal controls (13 males and 11 females; mean age, 40:46 ± 11:4 years) underwent resting-state functional MRI examination. Seven
imaging parameters, including amplitude of low-frequency fluctuation (ALFF), fractional amplitude of low-frequency fluctuation
(fALFF), regional homogeneity (ReHo), degree centrality (DC), voxel-mirrored homotopic connectivity (VMHC), long-range
functional connectivity density (FCD), and short-range FCD, were entered into the classification model to distinguish the mTBI
from normal controls. Results. The ability for any single imaging parameters to distinguish the two groups is lower than
multiparameter combinations. The combination of ALFF, fALFF, DC, VMHC, and short-range FCD showed the best classification
performance for distinguishing the two groups with optimal AUC value of 0.778, accuracy rate of 81.11%, sensitivity of 88%, and
specificity of 75%. The brain regions with the highest contributions to this classification mainly include bilateral cerebellum, left
orbitofrontal cortex, left cuneus, left temporal pole, right inferior occipital cortex, bilateral parietal lobe, and left supplementary
motor area. Conclusions. Multiparameter combinations could improve the classification performance of mTBI from normal controls
by using the brain regions associated with emotion and cognition.

1. Introduction

Traumatic brain injury (TBI), a major public health problem
and a leading cause of disability, affects half the world’s pop-
ulation [1]. Approximately 70%-90% of TBI patients are
mild TBI (mTBI), and 30-40% of whom cannot fully recover
even at 6 months postinjury [1, 2]. Patients with mild head
injury often manifest as dizziness, headache, and memory
and attention deficit, which was considered to be associated
with abnormal changes of brain networks [3]. Recently,
functional and structural neuroimaging methods have been
widely used to address the functional and morphological
changes of mTBI [4–11]. Zhou et al. found abnormal func-
tional connectivity within the default mode network in
mTBI patients, which was associated with cognitive neuro-
logical dysfunction and posttraumatic symptoms (i.e.,
depression, anxiety, fatigue, and postconcussion syndrome)

[12]. Nakamura et al. found that mTBI was associated with
changes in the “small world” networks [13]. Zhan et al.
found decreased ReHo value in the left insula, left pre-/post-
central gyrus, and left supramarginal gyrus in mTBI patients
[14]. However, the potential neurobiological mechanism of
the mTBI left unclear.

Most current studies focus attentions on investigating
group differences between two different labels (knowing
the classes of all subject before statistics); however, group-
based methods cannot classify different types for individual
classification and are not sensitive for feature selection
[15]. Support vector machine (SVM) classifier is an efficient
and sensitive neuroimaging biological indicator for feature
selection and classification. There is a growing application
of the SVM algorithm into several diseases, such as insomnia
[16, 17], epilepsy [15], and autistic spectrum disorder [18].
However, the mTBI has not been studied. Differences in
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brain regions in mTBI were not the same when we analyzed
the between-group differences by different neuroimaging
methods, which may be associated with the sensitivity of dif-
ferent methods in searching features (brain areas). There-
fore, we hypothesized that the combination of different
neuroimaging methods may improve the sensitivity for fea-
ture selection. To address these hypotheses, the present
study is the first to apply the SVM algorithm to perform
the classification for mTBI.

2. Materials and Methods

2.1. Subjects. This case-control study comprised 170 subjects
from our hospital between May 2014 and May 2021, among
whom a total of 146 subjects were excluded, including 139
subjects unmatched diagnosis with mTBI, 4 mTBI with
more than 1.5mm maximum translation in x, y, or z direc-
tions and/or 1.5 degree of motion rotation, and 3 mTBI with
missing data. Finally, 24 patients with acute mTBI (15 males
and 9 females; mean age, 38:88 ± 13:33 years; mean years of
education, 8:88 ± 3:58 years; and mean time of postinjury,
3:58 ± 3:28 days) and 24 age and sex-matched (13 males
and 11 females; mean age, 40:46 ± 11:4 years; and mean
years of education, 8:54 ± 3:41 years) healthy controls were
included. All subjects were asked to complete the following
questionnaires, including the Glasgow Coma Scale (GCS),
Disability Rating Scale (DRS), Motor Assessment Scale
(MAS), Agitated Behavior Scale (ABS), Hamilton Anxiety
Scale (HAMA), Clinical Dementia Rating (CDR), Mini
Mental State Examination (MMSE), Activates of Daily
Living (ADL), and Beck Depression Inventory (BDI).

Inclusion criteria for patients with acute mTBI were as
follows: (a) have a diagnosis of mTBI within two weeks,
(b) age between 18 and 65 years, (c) time of lack of con-
sciousness less than 30min, and (d) time of posttraumatic
amnesia less than 24 hours. Exclusion criteria for patients
with acute mTBI were as follows: (a) involvement in litiga-
tion, (b) a history of psychiatric disorders, (c) a history of
addiction, and (d) a history of traumatic brain injury. This
study was approved by the Human Research Ethics Com-

mittee in accordance with the Declaration of Helsinki, and
written informed consent was obtained.

2.2. MRI Parameters. MRI data were acquired with a clinical
3-Tesla MRI scanner (Trio Tim, SIEMENS, Erlangen, Ger-
many), including T1WI, T2WI, T2-FLAIR, high-resolution
T1WI, functional MRI, and SWI. A total of 176 three-
dimensional high-resolution anatomical T1-weighted volumes
were acquired in a sagittal orientation (rapid-gradient-echo
sequence, repetition time = 1900ms, echo time = 2:26ms,
thickness = 1:0mm, matrix = 256 × 256, and field of view =
240mm× 240mm). For functional images, a total of 250
volumes (Echo-Planar Imaging pulse sequence, 30 transverse
slices, repetition time = 2000ms, echo time = 40ms, thickness
= 4:0mm, matrix = 64 × 64, field of view = 240mm × 240
mm, and flip angle 90°) were acquired.

2.3. Data Processing. All functional MRI data preprocessing
were performed with DPABI (version 2.1, http://rfmri.org/
DPABI) toolbox. First, the first ten volumes were deleted,
and the remaining volumes were converted their data
format. The following steps of slice timing, head motion
correction, spatial normalization, smooth (Gaussian kernel
of 8 × 8 × 8mm3), linear regression of possible spurious
covariates, linearly detrended, and temporally band-pass fil-
tered (0.01-0.1Hz) were performed for data preprocessing.
After the step of head motion correction, a “head motion
scrubbing regressors” procedure was implemented, and the
subjects who had more than 1.5 degree of motion rotation
and/or 1.5mm maximum translation in x, y, or z directions
were excluded. Furthermore, the head motion effect was
regressed out with Friston 24 head motion parameter model.
During the step of spatial normalization, all data were spa-
tially normalized to Montreal Neurological Institute (MNI)
space and resampled at a resolution of 3 × 3 × 3mm3.

2.4. Feature Selection and Binary Classification. We calcu-
lated seven MRI parameters, including ALFF, fALFF, ReHo,
degree centrality, long-term FCD, short-term FCD, and
VMHC. The maps of MRI parameters were segmented into

Table 1: Demographic and clinical features of patients with acute mTBI and healthy controls.

mTBI Healthy controls t value p value

Age, years 38:88 ± 13:33 40:46 ± 11:40 -0.442 0.66

Sex (male, female) 24 (15, 9) 24 (13, 11) 0.343 0.558

Education, years 8:88 ± 3:58 8:54 ± 3:41 0.330 0.743

Postinjury, days 3:58 ± 3:28 N/A N/A N/A

GCS 14:42 ± 0:88 N/A N/A N/A

DRS 2:58 ± 2:36 N/A N/A N/A

MAS 44:38 ± 5:86 N/A N/A N/A

ABS 14:42 ± 0:78 N/A N/A N/A

HAMA 3:83 ± 3:61 0:08 ± 0:28 5.077 <0.001
MMSE 29:04 ± 1:63 29:83 ± 0:20 -2.284 0.03

ADL 21:71 ± 8:07 14:04 ± 6:06 4.654 <0.001
BDI 1:58 ± 1:91 0:08 ± 0:28 3.808 0.001
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116 regions of interest (ROIs) using the automated anatom-
ical labeling (AAL) atlas. The total of 812 features was
extracted in the following classification with multivariate
pattern analysis (MVPA).

We used a LIBSVM toolbox (http://www.csie.ntu.edu
.tw/~cjlin/libsvm/) to perform the classification, and a
5-fold cross-validation was used to validate the classification
performance of the classifier. Permutation test was used to
evaluate the probability of the classification performance for
5000 times randomly. The clusters of brain regions with
higher than 70% of classification accuracy were considered
as accuracies. The area under curve (AUC), sensitivity, and
specificity of the classifier were quantified.

2.5. Statistical Analyses. Comparisons of demographic fac-
tors were performed using two-sample t-tests. Chi-square
(χ2) test was used for categorical data. Statistical analysis

was performed using IBM SPSS 21.0 version. Data are pre-
sented as mean ± standard deviation. All the quoted results
are two-tailed values, and p < 0:05 was considered as statisti-
cally significant.

3. Results

3.1. Sample Characteristics. There were no significant differ-
ences in mean age (t = −0:442, p = 0:66), sex (χ2 = 0:343,
p = 0:558), and educational level (t = 0:33, p = 0:743)
between the healthy controls and patients with mTBI.
Compared with healthy controls, patients with mTBI had
higher HAMA score (t = 5:077, p < 0:001), ADL score
(t = 4:654, p < 0:001), and BDI score (t = 3:808, p = 0:001),
and a lower MMSE score (t = −2:284, p = 0:03). The mean
time between injury and MRI examination of patients with
mTBI was 3:58 ± 3:28 days. The mean GCS score, DRS score,
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Figure 1: Schematic diagram overview of machine learning classification framework. Note: this figure shows the classification of the
combination of ALFF, fALFF, DC, VMHC, and short-term FCD in distinguishing the mTBI from the normal controls. The classification
received the highest (a) AUC value, (b) classification accuracy, (c) sensitivity, and (d) specificity among all combination.
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Table 2: Weight ranking of the 116 brain regions to the
classification of the combination with ALFF, fALFF, DC, VMHC,
and short-term FCD.

ROI weight Voxel size

Vermis_10 1.948 34

Cerebellum_9_R 1.470 156

Cerebellum_10_L 1.465 40

Cerebellum_9_L 1.455 158

Frontal_Mid_Orb_L 1.417 224

Frontal_Sup_Orb_L 1.398 280

Cuneus_L 1.353 472

Cerebellum_Crus2_R 1.329 539

Cerebellum_7b_L 1.265 98

Cerebellum_Crus2_L 1.257 543

Frontal_Mid_Orb_L 1.256 273

Temporal_pole_Mid_L 1.222 177

Occipital_Inf_R 1.220 316

Parietal_Sup_L 1.136 575

Paracentral_lobule_R 1.134 221

Frontal_Sup_R 1.118 1120

Cuneus_R 1.117 416

Cerebellum_Crus1_R 1.103 723

Occipital_Inf_L 1.103 263

Vermis_7 1.102 54

Calcarine_L 1.076 649

Occipital_Sup_R 1.074 407

Rectus_L 1.070 258

Postcentral_R 1.055 1050

Paracentral_lobule_L 1.053 340

Precentral_R 1.009 941

Parietal_Inf_R 1.008 397

Occipital_Sup_L 0.998 373

Cerebellum_10_R 0.997 37

Cerebellum_7b_R 0.975 78

Cerebellum_8_L 0.961 303

Cerebellum_6_L 0.960 524

Vermis_9 0.959 50

Temporal_Inf_R 0.959 1076

Occipital_Mid_L 0.954 947

Cerebellum_Crus1_L 0.950 725

Lingual_L 0.945 662

Supp_motor_area_L 0.937 630

Frontal_Mid_R 0.931 1448

Calcarine_R 0.925 528

Temporal_Mid_L 0.922 1437

Parietal_Sup_R 0.921 569

Cerebellum_4_5_L 0.919 352

Frontal_Sup_medial_L 0.918 847

Lingual_R 0.916 683

Angular_R 0.916 511

Temporal_pole_Sup_R 0.918 325

Table 2: Continued.

ROI weight Voxel size

Cerebellum_6_R 0.908 532

Precuneus_R 0.908 927

Temporal_Sup_R 0.907 942

Frontal_Sup_L 0.890 987

Angular_L 0.860 341

Precuneus_L 0.851 1008

Cingulum_post_L 0.850 111

Frontal_Inf_Tri_L 0.848 675

Frontal_Mid_L 0.847 1323

Temporal_pole_Sup_L 0.828 329

Temporal_Sup_L 0.825 694

Temporal_pole_Mid_R 0.822 264

Cerebellum_8_R 0.810 298

Cerebellum_3_R 0.801 65

Occipital_Mid_R 0.796 578

Supp_motor_area_R 0.790 695

Vermis_4_5 0.788 176

Frontal_Sup_medial_R 0.787 589

Frontal_Inf_Tri_R 0.783 560

Supramarginal_R 0.779 562

Precentral_L 0.764 931

Heschl_R 0.763 60

Frontal_Mid_Orb_R 0.762 296

Frontal_Sup_Orb_R 0.752 296

Frontal_Inf_Orb_L 0.752 504

Cerebellum_3_L 0.750 42

Supramarginal_L 0.750 357

Fusiform_L 0.747 665

Temporal_Inf_L 0.745 948

Vermis_1_2 0.738 9

Rectus_R 0.728 208

Parietal_Inf_L 0.723 687

Cerebellum_4_5_R 0.719 239

Frontal_Inf_Oper_R 0.715 396

Caudate_L 0.703 270

Postcentral_L 0.702 1069

Fusiform_R 0.688 759

Pallidum_L 0.685 76

Vermis_6 0.675 87

Amygdala_L 0.672 63

Putamen_L 0.660 280

Frontal_Inf_Orb_R 0.660 498

Frontal_Mid_Orb_R 0.657 271

Vermis_8 0.652 60

Insula_R 0.646 497

Rolandic_Oper_L 0.645 301

Cingulum_Mid_L 0.635 579

Olfactory_L 0.632 80
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MAS score, and ABS score in patients with mTBI were
14:42 ± 0:88, 2:58 ± 2:36, 44:38 ± 5:86, and 14:42 ± 0:78,
respectively. The details are shown in Table 1.

3.2. Classification Performance. First, we compared the classi-
fication performances of the sevenMRI parameters and found
they could not differentiate well between healthy controls and
patients with mTBI (AUC: 0:66 ± 0:03, range, 0.61~0.69;
accuracy rate: 66:4% ± 3:4%, range, 60.2%~70.9%; sensitivity:
64:1% ± 7:9%, range, 49.0%~75.0%; and specificity: 68:4% ±
5:6%, range, 61.0%~75.0%). Second, we combined these MRI
parameters and found the features with the highest contribu-
tions to the classification to discriminate between mTBI and
healthy controls. We found that the combination with ALFF,
fALFF, DC, VMHC, and short-term FCD significantly
reached up the classification accuracy, sensitivity, and
specificity and received the highest classification performances
among all combination with classification accuracy of 81.1%
(p < 0:001), sensitivity of 88.0% (p < 0:001), and specificity of
75.0% (p < 0:001) (Figure 1).

3.3. Consensus Features and Region Weight. In this study, all
consensus features were mapped to AAL116 template (116
brain regions), and each of the 116 brain regions was given
a weight value which indicates the contribution to classifica-
tion model. For the combination with ALFF, fALFF, DC,
VMHC, and short-term FCD, Table 2 shows the weight
ranking of the 116 brain regions from highest to lowest.

Among the 116 brain regions, a total of 51 brain regions
showed higher contributions to the classification than the

average weight value (contribution), including the bilateral
cerebellum, left orbitofrontal cortex, left cuneus, left tempo-
ral pole, right inferior occipital gyrus, bilateral parietal lobe,
and left supplementary motor area (Table 2).

4. Discussion

In this case-control study, we documented two novel findings.
First, we developed an SVM classifier that was a useful neuro-
imaging biomarker for mTBI classification. We found that the
combination with ALFF, fALFF, DC, VMHC, and short-term
FCD received the highest classification performances among
all combination (accuracy = 81:1%, sensitivity = 88:0%, and
specificity = 75:0%). Second, the consensus brain regions with
the highest contributions to classification were located in the
bilateral cerebellum, left orbitofrontal cortex, left cuneus, left
temporal pole, right inferior occipital gyrus, bilateral parietal
lobe, and left supplementary motor areas (contribution above
the average value among 116 brain regions).

Our study is the first to apply the SVM classifier to find a
promising model for mTBI classification. Although several
previous studies have offered insights into brain functional
and structural abnormalities of mTBI using traditional
group-level statistical differences based on one single imag-
ing method, they could not be translated into predictive or
diagnostic neurobiological biomarkers for mTBI. The
emergence of radiomics has broadened the scope of routine
medical imaging, which carried multimodality medical
information to reflect the development and progression of
diseases [19, 20]. Machine learning classification based on
the radiomics strategy allows detecting subtle, nonstrictly
localized effects that may remain invisible to the conven-
tional analysis with univariate statistics [21, 22], which are
being increasingly used in functional MRI data [15, 16].
These findings could explain the high classification perfor-
mance of the SVM classifier.

Cerebellum is associated with emotion, motor, and
advanced cognitive function [23]. The cerebellum anterior
lobe is associated with sensorimotor function, and the cere-
bellum posterior lobe is associated with the regulation of
coordinating movement, balance and sleep, and emotional
changes [24–28]. Brain volume atrophy and reduction of
metabolism functional activity can be found in subjects after
TBI [29–31]. Peskind et al. found that soldiers with mTBI
showed reduction of glucose metabolism in the cerebellar
vermis, cerebellar hemisphere, and pons and functional def-
icits in attention, language, and working memory [31]. In
addition, cerebellar activation was also significantly reduced
during auditory-related task stimulation [30]. These studies
suggest that the cerebellum plays an important role in the neu-
ropathological basis of mTBI, which supports our findings of
high contributions of the cerebellum to the SVM classifier.

The prefrontal lobe is one of the brain areas that are most
vulnerable to the mTBI. Even minor brain damage can easily
cause a damage of the frontal lobe. Studies have found that
abnormal functional changes in the frontal lobe are one of
the neural mechanisms of emotional numbness, attention,
planning, high alertness, and psychological avoidance in
patients with posttraumatic injury [32–34]. Keightley et al.

Table 2: Continued.

ROI weight Voxel size

Thalamus_R 0.631 296

Frontal_Inf_Oper_L 0.628 309

Parahippocampal_L 0.624 298

Pallidum_R 0.621 67

Cingulum_Ant_R 0.621 385

Temporal_Mid_R 0.619 1311

Cingulum_Ant_L 0.598 425

Thalamus_L 0.596 280

Cingulum_Mid_R 0.574 612

Vermis_3 0.549 62

Rolandic_Oper_R 0.548 404

Heschl_L 0.548 72

Olfactory_R 0.538 88

Cingulum_post_R 0.522 69

Caudate_R 0.511 287

Parahippocampal_R 0.506 318

Hippocampus_L 0.493 279

Amygdala_R 0.474 73

Insula_L 0.465 545

Putamen_R 0.436 309

Hippocampus_R 0.411 282
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found that adolescents with mTBI showed weaker working
memory and language function and reduced brain activity in
supplementary motor areas, dorsolateral prefrontal lobe, and
superior parietal lobe than that of healthy adolescents [35].
Pardini et al. and Jantzen et al. found that parietal lobe and
orbitofrontal cortex are associated with severity of mTBI and
postconcussion symptoms [36, 37]. Our findings support
these studies. Therefore, the abnormal functional changes in
the frontal-parietal lobe may be associated with the posttrau-
matic injury severity and symptoms, which contribute to the
high contributions to the SVM classifier.

Abnormal functional connectivity between temporal
pole and parietal lobe and decreased glucose metabolism in
these two areas were found in mTBI patients relative to nor-
mal controls [31, 38, 39]. The temporal pole is closely related
to the functions such as social interaction, face recognition,
semantic memory, mental speculation, and emotion and is
responsible for the synthesis of complex and finely processed
perceptual input of internal emotions [40]. The abnormal
function of the temporal pole in mTBI patients will help us
understand the biological mechanism of daily life disorders
of mTBI.

5. Conclusions

In this study, we developed an SVM classifier that can be
severed as a promising sensitive neuroimaging biomarker
for mTBI classification based on a combination of multiple
imaging indicators. Our analysis using the model showed
that the bilateral cerebellum, left orbitofrontal cortex, left
cuneus, left temporal pole, right inferior occipital gyrus,
bilateral parietal lobe, and left supplementary motor areas
exhibited the highest contributions to the classification
model. These findings may expand our understanding of
the neurobiological mechanism of mTBI. However, there
are several limitations that should be addressed. First, the
sample size of our study was relatively small. A larger num-
ber of sample sizes and multiple center studies are necessary
to corroborate our findings. Second, the data of subacute
mTBI and follow-up were scarce. Third, this study only used
SVM to perform the classification, and other classification
methods should be introduced to compare their perfor-
mances. Fourth, location and size of the lesion, disease of
severity, and subtype of mild traumatic brain injury were
not considered in the classification.
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Purpose. Iris biological features such as surface features and profile characteristics reflected the development of iris stroma and
microvessels. Iris vessels and microcirculation are still lack of effective detection methods, and we can directly observe only the
iris surface biological characteristics. This cross-sectional study evaluated the association between iris surface biological features
and corneal biomechanics in young adults with myopia. Methods. We recruited 152 patients with myopia aged ≥18 years, from
the Eye Hospital of Wenzhou Medical University, who had complete Corneal Visualization Scheimpflug Technology (Corvis
ST) data and graded iris surface features. Iris surface features included crypts, furrows, and color measured from digital slit
lamp images. The biomechanical properties of the cornea were assessed using Corvis ST. Only 1 eye of each participant was
randomly selected for analysis. Associations between the iris surface features and corneal biomechanics were analyzed using
linear regression models. The grade of iris crypts, furrows, and color and corneal biomechanical parameters measured with
Corvis ST was the main outcome measures. Results. The iris crypts were significantly associated with deflection amplitude at
the first applanation (A1 DLA, β = 0:001, P = 0:013), A1 delta arc length (A1 dArcL) (β = −0:001, P = 0:01), maximum delta
arc length (dArcLM) (β = −0:004, P = 0:03), and stiffness at the first applanation (SP-A1) (β = −2:092, P = 0:016). The iris
furrows were only associated with integrated radius (β = −0:212, P = 0:025). Iris color was found not related with corneal
biomechanical parameters measured via Corvis ST. Conclusions. Iris surface features were associated with corneal
biomechanical properties in myopic eyes; more iris crypts were associated with lower corneal stiffness while more extensive
furrows were related with higher corneal stiffness. Iris crypts and furrows may provide useful information on corneal
biomechanical properties in myopic eyes.

1. Introduction

Cornea is an important part of the refractive system of the
human eye, and its refractive power accounts for more than
3/4 of the whole refractive system. Laser corneal refractive
surgery can correct ametropia by cutting the corneal stroma
to change the curvature of the anterior surface. Refractive
surgery for myopia will reduce the number of central corneal
lamellar and change the structure and biomechanical proper-
ties of cornea [1]. Different cutting methods and depths have
different effects, which may affect the predictability of

surgery and the occurrence of complications such as refrac-
tive regression and keratectasia [2, 3]. Therefore, the biome-
chanical properties of the cornea play an important role in
the maintenance of the cornea shape and the design of refrac-
tive surgery, especially in the diagnosis of some latent corneal
diseases such as keratoconus and other keratectasia before
refractive surgery. Sufficient evaluation of the corneal biome-
chanical properties has a strong guiding significance for the
safety of refractive surgery.

Noninvasive measures of corneal biomechanics in vivo
mainly include electronic speckle pattern interferometry
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(ESPI), ocular response analyzer (ORA), and Corneal
Visualization Scheimpflug Technology (Corvis ST, Oculus,
Wetzlar, Germany). [4] However, in China, only a few
refractive surgery centers have the equipment to examine
the corneal biomechanics. In the absence of such equip-
ments, doctors cannot determine the patient’s corneal bio-
mechanical properties initially. Cornea is also part of the
outmost layer of the eyeball, and the corneal biomechanics
was reported to have relationship with the elasticity of the
sclera, lamina cribrosa, and peripapillary ring [4]. So far,
as we know, the expansions in the inner ocular tissue, par-
ticularly the iris, are less studied. The iris has a variety of
biological features such as intuitive surface features and
profile morphological characteristics of iris stroma and
microvessels. All these characteristics reflect the develop-
ment of iris stroma and vascular circulation. Iris blood
vessels and microcirculation still lack of effective detection
methods, and we can directly observe only the iris surface
biological characteristics.

A grading system was recently established to evaluate the
iris surface features, including iris crypts, furrows, and color
that are observable under a slit lamp. [5] However, the role
of iris surface features in ocular function and their associa-
tions with other ocular tissues are yet to be fully elucidated.
Chua et al. [6] speculated that as crypts surrogate iris
stroma, iris having more crypts is more compressible. Thus,
iris crypts may be related with iris biomechanics. Neverthe-
less, to date, the human iris biomechanics has not been
measured in vivo.

As part of cornea and iris are of mesodermal origin, we
postulate that the iris biomechanics is related with corneal
biomechanics [7, 8]. No modality is currently available to
directly measure iris biomechanics in humans. Exploring
the relationship between the corneal biomechanical proper-
ties and iris features may improve the safety of refractive
surgeries. Iris surface features, which can be examined under
a slit lamp, have been suggested to be associated with iris
biomechanics. Thus, this study is aimed at exploring the
relationships of iris surface features including iris crypts,
furrows, and color with corneal biomechanics.

2. Methods

2.1. Participants. This prospective study recruited Chinese
refractive surgery candidates aged older than 18 years.
Participants with ocular pathology other than refractive
error were excluded. A simple randomization method was
used to select the left eye or the right eye based on a random-
ized number table according to the order the participants
that were recruited.

Approval was obtained from the Institutional Review
Board (IRB) of Wenzhou Medical University (IRB approval
number: 2020-128-K-113), and the study was conducted
according to the tenets of the Declaration of Helsinki. Writ-
ten informed consent was obtained from all participants.

2.2. Ocular Examinations. All participants underwent stan-
dard detailed ophthalmic examinations including slit lamp
examination, manifest refraction measurement (spherical

equivalence, [SE]), and best corrected distance visual acuity.
All examinations were performed by an experienced
ophthalmologist. The patients also underwent corneal
tomography with the Pentacam (Oculus, Wetzlar,
Germany), anterior chamber depth (ACD) measurement
using the IOL-Master (Carl Zeiss Meditec, Jena, Germany),
and biomechanical property assessment using the Corvis
ST (Oculus, Wetzlar, Germany).

2.3. Iris Photography and Grading. Iris photography was per-
formed with reference to the procedure by Sidhartha et al.
[5] Briefly, the color iris images of both eyes were taken
using a slit lamp digital camera (DC3; Topcon, Tokyo,
Japan) at ×16 magnification in a dark room (20 lux) without
flash. The images were captured under an illumination of 45°

temporally and a brightness of 30% maximum light beam
with a width of >20mm and height of 14mm.

The iris crypts and furrows were graded as follows
(Figure 1): iris crypts were categorized into 5 grades as grade
1, no crypts; grade 2, 1-3 crypts, grade 3, at least 4 crypts
with a diameter < 1mm; grade 4, at least 4 crypts with a
diameter > 1mm; and grade 5, numerous crypts with a
diameter > 1mm, nearly covering the whole iris. Meanwhile,
furrows were categorized into three grades based on circum-
ferential extent and the number of furrows: grade 1, no
furrows; grade 2, less than 5 furrows and the extent was
≤180°; and grade 3, at least 5 furrows present, and the extent
was ≥180°. The iris color was also graded according to
Sidhartha’s criteria in which darker iris was given higher
grades [5]. Iris color was divided into 5 grades, but no
patient in this study manifested grade 5 iris color.

2.4. Corvis ST Measurement. The corneal biomechanical
properties were assessed using the Corvis ST following a
standard procedure described previously [9]. A rapid air puff
was released to the cornea to induce corneal deformation.
Dynamic corneal deformation was recorded using a high-
speed Scheimpflug camera with full corneal cross-sections.
The camera can capture 4330 frames per second and 140
sequential horizontal images with a range of 8.5mm. The
parameters of corneal dynamic response were calculated
with a recording measurement time of 30ms. The biome-
chanical corrected intraocular pressure (bIOP) was also
generated using Corvis ST. The measurements were
regarded as reliable when an “OK” quality score was
displayed on the device monitor.

The biomechanical parameters measured with Corvis ST
recorded were IOP; bIOP; maximum DA (DA max) at the
first applanation; time at the highest concavity (HC time);
time at the first and second applanation (A1 time and A2
time, respectively); corneal velocity at the first and second
applanation (A1 velocity and A2 velocity, respectively);
DA; deflection length (DLL); deflection amplitude (DLA)
and delta arc length (dArcL) at A1, HC, and A2; PD, radius,
and maximum deflection amplitude at the first applanation
(DLA max); maximum delta arc length (dArcLM); maxi-
mum inverse radius (max inverse radius); maximum DA
ratio (DA ratio max) at 2mm and 1mm; central corneal
thickness (CCT); integrated radius; and SP-A1.
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2.5. Statistical Analyses. The associations between corneal
biomechanical parameters measured with Corvis ST (depen-
dent variable) and iris surface features (independent
variable) were assessed using linear regression models.
Model 1 was adjusted for age and sex, and model 2 was
further adjusted for potential confounders including ACD,
CCT, and bIOP. All statistical analyses were performed
using SPSS version 23.0 software (SPSS for Windows, IBM
Corp., Armonk, NY, USA). A P value <0.05 was considered
statistically significant.

3. Results

After excluding 27 patients due to poor quality of iris pho-
tography (n = 7), unreliable Corvis measurements (n = 9),
and IOP higher than 21mmHg (n = 11), 152 patients were
included in the final analyses. Table 1 shows the demo-
graphic and ocular characteristics of the participants. The
mean age was 25:21 ± 5:93 years, and 39.5% were female.
The mean refraction (SE) was −5:75 ± 2:39 D. With respect
to the grade of the iris surface features, only 1 eye (0.7%)
showed grade 5 iris crypts, and most patients had grade 1
(34.2%) and grade 2 (40.8%) features. The distribution of
the iris furrows showed a reverse pattern: only 10 eyes
(6.6%) were grade 1, and 103 eyes (67.8%) were grade 3.
Table 2 shows the mean values of the corneal biomechanical
parameters measured via Corvis ST.

The association between the iris surface features and cor-
neal biomechanical parameters is shown in Table 3. After
controlling the age and sex, the crypt grade was positively
correlated with the A1 DLA (β = 0:001, P = 0:014) and neg-
atively correlated with A1 dArcL (β= -0.001, P = 0:017).
Similarly, a higher iris crypt grade remained significantly
associated with larger A1 DLA (β = 0:001, P = 0:013) and
shorter A1 dArcL (β = −0:001, P = 0:01) after adjusting for
additional covariates including ACD, CCT, and bIOP.
Moreover, higher iris crypt grades were associated with
smaller SP-A1 (β = −2:092, P = 0:016) which represents
corneal stiffness and dArcLM (β = −0:004, P = 0:03) as
well. Iris furrows were only associated with integrated
radius after adjustment for ACD, CCT, and bIOP. With

the increasing of iris furrows, the integrated radius
(β = −0:212, P = 0:025) decreased. No association was
found between the iris color and corneal biomechanical
parameters measured via Corvis ST.

4. Discussion

The role of iris surface features in ocular function and their
associations with other ocular tissues are yet to be clarified.
The distribution of iris surface features varies by age, race,
and gender [10]. Therefore, in this study, we focus our target
population on young myopes who are refractive surgery can-
didates to see the impact of iris surfaces features on corneal
biomechanics and assist preoperative evaluations of corneal
status before laser refractive surgeries.

Our study found that iris surface features are associated
with corneal biomechanics. Specifically, more iris crypts
were associated with larger A1 DLA, shorter A1 dArcL,
dArcLM, and reduced SP-A1. Further, more extensive iris
furrows were related with smaller integrated radius. Since
shorter ArcLM, larger A1 DLA and integrated radius suggest
lower level of corneal stiffness [11, 12]. Hence, these findings
indicate that eyes with more iris crypts have softer corneas,
while more furrows have stiffer cornea. Meanwhile, iris color
was not associated with corneal biomechanics. Therefore,
the features of iris crypts and furrows may provide useful
hints regarding the corneal biomechanical characteristics
of myopic eyes.

Iris crypts are result of the hypoplasia or atrophy of the
iris stroma typically located at the midcentral area of the
iris. Iris furrows are the sites where the iris folded and con-
tracted as protuberant lines on the peripheral iris. Previous
literature only supports indirect relationships between iris
surface features and iris biomechanics in glaucoma studies
[13, 14]. For example, in a finite element study of patients
with a history of angle closure glaucoma, iris stiffness was
higher in the patients than that in healthy participants
[13]. Conversely, the presence of more iris crypts was asso-
ciated with a thinner iris thickness [5] and a lower rate of
acute primary angle closure [15]. Therefore, it is said that

A1 A2

C4C2C1 C3

B3B2B1

A5A4A3

Figure 1: Representative photographs used in grading the iris surface features. A1-A5: grade 1 to grade 5 iris crypts. B1-B3: grade 1 to grade
3 iris furrows. C1 to C4: grade 1 to grade 4 iris color. No grade 5 iris color was observed in this study.
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in angle closure glaucoma (ACG) eyes, iris crypt may be a
protective factor [13].

The reason that there is relationship between iris
surfaces features and corneal biomechanics is that the iris
stroma and corneal stroma are adjacent ocular tissues and
from the same embryonic origin of mesoderma [7, 8]. In
addition, ocular tissues are said to be expanded in various
patterns, such as posterior pole expansion [16], equatorial
expansion [17], and axial expansion [18], in persons with
myopia. The iris crypts, iris furrows, and cornea may also
be a result of ocular expansion. Moreover, our results showed
that iris crypts correlated with deflection parameter A1 DLA
but not with deformation parameter of A1 DA. Corneal
deflection amplitude is the pure corneal component of the
corneal DA minus the whole eye movement. This suggested
that corneal deflection, which excludes the influence of eye
movement, is more related with iris crypts than corneal DA.

For patients preparing for laser refractive surgery, the
most dangerous postoperative complication is the develop-
ment of keratectasia such as keratoconus [2, 3, 19]. Espe-
cially for some patients with high myopia and thin cornea,

Table 1: Clinicodemographic patient characteristics (n = 152).

Characteristics Value

Age, years 25.21 [5.93]

Sex

Male 92 (60.5%)

Female 60 (39.5%)

Pupil diameter, mm 3.15 [0.62]

ACD, mm 3.70 [0.25]

Axial length, mm 25.96 [1.07]

bIOP, mmHg 15.38 [1.88]

CCT, μm 540.66 [34.02]

Refraction, SE -5.75 [2.39]

Iris crypt

Grade 1 52 (34.2%)

Grade 2 62 (40.8%)

Grade 3 27 (17.8%)

Grade 4 10 (6.6%)

Grade 5 1 (0.7%)

Iris furrow

Grade 1 10 (6.6%)

Grade 2 39 (25.7%)

Grade 3 103 (67.8%)

Iris color

Grade 1 4 (2.6%)

Grade 2 28 (18.4%)

Grade 3 109 (71.7%)

Grade 4 11 (7.2%)

Grade 5 0 (0%)

Data are presented as the mean (standard deviation) or as n (%). ACD:
anterior chamber depth; bIOP: biomechanical corrected intraocular
pressure; CCT: central corneal thickness; SE: spherical equivalent of
refractive error.

Table 2: Mean value of the corneal biomechanical parameters.

Corvis parameters Mean [SD]

DA max, mm 1.06 [0.10]

A1 time, ms 7.42 [0.23]

A1 velocity, ms 0.15 [0.02]

A2 time, ms 22.02 [0.35]

A2 velocity, ms -0.28 [0.03]

HC time, ms 16.7 [0.36]

PD, mm 4.99 [0.24]

Radius, mm 6.68 [0.71]

A1 DA, mm 0.15 [0.01]

HC DA, mm 1.06 [0.10]

A2 DA, mm 0.32 [0.06]

A1 DLL, mm 2.24 [0.18]

HC DLL, mm 6.42 [0.42]

A2 DLL, mm 2.71 [0.56]

A1 DLA, mm 0.09 [0.01]

HC DLA, mm 0.93 [0.09]

A2 DLA, mm 0.1 [0.01]

DLA max, mm 0.94 [0.09]

A1 dArcL, mm -0.02 [0]

HC dArcL, mm -0.13 [0.02]

A2 dArcL, mm -0.02 [0]

dArcLM, mm -0.15 [0.02]

Max inverse radius (mm-1) 0.19 [0.02]

DA ratio max, 2mm 4.32 [0.35]

DA ratio max, 1mm 1.56 [0.04]

Integrated radius (mm-1) 9.11 [0.86]

SP-A1 102.44 [18.39]

SD: standard deviation; DA: deformation amplitude; Max: maximum; A1:
the first applanation; A2: the second applanation; HC: highest concavity;
PD: peak distance; DLL: deflection length; DLA: deflection amplitude;
dArcL: delta arc length; dArcLM: delta arc length max; SP-A1: stiffness
parameter at the first applanation.

Table 3: Associations between iris surface features and corneal
biomechanical parameters.

Model 1∗ Model 2†

β P value β P value

Iris crypt

A1 DLA 0.001 0.014 0.001 0.013

A1 dArcL -0.001 0.017 -0.001 0.010

dArcLM -0.002 0.309 -0.004 0.030

SP-A1 -1.942 0.255 -2.092 0.016

Iris furrows

Integrated radius -0.190 0.100 -0.212 0.025
∗Model 1 was adjusted for age and sex. †Model 2 was adjusted for age, sex,
anterior chamber depth, central corneal thickness, and bIOP. A1: the first
applanation; DLA: deflection amplitude; dArcL: delta arc length; dArcLM:
delta arc length max; SP-A1: stiffness parameter at the first applanation.
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the risk of keratoconus will be greatly increased by close to
the upper limit of corneal cutting, if the patient had abnor-
mal corneal biomechanics before surgery. For doctors with-
out corneal biomechanical examination equipment, even if
equipped with Pentacam or some similar equipment, it is
sometimes difficult to screen out preclinical keratoconus
patients. The results of this study suggest that laser refractive
surgeons should pay special attention to corneal biomechan-
ical properties in patients with high levels of crypts and less
furrows and reduce the amount of cutting or change the
surgical option if no corneal biomechanical measurement
conditions are available.

The main limitation of this study is that we only
included participants with myopia, and the mean age is
25:21 ± 5:93 years, which is a young population. Our results
only represented the associations between the iris surface
features and corneal biomechanical properties in persons
with myopia as we want to see the role of iris surface features
on the refractive surgeries. Further studies should be carried
out to also enroll individuals with emmetropic and hyper-
opic eyes of a wider age range, if it is needed. Another
limitation is the cross-sectional study design, which pre-
vented us from evaluating the causal relationship between
corneal biomechanics and iris surface features. However, it
is difficult to identify a causal relationship between the
features. A longitudinal design may help to investigate the
dynamic changes of these parameters and enrich under-
standing of their relationships.

5. Conclusion

Iris surface features were associated with the corneal biome-
chanics measured using Corvis ST. More iris crypts indi-
cated softer corneas while more furrows suggested stiffer
corneas in myopic eyes. The iris surface features may aid
the assessment of corneal biomechanical properties in
persons with myopia.
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Objectives. Most patients with systemic lupus erythematosus (SLE) develop lupus nephritis (LN) with severe kidney manifestations.
Renal fibrosis can be primarily attributed to overproliferation of mesangial cells (MCs), which are subject to drug treatment.
Nevertheless, the detailed mechanisms remain elusive. We sought to identify the effect of cyclophosphamide (CTX), a drug
commonly used for LN treatment, on MC proliferation and explore its underlying mechanisms. Material/Methods. Cell
proliferation and fibrosis in mouse kidney tissues were determined by histopathology staining techniques. Flow cytometry was
used for cell cycle analysis. Cell cycle regulators were examined in vitro following treatment of immortalized human MCs with
platelet-derived growth factor subunit B (PDGF-B). Quantitative real-time PCR and western blot analyses were used to measure
the mRNA and protein levels of candidate cell cycle regulators, respectively. Results. CTX inhibited cell overproliferation induced
by platelet-derived growth factor subunit B in vitro and in vivo. CTX (40mg/l) was sufficient to induce G0/G1 phase cell cycle
arrest. CTX treatment downregulated many critical cell cycle regulators including cyclins and cyclin-dependent kinases but
upregulated cyclin-dependent kinase inhibitors. Additionally, CTX-treated samples showed significantly reduced fibrosis, as
indicated by lower expression of interleukin-1β and α-smooth muscle actin. Conclusion. CTX inhibits proliferation of MCs by
modulating cell cycle regulator and therefore arresting them at G1 phase. CTX treatment significantly alleviates the severity of
renal fibrosis. These findings provide novel insights into the mechanisms by which CTX affects LN.

1. Introduction

Systemic lupus erythematosus (SLE) is an autoimmune disease
characterized by widespread inflammation in affected organs
attacked by the immune system. Up to 70% SLE patients
develop renal involvement, which are clinically diagnosed as
lupus nephritis (LN). LN remains a leading cause of disability
and death worldwide. Chronic nephritis, nephrotic syndrome,
and even acute nephritis with alternating active and stable
phases are commonly seen in LN patients [1, 2]. Additionally,
1 out 10 SLE patients ends up developing end-stage renal
diseases [3, 4], and LN-related renal failure is the major cause

of death among patients with SLE.While the clinical character-
istics of LN are complex, glomerular injury represents a pre-
dominant symptom. Glomerular injuries are histologically
classified based on glomerular immune complex deposition
and mesangial cell (MC) overproliferation.

The three most abundant cell types in glomeruli are MCs,
podocytes, and glomeruli epithelial cells, with MCs comprising
approximately 1/3 of the total cell population. MC functions
are vital in tissue homeostasis by providing structural support
to the glomeruli and producing and maintaining the mesangial
matrix. In addition, MCs can regulate the filtration surface area
as a result of their contractility and can phagocytose apoptotic
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cells or immune components [5]. Finally, MCs are also
involved in immune responses in the glomerulus [6, 7].

MC proliferation is triggered by renal cell injury or inflam-
mation. Interfering with the cell cycle at any stage can lead to
cell cycle arrest, ultimately rendering apoptosis [8]. Several
studies have demonstrated that tacrolimus, cyclosporine A,
and methylprednisone (MP) can inhibit the proliferation of
MCs and are promising therapeutic agents in treating glomer-
ular diseases [9–13]. Previous studies have shown that
tacrolimus inhibits cell cycle progression by decreasing the
percentage of cells in S phase and increasing the percentage
of cells in G0/G1 phase [14]. Similarly, cyclosporine A also pre-
vents human MCs from entering S phase in a dose-dependent
manner. MCs exposed to low micromolar levels of cyclospor-
ine A showed significantly increased apoptotic cells. In addi-
tion, treatment with MP inhibited the proliferation of human
MCs (HMCs) in a time- and concentration-dependent man-
ner. Similar to that with cyclosporine A, treatment with MP
(1–10mg/l) for 48h also promoted HMC apoptosis [14].

Although cyclophosphamide (CTX) pulse is widely used
to treat LN in clinical practice, how CTX affects cell cycle
and renal fibrosis remains to be determined. 3H-thymidine
incorporation assay showed similar patterns between control
and CTX-treated groups ð5 × 10−5 mol/LÞ , suggesting that
CTX did not alter the mesangial cell cycle at low concentra-
tions [15]. However, whether high dose of CTX influences
the cell cycle remains unclear. Understanding the mechanisms
by which CTX affects the cell cycle and fibrosis will be useful
for disease monitoring and treating LN.We therefore initiated
the present study to investigate how CTX influenced the cell
cycle progression, apoptosis, and fibrosis of HMCs.

2. Materials and Methods

2.1. Cell Proliferation Assay. Cell Counting Kit-8 (CCK-8,
Boster Biotechnology Co., Wuhan, China) was used to mea-
sure cell proliferation according to manufacturer’s protocol.
Briefly, HMCs were cultured in 96-well plates (1 × 105 cells/-
well), followed by treatment with 20ng/ml platelet-derived
growth factor subunit B (PDGF-B) for 24h with or without
CTX (40 or 80mg/l). The cells were then incubated in 10μl
CCK-8 solution at 37°C for 2h in the dark. The optical density
(OD) was measured at 450nm using a Biotek microplate
reader (Agilent Technologies, Santa Clara, CA, USA). The
cell viability was calculated using the following formula:
cell survival ð%Þ = ðmeanODof treated cells/meanODof
control cellsÞ × 100.

2.2. Animals. Six young (6–7-week-old) female C57BL/6J mice
weighing 20 ± 1:5 g were purchased from the Laboratory Ani-
mal Center, Shanxi Provincial People’s Hospital (Taiyuan,
Shanxi). Female MRL/lpr LN mice were purchased from the
Model Animal Institute of Nanjing University (induced from
Jackson Laboratories, USA). The mice were housed under
controlled environmental conditions (temperature 24 ± 2°C,
12h light-dark cycle, and humidity 40%-70%), given free
access to water, and fed a standard laboratory diet. The study
was conducted in accordance with protocols approved by the
Laboratory Animal Center, Shanxi Provincial People’s Hospi-

tal. Twelve female MRL/lpr LN mice were randomly divided
into 2 groups: LN group and LN+CTX group. Mice in the
LN+CTX group were exposed to CTX by oral perfusion
(20mg/kg·d, 12 weeks), whereas the LN group received saline
for 12 weeks. The animals were sacrificed 12h after the last
oral injection. Serum was collected by centrifuging at
5000 rpm for 15min at 4°C and stored at –20°C for determin-
ing BUN and Scr levels. Renal tissues were obtained and kept
in 10% neutral-buffered formalin and embedded in paraffin
for histopathological analysis. Additional renal samples were
immediately frozen in liquid nitrogen and stored at −80°C
until analysis.

2.3. Flow Cytometry. Cell cycle arrest after cyclophospha-
mide (CTX) treatment was examined by flow cytometry.
The human mesangial cells (HMCs) were harvested from
T25 culture flasks (Nest Biotechnology, Wuxi, China) 24h
after treatment and fixed with 70% ethanol at 4°C for 24 h.
After washing once with ice-cold phosphate-buffered saline,
the cells were treated with ribonuclease (100mg/ml) at 37°C
for 30min, followed by staining with propidium iodide
(50mg/ml) at 4°C for 30min in the dark. The cells were ana-
lyzed by using an FC500 flow cytometer (Beckman Coulter,
Beckman, Palo Alto, CA, USA) to determine the proportions
of cells within the G1, S, and G2/M phases.

2.4. Quantitative Real-Time Polymerase Chain Reaction (qRT-
PCR) Analysis. RNA was extracted from HMCs treated with
20ng/ml PDGF-B for 24h. The RNA concentration was
measured using a Biotek microplate reader (Agilent Technol-
ogies, Santa Clara, CA, USA). 500ng RNA was reverse-
transcribed into cDNA using PrimeScript™ RT Master Mix
(Takara, Shiga, Japan) according to manufacturer’s protocol.
qRT-PCR was performed with TB Green® Premix Ex Taq™
II (Tli RNaseH Plus) (Takara). Primer sequences used for
qRT-PCR are as follows: CDK2 F-ATCTT TGCTG AGATG
GTGAC TCG and CDK2 R-ACTTG GGGAA ACTTG
GCTTG T, CDK4 F-TTGCG GCCTG TGTCT ATGGT and
CDK4 R-CAAGG GAGAC CCTCA CGCC, cyclin E F-
CCGGT ATATG GCGAC ACAAG and cyclin E R-CACAG
AGATC CAACA GCTTC AT, cyclin D1 F-GATCA AGTGT
GACCC GGACT and cyclin D1 R-CTTGG GGTCC ATGTT
CTGCT, p21 F-ATGTG CACGG AAGGA CTTTG and p21
R-CGTTT GGAGT GGTAG AAATC TGG, and β-actin F-
ACCTT CTACA ATGAG CTGCG and β-actin R-CCTGG
ATAGC AACGT ACATG G. Relative gene expression was
normalized to that of β-actin.

2.5. Western Blot Analysis. HMCs and kidney tissues were
homogenized in lysis buffer (Boster Biotechnology Co.,
Wuhan, China). Proteins were separated by 10% SDS-PAGE
and transferred onto a PVDFmembrane (EMDMillipore, Bil-
lerica, MA, USA). Primary antibodies against cyclin D1, cyclin
E, CDK2, CDK4, p21 (Santa Cruz Biotechnology, Dallas, TX,
USA), IL-1β (ab234437; Abcam, Cambridge, UK), and α-
smooth A (ab5694; Abcam) and corresponding secondary
antibodies (Boster Biotechnology Co., Wuhan, China) were
used. Membranes were developed and visualized using the
Quantity One analysis system (Bio-Rad, Hercules, CA, USA).
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2.6. Kidney Tissue Preparation for Pathology. Kidney tissues
were collected from anesthetized mice after perfusion. To
prepare sliced sections for histology, kidney tissue was
fixed with 4% paraformaldehyde, embedded in paraffin,
cut to 4μm thickness, and stained with hematoxylin and
eosin (HE) or periodic acid-Schiff (PAS) for morphological
evaluation, PAS for mesangial expansion, and Masson for
fibrosis. This study was approved by the local Ethics
Committee of Shanxi Provincial People’s Hospital, China
(no.: 201987).

2.7. Data Analyses. Experimental data with three biological
repeats were analyzed statistically by paired t-tests using
the SPSS 23.0 software (SPSS, Inc., Chicago, IL, USA) and
are presented as the means ± standard error of themean.

3. Results

3.1. CTX Reduces Proteinuria and Improves Renal Function
in MRL/lpr Mice. Treatment of MRL/lpr mice with 40 or
80mg/l CTX ameliorated the symptoms of LN. Specifically,
proteinuria, renal function abnormities, and kidney patho-
logical lesions were reduced. The reduction in proteinuria
was similar between the two dosage groups (Figure 1(a)).

3.2. CTX Inhibits Cellular Proliferation in Glomeruli In Vivo.
To examine the cellular effect of CTX treatment on mice with
LN, we have performed HE and PAS staining. Compared to
the control mice, CTX-treated mice showed increased MC
proliferation and accelerated progression of kidney fibrosis at
week 12. We also examined both groups at week 17, and the
difference was found to be more significant. Remarkably, mice
treated with CTX for 12 weeks showed delayed disease pro-
gression compared to untreated mice. Pathological evaluation
ofMRL/lpr mice at week 17 revealed glomeruli with thickened
pink capillary loops, which are typical of the so-called “wire
loops” of LN. Inmice treated with CTX, the surrounding renal
tubules were unremarkable, and the opening of capillary loops
was improved (Figure 1(b)).

3.3. MCs Treated with CTX Contribute to Decreased
Inflammation and Fibrosis in LN. Masson staining showed
that CTX-treated mice delayed the progress of renal fibrosis,
compared to the MRL/lpr LN mice (Figure 2(a)). And mean-
while, we investigated how CTX affects cellular inflamma-
tion and fibrosis. Interleukin- (IL-) 1β is a key cytokine
mediating inflammatory responses while α-smooth muscle
actin (α-SMA) is a marker for tissue fibrogenesis. IL-1β
was expressed at relatively high levels in LN samples, indi-
cating their inflammatory origins. However, as shown by
the qRT-PCR and western blot results, IL-1β levels were sig-
nificantly reduced following treatment with CTX, suggesting
an ameliorated inflammatory response. α-SMA showed the
same tendency following CTX treatment (Figure 2(b)).
These results suggested that CTX could potentially mitigate
both inflammation and fibrosis in LN patients.

3.4. CTX Reduces HMC Proliferation and Arrests the Cell
Cycle in G0/G1 Phase.We next assessed how CTX influences
HMC proliferation in vitro. Cellular proliferation in CTX

and PDGF-B-treated group was significantly reduced com-
pared to that in cells treated by PDGF-B alone. We also
found that the inhibitory effect of CTX depended not only
on its dosage but also on its exposure time, although the dif-
ference was negligible at the high concentration. We found
that neither 40 nor 80mg/l CTX affected HMC proliferation
following a 24-hour treatment. However, the inhibition rate
of cell proliferation has the similar tendency with 24 h after
treatment with 40 and 80mg/l CTX for 48h, but has signif-
icance in statistics (Figure 3(a)).

One plausible explanation of the reduced HMC prolifer-
ation upon CTX exposure was the shifted cell cycle. There-
fore, we performed flow cytometry analysis to test this
hypothesis. Consistent with our results of cellular prolifera-
tion, PDGF-B treatment increased the proportion of cells
in S phase while decreasing the percentage of G1 cells. These
results indicated that PDGF-B could shift cell cycle towards
S phase (Figure 3(b)). In contrast, cells exposed to both
PDGF-B and CTX were significantly enriched for the G1
phase population (p < 0:05), while deprived of the S phase
population (p < 0:0001). These results suggested that CTX
could override PDGF in halting the cells in G1 phase and
blocking cell cycle.

3.5. Effects of CTX on Cyclins and Cyclin-Dependent Kinases.
Cyclins and cyclin-dependent kinases (CDKs) are essential
drivers of cell cycle events. To determine the mechanisms
by which CTX affects HMC proliferation, we examined the
expression of genes that are known to regulate G1 phase,
such as cyclin D1, cyclin E, CDK2, and CDK4 (Figure 4).
Both transcription and protein levels of the candidate factors
were upregulated when cells were treated with 20ng/l
PDGF-B. Significantly, we found that treatment with CTX
at 40mg/l was sufficient to abolish the upregulation induced
by PDGF-B. We also examined the effect of high dosage of
CTX and found that 80mg/l CTX inhibited the expression
of all the proteins except for CDK4, which showed higher
levels than that in PDGF-B-treated cells (Figure 4(a)).

3.6. CTX Reverses the PDGF-B-Induced Decrease in p21
Level. To gain further insights into how CTX regulates cell
cycle components, we focused on p21, a cyclin-dependent
kinase inhibitor, in quiescent and proliferating HMCs. In
quiescent HMCs, both the mRNA and protein levels of
p21 were detectable. However, the expression of p21 was
decreased in cells incubated with PDGF-B. Significantly, this
effect was reversed by 40mg/l CTX treatment. Interestingly,
treatment with 80mg/l CTX only decreased p21 mRNA
expression but not protein expression (Figure 4(b)). Alto-
gether, these results suggested that CTX can reverse the down-
regulation of cyclin-dependent kinase inhibitor induced by
PDGF-B exposure.

4. Discussion

Many SLE patients develop LN that is associated with poor
prognosis and increased morbidity and mortality [16]. One
shared phenotype of many glomerular diseases, including LN,
is MC overproliferation [12]. MCs are involved in many
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biological processes in the renal glomerulus, such as secreting
cell matrix, producing cytokines, and supporting glomerular
capillary plexus, phagocytosis, and clearance of macromolecu-
lar substances, as well as contraction of smooth muscle cells.
Once activated by inflammatory stimuli, MCs can also interact
with migrating and infiltrating inflammatory cells, which in
turn amplifies local inflammation responses, fibrosis, and the
development of glomerulosclerosis [17, 18].

Similar to tacrolimus and cyclosporine A, MP is known to
interfere with cell cycles by inducing G1-phase arrest and
preventing cells from entering mitosis [14]. Consistent with
this result, another study showed that glucocorticoids could
decrease S/G2/M-phase populations in HEK293 cells by
suppressing NF-κB activities [19]. Mounting evidence has
shown the antiproliferative effects of glucocorticoids across
numerous cell types [20–24], and MP is likely to be effective
on CDK inhibitors such as p21/Cip1 and p57/Kip2 [25, 26].
Alternatively, MP may also suppress the expression of c-myc
or cyclins, which can stimulate cell cycle progression [20].

To dive into the prime feature of LN, we first analyzed
the effects of CTX treatment on cell proliferation in vitro.
Cell cycle progression is tightly regulated and coordinated
by growth factors, oncogenic stimuli, and regulatory compo-
nents such as cyclin/CDK complexes [27, 28]. Our data
showed that the cell cycle was shifted by treating MCs with
40mg/l or 80mg/l CTX. As our results indicated that CTX
mainly affected G0/G1 phase, we focused on regulators of
these stages. Cyclin D and cyclin E, together with CDK2 and
CDK4, facilitate the transition from G1 to G2 phases, whereas
p21 has a strong inhibitory effect. Our results showed that
PDGF-B could upregulate cyclin D, cyclin E, CDK2, and
CDK4, while the expression of p21 was markedly reduced.
Interestingly, in proliferating MCs, CTX downregulated the
expression of cyclin D, cyclin E, CDK2, and CDK4 and upreg-
ulated p21 expression. These results suggested an antiprolifer-
ative effect of CTX in MCs.

An in vitro model of LN suggested that MCs could con-
tribute to renal inflammation by secreting proinflammatory
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Figure 1: (a) Renal function in lupus nephritis after CTX treatment. CTX reduced the levels of blood urea nitrogen (BUN) and serum
creatinine (SCR) of lupus nephritis (LN) mice. Data are presented as the means ± SEM (n = 6). ∗p < 0:05, ∗∗p < 0:001, and ∗∗∗∗p <
0:00001, lupus nephritis vs. control. (b) CTX 40mg/l inhibits cell proliferation in glomeruli and necrosis of capillary loops. Glomerular
pathology was detected by HE staining and PAS staining at week 17 (n = 6/group, 400x original magnification).

4 Disease Markers



cytokines to local niches [7]. Studies based on human and
animal models also showed that renal tubular epithelial-
myofibroblast phenotypic transformation is critical in the
pathogenesis of renal diseases associated with renal interstitial
fibrosis, where α-SMA is an important marker of this transfor-
mation [29]. Additionally, fibrosis and key inflammatory
factors, such as IL-1β, appear to be closely related [30].

Our study indicated that CTX could benefit renal fibrosis
patients by targeting key cell cycle regulators. We found that
expression of the fibrotic protein α-SMA and inflammatory
factor IL-1β was markedly reduced in the LN mouse model
after treatment with CTX, which delayed the progression of

renal fibrosis and inflammation. Although we did not observe
the same impact of CTX on HMCs, this discrepancy can be
explained by the different concentrations of CTX adminis-
tered in vitro and in vivo. While CTX (5 × 10−5mol/L) did
not alter the mesangial cell cycle [15], these data reveal a
strong correlation between cell cycle, inflammation, and fibro-
sis. As an important hub of LN-related phenotypes including
cell proliferation and immune cell activation, MC remains to
be a promising therapeutic target. Our work elucidated detailed
mechanisms by which CTX attenuates MC overproliferation
and renal fibrosis and therefore laid a foundation for CTX
therapy.
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Figure 2: (a) CTX 40mg/l delays the progress of kidney fibrosis. Glomerular pathology was detected by Masson staining at week 17
(n = 6/group, 400x original magnification). (b) Interleukin- (IL-) 1β and α-SMA in LN following CTX (40mg/l) treatment. Multiplex
analysis was used to determine the protein levels of IL-1β and α-SMA. The blots were representatives of independent biological
triplicates and were analyzed by Friedman’s test with Dunn’s post hoc test, ∗∗p < 0:01.
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Figure 3: CTX reduces HMC proliferation by arresting the cell cycle in G1 phase. (a) CTX inhibited cell proliferation induced by PDGF-B at
48 h but not 24 h (n = 6/group). (b) Flow cytometry analysis showing cells in different phases of cell cycle. CTX arrested cells in G1 phase in a
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Figure 4: (a) Effect of CTX on candidate genes. HMCs were treated with 20 ng/ml PDGF-B for 48 h with or without CTX (40 or 80mg/l).
The expression levels of candidate genes were detected by western blotting and qRT-PCR. Blots were representatives of independent
biological triplicates. ∗p < 0:05 and ∗∗p < 0:01. Data are presented as the means ± SD (n = 3). (b) Effect of CTX on cell cycle proteins.
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the means ± SD (n = 3).

7Disease Markers



5. Conclusion

In conclusion, a high dose of CTX inhibited the proliferation
of HMCs and induced HMC apoptosis. Moreover, CTX
dramatically reduced the expression of IL-1β and α-SMA,
which are involved in the inflammatory response and fibro-
sis within the glomerulus. Therefore, we proposed that CTX
might regulate cell proliferation by controlling the produc-
tion of intracellular inflammatory fibrosis mediators and
the cell cycle regulators. Overall, these data laid the founda-
tion of CTX shock therapy for LN (Figure 5).
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Inner blood-retina barrier (iBRB) is primarily formed of retinal microvascular endothelial cells (ECs) with tight junctions, which
are surrounded and supported by retinal microvascular pericytes (RMPs) and basement membrane. Pericytes are believed to be
critically involved in the physiology and pathology of iBRB. However, the underlying mechanism remains to be fully
elucidated. We developed a novel in vitro iBRB model which was composed of primary cultures of rat retinal ECs and RMPs
based on Transwell system. We tested the involvement of pericytes in the migration and invasion of ECs, examined the
expression and activity of matrix metalloproteinase- (MMP-) 2/MMP-9 in the culture, evaluated the TEER and permeability of
iBRB, and assessed the expression of ZO-1, occludin, claudin-5, and VE-cadherin of endothelial junctions. We found that
RMPs with indirect contact of ECs can increase the expression of MMP-2 and upgrade the activity of MMP-2/9 in the
coculture, which subsequently decreased TJ protein abundance of ZO-1 and occludin in ECs, promoted the migration of ECs,
and finally reduced the integrity of iBRB. Taken together, our data show that RMP relative location with ECs is involved in the
integrity of iBRB via MMP-2/9 and has important implications for treating diabetic retinopathy and other retinal disorders
involving iBRB dysfunction.

1. Introduction

Inner blood-retina barrier (iBRB), mainly consisting of endo-
thelial cells (ECs), retinal microvascular pericytes (RMPs), and
basement membrane, plays a key role in retinal homeostasis
[1]. Under physiological conditions, blood-retina barrier
(BRB) restricts nonspecific transport between neural retina
and peripheral blood and prevents the passage of pathogens,
toxins, toxicants, proteins, and neurotransmitters into the
retina [2]. Under pathological conditions, such as hypergly-
cemia, hypoxia, oxidative stress, or inflammation, disrup-
tion of integrity of interendothelial junctions leads to the

increase of iBRB permeability and gathering of harmful sub-
stances in the retina [3].

The barrier function is exerted primarily by the EC layer.
The sophisticated junctions between adjacent ECs, including
tight junctions (TJs), adherens junctions (AJs), gap junc-
tions, and desmosomes, are the basis of iBRB [4]. Besides
their involvement in cell to cell adhesion, these structures
sustain cell survival, cell polarity, and paracellular perme-
ability [5]. TJs, forming a paracellular diffusion barrier to
limit the movement of molecules across EC layer, take a
central role in the maintenance [4]. It has previously been
demonstrated that increasing of iBRB permeability is related
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with the degradation of TJs of ECs in vitro and in vivo [5, 6].
Thus, the regulation of iBRB permeability is critical both for
protecting the retina from harmful components of periph-
eral blood and for the treatment of retinal disorders.

iBRB is regulated principally by interactions among ECs,
pericytes, and extracellular matrix (ECM). Pericytes are
located in the outer wall of EC tubes [7]. As part of the
microvasculature, pericytes maintain vascular stability and
enhance endothelial barrier function by direct contact and
paracrine regulation [1, 8], while pericytes detached from
ECs would lead to unstabilization of endothelial barrier
[5], decrease in transendothelial electrical resistance (TEER),
and increase in permeability [9]. Due to multiple effects
on ECs, the role of RMPs in iBRB should be further
explored. Basement membrane, a specialized ECM of reti-
nal microvessel, encloses ECs and pericytes and provides
the intermediates for cell communication. The molecular
components of basement membrane, secreted by the
neighboring ECs and pericytes, act as a crucial clue for
appropriate TJ assembly and iBRB properties to maintain
function of mature iBRB [10, 11].

Matrix metalloproteinases (MMPs), one of the major
mediators of barrier degradation, modulate the structure
and function of ECM molecules under physiological and
pathological processes [12–14]. The involvement of MMPs
in iBRB disruption during diabetic retinopathy, retinal
ischemia, and retinal neovascularization has been demon-
strated in numerous studies [15–17]. The association
between the expression levels of different MMPs and the
presence of ECs and pericytes has also been suggested [18],
but it has not been fully elucidated.

MMP-2/9, members of the most ubiquitous members of
MMPs family, are not only able to degrade ECM protein but
also able to cleave TJ proteins [19]. They are known as medi-
ators of endothelial barrier disruption and TJ protein prote-
olysis [20]. MMP-2/9 can be secreted both by ECs and
pericytes [18, 21–23]. MMP-2 activity can increase when
ECs are cocultured with pericytes [24].

Here, we used an in vitro iBRB model system composed
of primary cultures of rat ECs and RMPs, studied the expres-
sion and activity of MMP-2/9 secreted by ECs and RMPs
under indirect contact coculture, and explored the effect of
MMP-2/9 on the maintenance of iBRB function in vitro.
We for the first time provide evidence demonstrating that
indirect EC-RMP cell to cell interaction increases MMP-2
expression, upgrades MMP-2/9 activity, disrupts TJs of
ECs, and decreases the integrity of iBRB in vitro. This
evidence is pivotal for further understanding RMP modula-
tion of iBRB properties with respect to the future develop-
ment of specific strategies for treatment of certain retina
diseases or pathological conditions with iBRB involvement
due to MMP imbalance.

2. Materials and Methods

2.1. Preparation and Cultivation of Rat Retinal ECs and
RMPs. All experimental procedures were conducted in
accordance with the ARVO Statement for the Use of Ani-
mals in Ophthalmic and Vision Research and approved by

the Institutional Ethics Committee for Animal Use in
Research and Education at Fuzhou University (Fujian, China).

The retinas for primary retinal cell culture were isolated
from 3-week-old male rats (Sprague Dawley rat; SLAC,
Shanghai, China). The rat retinal ECs and RMPs were
obtained and identified as reported [25, 26]. Three-
dimensional (3D) capillary-tube formation assay was used
to assess the function of ECs and RMPs in vitro as previously
described [26]. Briefly, ECs and RMPs were labeled by cell
tracker (Molecular Probes, OR, USA) before 3D coculture
in Matrigel (BD Biosciences, CA, USA). After 24 hours of
coculture, the cells were evaluated by fluorescent microscopy
(Nikon, Tokyo, Japan). The cells of the 3rd-7th passage were
used for further experiment after they were proved being
functional cells by the assay.

2.2. In Vitro iBRB Model. Three basic in vitro iBRB models,
shown as the schematic description, were designed based on
Transwell system (0.4μm pores, Corning, NY, USA). The
EC monolayer (model ECs) was made by ECs alone
(Figure 1(a)). The direct contact coculture (model DC) was
made through ECs directly cocultureing with RPMs cells
(Figure 1(b)). The indirect contact coculture (model IDC)
was made by ECs and RMPs with indirect contact
(Figure 1(c)). Transwell system allows cells of coculture to
communicate directly or indirectly through the pores of
the polyethylene terephthalate membrane. For establishing
model DC, RMPs and ECs were layered separately on each
side of a 24-well Transwell membrane. RMPs were seeded
on the outside of the membrane when the Transwell insert
was inverted. 12 h later, when RMPs adhered to the mem-
brane, the insert with RMPs was placed in well of a 24-well
plate (Corning, NY, USA), and ECs were seeded on the
inner side of the membrane. For establishing model IDC,
Transwell inserts with EC monolayer were placed into
24-well plates culturing with 80% confluent layers of
RMPs. All iBRB models were seeded with ECs or RMPs at
the same passage number and density (6 × 104 cells/mL).
The cells were grown on the inserts for 48h before being used
in each experiment.

2.3. Migration Assay and Invasion Assay. The ability of cells
to migrate was assessed by scratch wound healing assay. The
cells (ECs or ECs mixed with RMPs) were seeded onto 24-
well plates and cultured to confluence. A scratch was made
by a 10μl sterile pipette tip in the monolayer perpendicularly
across the center of the well. The floating cells were washed
away with serum-free cell culture media. The wound closure
was visualized by time-lapse imaging with a phase-contrast
microscope (Nikon, Tokyo, Japan). Phase-contrast images
of five selected fields were acquired at 0, 24, and 32h. The
area of the gap that has not been covered by the cells was
analyzed using the ImageJ software (ImageJ 1.8.0; National
Institutes of Health, MD, USA).

The invasive ability of cells was evaluated using Trans-
well system (8μm pore size, Corning, NY, USA). The Trans-
well chambers were coated with 0.1mL Matrigel (50μg/mL)
and put into the 24-well plates. EC suspension (1 × 105 cells)
was seeded to the upper chamber of Transwell. RMP

2 Disease Markers



suspension (1 × 105 cells) was added to the lower chamber of
24-well plates. 10% serum growth media was added to the
chamber, and the cells were allowed to invade for 32 hours
at 37°C in a 5% CO2 humidified incubator. Then, the cells
were fixed with 20% methanol and stained with 0.5% crystal
violet. The cells on the top surface of the filter were removed
by a cotton swab, and the cells that had invaded into the bot-
tom surface of the filter were imaged and counted under
with phase-contrast microscope over five random fields of
each well.

2.4. Zymography. The activity of MMP-2/9 was estimated by
substrate gelatin zymography according to George et al. [27].
Supernatants of the cell culture were collected and mixed
with 5x sample buffer (10% glycerinum, 10% SDS, 1% bro-
mophenol blue, 500mM Tris–HCl, pH 6.8), and equal sam-
ple volumes were loaded on 10% SDS polyacrylamide gels
which contained 0.1% gelatin (Sigma, MO, USA). After the
electrophoresis step, the gels were treated twice with 2.7%
Triton-X 100 solution for 30min each and then incubated
in developing buffer (50mM Tris, 200mM NaCl, 5mM
CaCl2, and 1mM ZnCl, pH 7.5) for 20 h at 37°C. After the
incubation, the gels were stained in staining solution (25%
alcohol, 10% acetic acid, and 0.25% coomassie blue) for
60min and then treated with destaining solution (25% alco-
hol and 10% acetic acid) for 1 h. The densitometric analysis
was performed using the ImageJ software.

2.5. Transendothelial Electrical Resistance Measurements.
Transendothelial electrical resistance measurements were
performed once endothelial cultures of 3 models reached
95%-100% confluent. In Transwell (0.4μm pore size) cul-
tures, TEER was conducted by a Millicell device (Millicell-
ERS-2, MA, USA) and chopstick-like electrodes as described
elsewhere [28]. One electrode was immersed in the upper
chamber of Transwell and the other electrode in the lower
chamber of a 24-well plate. An equilibration period at room
temperature for 20min was performed prior to the measure-
ment. TEER value was calculated as the resistance (Ω) of cell
culture inserts minus background resistance (Ω) of cell-free
inserts. The difference was multiplied with the area of insert
(0.33cm2), resulting in a TEER value given as a mean in
Ω·cm2.

2.6. Sodium Fluorescein Permeability Measurement. Perme-
ability measurement was assessed by sodium fluorescein
since ECs form a barrier against the free diffusion of sodium
fluorescein. Sodium fluorescein (100μg/mL) was added to
the apical side of Transwell filter. Permeability of the cell
layer to sodium fluorescein was measured according to pre-
vious report [29]. Briefly, sodium fluorescein permeates
through the monolayer into the basolateral chamber. The
amount of sodium fluorescein accumulating in the basolat-
eral chamber is an indicator of the permeability of cell layer.
Permeability of the cell layer was examined as fluorescence
with a Varioskan LUX Multimode Microplate Reader
(Thermo Scientific, MA, USA) at excitation wavelengths of
440 nm and emission wavelengths of 525nm. GM6001
(Selleckcn, NY, USA), a broad inhibitor, was added in the
medium of model IDC as comparison.

2.7. Western Blotting. Total proteins were isolated from the
culture using RIPA lysis buffer (#P0013B, Beyotime, Jiangsu,
China) mixed with protease inhibitor and PMSF. SDS-
PAGE was used to separate the proteins. The separated
proteins were transferred to a PVDF membrane (#88520,
Millipore, MA, USA), which was blocked with 5% bovine
serum albumin at room temperature for 2 h and then immu-
noblotted with antibodies against MMP-9 (#ab228402,
Abcam, MA, USA), MMP-2 (#ab86607, Abcam, MA,
USA), zonula occludens-1 (ZO-1, #ab96587, Abcam, MA,
USA), occludin (#ab216327, Abcam, MA, USA), claudin-5
(#ab131259, Abcam, MA, USA), and vascular endothelial-
(VE-) cadherin (#ab33168, Abcam, MA, USA). Chemilumi-
nescence was detected with the ChemiDoc MP imager (Bio-
Rad, CA, USA). β-Actin was used as a negative control, and
the results were normalized to β-actin.

2.8. Statistical Analyses. All experiments were repeated at
least three times. Statistical analyses were conducted using
the JASP software package (Version 0.14.1, JASP Team,
Amsterdam, Netherlands). Student’s t-test was used to
determine significant differences between two groups, and
one-way ANOVA with the least significant difference test
was performed to compare more than two groups. All data
are presented as mean ± SD, and a value of P < 0:05 was
considered statistically significant.

ECs monolayer

(a)

Direct contact co-culture

(b)

Indirect contact co-culture

ECs

RMPs

(c)

Figure 1: Schematic diagrams of iBRB models in vitro. (a) Model ECs. EC monolayer without RMPs. (b) Model DC. Coculture of ECs
directly contacted with RMPs. (c) Model IDC. Coculture of ECs indirectly contacted with RMPs.
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3. Results

3.1. RMPs Inhibited EC Migration in Direct Contact
Coculture and Prompted EC Migration in Indirect Contact
Coculture. We used 2D culture to evaluate EC migration
with the involvement of pericytes at the first step. In a
wound-induced migration assay, the confluent cell mono-
layer was disrupted and cells were allowed to move into
the cell-free area.

The mobility of ECs cocultured with RMPs was
decreased in the scrape-wound assay as compared with
ECs cultured alone (Figure 2(a)). The scratched areas of
ECs cultured alone were almost fully repopulated in 32h,
whereas migration of ECs cocultured was greatly halted by
RMPs. A decrease of 41.6% in inhibition of migration was

observed in the coculture compared with that in the culture
of ECs alone in 32 h (Figure 2(b)). It indicated the involve-
ment of pericytes in the stability of ECs under condition of
direct contact with each other.

ECs have to migrate and cross basement membrane
before new vessel formation. To invade through basement
membrane, ECs must degrade the components of it. We
used 3D indirect contact coculture model to assess the ability
of pericytes to modulate EC invasion in Matrigel invasion
assays secondly. Significant difference in invasiveness was
noted between the indirectly contact cocultured cells and
ECs cultured alone in the assay. The invasive potential of
ECs in indirect contact coculture was substantially increased
(Figure 3(a)). In the Matrigel assay, quantitative analysis of
invading cells showed that the invasiveness of indirectly
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Figure 2: RMPs inhibit EC migration in direct contact coculture. (a) Typical pictures of wound-induced migration assay. Wound repair
24 h and 32 h after the mechanical scratch (top, ECs cultured alone; bottom, ECs cocultured with RMPs). The red lines indicate the
edges of wounded area. (b) Quantitative analysis of wound repair 24 h and 32 h after making the scratch. Initial wound area at 0 h is
defined as 100%. Migration rate = ð1 −wound area at a specific time point/initial wound areaÞ ∗ 100%. Analytical data are presented as the
mean ± SD. ∗P < 0:01.
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Figure 3: RMPs promote EC migration in indirect contact coculture. (a) EC suspensions are layered onto Matrigel-coated Transwell
inserts, and RMP suspensions are layered onto the bottom of 24-well plates. RMPs promote invasion of ECs through Matrigel in invasion
assays. (b) Number of cells traversing the insert is calculated as a measure of invasion. Analytical data are presented as the mean ± SD.
∗P < 0:01.
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contact cocultured ECs was greatly increased to 45% as com-
pared with the ECs cultured alone (Figure 3(b)). It suggests
that pericytes have a promoting effect on the invasion of
ECs under indirect contact condition.

3.2. RMPs in Indirect Contact Coculture with ECs Upgraded
the Expression of MMP-2 and Activity of MMP-2/9 in ECs.
MMP-2/9 are the major mediators of basement membrane
degradation and the key contributors to the invasion of
ECs through basement membrane. To determine the rela-
tionship between RMP relative location and EC invasion
and address the impact of RMPs on MMP expression of
iBRB model in vitro, MMP-2/9 are evaluated. We performed
Western blot and gelatin zymographical analysis of the cul-
ture and explored the secretion and activity of MMP-2/9.

Indirectly contact cocultured cells (model IDC) secreted
significantly more MMP-2 than ECs cultured alone (model
ECs) or direct contact coculture (model DC), but no differ-
ence was observed between ECs cultured alone and direct
contact coculture. No difference of MMP-9 expression was
shown among the 3 iBRB models (Figures 4(a) and 4(b)).
Additionally, we observed that MMP-2/9 activity of indi-
rectly contact cocultured cells by zymography was higher
than that of ECs cultured alone and direct contact coculture
(Figures 4(c) and 4(d)). These observations suggest that

pericyte metabolites may enhance the expression of MMP-
2 and the activity of MMP-2/9 to promote the invasion of
ECs under the condition with indirect contact.

3.3. RMPs Downgraded TEER and Upgraded Permeability of
iBRB under the Condition with Indirect Contact Coculture.
Immigration of ECs occurs before the degradation of iBRB
integrity, such as decrease of TEER or increase of perme-
ability. TEER and permeability of iBRB models were eval-
uated and presented in Figure 5. TEER of model ECs was
33:00 ± 3:30Ω · cm2 and that of model DC was 39:60 ±
1:65Ω · cm2. TEER was significantly lower in model IDC
(26:18 ± 1:16Ω · cm2) than in model ECs and model DC.
To clarify the role of RMPs in the BBB disruption involved
with MMP-2/9, GM6001, a broad inhibitor, was added in
the medium of model IDC. However, GM6001 significantly
increased the value of TEER (35:64 ± 1:51Ω · cm2) of model
IDC (Figure 5(a)).

Opposite changes were found in sodium fluorescein per-
meability measurement. Permeability of sodium fluorescein
is taken as the marker of paracellular permeation. Perme-
ability of model ECs was 4500 ± 200A:U: and that of model
DC was 3500 ± 200A:U: while RMPs can increase the
permeability of sodium fluorescein in the coculture with
indirect contact. The permeability value of model IDC
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Figure 4: RMPs upgrade expression of MMP-2 and activity of MMP-2/9 of indirect contact coculture. (a) The abundance of MMP-9 and
MMP-2 is confirmed via Western blot in model ECs, model DC, and model IDC. (b) MMP-9 and MMP-2 expression measurements are
quantified via normalization to β-actin. (c) Activity of MMP-9 and MMP-2 is evaluated by zymography in 3 models. (d) Gray value of
MMP-9 and MMP-2 activity measurements. ∗P < 0:01 and ∗∗P < 0:05.
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(9233 ± 305:5A:U:) was significantly higher than that of
model ECs and model DC. GM6001 significantly decreased
the permeability value of ECs to 4600 ± 100A:U: in model
IDC (Figure 5(b)).

Collectively, these observations suggest that RMPs may
regulate iBRB TEER and permeability by MMP-2/9 under
the condition with indirect contact coculture since the appli-
cation of inhibitor GM6001 changes the TEER and perme-
ability values of EC/RMP coculture with indirect contact
(model IDC).

3.4. RMPs Decreased the Expression of ZO-1 and Occludin of
iBRB under the Condition with Indirect Contact Coculture. It
has been generally accepted that TJ proteins and adhesion
molecules are in correlation with integrity of iBRB, and the
junction proteins get disrupted when ECs start to migrate
[4]. Thus, we investigated further whether RMPs may
increase iBRB permeability by disrupting expression of the
TJ proteins ZO-1, occludin, and claudin-5 under condition
of indirect contact coculture, as well as the AJ protein VE-
cadherin.

Expression of ZO-1 and occludin was significantly
higher in model DC than in model ECs cultured alone.
RMPs or its metabolite may influence ZO-1 and occludin
expression. The expression of ZO-1 and occludin was signif-
icantly lower in model IDC than in model ECs and model
DC. No difference of claudin-5 and VE-cadherin expression
was observed among the 3 iBRB models (Figure 6). These
results suggest that RMPs may reduce the iBRB integrity
under condition of indirect contact coculture by upregulat-
ing MMP-2/9 activity, which subsequently, at least in part,
decrease the abundance of ZO-1 and occludin directly or
indirectly.

4. Discussion

In this study, we developed a novel in vitro iBRB model sys-
tem composed of primary cultures of rat retinal ECs and
RMPs on the permeable membrane of Transwell. Basing

on this iBRB model system, we demonstrated that RMPs
prompted EC migration in indirect contact coculture associ-
ated with the increasing of MMP-2 expression and upgrad-
ing of MMP-2/9 activity. We showed that RMPs decreased
the expression of ZO-1 and occludin of ECs, downgraded
TEER, and upgraded permeability of iBRB in indirect con-
tact coculture by increasing the expression of MMP-2 and
activity of MMP-2/9. Our results suggest that RMP relative
location has an important impact on the integrity of iBRB
mediated by MMP-2/9.

Inner BRB function is exerted primarily by EC layer and
supported by RMPs. Pericytes, wrap around ECs lining the
capillaries, are critical components of iBRB through commu-
nication with ECs. Relative surface coverage and density of
pericytes on capillaries are positively correlated with endo-
thelial barrier properties [30]. According to the difference
of vascular bed, pericyte coverage of the abluminal vessel
area of ECs is partial. The retina has the highest pericyte
density of all vascular beds [31], the relative frequency of
RMPs to ECs is 1 : 1 [32], and the frequency of RMP cover-
age on retinal capillaries was reported to be high up to 94.5%
[33]. Therefore, the role of RMPs in iBRB and its coordina-
tion with ECs may deserve particular attention.

Pericytes interact with ECs by foot processes directly and
offer important supports to ECs, such as stabilizing the
newly formed endothelial tubes and modulating EC survival,
proliferation, differentiation, migration, and invasion [34].
The requirement for pericytes has been demonstrated by
in vivo models of induced pericyte loss that lead to increased
permeability of BRB [35]. In our Transwell coculture system,
RMPs on the bottom side of 24-well plates can communicate
with ECs on the top side of Transwell through the 0.4μm
pores of the permeable membrane under indirect contact
condition. Comparing to the EC monolayer cultured alone,
the EC-RMP indirect contact coculture model led to an
obvious migration and invasion of ECs and had more cells
through the membrane of Matrigel. Interestingly, EC migra-
tion was significantly halted by RMPs in direct contact
coculture (2D coculture). In previous report, it is generally
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Figure 5: RMPs downgrade TEER and upgraded permeability of iBRB under the condition with indirect contact. (a) Value of TEER in
model ECs, model DC, model IDC, and model IDC+GM6001. (b) Permeability of sodium fluorescein in model ECs, model DC, model
IDC, and model IDC+GM6001. ∗P < 0:01. Unit = arbitrary unit (A.U.).
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considered that pericytes restrict EC migration and stabilize
the blood vessels [1, 36]. Our findings suggest that RMPs
may have a negative role in iBRB stability when it loses
direct contact with ECs, since EC migration and invasion
through basement membrane are promoted by RMPs under
the condition of indirect contact coculture.

Basement membrane, a specialized ECM of microvessel
and intermediate for EC-RMP communication, degrades
generally with EC migration and invasion. MMPs, one of
the major mediators of endothelial barrier degradation, have
been shown to regulate the structure and function of ECM
molecules under physiological and pathological processes
[12–16]. The correlation between the expression of different
MMPs and the presence of ECs and pericytes has also been
suggested. Takahashi et al. reported human pericytes
induced MMP-9 activity but not MMP-2 in culture [37],
and the result was confirmed by Underly et al. in mouse
blood-brain barrier (BBB) in vivo [38]. Takata et al. also
reported MMP-9 derived from pericytes lead to BBB damage

[39]. On the other hand, Zozulya et al. observed no differ-
ence in MMP-2 expression of different EC-pericyte cocul-
ture but an elevated expression of MMP-9 from ECs
cultured in direct contact to pericytes as compared to that
from ECs free of pericytes [18]. Our Wb data indicated that
MMP-2 expression was elevated in indirect contact cocul-
ture compared with that in EC culture or direct contact
coculture, while MMP-9 was not differentially expressed.
Zymography data show that MMP-2/9 of indirect contact
coculture was generally in higher activity than that of model
ECs and model DC. The inconsistent observations in pre-
vious literature and our study may be owed to the differ-
ences in the type and origin of cells and the culture
methods used in different studies, which also highlights
the need for a better and stable model of iBRB for mech-
anistic investigations. Our results suggest the promotion of
EC migration and invasion in indirect contact coculture by
RMPs may be caused by the increase of MMP-2 expres-
sion and MMP-2/9 activity. The suggestions are further
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Figure 6: RMPs decrease the expression of ZO-1 and occludin of iBRB under the condition with indirect contact coculture. (a–d) ZO-1,
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supported by the assay of TEER and sodium fluorescein
permeability.

TEER, a measurement of electrical resistance across a
cellular monolayer, reflects an amount of ionic molecule flux
through cell layer and is a very sensitive and reliable method
to confirm the integrity and permeability of the monolayer
[9, 40]. Sodium fluorescein is commonly used as low-
molecular-weight tracers, and permeability of sodium
fluorescein represents an indication of paracellular perme-
ation [9, 41]. Previous studies of in vitro coculture models
have shown that addition of pericytes increases the TEER
of EC monolayer [42–44]. In this study, RMPs directly
cocultured with ECs had a positive role in iBRB, but RMPs
indirectly contact cocultured with ECs decreased the TEER
and increased the permeability of iBRB. The results are sim-
ilar to the in vitro finding of BBB model which demonstrated
pericytes can negatively regulate endothelial barrier integrity
via paracrine in indirect contact coculture system [9]. Our
results further revealed that MMP-2/9 mediate RMP regula-
tion of iBRB integrity in indirect contact condition since the
changes of integrity in model IDC can be inhibited by MMP
broad inhibitor GM6001. But MMP-2/9-mediated RMP
regulation may not be the only mechanism of RMP modula-
tion of iBRB in vitro due to the incomplete inhibition of
GM6001.

Generally, MMPs open endothelial barrier by degrading
cellular junctions [20, 45]. TJs and AJs, both important in
keeping permeability low while providing a high TEER, are
specific type of cell-cell contacts that obstruct paracellular
pathway for solute diffusion and regulate the paracellular
passage of small molecules such as water and ions [6, 46].
TJs of ECs are mainly composed of claudins, occludin, ZO,
and tight junction adhesion molecules, and VE-cadherin is
the major compound of endothelial AJs [5]. Pericyte
recruitment to ECs can induce TJ formation [35], while
detachment of pericytes from ECs would lead to the
unstabilization of EC junctions [5]. In the present study,
no significant difference was observed in the expression
of claudin-5 and VE-cadherin among the 3 iBRB models.
The data suggest that decreasing the TJ protein’s expression
of ZO-1 and occludin may be the mechanism of RMP regu-
lation on iBRB integrity under indirect contact condition.
The suggestion may improve our understanding of the path-
ological phenomenon in diabetic retinopathy in vivo that the
loss of RMPs or the loss of direct contacts of ECs with RMPs
occurs before BRB dysfunction and EC migration. But how
RMPs regulate MMP-2/9 to affect iBRB integrity when RMPs
lose indirect contact with ECs remains to be elucidated.
Future studies will address these limitations by conducting
experiments in EC-specific MMP-2/9-KOmice, investigating
the role of exosome in paracrine signals of RMPs and ECs
and determining how RMPs contribute to the integrity and
function of iBRB in clinical studies when the loss of direct
contact of ECs with RMPs occurs.

5. Conclusions

In summary, the results presented here are the first to reveal
the influence of RMP relative location on iBRB model

in vitro. RMPs with indirect contact of ECs can increase
expression of MMP-2 and upgrade activity of MMP-2/9,
which subsequently decreases TJ protein abundance of ZO-
1 and occludin in ECs, promotes the migration of ECs, and
finally reduces the integrity of iBRB. Since the loss of direct
contacts of ECs with RMPs is a general phenomenon in ret-
inal pathology, our observations likely have important impli-
cations for treating diabetic retinopathy and other retinal
disorders involving iBRB dysfunction.
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Diabetic retinopathy (DR) is a common chronic fundus disease, which has four different kinds of microvessel structure and
microvascular lesions: microaneurysms (MAs), hemorrhages (HEs), hard exudates, and soft exudates. Accurate detection and
counting of them are a basic but important work. The manual annotation of these lesions is a labor-intensive task in clinical
analysis. To solve the problem, we proposed a novel segmentation method for different lesions in DR. Our method is based on
a convolutional neural network and can be divided into encoder module, attention module, and decoder module, so we refer it
as EAD-Net. After normalization and augmentation, the fundus images were sent to the EAD-Net for automated feature
extraction and pixel-wise label prediction. Given the evaluation metrics based on the matching degree between detected
candidates and ground truth lesions, our method achieved sensitivity of 92.77%, specificity of 99.98%, and accuracy of 99.97%
on the e_ophtha_EX dataset and comparable AUPR (Area under Precision-Recall curve) scores on IDRiD dataset. Moreover,
the results on the local dataset also show that our EAD-Net has better performance than original U-net in most metrics,
especially in the sensitivity and F1-score, with nearly ten percent improvement. The proposed EAD-Net is a novel method
based on clinical DR diagnosis. It has satisfactory results on the segmentation of four different kinds of lesions. These effective
segmentations have important clinical significance in the monitoring and diagnosis of DR.

1. Introduction

Diabetes is a common chronic disease that has a large num-
ber of patients over the world. It is a global public health
problem related to microcirculation disorders which seri-
ously affects human health. Diabetic retinopathy (DR) is a
common complication of diabetes, so it is also a serious
chronic disease. DR is caused by the insufficient blood sup-
ply and capillary occlusion due to excessive blood sugar con-
tent. In severe cases, it would lead to irreversible damage and
even blindness. Therefore, the timely monitoring and treat-
ment are essential for DR patients. The analysis of microvas-
cular lesion areas is one of the important ways of diagnosis.
In retinal fundus images, typical symptoms of DR mainly

include microaneurysms (MAs), hemorrhages (HEs), hard
exudates, and soft exudates, which are the major features
of DR.

As shown in Figure 1, the first detectable abnormalities of
DR are MAs, which present as small red dots. MAs are
formed due to the local distensions of capillary walls caused
by high blood glucose on the surface of retina [2]. When
MAs ruptured, they would cause intraretinal hemorrhages,
which are also important features in the early stage of DR.
HEs have irregular shapes and sizes, and their color is very
similar to the background. Hard exudates are yellow lipid
formations that leak as a result of increased capillary perme-
ability, presenting as bright yellow exudates of irregular
shape and well-defined boundaries. Soft exudates are
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essentially microinfarcts of the retinal nerve fiber layer, pre-
senting as cotton-wool spots of irregular shape and fuzzy
boundaries.

In recent years, many approaches have been applied to
the lesion detection of DR, because detecting defective areas
is an important step and one of the most labor-intensive
tasks in clinical diagnosis. According to the characteristics
of different lesion areas, we define the MAs and HEs as red
lesions and define the hard exudates and soft exudates as
bright lesions.

As for the detection of red lesions, since MAs and HEs
are usually early abnormal signs of DR, the accurate detec-
tion of them is crucial for the early diagnosis. On account
of similar circular shape and limited size range, the detec-
tions of MAs mainly include morphological operations [3,
4] and image filtering [5, 6]. Some other researches combine
MA and HE detections, such as the algorithm based on cur-
velet transform proposed by Esmaeili et al. [7]. The candi-
date pixels belonging to red lesions and blood vessels are
separated from a reconstructed retinal image with modified
coefficients, and then, the full curvelet-based blood vessels
are removed, leaving the remaining part as detected red
lesions. Similarly, all dark-colored structures can be
extracted as candidates, and then pixels belonging to vessels
are eliminated by using a multilayer perception [8] or multi-
scale morphological closing operation [9]. However, the
aforementioned algorithms might consider some actually
red lesions as false positives to be removed, so these lesions
are left out and directly affect the rate of detection. To solve
the problem, an automatic red lesion detection algorithm
using dynamic shape features [10, 11] is proposed. In this
method, candidate regions do not need to be segmented pre-
cisely before feature extraction. Instead, a new set of shape
features, called dynamic shape features, are extracted for
each candidate region which is identified based on intensity
and contrast.

As for the detection of bright lesions, Harangi and Hajdu
[12] divided exudate detection into three stages: at first, a
grayscale morphology-based candidate extractor method is
used to recognize the bright lesions contained regions, then,
an active contour method is applied to obtain the precise
boundary segmentation, and finally, false exudate candidates
are removed by a region-wise classifier. An unsupervised
approach [13] for exudate segmentation is based on an ant
colony optimization algorithm to solve the numerous man-
ually labeling works needed in supervised methods. Many
research works have been done for the detection of hard
exudates: Banerjee and Kayal [14] proposed a method which
employs morphological operations to eliminate optic disc,
mean shift [15], and normalized cut [16] to extract hard exu-
dates and Canny’s operator to demarcate exudate boundary
more clearly. Jaya et al. [17] proposed a hard exudate detec-
tion system designed using a fuzzy support vector machine
(FSVM) classifier. In addition, only a few researches work
for the detection of soft exudates (also called cotton wool
spot) because it is difficult to filter out soft exudates from
the background. Bui et al. [18] presented an automatic seg-
mentation method which consists of image enhancement,
optic disc removal, selective feature extraction, and a neural
network model. Sreng et al. proposed an algorithm [19]
based on the integration of principal component analysis
(PCA) and support vector machine (SVM) for accurate
detection of cotton wool spots. The authors also proposed
another detection method [20] based on adaptive threshold
and ant colony optimization (ACO) combined with SVM
and achieved better performance.

With the development of convolutional neural networks
(CNNs), various image segmentation algorithms have made
breakthroughs in both speed and accuracy. One of the most
popular methods for biomedical segmentation tasks was
called U-net [21], which followed an encoder-decoder struc-
ture. There are many different improvements of the U-net

MA
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HE Hard-exudate

Soft-exudate

Figure 1: Lesions of DR in IDRiD_49.jpg from IDRiD dataset [1]. (a) Microaneurysm (MA). (b) Hemorrhage (HE). (c) Soft exudate. (d)
Hard exudate.
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model, such as an ensemble MU-net [22], designed to detect
exudates with limited data, and a multitask architecture [23]
for the joint segmentation of different lesions. Besides, Quel-
lec et al. [24] proposed a deep learning algorithm supervised
at image level and produced heatmaps to improve DR detec-
tion. Javidi et al. presented dictionary learning-based algo-
rithms to segment exudates using extension of
morphological component analysis [25] and to detect micro-
aneurysm using sparse representation [26]. Dai et al. [27]
combined an image-to-text model and multisieving CNN
to identify microaneurysm and solve the unbalanced data
distribution problem. Pratt et al. [28] also proposed a CNN
approach for DR diagnosis and grading and achieved good
performance on a large dataset.

The main contribution of this paper can be summarized
as follows. Since the pixel-level lesion segmentation, espe-
cially, the segmentation of both red lesions and bright
lesions is still rare, we focus on segmenting four different
lesion areas with a supervised method which can work with
limited labeled datasets. In this paper, we present a novel
convolutional neural network EAD-Net, which is composed
of encoder module, dual attention module, and decoder
module. Experimental results show that the proposed
EAD-Net can achieve pixel-level accuracy for different kinds
of lesions. Our method has competitive performance in both
qualitative and quantitative analyses than other state-of-the-
art methods.

2. Methods

In this section, we describe the datasets used and the
methods employed to segment different kinds of lesions.
Firstly, in addition to two public benchmark datasets for
the comparison with other state-of-the-art algorithms, a
local dataset with hundreds of clinical images is also intro-
duced for validation. Secondly, we describe the architecture
of EAD-Net and illustrate the detailed structures of encoder
module, dual attention module, and decoder module,
respectively. Thirdly, we introduce the network training pro-
cess including data normalization, data augmentation, and
parameter settings. Finally, we designed an evaluation
method based on the matching degree between detected can-
didates and ground truth lesions to analyze the segmentation
results more appropriately.

2.1. Datasets. In this paper, we evaluated the performance of
our proposed network on two publicly available datasets: e_
ophtha_EX [29] and IDRiD [1], for the comparison with
other latest algorithms. Furthermore, we also evaluated our
model on a local intelligent ophthalmology dataset com-
pared with U-net as the baseline for additional validation.

The public e_ophtha_EX dataset consists of 82 labeled
images with precise lesion annotation. These images have
four different sizes ranging from 1440 × 960 to 2544 × 1696
pixels. 47 images have exudates which were marked by two
ophthalmologists, and 35 images contain no exudates.

The public IDRiD (Indian Diabetic Retinopathy Image
Dataset) consists of 81 images with a resolution of 4288 ×
2848 pixels. It provides pixel-level annotations of four

lesions. The partition of the training set and testing set is
provided on IDRiD, with 54 images for training and the rest
27 images for testing. All images in the testing set have MAs,
HEs, and hard exudates, and 14 images of them have soft
exudates.

The local intelligent ophthalmology dataset is a general
high-quality dataset for eye disease classification and lesion
segmentation. Our study was conducted in collaboration
with the Affiliated Eye Hospital of Nanjing Medical Univer-
sity. From more than 10,000 clinical color fundus images,
262 images were selected for this research and all images
have been desensitized for common use. In this dataset, 63
images have MAs, 84 images have HEs, 86 images have hard
exudates, and 29 images have soft exudates. In addition,
their corresponding pixel-level annotation images are pro-
vided. In lesion annotation, there were five ophthalmologists
involved. To minimize the probability of mislabeling, all the
images were labeled by four ophthalmologists and checked
by a chief ophthalmologist at last. The detailed annotation
example is shown in Figure 2.

2.2. Network Architecture

2.2.1. Overview of the Proposed EAD-Net. The proposed
EAD-Net can be divided into three parts: encoder module,
dual attention module, and decoder module (as shown in
Figure 3). The U-shaped structure composed of an encoder
and decoder, as well as skip connections, enables the net-
work to combine high-level semantic information and low-
level feature. Furthermore, the dual attention modules can
capture long-range contextual information in both spatial
and channel dimensions and therefore obtain better feature
representations.

Specifically, through convolution and pooling, we can
get the Map1; then, we use a convolution block with residual
structure in the downsampling process. With the residual
structure, the gradient can propagate directly through the
skip connection from later layers to the earlier layers, so
the vanishing gradient problem can be inhibited. These fac-
tors guarantee the stability of the whole network in a train-
ing process. Before the skip connection, Map3 and Map4
are sent through a dual attention module [30], which is com-
posed of a position attention module and a channel atten-
tion module. Finally, the feature maps of each dimension
are put into the decoder module to accomplish the segmen-
tation of different kinds of lesions. Figure 3 shows an over-
view of the EAD-Net architecture.

2.2.2. Encoder Module. Different from the widely used U-net,
we choose a convolution block with a residual structure to
replace the traditional encoder. And we only use the pooling
layer once during the whole downsampling process. There
are many tiny lesions in the segmentation of DR lesions,
and too many pooling layers might go against recovering
the features of the tiny targets in decoder stage. Therefore,
in the later downsampling process, we use the convolution
layer (stride is set to 2) to replace the pooling layer. The
green hollow arrows in Figure 3 contain the conv block
and identity block (as shown in Figure 4).
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As we can see in Figure 4, conv block and identity block
have almost the same structure. We learn from the idea of
skip connection proposed in the ResNet [31]. In conv block,
the input firstly passes through the same convolution, batch
normalization, and Relu layers twice. Next, the result of the
second Relu layer and the original input are added up after
convolution and batch normalization. The added result is
activated through the Relu layer to get the final output. What
differentiates the two blocks is that in identity block the
input is directly added up through a skip connection. One
other thing to note is that the size of convolution kernels is
set to the same 3 × 3.

The number of convolution kernels in the blocks shown
in Figure 4 is subject to the bottleneck structure; that is, the

output channel number of the input and output is generally
four times as many as the channel number of the first two
convolution parts. With this strategy, the number of training
parameters can achieve a considerable reduction. It is worth
noting that the number of channels indicated in the figure is
not constant all the time. With the abovementioned propor-
tional relationship, they will increase with the depending
network, typically exponentially.

2.2.3. Dual Attention Module. Dual attention module is a
self-attention mechanism proposed by Fu et al. [30] and
was applied to semantic segmentation. It can capture long-
range contextual information in both spatial and channel
dimensions. The position attention module (PAM)

(a) (b)

Figure 2: Annotation example of the local dataset. (a) The original image. (b) The corresponding annotation result: MAs in the red area,
HEs in the green area, hard exudates in the blue area, and soft exudates in the yellow area.
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Figure 3: The overview of the EAD-Net architecture.
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selectively aggregates the features of each position through a
weighted sum of all positions, while the channel attention
module (CAM) selectively emphasizes one feature map
through all feature maps. The outputs of two attention mod-
ules are aggregated to obtain the better feature representa-
tions. The structure of dual attention module is shown in
Figures 5 and 6.

In order to accommodate the specific morphology of DR
lesions, we have also proposed some corresponding
improvements.

There are often many small and fuzzy lesions existing in
the fundus images. As what we have mentioned previously,
too many pooling layers might lead to too much semantic
information loss. To avoid this problem, we only use the
max pooling layer once. Moreover, in the later decoder
structure, to obtain the pixel-wise output, a larger size of fea-
ture map needs to be upsampled from the deep feature map,
which might also cause the information loss. So the dilated
convolution [32] strategy is introduced as an improvement.
The dilated convolution with different dilation rates can pro-
duce a larger receptive field and capture multiscale contex-
tual information. The blue sample block in Figure 6
contains three dilated convolutions. We set the dilation rates
to 1, 2, and 5, respectively, to avoid gridding effect.

2.2.4. Decoder Module. In the decoder module, we adopt the
upsampling structure of U-net. The features of encoder and
decoder at the same level can achieve global information
fusion through concatenation. And the high-resolution
information generated by the encoder output can provide
more detailed guidance in the segmentation of lesions. The
structure of decoder module is shown in Figure 7.

2.3. Network Training. In order to facilitate the processing of
neural network, the size of all input images and labels is nor-
malized into 1024 × 1024 pixels. The purpose of this step is
to preprocess the images and unify the size of all datasets
without losing images’ details. Meanwhile, in order to keep
the information of input images as much as possible and
make the image undistorted when its size changed (that is,
maintain the aspect ratio of the image), we take the following
steps: firstly, remove the redundant black edges around the
original image. Next, according to the long side after the
interception, the short side is filled to be equal to the long
side. Finally, the size of the filled image is transformed to

obtain an image of 1024 × 1024 pixels. We also cut and
resize the corresponding ground truth segmentation image
in the same way. The normalization process is shown in
Figure 8.

High-quality datasets are valuable in the field of medical
segmentation. Considering the lack of training data, data
augmentation is beneficial when training the neural net-
work. The data augmentation transformations consist of
horizontally and vertically flipping, scaling images in per
axis, translating, and rotation. Notice that we did not apply
all these methods to every input image; instead, we select
some combinations of them randomly to accomplish the
augmentation. After data augmentation, the number of
training dataset images could be up to five times larger.

Using the images with original size will run out of hard-
ware limitations. In order not to lose image information in
the maximum case, all images are resized to 512 × 512 pixels
before being sent to the network training. Since the partition
of training set and testing set is provided on IDRiD, with 54
images for training and the rest 27 images for testing, we also
applied this partition ratio to e_ophtha_EX and local data-
sets in this research. There was not any overlap between
training and testing data. For each dataset, two-thirds of
the images were randomly selected for training and the
remaining third for testing. That is to say, the partition ratio
of training set and testing set is set to 2 : 1.

In the training process, firstly, the network’s hyperpara-
meters are gradually adjusted by the effect on the validation
set. In this way, we set the batch size to 2, dropout rate to 0.5,
Adam as the optimizer, and BCEDiceLoss (binary cross
entropy and dice loss) as the loss function. In addition, we
use the loss value as a monitoring indicator during training
the network. The learning rate is set to 0.0001 and is lowered
by 10 times after five epochs when the indicator does not
improve. An early stopping method is also applied to the
training process. If the indicator does not improve after 15
epochs, the training process would stop. The network for
comparison follows the same training settings.

All the programs in this paper are based on Python. The
construction and training process of the network are applied
on Keras platform. Parallel computing is conducted by GPU,
and the hardware environment is NVIDA GTX 1080.

2.4. Evaluation Metrics. The evaluation can be classically
done by simply calculating the number of correctly
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Figure 4: Detailed operations represented by the green arrow in the overview of the EAD-Net architecture.
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identified pixels or by comparing the number of detected
lesions with the number of real lesions. However, we
consider that both of these methods have shortcomings
in analyzing the segmentation of lesions. Suppose a situ-
ation as shown in Figure 9: there are three detected
lesions (shown in blue) and three ground truth lesions
(shown in red). Only the two large connected compo-
nents in the middle are partially overlapped. It is clear
that the larger the intersection area is, the greater the
matching degree between the detected candidates and
ground truth is.

On the one hand, if we only calculate the number of cor-
rectly identified pixels, in this case, the true positives only
refer to the intersection area of blue and red, while half blue
pixels and half red pixels in the nonoverlapping part are
considered false positives and false negatives. This kind of
evaluation method tends to get underestimated error rate
on small connected components. On the other hand, it
seems inappropriate to directly compare the number of
detected lesions and ground truth lesions. For example, in
Figure 9, there are 3 detected lesions and 3 ground truth
lesions, but obviously, the results in the figure do not mean
that the accuracy of lesion segmentation has reached 100%.
Therefore, we applied the evaluation method proposed by
Zhang et al. [29]: the matching degree between the detected
candidates and the ground truth areas was considered. To be
specific, if there are N detected candidates fD1,D2,⋯,DNg
and M ground truth lesions fG1,G2,⋯,GMg, the set of

detected candidates can be expressed as

D = ∪
1≤i≤N

Di, ð1Þ

and the set of ground truth lesions can be expressed as

G = ∪
1≤j≤M

Gj: ð2Þ

Then we can give the definition of true positive (TP),
false positive (FP), false negative (FN), and true negative
(TN) as follows.

A pixel is considered TP if and only if it belongs to any of
the following sets:

(i)

D ∩ G ð3Þ

(ii) Di such that ðjDi ∩ Gj/jDijÞ > σ

(iii) Gj such that ðjGj ∩Dj/jGjjÞ > σ

j⋅j is the cardinality of a set, and the σ is a factor used to
evaluate the proportion of overlapping area between the
detected candidates and ground truth. The σ ranges from 0
to 1. When σ = 0, a detected candidate is considered TP if
and only if it touches the ground truth. Taking into

(a) (b) (c)

Figure 8: Size normalization process. (a) The original image. (b) Remove the redundant black edges. (c) The final result.

False positives

False negatives

True positives

Figure 9: Illustration of the proposed evaluation method. Detected candidates are represented by blue areas and ground truth lesions by red
areas. True positive pixels are defined by the matching degree of blue and red connected components.
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consideration that in this case (σ = 0) a single very large
detection mask would produce excellent results as long as
it covers the whole ground truth set, a minimal overlap ratio
is required. Finally, we set the σ to 0.2 to facilitate compari-
son with other methods.

A pixel is considered FP if and only if it belongs to any of
the following sets:

(i) Di such that Di ∩G = ϕ

(ii) Di ∩ �G such that ðjDi ∩Gj/jDijÞ ≤ σ

A pixel is considered FN if and only if it belongs to any
of the following sets:

(iii) Gj such that Gj ∩D = ϕ

(iv) Gj ∩ �D such that ðjGj ∩Dj/jGjjÞ ≤ σ

Pixels that do not fall into any of the above-mentioned
three categories are considered TN.

Then, we computed the sensitivity, specificity, precision,
accuracy, and the F1-score according to the following
equations:

Sensitivity =
TP

TP + FN
,

Specificity =
TN

TN + FP
,

Precision =
TP

TP + FP
,

Accuracy =
TP + TN

TP + TN + FP + FN
,

F1 =
2 × sensitivity × precision
sensitivity + precision

:

ð4Þ

3. Results

In this section, we demonstrate the effectiveness of our
EAD-Net on two public benchmark datasets and show the
comparison with other state-of-the-art algorithms, especially
with U-net and its variants. For additional validation, we
also compared the performance of our EAD-Net with the
baseline U-net on a local dataset.

3.1. Performance on the Public e_ophtha_EX Dataset. On the
public e_ophtha_EX dataset, the results compared with
other state-of-the-art methods are shown in Table 1. Our
proposed EAD-Net outperforms other methods on most
indicators. Compared with the latest study [35] proposed
by Guo et al., our method is 8.6% higher in sensitivity and
achieves 5.61% and 7.06% improvements in precision and
F1-score. Compared with the state-of-the-art method [22]
by Zheng et al., our method has competitive results in both
specificity and accuracy, although there exists a small gap
in sensitivity, precision, and F1-score.

Table 1: Evaluation of exudate detection on e_ophtha_EX dataset.

Model
Lesion-level results

SE SP PR ACC F1

U-net 79.86 99.97 78.77 99.95 79.31
∗Playout et al. [23] 80.02 — 78.50 — 79.25
∗Zheng et al. [22] 94.12 99.98 91.25 99.96 92.66

Fraz et al. [33] 81.20 94.60 90.91 89.25 —

Zhang et al. [29] 74 — 72 — —

Imani and Pourreza [34] 80.32 99.83 77.28 — —

Javidi et al. [25] 80.51 99.84 77.30 — —

Guo et al. [35] 84.17 — 83.45 — 83.81
∗Proposed EAD-Net 92.77 99.98 89.06 99.97 90.87

SE: sensitivity; SP: specificity; PR: precision; ACC: accuracy; F1: F1 score. ∗
are methods based on U-net.
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Figure 10: Evaluation on e_ophtha_EX dataset using ROC curves
of U-net and the proposed EAD-Net.

Table 2: Comparison with top 10 teams in the lesion segmentation
competition on IDRiD dataset.

Model (team) MAs HEs
Hard

exudates
Soft

exudates

VRT (1st) 0.4951 0.6804 0.7127 0.6995

PATech (2nd) 0.4740 0.6490 0.8850 —

iFLYTEK-MIG
(3rd)

0.5017 0.5588 0.8741 0.6588

SOONER (4th) 0.4003 0.5395 0.7390 0.5369

SHAIST (5th) — — 0.8582 —

lzyuncc_fusion
(6th)

— — 0.8202 0.6259

SDNU (7th) 0.4111 0.4572 0.5018 0.5374

CIL (8th) 0.3920 0.4886 0.7554 0.5024

MedLabs (9th) 0.3397 0.3705 0.7863 0.2637

AIMIA (10th) 0.3792 0.3283 0.7662 0.2733

Proposed EAD-Net 0.2408 0.5649 0.7818 0.6083

The results are based on AUPR (Area under Precision-Recall curve).
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Figure 10 also shows the ROC (Receiver Operating
Characteristic) curves with AUC (Area Under Curve) values
of our method and the baseline, U-net. We can see that the
EAD-Net has much better detection effect than the original
U-net. The AUC value of the proposed method is 0.5%
higher than the result of U-net. The improved performance
demonstrates the effectiveness of the proposed EAD-Net.

3.2. Performance on the Public IDRiD Dataset. In this part,
we used AUPR (Area under Precision-Recall curve) as eval-
uation metric, which is the same to the IDRiD challenge.
The IDRiD challenge is a fundus image analysis challenge
organized by the IEEE International Symposium on Bio-
medical Imaging (ISBI) conference. We compared our
method with the top 10 teams in the lesion segmentation
competition of IDRiD challenge. As we can see in Table 2,
the proposed EAD-Net ranked No. 3 on HE segmentation,
No. 6 on hard exudate segmentation, and No. 4 on soft exu-
date segmentation.

For the top 3 teams, they choose different network archi-
tectures for each segmentation task. And for each segmenta-
tion task, many hyperparameters need to be adjusted during
the training stage. Therefore, these teams that performed
well had to test four models for corresponding segmentation
task during the test stage. In contrast, our study used a single
network structure and only a few changes are needed for the
hyperparameter settings. Even so, our proposed EAD-Net
has achieved comparable results.

3.3. Performance on the Local Intelligent Ophthalmology
Dataset. On the local intelligent ophthalmology dataset, we
also evaluated the performance by comparing the matching
degree between the ground truth and prediction. In this sec-
tion, we performed a visual analysis of segmentation results
and compared our proposed method with the original U-
net, which was the baseline.

An example of segmentation results is shown in
Figure 11: different color curves are used to represent the
contours of different types of lesions. At the same time,
through connected components analysis in the predicted
images, we can also easily output the counting of different

lesions (as shown in the rectangular box on the right of
Figure 11(c)). These counting statistics are helpful as a refer-
ence for clinical diagnosis of DR severity. In addition, a more
detailed comparison of ground truth and predicted segmen-
tations for this example is shown in Figure 12. The different
rows in Figure 12 represent different types of lesions. We use
red to represent ground truth areas, blue to represent pre-
dicted lesions areas, and purple to represent the intersection
of ground truth and prediction in the last column of
Figure 12. From this, we can intuitively see which areas are
correctly identified, which areas are misdiagnosed, and
which areas are missed. For detailed definitions of the cate-
gories of predicted lesions (TP, FP, FN, or TN), please refer
to Evaluation Metrics.

Compared with the baseline U-net, the results shown in
Table 3 indicate that the proposed method outperforms the
original U-net in most metrics, especially in the sensitivity
and F1-score. And the AUCs of the EAD-Net are generally
higher than U-net (as shown in Figure 13).

From all the above results on the local dataset, it can be
concluded that the EAD-Net makes remarkable progress in
the lesion segmentation compared with baseline U-net.
However, although our network does well in the segmenta-
tion of the lesions with distinct features, such as HEs and
hard exudates, the details in Figure 12 and the low sensitivity
in Table 3 indicate that it is not that effective for small
lesions, especially the tiny MAs. This problem would be dis-
cussed in more detail in the next section.

4. Discussion

The research of computer-aided diagnosis of DR based on
fundus images is an emerging field. Most of the current
DR-AI researches are based on the image labels, rather than
the direct study of lesions. However, the diagnosis basis of
clinical guidelines is precisely based on the identification
and localization of lesions. Once the clinical guidelines are
adjusted, none of the current DR-AI results can play a role.
In contrast, lesion-based studies can be easily adapted to
the adjustment of diagnostic rules. Therefore, we proposed
a deep learning method based directly on lesions, which is

Original image

(a)

Ground truth

(b)

Predicted result

MAs:

HEs:

Hard exudates:

Soft exudates:
78

11

24

1

Counting of
predicted lesions

(c)

Figure 11: An example of segmentation results. (a) Original image. (b) The corresponding ground truth annotations of different lesions. (c)
The predicted segmentation results. Note that the areas marked out in different colors represent different lesions: MAs in red, HEs in green,
hard exudates in blue, and soft exudates in yellow. The predicted result in (c) also provides counting statistics of the four lesions. In the
rectangular box on the right of (c), the number of lesions is obtained by connected components analysis of the corresponding lesion
areas in the left of (c).
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aimed at segmenting four typical lesions of DR: MAs, HEs,
hard exudates, and soft exudates. In addition, the proposed
method can easily output the counting of different lesions,
so as to diagnose the severity of DR. In this paper, we
designed a novel convolutional neural network named
EAD-Net, which is composed of encoder module, dual
attention module, and decoder module.

The proposed network has significant improvement in
the segmentation of different lesions: MAs, HEs, hard exu-
dates, and soft exudates. Different from the original U-net,
we choose a convolution block with residual structure to
replace the traditional encoder. Since there exist many small
or fuzzy lesions and too many pooling layers might lead too
much semantic information loss, we only use the max pool-
ing layer once to avoid this problem. The dual attention
module is designed to capture long-range contextual infor-
mation in both spatial and channel dimensions, so that the
network can obtain better feature representations. We also
introduce the dilated convolution strategy as an improve-

ment. By setting different dilation rates, we can get larger
receptive field and multiscale contextual information. The
high-resolution information generated by the encoder out-
put can provide more detailed guidance in the segmentation
of lesions.

Compared with other state-of-the-art methods, we
achieve superior performance on two public benchmark
datasets: e_ophtha_EX and IDRiD. As a variant of U-net,
the proposed EAD-Net outperforms the baseline U-net at
both lesion-level and image-level by a large margin. As an
additional validation, the results on the local dataset also
demonstrate the effectiveness of our method.

However, the drawback of EAD-Net is the limited detec-
tion performance for tiny lesions, such as MAs and small
exudates. As an instance shown in Figure 11, there exist
omissions and misidentifications of MAs, and some blood
vessels are also detected as HEs. The reason might be that
unlike natural images, medical images tend to be more com-
plicated, and they are influenced by many factors, such as
imaging equipment, and illumination effect. In the fundus
images of DR, there exist many tiny and fuzzy lesions. It is
not easy to find the boundary between these lesions and
their adjacent pixels, and even professional doctors need a
long time to locate them. To better analyze the experimental
results, we calculated the distribution of labeled lesions in
three datasets. The statistics information is shown in
Table 4.

From Table 4, we can see that the ratio of MAs is very
small, which makes it very difficult to accurately segment.
However, since our study only used a single network struc-
ture, the drawback could be overcome by ensemble networks
or more elaborate preprocessing in a further study.

In the three different datasets we used, there were 35
normal images and 47 abnormal images in the e_ophtha_
EX dataset, while the 81 images in the IDRiD dataset and

ComparisonGround truth Predicted

MAs

HEs

Hard exudates

Soft exudates

Figure 12: Detailed comparison of ground truth and predicted segmentations. Each row represents a kind of lesions. The last column
represents the superimposed image of the first two images in the row. In red: ground truth areas; in blue: predicted lesions areas; in
purple: the intersection of ground truth and prediction.

Table 3: Comparison with U-net on local intelligent
ophthalmology dataset.

Lesion type Model
Lesion based results

SE SP PR ACC F1

MAs
U-net 13.17 99.97 54.07 99.90 21.19

EAD-Net 17.32 99.98 59.26 99.91 26.82

HEs
U-net 73.43 99.93 80.21 99.83 76.67

EAD-Net 83.59 99.95 87.75 99.89 85.62

Hard exudates
U-net 68.38 99.99 98.42 99.96 80.70

EAD-Net 84.60 99.99 93.51 99.98 88.83

Soft exudates
U-net 76.89 99.99 98.86 99.98 86.50

EAD-Net 84.92 99.99 92.78 99.98 88.68

SE: sensitivity; SP: specificity; PR: precision; ACC: accuracy; F1: F1 score.
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262 images in our local intelligent ophthalmology dataset
were all with more or less different lesions. To a certain
degree, the performance of our method on e_ophtha_EX
dataset can demonstrate its robustness to normal samples.
Furthermore, the fundus images of three datasets we used
were from people in different countries, which proved that
the proposed method was robust to a certain extent for dif-
ferent ethnic groups. In further studies, we need to conduct
experiments on a larger and more balanced data distribution
to adapt to various situations in a real world.

5. Conclusion

The DR-AI research based directly on lesions is in line with
clinical diagnostic thinking of ophthalmology. In this paper,
we propose a convolutional neural network architecture
EAD-Net for the lesion segmentation task. The architecture
can be divided into three parts: encoder module, dual atten-
tion module, and decoder module. On both public and local
datasets, we compare the performance of the EAD-Net with
other state-of-the-art methods and prove its superiority.
Experimental results show that our network has satisfactory
results on the segmentation of four different kinds of lesions.

These effective segmentation results have important clinical
significance in the screening and diagnosis of DR. With
more accurate performance and appropriate diagnostic rules
based on the lesions, the proposed method will be more suit-
able for the clinical application.
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Figure 13: Evaluation on the local intelligent ophthalmology dataset. Different colored curves represent different types of lesions. (a) ROC
curves of U-net. (b) ROC curves of EAD-Net.

Table 4: Statistical information of lesion areas of e-ophtha, IDRiD,
and local intelligent ophthalmology datasets.

Dataset MAs HEs
Hard

exudates
Soft

exudates

E-
ophtha

0.01% (148) — 0.22% (47) —

IDRiD 0.10% (81) 1.03% (80) 0.90% (81) 0.38% (40)

Local 0.02% (63) 0.91% (84) 0.48% (86) 0.32% (29)

Number1 (Number2) refers to the fact that there are Number2 images of
this lesion type in the corresponding dataset, and the average percentage
of this lesion area to the total image area is Number1. To maintain data
consistency, only the images containing lesions have been used in Number1.
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Objective. To explore the expression, functions, and the possible mechanisms of cysteine-rich intestinal protein 1 (CRIP1) in
epithelial ovarian cancer. Methods. Using open microarray datasets from The Cancer Genome Atlas (TCGA), we identified the
tumorigenic genes in ovarian cancer. Then, we detected CRIP1 expression in 26 pairs of epithelial ovarian cancer tissue samples
by immunohistochemistry (IHC) and performed a correlation analysis between CRIP1 and the clinicopathological features. In
addition, epithelial ovarian cancer cell lines A2780 and OVCAR3 were used to examine CRIP1 expression by western blot and
qRT-PCR. Various cell function experiments related to tumorigenesis were performed including the CCK8 assay, EdU, Annexin
V-FITC/PI apoptosis assay, wound healing, and Transwell assay. In addition, the expression of epithelial-mesenchymal
transition (EMT) markers was detected by western blot to illustrate the relationship between CRIP1 and EMT. Furthermore,
KEGG pathway enrichment analysis and western blot were conducted to reveal the signaling pathways in which CRIP1 is
involved in ovarian cancer pathogenesis. Results. CRIP1 was identified as an oncogene from the TCGA database. The IHC score
demonstrated that the CRIP1 protein was expressed at a higher level in tumours than in tumour-adjacent tissues and was
associated with a higher pathological stage, grade, and positive lymphatic metastasis. In cell models, CRIP1 was overexpressed in
serous epithelial ovarian cancer. Cell function experiments showed that the knockdown of CRIP1 did not significantly affect cell
proliferation or apoptosis but could exert an inhibitory effect on cell migration and invasion, and also induce changes in EMT
markers. Furthermore, KEGG pathway enrichment analysis and western blot showed that CRIP1 could induce ovarian cancer
cell metastasis through activation of the Wnt/β-catenin pathway. Conclusion. This study is the first to demonstrate that CRIP1
acts as an oncogene and may promote tumour metastasis by regulating the EMT-related Wnt/β-catenin signaling pathway,
suggesting that CRIP1 may be an important biomarker for ovarian cancer metastasis and progression.

1. Introduction

Ovarian cancer, a type of malignancy in the ovary, is the most
lethal gynaecological carcinoma as well as the fifth leading
cause of cancer mortality among women [1]. Over 85% of
ovarian cancers originate from the epithelium (known as epi-

thelial ovarian cancer, EOC), with serous ovarian cancer
being the most common histological subtype [2]. Currently,
the main treatment options for epithelial ovarian cancer are
tumour cell reduction surgery and platinum-based chemo-
therapy, immunotherapy, and targeted therapy. Although
these therapeutic options are available, the overall five-year
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survival rate remains low, at around 30%-40% [2]. It is esti-
mated that 22,530 patients were diagnosed with ovarian can-
cer in 2019 in the United States, of which 13,980 patients died
[3]. The high mortality may be due to a number of factors,
including the lack of symptoms and detectable biomarkers
for ovarian cancer in its early stage, distant invasion, and
metastasis [4, 5]. Thus, it is of great importance to identify
new predictive biomarkers for early diagnosis and have a bet-
ter understanding of the mechanism of ovarian cancer
metastasis, which is also an urgent issue for improving the
efficacy of ovarian cancer treatment.

There are many factors contributing to the metastasis of
ovarian cancer. Recently, accumulated evidence has indi-
cated that a major driver of ovarian cancer metastasis is
epithelial-mesenchymal transition (EMT), in which cancer
cells lose their epithelial potential and acquire a mesenchy-
mal phenotype, allowing cells to detach from the primary site
and gain the ability to metastasise [6–9]. In addition, research
has shown that the activity of EMT is regulated by many dif-
ferent signaling pathways [10], among which the canonical
Wnt/β-catenin signaling pathway is pivotal for both ovarian
carcinogenesis and EMT. Sun and colleagues [11] found that
the high expression of Golgi phosphoprotein 3 (GOLPH3) in
ovarian cancer patients could be regarded as an oncogene
and was related to poor prognosis, as it could promote ovar-
ian cancer cell proliferation, migration, and invasion by stim-
ulating the Wnt/β-catenin signaling pathway and EMT.
Dong et al. [12] also reported that PEST-containing nuclear
protein (PCNP) promoted the ability of ovarian cancer cells
to invade and metastasise in the same way. These findings
not only highlight the significance of the Wnt/β-catenin sig-
naling pathway in carcinogenesis and EMT but also revealed
that some oncogenes are involved in ovarian cancer invasion
and metastasis. This has enriched our knowledge of the
mechanisms of ovarian cancer progression and provided a
basis for cancer therapy, which has become more precise
and individualised. However, the information in this field is
still not complete. Due to the small number of studies on this
topic, more in-depth research is necessary to further reveal
the exact mechanisms of ovarian cancer invasion and metas-
tasis and further improve current treatment strategies.

As a member of the LIM/double zinc finger protein fam-
ily, cysteine-rich intestinal protein 1 (CRIP1) has a unique
double zinc finger motif and is primarily expressed in the
intestine [13]. It was first recognised as an intracellular zinc
transport and absorption protein [14]. CRIP was also
detected in immune cells such as peritoneal macrophages
and peripheral blood mononuclear cells, suggesting it may
be involved in host immune responses [15]. Moreover, in
recent decades, the aberrant expression of CRIP1 in several
cancers has attracted increasing attention. In metastatic colo-
rectal cancer (CRC), CRIP1 was overexpressed and downreg-
ulation of CRIP1 was found to inhibit cell migration and
invasion in the cell lines SW620 and HT29 [16]. Thus, it
may function as an oncogene to regulate the migration and
invasion of CRC cells and may be regarded as a new promis-
ing biomarker for poor prognosis and the metastasis of colon
cancer. Similar results were also found in cervical cancer [17],
thyroid carcinoma [18], and endometrial cancer [19]. In con-

trast, CRIP1 expression led to a favourable outcome and
fewer metastases in osteosarcoma [20] and breast cancer
[21]. Although the role of CRIP1 seems to be controversial
in the abovementioned tumours, we are certain that CRIP1,
as an oncogene or tumour suppressor gene, has a close rela-
tionship with tumour metastasis. However, the current stud-
ies of CRIP1 are finite and the underlying mechanisms of
CRIP1-mediated tumour metastasis are largely unknown.
Moreover, the relationship between ovarian cancer and
CRIP1 has not yet been discussed.

In this study, our objective was to describe CRIP1 expres-
sion patterns, functions, and possible mechanisms in ovarian
cancer. First, we used bioinformatics methods to screen out
the oncogene CRIP1 in ovarian cancer from the TCGA data-
base, showing that ovarian cancer with the high expression of
CRIP1 had a poor prognosis. Subsequently, we used tissue
samples and cell models to verify its expression. Then, we
performed in vitro experiments to explore its function in
invasion, migration, and EMT and further uncovered the
possible mechanisms. The results show that the upregulation
of CRIP1 can promote ovarian cancer invasion, metastasis,
and EMT by activating the Wnt signaling pathway, suggest-
ing that CRIP1 could be viewed as a valuable new biomarker
for ovarian cancer.

2. Materials and Methods

2.1. Genetic Screening. Using the online differential gene
expression analysis tool (http://gepia2.cancer-pku.cn/
#degenes), we analysed the differential gene expression of
ovarian cancer and normal ovarian tissues from The Cancer
Genome Atlas (TCGA) database. Differentially expressed
genes were determined by means of ANOVA. Genes with
log2 FC cut − off > 1 were considered upregulated, and P <
0:05 were considered statistically significant. Then, GDC
TCGA Ovarian Cancer (OV) mRNA expression FPKM data
and clinical survival data were downloaded from the website
(https://xenabrowser.net/datapages/), and significant sur-
vival genes were obtained through the “Survival” and
“SurvMiner” packages of the R software (P < 0:05). By fur-
ther searching on PubMed, genes reported in the literature
were no longer considered. After taking the intersection of
the three, the target genes were obtained.

Subsequently, the target genes were ranked by -log10 (P
value) to show the top five genes which were used for the
analysis of survival and hazard ratio (HR) on the survival
analysis website (https://kmplot.com/analysis/). HRs were
applied to identify different genes, with HR < 1 indicating
protective genes and HR > 1 indicating risk genes. The genes
that were both significantly associated with overall survival
and HR > 1 were identified as key genes. Finally, we analysed
the relationship between key genes and ovarian cancer by
using the online gene expression DIY tool (http://gepia2
.cancer-pku.cn/#degenes).

2.2. Kyoto Encyclopaedia of Genes and Genomes (KEGG)
Pathway Enrichment Analysis. The median expression value
of the key gene in ovarian cancer samples from the TCGA
database was selected as an optimal cut-off value to classify
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different subgroups which had high or low expression and
were then used for KEGG analysis. The R software “Limma”
package was used to analyse gene expression levels in cancer
samples, and the differentially expressed genes were then
screened out. Pearson correlation analysis between CRIP1
and differentially expressed genes was carried out using R
language, and the differentially related genes were selected
with the condition of P < 0:01. We conducted KEGG path-
way enrichment analysis of these differentially related genes
online (http://www.webgestalt.org/).

2.3. Patients and Tissue Samples. Paraffin-embedded tissue
samples (cancer tissue and paracancerous tissue) were col-
lected from patients at the Second Affiliated Hospital of Nan-
chang University, with 50 serous ovarian cancer samples and
25 paracancerous tissue samples. The patients were diag-
nosed with serous ovarian cancer by surgical pathology.
The basic data of patients were collected, including age,
lesion size, clinicopathological grading, staging, lymphatic
metastases, and preoperative CA125 levels. Patients who
received chemotherapy, immunotherapy, or hormone ther-
apy before surgery or those with ovarian cancer combined
with other cancers were excluded. Ethical approval was
granted by the Ethical Committee of the Second Affiliated
Hospital of Nanchang University.

2.4. Cell Lines and Cell Culture. The normal ovarian cell line
IOSE80 and human epithelial ovarian cancer cell lines
OVCAR3 and A2780 were obtained from Shanghai EK-
Bioscience Biotechnology Co., Ltd. A2780 and IOSE80 cell
lines were incubated in RPMI-1640 medium containing
10% foetal bovine serum (FBS) and 1% penicillin-
streptomycin (PS), while OVCAR3 in RPMI-1640 medium
supplemented with 20% FBS, 1% insulin, and 1% PS. Cells
were grown in an incubator at 37°C with 5% CO2. When
the cell confluence was about 80-90%, the cells in good con-
dition were collected and digested with trypsin for subculture
or frozen for later experiments.

2.5. Immunohistochemistry. All tissue samples were paraffin-
embedded and cut into 3-5mm sections, which were heated
in an oven at 72°C for 2 hours, followed by xylene deparaffi-
nization and ethanol gradient rehydration. To block and
inactivate endogenous peroxidase, the sections were main-
tained in 3% H2O2 at ambient temperature for 15 minutes,
followed by washes in phosphate-buffered saline (PBS). After
boiling in citrate buffer and cooling naturally, the sections
were again washed with PBS three times for antigen retrieval.
Then, the sections were incubated with reagent A (normal
goat serum) and anti-CRIP1 rabbit polyclonal antibody
(Abcepta, Cat No. AP4707b). The slides were washed with
PBS and then incubated with biotin-labelled secondary anti-
gens and rinsed again, followed by streptavidin labelled with
horseradish peroxidase for another round of incubation.
DAB-H2O2 was used as the chromogenic reagent for visuali-
sation, and haematoxylin was added for counterstaining.
Then, the software ImageJ was applied to calculate grey
values for pathological scoring.

A semiquantitative method was used to detect the expres-
sion grade of CRIP1 protein. Percentages of positive cells
(0%, 1-25%, 26-50%, 51-75%, and 76-100%) were recorded
as 0, 1, 2, 3, and 4 points, respectively. Positive staining
intensity was scored as follows: colourless (0 point), pale
yellow (1 point), brownish yellow (2 points), and dark brown
(3 points). The expression grade was determined by multi-
plying the two scores: 0-5 represented low expression and
6-12 represented high expression.

2.6. Western Blot. Following the standard procedure, we
extracted protein from the OVCAR3, A2780, and IOSE80
cell samples and then measured the protein content with
the BCA protein assay kit. After SDS-PAGE electrophoresis,
the membrane was transferred and blocked and then incu-
bated with primary and secondary antibodies. The protein
content was analysed by X-ray exposure. The antibodies used
in this experiment were as follows: β-actin (Cat No. 4970S),
β-catenin (Cat No. 8084S), MMP-2 (Cat No. 87809S), and
MMP-9 (Cat No. 13667S) were bought from Cell Signaling
Technology (Danvers, MA, USA); CRIP1 (Cat No. 15349-
1-AP), E-cadherin (Cat No. 20874-1-AP), N-cadherin (Cat
No. 22018-1-AP), GSK-3β (Cat No. 22104-1-AP), and p-
GSK-3β (Cat No. 14850-1-AP) were purchased from
Proteintech (Wuhan, China); vimentin (Cat No. bs-8533R)
was obtained from Bioss (Beijing, China).

2.7. Quantitative Real-Time Reverse Transcription PCR. Fol-
lowing the manufacturer’s protocol, we isolated total RNA
from OVCAR3 cells with TRIzol reagent and reverse-
transcribed it into cDNA using a reverse transcription kit
(TaKaRa, China). Real-time quantitative PCR was performed
on a fluorescent PCR instrument using SYBR Green PCR
master mix kits (TaKaRa, China). GAPDH was chosen as
the internal control. The relative fold relationship was calcu-
lated using fold change = 2−ΔΔCt. After repeating the experi-
ments three times, the mean value was calculated. All
primers were purchased from General Biol (Anhui, China).
Table 1 shows the specific primer sequences.

2.8. siRNA Interference. Three siRNA oligonucleotides tar-
geting the CRIP1 gene, including si-168, si-229, and si-276,
were designed and synthesised by General Biosystems
(Anhui, China). The three siRNA oligonucleotide sequences
are listed as follows: si-168: 5′-GCAACAAGGAGGUGUA
CUUTT-3′; si-276: 5′-ACGCUGAGCACGAAGGCAATT-
3′; and si-229: 5′-CUGCCUGAAGUGCGAGAAATT-3′.
OVCAR3 cells were placed at a density of 1 × 105 cells/ml

Table 1: The specific primer sequences for qRT-PCR are listed.

Gene symbol
Primer
category Primer sequence(5′ to 3′)

CRIP1
(human)

Forward CCTGCCTGAAGTGCGAGAAAT

Reverse CCTTTAGGCCCAAACATGGC

GAPDH
(human)

Forward TGCACCACCAACTGCTTAGC

Reverse GGCATGGACTGTGGTCATGAG
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into 6-well plates. When the cells were at 30-50% confluent,
we conducted transfection. The OVCAR3 cells were trans-
fected with 20μM small interfering RNA (siRNA) or nega-
tive control siRNA (si-NC) (General Biosystems Anhui,

China) in reduced serum medium using Lipofectamine™
3000 Transfection Reagent (Thermo Fisher, USA). After
transfecting for 24 to 48h, the effect of gene knockdown
was measured by western blot and qRT-PCR.
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Figure 1: Genetic screening and bioinformatics analysis of cysteine-rich intestinal protein 1 (CRIP1). (a) 2,613 genes were significantly
upregulated in ovarian cancer tissues using the online differential gene expression analysis tool, and 1,378 survival significant genes were
obtained through survival analysis; 358 genes were excluded for being published on PubMed. After taking the intersection of the three, 51
target genes were obtained in the end. (b) After ranking the 51 target genes by -log10 (P value), the top five genes were obtained, and then,
the survival and hazard ratio (HR) analysis of these genes was conducted on the survival analysis website. The survival plots of the top five
target genes suggested that only high expression of CRIP1 and PLEK2 could affect prognosis (P < 0:05). (c) Box plot showing the
significantly upregulated expression of CRIP1 in ovarian cancer tissues (left, red; n = 426) compared with nonneoplastic tissues (right,
black; n = 88) (P < 0:05). (d) Violin plot showing a correlation between increased CRIP1 expression and increased pathological grade in
ovarian cancer (P < 0:05).
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2.9. Wound Healing Assay. Cells were seeded on 6-well plates
and incubated for 24 hours or longer until cells reached 80-
90% confluence, before a scratch wound was created by
drawing a straight line with a 10μl pipette tip. Then, the cells
were rinsed with PBS three times and placed in serum-free
medium, followed by incubation in an incubator at 37°C with
5% CO2. Images were taken at 0 and 24 hours. Wound clo-
sure was quantified by randomly selecting under the micro-
scope and measuring the remaining unmigrated area using
ImageJ in three different fields at each time point. Wound
healing percentage ð%Þ = ðArea of original wound −Area of
actual woundÞ/Area of original wound × 100%.

2.10. Transwell Assay. After digestion and suspension in
serum-free medium, cells were adjusted to a density of 5 ×
105/ml. The cell suspension (100μl) was seeded into the
upper Transwell chambers, and the lower chambers were
filled with 500μl of 20% FBS medium. For invasion experi-
ments, the Transwell chambers were Matrigel-coated. Then,
the cells were incubated at 37°C for 24 hours in order to
assess migration or invasion. After 4% paraformaldehyde fix-
ation and haematoxylin staining of the lower surface, the cells
were counted under a microscope.

2.11. 5-Ethynyl-20-Deoxyuridine (EdU) Incorporation Assay.
Cell proliferation was evaluated using an EdU Imaging kit
(US Everbright Inc., Suzhou, China). Cells were placed into
24-well plates at 5 × 103 cells per well for 24 hours, followed
by exposure at 1× EdU (10μM) at 37°C for 2 hours. The cells
were then fixed with 4% paraformaldehyde and permeabi-
lised with 0.5% Triton X-100. After treatment with 100μl
of dyeing reaction cocktail for 30 minutes, the cells were
incubated with 300μl of 1× Hoechst (5μg/ml) for 20-30
minutes. Finally, EdU-stained cells were visualised under a
fluorescence microscope (Olympus). According to the for-
mula ðEdU − positive cells/Hoechst − stained cellsÞ × 100%,
we calculated the percentage of EdU-positive cells by arbi-
trarily selecting three fields in each group.

2.12. Cell Counting Kit-8 (CCK8) Assay. We used a Cell
Counting Kit-8 (GlpBio, USA) to measure cell viability.
OVCAR3 cells were cultured in a 96-well plate with 100μl
culture medium at a concentration of 5 × 103 cells/well, and
the dish was then placed into an incubator for preincubation
(37°C, 5% CO2). After 24 hours of incubation, 10μl of trans-
fected OVCAR3 cells was added to the dish and incubated for
1 to 4 days. Then, 10μl of CCK8 solution was added to each
well, and the dish was placed in the incubator again for 1-4
hours. The solution was mixed gently on the orbital shaker
for 1 minute to ensure the colour was distributed evenly.
The OD450 were measured with a microplate reader.

2.13. Annexin V-FITC/PI Apoptosis Assay. Apoptosis was
examined using an Annexin V-FITC Apoptosis Detection
kit (Dojindo, Japan) following the manufacturer’s instruc-
tions and relevant reference [22]. Cells were cultured in 6-
well plates overnight. After treating with or without siRNA
interference for 24 h, cells were trypsinised with EDTA-free
trypsin, followed by three washes with cold PBS. Then, the
cells were resuspended in 1× binding buffer to reach a final

concentration of 1 × 106 cells/ml. Next, 100μl of the above
cell suspension was collected and mixed with 5μl of Annexin
V-FITC and 5μl of PI working solution for 15 minutes at
room temperature in the dark. Images were then taken using
an inverted fluorescence microscope (Olympus).

2.14. Statistical Analysis. All results are presented as the
mean ± standard deviation. Student’s t-test and one-way
ANOVA were used to determine statistical significance, and
Pearson’s chi-squared (χ2) test was used to identify the sig-
nificance of correlations between the expression of CRIP1
and histopathological factors. All data were analysed using
GraphPad Prism 7 software, and P < 0:05 was considered
significant.

3. Results

3.1. Key Genes Identified by Bioinformatics in Ovarian
Cancer. To determine the key genes responsible for ovarian
cancer, we used the TCGA dataset and online tools. The
results show that 2,613 genes were significantly overex-
pressed in ovarian cancer tissues compared with normal
ovarian tissues in the TCGA database and 1,378 survival sig-
nificant genes were obtained through survival analyses.
Meanwhile, 358 genes that were reported in the literature
were no longer considered. After taking the intersection of
the three, 51 target genes were obtained in the end
(Figure 1(a)), which represent not only differential genes
but also significant survival genes. To further identify the
key genes, we ranked 51 target genes by -log10 (P value).
Finally, the top five key genes were found (Table 2). Next,
the top five genes were used for the analysis of survival and
HR on the survival analysis website to reveal their oncogenic
properties. The survival plots suggested that the key genes
significantly associated with overall survival andHR > 1 were
CRIP1 and PLEK2 (Figure 1(b)). Because CRIP1 was more
statistically significant and associated with a higher risk, it
was chosen for the following study.

Next, we demonstrated CRIP1 expression in ovarian can-
cer and its relationship with disease. The box plot shows the
significantly upregulated expression of CRIP1 in ovarian
cancer tissues compared with adjacent nonneoplastic tissues
(∣log2 FC ∣ cut-off: 1, P value; cut-off: 0.01, P < 0:05)
(Figure 1(c)). Interestingly, the violin plot shows that CRIP1
expression increased with an increase in tumour pathological
stage, suggesting a close positive correlation between CRIP1
expression and ovarian cancer grade (F = 6:34, P < 0:05)
(Figure 1(d)). These findings indicate that the CRIP1 gene

Table 2: The most important top five genes were displayed through
the ranking of 51 target genes by -log10 (P value).

Symbol Log2 FC -Log10 (P value)

TMC4 4.567 131.61083390

RPS6KA1 2.369 80.87942607

CRIP1 4.637 60.73754891

TRPM2 2.111 53.67366414

PLEK2 1.842 49.86327943
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has oncogenic properties, and the high expression of CRIP1
could be a reliable indicator of poor prognosis in ovarian
cancer.

3.2. CRIP1 Is Overexpressed in Ovarian Cancer Cell Lines and
Cancer Tissues. To verify the expression of CRIP1 in ovarian
cancer, we selected two ovarian cancer cell lines (A2780 and
OVCAR3) and used the normal ovarian cell line IOSE80 as
the control. When compared with IOSE80, the mRNA level
of CRIP1 was significantly upregulated in OVCAR3
(P < 0:01), whereas CRIP1 expression was relatively
unchanged in A2780 (P = 0:9350, Figure 2(a)). The western
blot also showed the same result at the protein level
(Figure 2(b)). Furthermore, the CRIP1 content in ovarian
cancer tissues was detected by immunohistochemistry
(IHC), including 26 pairs of serous epithelial ovarian cancer
tissues with matched adjacent normal tissues. IHC score
showed that CRIP1 was highly expressed in cancer tissues,
in contrast to no expression in adjacent normal tissues
(P < 0:01, Figure 2(c)). This result was consistent with the
results of the bioinformatics analysis.

In addition, a correlation analysis between the CRIP1
expression and the clinicopathological parameters in 50 cases

of serous epithelial ovarian cancer was conducted. Our data
showed that high CRIP1 expression was closely related to
higher pathological stage, grade, and positive lymphatic
metastasis, whereas no relation was detected with age,
tumour diameter, or CA125 level (Table 3), indicating that
CRIP1 may promote ovarian cancer aggressiveness and dis-
tant metastasis. Given the experimental results above, the
OVCAR3 cell line was selected for subsequent experiments.

3.3. si-CRIP1 Has No Significant Effect on Cell Proliferation
and Apoptosis in OVCAR3 Cells. We confirmed a high level
of expression of CRIP1 in OVCAR3 and ovarian cancer tis-
sues. To determine the role of CRIP1 in ovarian cancer, we
knocked down CRIP1 in OVCAR3 cells using three different
short interfering RNAs (siRNAs), including si-168, si-229,
and si-276. Transfection efficiency was verified by qRT-
PCR and western blot (Figures 3(a) and 3(b)). Among these
three siRNAs, si-229 showed the best silencing effect, so it
was chosen for the following experiments.

Next, we evaluated CRIP1 effects on proliferation and
apoptosis with or without CRIP1 siRNA. The results from
CCK8 assays revealed that CRIP1 silencing did not affect cell
viability (P > 0:05, Figure 3(c)). Similarly, the EdU assay
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Figure 2: CRIP1 is highly expressed in both ovarian cancer tissue samples and cell lines. (a, b) The mRNA levels (a) and protein levels (b) of
CRIP1 in the normal ovarian cell line IOSE-80 and epithelial ovarian cancer cell lines OVCAR3 and A2780 were detected by qRT-PCR and
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protein is higher in ovarian cancer tissues than tumour-adjacent normal tissues of the same patient (right).
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suggested that CRIP1 knockdown had no significant effect on
cell proliferation (P = 0:2589, Figure 3(d)). Furthermore,
using the Annexin V-FITC/PI assay to detect apoptosis, we
found that there was no difference between si-CRIP1
transfected cells and si-NC transfected cells, suggesting that
si-CRIP1 in OVCAR3 cells had no effect on apoptosis
(P = 0:7637, Figure 3(e)).

3.4. CRIP1 Silencing Abates Migration and Invasion in
OVCAR3 Cells. The wound healing assay was conducted to
demonstrate whether CRIP1 silencing affects OVCAR3 cell
migration. Compared with the si-NC group, the cells with
si-CRIP1 showed a more extensive wound closure area
(Figure 4(a)), which suggested a significant decrease in
migration ability in si-CRIP1 OVCAR3 cells (P < 0:01). Sim-
ilar results were also found in the Transwell assay without
Matrigel (P < 0:01, Figure 4(b)). These results demonstrate
that CRIP1 silencing inhibited cell migration. To understand
the role of CRIP1 in cancer cell invasion, we carried out
another Transwell assay with Matrigel. As shown in
Figure 4(c), when compared with the si-NC group, fewer cells
in the si-CRIP1 group entered the lower chamber through
the Matrigel-coated membrane (P < 0:01). These results
revealed that the depletion of CRIP1 suppresses migration
and invasion in OVCAR3 cells.

3.5. CRIP1 Induces EMT by theWnt/β-Catenin Pathway. The
above results suggested a clear correlation between CRIP1
expression and cell invasion. As EMT plays a critical role in
the process of migration and invasion, it is necessary to fur-

ther verify the relationship between CRIP1 and EMT. West-
ern blot was carried out to detect the expression of EMT
markers, including E-cadherin, N-cadherin, and vimentin.
After silencing the CRIP1 gene using CRIP1 siRNA, we
observed that the epithelial marker E-cadherin was upregu-
lated, and the mesenchymal markers N-cadherin and vimen-
tin were downregulated (Figure 5(b)). Combined with the
results of cell function experiments, we deduced that CRIP1
is involved in the process of cell migration and invasion by
regulating EMT in ovarian cancer.

To explore the biological pathways by which CRIP1 is
involved in ovarian cancer pathogenesis, we further con-
ducted KEGG pathway enrichment analysis. The results
show that the Wnt/β-catenin signaling pathway was
significantly enriched (Figure 5(a)). As the Wnt/β-catenin
signaling pathway is vital to EMT and cancer metastasis, we
selected this pathway for further study and investigated the
key proteins of the canonical Wnt/β-catenin pathway by
western blot. Our results demonstrate that β-catenin, p-
GSK-3β, and downstream genes including matrix metallo-
proteinase (MMP-2 and MMP-9) were markedly downregu-
lated after CRIP1 silencing, while GSK-3β was unchanged
(Figure 5(c)). In general, these results indicate that CRIP1
regulates EMT by modulating the Wnt/β-catenin pathway.

4. Discussion

Ovarian cancer is a gynaecological malignancy, and its high
mortality rate has been shown to be largely caused by the
metastatic nature of the cancer. Thus, finding a new predic-
tive biomarker for early diagnosis and targeted therapy is of
great importance. Although many genetic alterations have
been shown to play a part in ovarian cancer metastasis, the
potential mechanism is still elusive. Recently, CRIP1, with
only one LIM domain, has been studied in several malignan-
cies including colorectal cancer, breast cancer, cervical can-
cer, and osteosarcoma [20, 21, 23, 24]. It can induce
different outcomes in different cancer types, acting as either
a tumour-specific suppressor gene or an oncogene [20, 25].
However, its role has not yet been identified in ovarian
cancer.

Here, we revealed the function of CRIP1 in ovarian can-
cer and its underlying mechanism for the first time. Through
analysis of the TCGA database, we confirmed that CRIP1 was
upregulated in serous ovarian cancer samples and was closely
associated with tumour progression. Then, we used tissue
samples and cell models to confirm these results. We
observed the same trend; i.e., that CRIP1 had a markedly
higher expression level in ovarian cancer tissues than in nor-
mal samples, suggesting an oncogenic property of CRIP1.
However, it is interesting to observe that this result was only
seen in the serous ovarian cancer cell line OVCAR3, while
CRIP1 expression was relatively unchanged in A2780 cells
when compared with normal cells. The reason for this may
be that A2780 is a mucinous epithelial ovarian cancer cell line
that has a different genetic background, and that CRIP1
expression has a close relationship with tumour type. Further
research revealed that elevated CRIP1 was closely correlated
with a higher pathological stage, grade, and positive

Table 3: Correlation analysis between CRIP1 protein level and the
clinicopathological parameters in 50 cases of serous epithelial
ovarian cancer.

Characteristic Patients (n)
CRIP1

expression P value
High Low

Age (years) 0.1452

<50 19 7 12

≥50 31 18 13

Tumour diameter 0.6374

<5 cm 5 2 3

≥5 cm 45 23 22

Pathological stage <0.0001
I-II 17 1 16

III-IV 33 24 9

Grade 0.0047

G1 10 1 9

G2-G3 40 24 16

Lymphatic metastasis <0.0001
Positive 26 23 3

Negative 24 2 22

CA125 (U/ml) 0.3868

<500 30 13 17

≥500 20 12 8
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lymphatic metastasis of patients, pointing to a link between
increased CRIP1 expression and ovarian cancer aggressive-
ness. Taken together, these findings show that CRIP1 expres-
sion is closely related to tumour type, and that as an
oncogene, CRIP1 can serve as a biomarker for a specific
diagnosis and as an indicator of early metastasis in serous
epithelial ovarian cancer patients.

To date, the role of CRIP1 in tumours has been contro-
versial. To further investigate its oncogenic properties, we
silenced the expression of CRIP1 and performed in vitro
experiments. The results showed no significant change in

proliferation and apoptosis in ovarian cancer cells, which
was consistent with a recently published study on CRIP1-
depleted colorectal cancer cells [16]. However, this result
does not agree with a study on breast cancer in which CRIP1
acted as an inhibitor of proliferation and invasion processes
[21]. This confirms the previous statement that CRIP1 func-
tion may differ depending upon cancer type. Moreover, the
wound healing and Transwell assays showed that CRIP1
was mainly involved in the tumour metastasis process.

Next, we explored the mechanism of CRIP1 in regulating
tumour metastasis. As EMT is a major driver of cancer
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Figure 3: Short interfering RNAs (siRNAs) were used to deplete CRIP1 gene expression in vitro. The effect of si-CRIP1 in the OVCAR3 cell
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metastasis [26], we further verified the relationship between
CRIP1 and EMT. As the results show, CRIP1 knockdown
induced the increased expression of the epithelial marker E-
cadherin and decreased the expression of the mesenchymal
markers N-cadherin and vimentin. E-cadherin is a cell-cell
adhesion molecule, able to anchor epithelial cells through
the connection of various catenins to the cytoskeleton [27].
Acquiring this epithelial marker allows cancer cells to lose
their metastatic ability, presenting a less aggressive pheno-
type [27]. N-cadherin is also a glycoprotein that mediates
cell-cell adhesion, but it is closely linked to activated metasta-
sis and a poor prognosis in many malignancies [28]. Vimen-
tin, a member of the intermediate filament (IF) family, is a
potential prognostic factor of EMT-related proteins [29]
and is also viewed as a mesenchymal marker [30]. EMT
drives the conversion of cells from an epithelial phenotype
to a mesenchymal phenotype and could operate in both
physiological and pathological processes such as embryogen-
esis, wound healing, and carcinoma pathogenesis [31]. In
cancer pathogenesis, tumour cells gain a higher migration
and invasion ability via EMT. Therefore, our findings indi-

cate that EMT may be an indispensable process for CRIP1-
mediated ovarian cancer invasion and metastasis.

Up to this stage, the correlation between CRIP1 expres-
sion and cancer-related EMT had been confirmed, but how
CRIP1 mediated this process remained unclear. Through
KEGG pathway enrichment analysis, we discovered that
CRIP1 was significantly enriched in the Wnt/β-catenin sig-
naling pathway. This pathway could be stimulated by the
binding of the Wnt protein to its receptor called frizzled pro-
tein (Frz), which leads to the activation of the downstream
cytoplasmic dishevelled protein (Dsh) which blocks the
glycogen synthase kinase-3β- (GSK-3β-) mediated phos-
phorylation/degradation of β-catenin. This allows the accu-
mulation of β-catenin and its further translocation into the
nucleus for the binding of transcription factors, leading to
the subsequent activation of downstream target genes [32].
In this process, β-catenin is a core component and functions
as an important oncogene in many malignant tumours [32,
33]. Our results confirm that β-catenin had relatively high
expression in ovarian cancer cells but was downregulated
when CRIP1 was knocked down, suggesting that CRIP1
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may activate β-catenin. Another key molecule is GSK-3β,
which can act as a key negative regulator and promote β-
catenin phosphorylation and ubiquitination, leading to sub-
sequent proteasomal degradation. Indeed, in our study, the
level of p-GSK-3β, but not total GSK-3β, was downregulated
in ovarian cancer when CRIP1 was silenced. The reason for
this may be that the activation of Wnt signaling could lead
to the phosphorylation and inactivation of GSK-3β, resulting
in cytoplasmic GSK-3β pool inactivation without influencing
total GSK-3β levels [34].

Matrix metalloproteinases (MMPs) are important down-
stream target genes of the Wnt/β-catenin signaling pathway
[35]. TheWnt/β-catenin/MMPs axis acts as an indispensable
component of metastasis and EMT in malignant tumours
[36]. It has been reported that MMPs can degrade the extra-
cellular matrix (ECM) and basement membrane, which is the
first step in cancer invasion and metastasis. Evidence has
shown that MMPs are expressed in various cancer types,
and the upregulation of MMPs has been associated with
tumour progression and invasiveness [37, 38]. As two crucial
members of the MMP family, MMP-2 and MMP-9 have also
been found to participate in EMT and cancer metastasis [38].
In our study, when CRIP1 was knocked out in ovarian cells,
MMP-2 and MMP-9 were significantly downregulated,
together with the downregulation of β-catenin, N-cadherin,
and vimentin, while E-cadherin was upregulated. These
results suggest that CRIP1 may activate the Wnt/β-catenin
signaling pathway, impair cell adhesion, and alter cell migra-
tion ability in favour of EMT.

5. Conclusion

The present study first demonstrated that CRIP1 may play an
oncogenic role in serous epithelial ovarian cancer develop-
ment and progression, promoting migration and invasion
in the OVCAR3 cell line. In particular, this process may be
achieved through the Wnt/β-catenin signaling pathway by
inducing EMT, suggesting that CRIP1 may be an important
biomarker for ovarian cancer metastasis and prognosis, as
well as an important molecular target for ovarian cancer
therapy.

However, this study only validated the effect of CRIP1 on
the ovarian cancer OVCAR3 cell line at the cellular level.
Furthermore, additional ovarian cancer cell lines, overex-
pression cell models, and animal models (in vivo) are
required to confirm the links between CRIP1 expression
and ovarian cancer progression and prognosis.
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