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Abstract. Bone microvascular endothelial cells (BMECsS)
constitute the central part of the femoral head's intramural
microenvironment network and have an essential role in
the development of steroid-induced osteonecrosis of the
femoral head. Recently, the rapid development of microfluidic
technology has led to innovations in the fields of chemistry,
medicine and life sciences. It is now possible to use micro-
fluidics organ-on-a-chip techniques to assess osteonecrosis.
In the present study, BMECs were cultured on a microflu-
idic organ-on-a-chip platform to explore the pathogenesis
of femoral-head necrosis. The aim of the present study was
to explore the effects of different interventions on BMECs
and study the pathogenesis of steroid-induced osteonecrosis
through a microfluidic organ-on-a-chip platform. Methods
including SU-8 lithography were used to produce a microflu-
idic organ-on-a-chip and human umbilical vein endothelial
cells (HUVECSs) were used to test whether it was possible to
culture cells on the chip. Subsequently, a set of methods were
applied for the isolation, purification, culture and identifica-
tion of BMECs. Hydroxyapatite (HA) was used for co-culture,
dexamethasone was used at different concentrations as an
intervention in the cells and icariin was used for protection.
BMECs were isolated and cultured from the femoral head
obtained following total hip arthroplasty and were then

Correspondence to: Professor Wei Sun, Department of Orthopedic
Surgery, China-Japan Friendship Hospital, 2 Yinghua East Street,
Beijing 100029, P.R. China

E-mail: doctor_sunwei@126.com

Professor Yiyang Dong, Department of Bioanalysis, College of
Life Science and Technology, Beijing University of Chemical
Technology, 15 North Third Ring Road, Beijing 100029, P.R. China
E-mail: yydong@mail.buct.edu.cn

“Contributed equally

Key words: osteonecrosis, bone microvascular endothelial cells,
glucocorticoid, microfluidic chip, apoptosis

inoculated into the microfluidic organ-on-a-chip for further
treatment. In part I of the experiment, HUVECs and BMECs
both successfully survived on the chip and a comparison of the
growth and morphology was performed. HA and BMECs were
then co-cultured for comparison with the control group. The
cell growth was observed by confocal microscopy after 24 h. In
part I1, the effects of different concentrations of glucocorticoid
(0.4 or 0.6 mg/ml dexamethasone) and the protection of icariin
were evaluated. The morphology of BMECs and the cleaved
caspase-3/7 content were observed by immunofluorescence
staining and confocal microscopy after 24 h. In the microflu-
idic organ-on-a-chip, the response of the cells was able to be
accurately observed. In part I, at the same concentration of
injected cells, BMECs exhibited improved viability compared
with HUVECs (P<0.05). In addition, it was indicated that HA
was not only able to promote the germination and growth of
BMEC:s but also improve the survival of the cells (P<0.05).
In part II, it was identified that dexamethasone was able to
induce BMEC:s to produce cleaved caspase 3/7; the caspase 3/7
content was significantly higher than that in the blank control
group (P<0.05) and a dose correlation was observed. Icariin
was able to inhibit this process and protect the microvascular
structure of BMECs. The content of cleaved caspase 3/7 in the
icariin-protected group was significantly lower than that in the
group without icariin (P<0.05). It was concluded that BMECs
are more likely to survive than HUVECs and HA promoted
the growth of BMECs on the microfluidic organ-on-a-chip
platform. Glucocorticoid caused damage to BMECs through
the production of cleaved caspase 3/7, which was observed
through the microfluidic organ-on-a-chip platform, and icariin
protected BMECs from damage.

Introduction

Osteonecrosis of the femoral head is a relatively common
and refractory osteoarthropathy. Glucocorticoid is one of the
leading causes of non-traumatic necrosis of the femoral head.
Its major feature is that the necrosis and regeneration of bone
and marrow cells are caused by disorders of the blood supply
of the femoral head. Eventually, the femoral head collapses
and is deformed and severe hip joint lesions occur (1). The
exact pathogenesis of avascular necrosis of the femoral head
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remains to be elucidated. There are several hypotheses,
including the theory of lipid metabolism disorder, that of
intravascular coagulation and that of microvascular injury
caused by immune complex deposition. However, the obstacle
in the bone tissue blood supply is known to be the fundamental
factor of femoral head necrosis. Microcirculation disorder is
speculated to be the most common pathway underlying this
disease. Bone microvascular endothelial cells (BMECs:),
involved in the formation of microcirculation, have quickly
become a research hotspot. Previous studies have pointed out
that BMEC:s in the necrosed femoral head of patients exhibited
different degrees of injury (2). The damage caused by gluco-
corticoids to BMECs was determined (3,4), while the specific
mechanisms remain to be studied.

Microfluidic technologies comprise the control, opera-
tion and detection of complex fluids at microscopic sizes. It
is able to manipulate the fluids at the submillimeter level.
Microfluidic technologies range from simple cell culture
chips to organ chips and their application prospect is infinite.
Urbaczek et al (5) introduced a microfluidic device that is able
to simulate blood vessels. This device may be used for cell
perfusion culture, as well as cardiovascular and toxicological
studies. van Engeland et al (6) cultured arterial endothelial
and smooth muscle cells in a 3-dimensional microfluidic chip,
achieving in vitro simulation of arterial wall composition,
interaction and mechanical environment. With the develop-
ment of microfluidic technology, the construction of organ
chips has been realized. It is known that the blood-brain
barrier is one of the important protective mechanisms of
the human body. Through microfluidics, organ-on-a-chip
models of the blood-brain barrier are becoming a reality.
van der Helm et al (7) summarized the recent developments
and challenges of this chip model.

The use of multi-disciplinary strategies have now become a
trend. The continuous development of microfluidic technology
was bound to drive the development of medicine. In the present
study, microfluidic technology was used to generate a model of
femoral head necrosis by culturing BMEC in a microfluidic
organ-on-a-chip. The microfluidic organ-on-a-chip was used
to culture BMECs and apply relevant interventions to explore
the pathogenesis of osteonecrosis.

Materials and methods

Isolation of BMECs. The femoral head was donated
voluntarily by patients undergoing total hip arthroplasty at
China-Japan Friendship Hospital (Beijing, China) for femoral
neck fractures during November and December 2019.
A total of 10 male patients were selected and it was
confirmed that their femoral head was normal except
from the femoral neck fracture. The patients were aged
between 55 and 60 years old and were in a generally good
condition. The experiment was approved by the Ethics
Committee of China-Japan Friendship Hospital (Beijing,
China) and all patients donated their bones voluntarily with
written informed consent. Normal cancellous bones from
resected femoral heads were cut into 1-2-mm? particles
and washed three times with PBS to remove the adipose
tissue, blood cells and other debris. These bone granules
were digested with 5 ml of 0.2% collagenase I (Gibco;

Thermo Fisher Scientific, Inc.) for 30 min at 37°C, followed
by trypsinization with 3 ml of 0.25% trypsin-EDTA for
5 min at 37°C. The process was stopped by adding 2 ml
DMEM (Gibco; Thermo Fisher Scientific, Inc.) containing
10% FBS (Shanghai Yeasen Biotechnology Co., Ltd.). The
supernatant was filtered through a 70-uM cell strainer and
subjected to centrifugation at 107 x g for 5 min at room
temperature (RT). The pellet consisted of the harvested
microvessels and the cells were resuspended with 80 ul
MACS running buffer (Miltenyi Biotec GmbH) and 20 ul
of CD31 microbeads (cat. no. 130-091-935; Miltenyi Biotec
GmbH). Following incubation for 15 min at 4°C, the cell
suspension was mixed with 400 1 MACS running buffer
and added onto a MACS column fixed in the magnetic field.
Subsequently, the column was removed and 1 ml DMEM
buffer was pipetted onto the column to flush out the labeled
cells into a suitable collection tube. Following centrifuga-
tion, the pellet was resuspended in 15 ml endothelial cell
medium (ECM; ScienCell Research Laboratories, Inc.) and
cultivated in a cell incubator at 37°C with 5% CO,. After
24 h, the unattached cells were removed by washing with
PBS. The BMECs were passaged at 80% confluency and
used for subsequent experiments.

Identification of BMECs. The purity of the isolated BMECs
was evaluated by immunofluorescence detection of the
endothelial markers. The isolated cells were grown on sterile
adhesive microscopic slides for 12 h, fixed in 4% paraformal-
dehyde for 20 min at 4°C, permeabilized with 0.5% Triton
X-100 for 15 min at room temperature, blocked with 10% FBS
for 30 min at 37°C and probed overnight with primary anti-
body to CD31 (cat. no. ab28364; dilution, 1:300; Abcam) and
von Willebrand factor (vWF; cat. no. ab6994; dilution, 1:300;
Abcam) at 37°C. Subsequently, the cells were incubated with
secondary antibody conjugated to FITC (cat. no. ab6717; 1:200;
Abcam) and Alexa 555 (cat. no. ab150078; 1:200; Abcam) and
counterstained with DAPI at RT for 1 h at room temperature.
The cell morphology was observed under a fluorescence
microscope and 10 fields were randomly selected. The number
of immunofluorescence-positive cells was counted and cell
purity was calculated.

Microfluidic organ-on-a-chip preparation. The SU-8 photo-
lithography method was used to manufacture a male mold.
Silane treatment was performed after the liquid polydimeth-
ylsiloxane (PDMS; Sylgard Dow Corning) (the ratio of
prepolymer to curing agent was 10:1) was poured on the
positive mold, followed by degassing, and after curing at 70°C
for 1 h, and a PDMS microfluidic cover with a thickness of
~2.5 mm was obtained. A 0.5-mm biopsy perforator (Harrick
Plasma) was prepared for inlet and outlet. Tape was used to
remove dust from the surface, and clean devices and coverslips
were plasma-treated (PDC-002; Harrick Plasma) and bonded
together. The chip was sterilized with 75% ethanol and ultra-
violet light.

Matrix collagen manufacturing and chip injection. A total
of 3 mol/l collagen I (Discovery Labware, Inc.) was prepared
and placed on ice for later use. HUVECs (BioCoat) and
BMECs were trypsinized at 95% confluency and harvested



Bzl SPANDIDOS
7] .§, PUBLICATIONS

by centrifugation at 100 x g for 5 min at RT. Cells were
collected for counting and the concentration was adjusted to
2.5x10° cells/ml for later use.

Part I [co-culture experiment with hydroxyapatite (HA)].
Three groups were designed: Group A (the HUVEC group),
Group B (the control group of BMECs) and group C (the inter-
vention group of BMECs with 0.2% HA), with 3 chips each.

In groups A and B, ECM (ScienCell Research Laboratories,
Inc.) and matrix collagen (Discovery Labware, Inc.) were
mixed in the equivalent volume of 20 ul each on ice and
added to 20 ul cell suspension. Next, 2.5 pl matrix collagen
cell mixture was injected into the second channel in the chip.
The injection hole was then sealed at both ends of the channel
with PDMS pieces to prevent the evaporation of the liquid in
the channel. The injected chip was placed in a Petri dish with
1 ml PBS to maintain the moist environment and reduce the
evaporation of the liquid in the chip. The assembly was placed
in an incubator for 30 min to allow for solidification of the
matrix collagen. Subsequently, 5 ul ECM was added to the
medium channel of the chip, the injection hole was sealed with
PDMS and the chip was placed into the culture dish in the
incubator (37°C, 5% CO,) for culture. Following incubation for
24 h, cell staining was performed.

In group C, ECM and HA were used to prepare a 0.6% HA
suspension. A volume of 20 u1 HA suspension was mixed with
an equivalent volume of matrix collagen on ice and the same
volume of BMEC suspension was added. The remaining steps
were the same as above.

Part Il (dexamethasone intervention experiment on
BMEC:s). A total of four groups were established: Group D
(the blank group), group E (the 0.4 mg/ml dexamethasone
intervention group), group F (the 0.6 mg/ml dexamethasone
intervention group) and group G (the icariin protection group),
with 4 chips in each group (8-10).

The procedure for chip injection was the same as
described above. Following a 24-h culture, the growth of the
microvascular structure in each chip was observed under the
microscope. ECM containing 0.4 or 0.6 mg/ml dexamethasone
were prepared using 5 mg/ml dexamethasone (1 ml: 5 mg)
mother liquor and ECM. ECM in the medium channel was
subsequently replaced with the ECM containing dexametha-
sone, as aforementioned, for processing. Group D was changed
to normal ECM, Group E was altered with the ECM containing
0.4 mg/ml dexamethasone, and group F was changed with the
ECM containing 0.6 mg/ml dexamethasone. In group G, the
only difference from group F was that medium containing
icariin(Solarbio) was first used (4x10* mol/l) to culture for
24 h, followed by 0.6 mg/ml dexamethasone intervention.
Following incubation for 24 h, cell staining was performed.

Caspase 3/7, DAPI and phalloidin staining. To analyze the
chips from part I, the medium was aspirated and the chips
were washed with PBS twice, followed by fixation with 4%
formaldehyde at 4°C for 10 min and treatment with 0.5%
Triton X-100 for 10 min at RT. Subsequently, the chips were
probed with 496 nm FITC-labeled phalloidin (cat. no. F432;
300 nM; Invitrogen; Thermo Fisher Scientific, Inc.) at RT for
1 h in the dark. Finally, the nuclei were counterstained with
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364 nm DAPI (cat. no. 10236276001; 200 nM; Sigma-Aldrich;
Merck KGaA) for 5 min and the film was sealed. Samples
could be kept for 3 months at 4°C in the dark.

In part II, since the fluorescence wavelength of the label
for caspase 3/7 (Ex/Em=502/530 nm) was close to that of the
496 nm FITC-labeled phalloidin, a fluorophore with another
wavelength, 647 nm FITC-labeled phalloidin, was selected.
After the medium was aspirated, the chips were washed with
PBS and incubated in 15 pl Caspase-3/7 Green Detection
Reagent (cat. no. C10723; 8 uM; Invitrogen; Thermo Fisher
Scientific, Inc.) for 1 h to remove extra caspase-3/7 reagent.
Subsequently, 4% formaldehyde was used for fixation at 4°C
for 10 min, followed by treatment with 0.5% Triton X-100
for 10 min at RT. Next, 647 nm FITC-labeled phalloidin
(cat. no. 40762ES75; 200 nM; Shanghai Yeasen Biotechnology
Co., Ltd.) was added and samples were incubated at RT for 1 h
in the dark. The nuclei were counterstained with 364 nm DAPI
for 5 min prior to sealing and storing at 4°C in the dark.

Cell imaging detection. Staining images were captured by a
confocal microscope using the 10-fold lens or 40-fold oil lens.
An interface with optimal cell morphology, clear staining and
no bubble interference was selected. The number of cells was
compared by counting the number of nuclei, the area coverage
of microfilament skeletons was determined to compare the
growth status of the cells and the area coverage of cleaved
caspase-3/7 was determined to compare the cell damage
among the groups. The imaging data were analyzed using
Image] software (https:/imagej.nih.gov/ij/) (11,12).

Statistical analysis. Values are expressed as the
mean + standard deviation. All data were analyzed by SPSS
20.0 statistical software (IBM Corp.). Differences among
multiple groups were analyzed by one-way ANOVA followed
by Tukey's post-hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Cell culture and chip preparation. A microfluidic
organ-on-a-chip and schematic diagram of the top view is
presented in Fig. 1A. It contained four channels, including
those for infusion of drugs and cell microchannels, infusion of
VEGF-containing medium microchannels and an ECM simu-
lation region. The internal size specification of each channel
was identical and a micropillar structure separated the chan-
nels. The cells were able to be inoculated into either channel
and the medium was injected into adjacent channels. In the
identification of BMECs, under a fluorescence microscope,
immunofluorescence demonstrated high expression of CD31
and vWF (Fig. 1B).

Fig. 1C is the cell image acquired by an ordinary optical
microscope (magnification, x100). The left is the BMECs
cultured in ordinary Petri dishes, and the right is the BMECs
inoculated into the chip. In Petri dishes, most cells clustered
together, and there are few connective structures between
cells. And the microscopic connection between BMECs in
the chip was increased. The structure of the cells, with the
microscopic connections, with similar vascular structures, was
different from the common culture model.
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Figure 1. (A) Microfluidic chip and schematic diagram of the top view. Four different coloured areas represent its four channels. (B) Identification of bone
microvascular endothelial cells and immunofluorescence staining revealed high expression of von Willebrand factor (green) on the left side and CD31 (red)
on the right side, and both nuclei were counterstained with DAPI (scale bars, 150 ym). (C) Ordinary optical microscope images. The left is taken from
ordinary Petri dishes, and the right is from the microfluidic chip (Magnification, x100). (D) Confocal microscopy images. From left to right, the first image
is the microfluidic chip channel panorama taken by a confocal microscope using the 10-fold lens and a partial enlargement (scale bar in magnified window,
100 gm). The second and third images are high-resolution images obtained by a confocal microscope using the 40-fold oil lens (scale bars, 75 and 25 pum,
respectively). The last image is a laminated and reconstructed solid image obtained using confocal microscopy. (E) Cells in high-definition close-up (scale

bars, 50, 75, 25 and 25 pm, respectively, from left to right).

Fig. 1D and E present high-resolution images of cells
captured with a confocal microscope following cell death. In
Fig. 1D, from left to right, the first image is a microfluidic chip
channel panorama obtained by confocal microscopy using the
10-fold lens and a partial enlargement. The second and third
images are high-resolution images acquired by a confocal
microscope using the 40-fold oil lens. The last image is a lami-
nated and reconstructed solid image obtained using confocal
microscopy. Fig. 1E presents selected cells in high-definition
close-up during the experiment in part II. Through these
high-definition images, the microscopic morphology and
structure of the cells, the microfilament connections between

cells and the morphology of the nucleus can be observed more
clearly.

Part I (co-culture experiment of HA). The images and data
were analyzed following collection (Fig. 2). The results were
as follows: The number of cells that survived in group B was
significantly higher than that in group A (P<0.05), and that in
group C was also significantly higher compared with that in
group B (P<0.05). In addition, the area coverage percentage
of the microfilament cytoskeleton in group C was signifi-
cantly higher than that in group B (P<0.05). Morphologically,
several microfilament connections between cells and circular
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Figure 2. Results of Part I. (A) Confocal microscopy image of cells in the different groups. Green represents phalloidin and the red represents DAPI (changed
from blue for better visibility; 40-fold oil lens; scale bars, 100 xm). (B) Quantitative analysis for each individual chip in this part was performed using ImageJ
software: Upper panel, cell count per field; lower panel: area coverage of microfilament cytoskeleton (%). (C) Overall statistical analysis for this part; the cell
number and the area coverage of the cytoskeleton of group C were significantly higher compared with those of the other two groups. “P<0.05 vs. group C.
BMECs, bone microvascular endothelial cells; HUVEC, human umbilical vein endothelial cells; HA, hydroxyapatite.

structures that resemble blood vessels were observed, particu-
larly in group B. In addition, BMECs grew more vigorously
compared with HUVECs, and BMECs co-cultured with HA
grew most vigorously.

Part Il (dexamethasone intervention experiment of
BMECs). The images and data for the experimental Part 11
are presented in Fig. 3. The results demonstrated that there
was no significant difference in the number of cells between
groups D, E and G (P>0.05); however, the number of cells
in group F was significantly higher than that in groups D
and E (P<0.05).

In addition, a significant difference was detected in the
content of cleaved caspase-3/7. The production of cleaved
caspase-3/7 was evident in group F and was significantly

higher than that in all other groups (P<0.05). There was no
significant difference in the content of cleaved caspase-3/7
between groups E and G (P>0.05). Additionally, the content of
cleaved caspase-3/7 was significantly lower compared with all
other groups (P<0.05).

Furthermore, the area coverage of the microfilament
cytoskeleton in group F was significantly lower than that in
all other groups (P<0.05). There was no significant difference
among the other three groups (P>0.05).

In addition to the quantitative results, there were
numerous observations regarding morphology and cellular
location of proteins. First, the localization of cleaved
caspase-3/7 was distinct in the cell, and these proteins
were located around the nucleus. Furthermore, in group F,
the morphological structure of the cells was altered, the
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Figure 3. Result of Part II. (A) Immunofluorescent confocal microscopy images obtained using the 40-fold oil lens. The two images are from the same field of
view and the second image was obtained with the red channel turned off for easy observation. Green represents caspase-3/7, red indicates phalloidin and blue
represents DAPI (scale bar, 100 xm). (B) Quantitative analysis for each individual chip in this part was performed using ImageJ software. (C) Overall statistical
analysis for this part; the cell count per field in group F was significantly higher compared with that in groups D and E. The area coverage of the cytoskeleton
in group F was significantly lower compared with that in the other groups and the content of caspase-3/7 in group F was significantly higher compared with

that in the other groups. "P<0.05 vs. group F. DXMS, dexamethasone.

microfilament structure between the cells had disappeared
and the cells changed from elongated to a round shape.
Finally, the cell morphology in the other three groups was
similar.

Discussion

HA has been widely used in bone tissue simulation for a long
time, due to its similar structure and osteoinductive charac-
teristics. It has also been recognized as the best bone graft
material. Bones consist mainly of collagen and calcium phos-
phate (Cap) minerals and Cap minerals are similar to HA
minerals in composition and structure. The brittle texture
of HA limits its application as a load-bearing material, and
therefore, it requires to be synthesized with other polymers
to improve its mechanical properties (13,14). Jusoh et al (15)

simulated the bone structure with HA in a microfluidic
chip, using HA to induce the growth of HUVECs across
channels. The results indicated that the group treated with
0.2% HA exhibited the best endothelial cell morphology
and the most reliable vasculature-forming ability. Based on
the above experience, in addition to the traditional cultiva-
tion of HUVECs, BMECs extracted and cultured by our
group were used for a similar experiment and co-culture
was also performed in the microfluidic organ-on-a-chip. It
was identified that the viability of HUVECS in the chip was
relatively weak. At the same concentration of injected cells,
HUVECs growth was not as vigorous as BMECs's. Although
there were also microfilaments between HUVECsS, they did
not form a structure similar to blood vessels as BMECs in
Group B did. This may be due to the limited vitality of the
purchased HUVECs. As BMECs are primary cells extracted
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from cancellous bone, their vitality may be higher than that
of frozen HUVECs. In the co-culture group, the microfila-
ment connections between cells were significantly increased
(P<0.05) and the cells were dense. The results were similar to
those of the study by Jusoh ef al (15). In addition, the number
of BMECs co-cultured with HA also increased significantly
(P<0.05). Considering the space in the channel and the
concentration of injected cells, the physical structure of HA
may provide a more favorable growth environment for cells.
HA was considered to be able to keep BMECs alive rather
than to promote cell division. The reason for the higher
number of cells in the HA group was that more cells in the
control group died. In the presence of HA, Whisler et al (16)
also co-cultured the HUVECs and pulmonary fibroblasts in
a microfluidic chip and concluded that pulmonary fibroblasts
were useful for maintaining the morphology of vascular cells
and prolonging the survival time of vascular cells in the chip
for up to 4 days. A notable phenomenon was identified in the
present study as in that the morphological structure of the
HUVECs being not as healthy as that of the cells in the study
by Whisler er al (16), and no vascular lumen was observed as
it was in their study. However, the morphological structure of
BMECs was similar to that of the HUVECsS in the study by
Whisler et al (16), particularly in Group B. The cells formed
a structure similar to that of the circular lumen, which is
similar to the image published in the literature, and even the
panoramic image. Given that both BMECs and HUVECs
are essentially vascular endothelial cells, just derived from
different parts of the human body, it is understandable that
their morphology and structure were similar.

In the present study, although there was not a very typical
three-dimensional structure, fluorescence staining indicated
that the cells were connected by microfilaments in the matrix
collagen. Furthermore, the morphology was somewhat
different from that of cells in ordinary Petri dishes. The major
characteristics of the present microfluidic organ-on-a-chip
were as follows: i) Fluidity. The cells were suspended in the
matrix collagen, were able to move slightly and grew in all
directions, not limited to a plane. ii) Independence. The micro-
fluidic organ-on-a-chip had four channels, each of which was
able to be used for liquid injection. However, due to the effect
of surface tension of the liquids, there would be no leakage
between the empty and liquid channels. iii) Feasibility of inter-
vention. Adjacent channels were available for the addition of
different drugs and other interventions, as well as for changes
in the medium or the final addition required for fluorescent
staining.

Apoptosis is programmed cell death regulated by apop-
tosis-associated genes in order to maintain the stability and
integrity of the genome. Apoptosis involves the activation,
expression and regulation of a series of genes and it differs
from cell necrosis in morphology and biochemistry. The
caspase family is a cysteine protease system with a specific
aspartic cysteine that is a key player in apoptosis (17,18). To
date, =14 caspase members have been implicated in apop-
tosis in mammals. The stimulation of various proteases
also activates caspase-induced apoptosis through different
pathways. However, mammalian cell apoptosis is effectu-
ated via caspase-3. The increased expression and stimulation
of caspase-3 is a central link in the early initiation of the
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apoptotic signaling pathway and is also one of the vital prote-
ases involved in the regulation and execution of apoptosis (19).

Microfluidic organ-on-a-chip provided a new environ-
ment for the growth of cells. In the chip, it was indicated
that the microfilaments between cells not only increased
but it was also easier for the cells to form tubular structures
between each other. In some areas, the formation of tubular
structures between only three cells was observed. In petri
dishes, cells attach themselves to the flat surface of the dish
and could only grow in the directions on one surface to
touch the surrounding cells. In the chip, cells could grow in
all directions in a three-dimensional environment, touching
cells all around rather than being confined to a single plane.
This increased the probability of contact between cells
and made it easier for them to form tubular structures.
The chip, combined with confocal microscopy, provides
high-resolution morphological results for cellular experi-
ments. In the experiment of the present study, the appearance
of apoptotic proteins (caspase-3/7) was able to be directly
observed in the microfluidic organ-on-a-chip and it was
also identified that the glucocorticoid caused the apoptosis
of BMECs. The comparison not only revealed a significant
increase in the cleaved caspase-3/7 content (P<0.05), but
its release from the nucleus was also directly visible to the
naked eye. The glucocorticoid-treated BMECs produced
more cleaved caspase-3/7, and with the increase of the gluco-
corticoid concentration, cleaved caspase-3/7 also increased
significantly (P<0.05). Particularly in the high-concentration
glucocorticoid intervention group, in addition to high expres-
sion of cleaved caspase-3/7, BMECs also exhibited obvious
atrophy in morphology; the proportional area of the whole
cytoskeleton was significantly smaller than that of the other
three groups (P<0.05). The microfilaments all disappeared,
the cells became round, and the whole cell appeared to be
on the verge of death. Furthermore, the number of cells in
this group increased significantly compared with that in the
other groups (P<0.05). Combined with cell morphology,
high-concentration glucocorticoid resulted in cell atrophy and
volume reduction; therefore, the number of cells increased in
the same field area. Furthermore, the concentration of dexa-
methasone used in the present study was selected according
to our previous experiment (8-10). The concentration of drug
used in the present study was slightly higher than the previ-
ously used concentration of 0.1 or 0.2 mg/ml for two main
reasons. First, different from using a culture dish, the ECM
containing dexamethasone was added to the chip through
channels and the volume of the two channels of the ECM and
the cell directly diluted the concentration of dexamethasone
by 50%. Furthermore, in an ordinary culture dish, cells are
in direct contact with dexamethasone in the ECM, while
in the microfluidic chip, cells are suspended in the matrix
collagen and dexamethasone is required to permeate through
the matrix collagen to be in contact with the cells. Therefore,
a higher concentration is required to achieve the same effect
as in an ordinary culture dish. In addition, the concentrations
of 0.4 and 0.6 mg/ml used in the present study were low for
the human body but were sufficiently high to be lethal for
the cells in vitro. The purpose of the present study was to
investigate the mechanism of cell damage in order to guide
clinical treatment, and it is difficult to directly calculate the
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appropriate clinical drug concentration through cell experi-
ments. Therefore, further investigation may be required to
determine a more appropriate dose to be used in the clinic.

Several mechanisms are able to induce apoptosis, and it
has been well observed that glucocorticoid induces apoptosis
of BMEC:s (10). However, specific mechanisms remain elusive
and should be clarified to improve treatment approaches. It has
been speculated that oxidative stress is the primary mechanism
to trigger apoptosis. In the case of oxidative stress, excessive
reactive oxygen species (ROS) cause cell damage and the body
forms a complex oxidative stress response system against ROS
damage (20). Tang et al (21) reported that polychlorinated
biphenyl 118 is able to elevate the ROS levels in HUVECs to
initiate apoptosis. In addition to directly triggering apoptosis,
ROS accumulation may activate a series of signaling path-
ways, leading to the dysregulation of apoptosis and excessive
cell death. Excessive apoptosis leads to autoimmune diseases
and inflammation, which are associated with various acute and
chronic diseases (22). ROS generated by oxidative stress causes
cell damage, which in turn leads to excessive accumulation
of ROS. The accumulated ROS induces excessive apoptosis,
which further aggravates damage (23).

Icariin is a flavonoid compound that has biological activi-
ties, including immune regulation, anti-tumor, anti-aging and
cardiovascular effects. Previously, Zhao et al (10) studied
the protective effect of icariin on glucocorticoid-treated
BMECs. Using the TUNEL method, it was identified that
icariin inhibited apoptosis of BMECs by glucocorticoids. In
addition, Hu er al (24) revealed that icariin prevented the
injury and apoptosis of HUVECs by regulating caspase-3
and B-cell lymphoma 2. In the icariin-protected group of
the present study, it was observed that although a consid-
erable amount of cleaved caspase-3/7 was produced in the
cytoplasm, the content was significantly lower than that
in the high-concentration glucocorticoid group (P<0.05).
In addition, the microfilamentous structural connections
between the cells were similar to those in the other groups
and the cells did not shrink. Furthermore, the area of the
whole cytoskeleton was not significantly different compared
with that in the blank group (P>0.05). This suggested that
advanced protection with icariin reduced the damaging
effect of glucocorticoid on the cells and protected the
microvascular structure. Chen et al (25) investigated the
protective mechanism of icariin by using endothelial cells
from rat femurs. It was identified that icariin had a protec-
tive effect on the high glucose-induced endothelial cells by
inhibiting p38/cyclic AMP response element-binding protein
and activating the Akt/eNOS/NO pathway. Xiao et al (26)
also reported that icariin decreased ROS production in
HUVECs. Wang et al (27) summarized the various func-
tions of icariin, including attenuation of hydrogen peroxide
impairment, improvement of cell viability, inhibition of cell
apoptosis and increase of superoxide dismutase and gluta-
thione peroxidase activity. It may be suggested that further
studies are required in the future to demonstrate the inhibi-
tory effect of icariin on cell apoptosis, as well as its cellular
protective mechanisms.

The advantage of the microfluidic organ-on-a-chip used
in the present study was that it was easy to operate. Through
adjacent channels, it was possible to add various substances

used to directly stain the cells in situ and target the exact
position in the cell. As for caspase-3, in the present experi-
ment, it is well known that western blot analysis is able to
analyze intracellular proteins and detect the types and
content of proteins. A microfluidic organ-on-a-chip can be
an excellent supplement to western blot analysis. The target
protein may be observed directly with the naked eye by
staining, and at the same time, a simple content comparison
may be performed. It is also possible to determine whether
the location of the target protein is consistent with the theory
and it provides a high-resolution morphological visualization
for cell experiments.

In conclusion, from the perspective of morphology, BMECs
were more likely to survive compared with HUVECsS in the
chip used in the present study and HA was able to promote
the growth of BMECs through the microfluidic platform.
Glucocorticoids were able to damage cells through the produc-
tion of cleaved caspase 3/7 and icariin protected the cells to a
certain extent and reduced the damage of glucocorticoids to
cells.
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