
ORIGINAL RESEARCH
published: 03 August 2020

doi: 10.3389/fncel.2020.00192

Edited by:

Zhen-Ni Guo,
First Affiliated Hospital of Jilin

University, China

Reviewed by:
Hua Feng,

First Affiliated Hospital, Army Medical
University, China

Lorenzo Di Cesare Mannelli,
University of Florence, Italy

Zhen Wang,
Shandong University, China

*Correspondence:
Jianmin Zhang

zjm135@zju.edu.cn
Yuan Hong

hy0904@zju.edu.cn

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Cellular Neuropathology, a section of
the journal

Frontiers in Cellular Neuroscience

Received: 16 February 2020
Accepted: 02 June 2020

Published: 03 August 2020

Citation:
Fang Y, Lu J, Wang X, Wu H, Mei S,
Zheng J, Xu S, Lenahan C, Chen S,
Zhang J and Hong Y (2020) HIF-1α
Mediates TRAIL-Induced Neuronal

Apoptosis via Regulating
DcR1 Expression Following

Traumatic Brain Injury.
Front. Cell. Neurosci. 14:192.

doi: 10.3389/fncel.2020.00192

HIF-1α Mediates TRAIL-Induced
Neuronal Apoptosis via Regulating
DcR1 Expression Following
Traumatic Brain Injury
Yuanjian Fang1†, Jianan Lu1†, Xiaoyu Wang1†, Haijian Wu1, Shuhao Mei1, Jingwei Zheng1,
Shenbin Xu1, Cameron Lenahan2,3, Sheng Chen1, Jianmin Zhang1,4,5* and Yuan Hong1*

1Department of Neurosurgery, The Second Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou, China,
2Center for Neuroscience Research, Loma Linda University School of Medicine, Loma Linda, CA, United States, 3Burrell
College of Osteopathic Medicine, Las Cruces, NM, United States, 4Brain Research Institute, Zhejiang University, Hangzhou,
China, 5Collaborative Innovation Center for Brain Science, Zhejiang University, Hangzhou, China

Background: Neuronal apoptosis involved in secondary injury following traumatic brain
injury (TBI) significantly contributes to the poor outcomes of patients with TBI. The
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) can selectively induce
apoptosis of tumor cells. Hypoxia factor (HIF) 1α is a controversial factor that mediates
the neuronal apoptotic pathway. Herein, we hypothesize that HIF-1α may mediate the
TRAIL-induced neuronal apoptosis after TBI.

Methods: We used Western blots and immunofluorescence to study the expression and
cell localization of TRAIL and death receptor 5 (DR5) after TBI in rats. Soluble DR5 (sDR5)
administration was used to block the TRAIL-induced neuronal death and neural deficits.
HIF-1α inhibitor 2ME and agonist DMOG were used to study the role of HIF-1α in TRAIL-
induced neuronal death. Meanwhile, HIF-1α siRNA was used to investigate the role of
HIF-1α in TRAIL-induced neuronal death in vitro.

Results: The expressions of microglia-located TRAIL and neuron-located DR5 were
significantly upregulated after TBI. sDR5 significantly attenuated TRAIL-induced neuronal
apoptosis and neurological deficits. 2ME decreased neuronal apoptosis, lesion area,
and brain edema and improved neurological function via increased expression of TRAIL
decoy receptor 1 (DcR1), which inhibited TRAIL-induced apoptosis after TBI. The
administration of DMOG produced the opposite effect than did 2ME. Similarly, HIF-1α

siRNA attenuated TRAIL-induced neuronal death via increased DcR1 expression in vitro.

Conclusion: Our findings suggested that the TRAIL/DR5 signaling pathway plays an
important role after neuronal apoptosis after TBI. HIF-1α mediates TRAIL-induced
neuronal apoptosis by regulating DcR1 expression following TBI.

Keywords: traumatic brain injury, tumor necrosis factor-related apoptosis-inducing ligand, death receptor 5,
decoy receptor, hypoxia-induced factor-1α
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INTRODUCTION

Traumatic brain injury (TBI) is one of the leading causes of
death and disability in patients with trauma. Approximately
10 million people, especially those under 45 years old, have
been reported to suffer TBI annually worldwide (Wu et al.,
2016; Zhou et al., 2020). Currently, the detailed pathological
mechanism of TBI remains unclear, and effective treatments
are severely lacking. Therefore, in-depth studies regarding
the pathological mechanisms, particularly emphasizing the
cellular and molecular changes following TBI, are urgently
needed. Secondary brain injury after TBI is the key factor
in affecting the prognosis of patients. Neuronal damage
caused by secondary brain injury is similar to cerebral
ischemia-reperfusion injury. It is mutually promoted by various
pathogenic mechanisms, including excitotoxicity, inflammatory
response, oxidative stress, calcium overload, etc. The endpoint of
various pathophysiological changes is the apoptosis of neuronal
cells, which is the main cause of long-term dysfunction in
patients after TBI (Stoica and Faden, 2010; Guo et al., 2016).

The tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL), a member of the TNF family, can selectively
induce apoptosis of tumor cells. It was found that the
TRAIL-related signaling pathway may also be related to the
pathophysiological change in non-neoplastic diseases, such as
diabetes (Bossi et al., 2015), atherosclerosis (Michowitz et al.,
2005), rheumatoid arthritis (Dessein et al., 2015), pulmonary
hypertension (Lawrie, 2014), and viral hepatitis (Mundt et al.,
2005). Furthermore, numerous studies have confirmed that
TRAIL-related signaling pathways are involved in the pathology
of a variety of central nervous system disorders, including
Alzheimer’s disease (Wu et al., 2015), multiple sclerosis (Lopez-
Gomez et al., 2016), and ischemic stroke (Cui et al., 2010).
Elevated TRAIL expression in the brain after ischemic stroke
could aggravate neuronal apoptosis and cause brain damage,
leading to poor prognosis (Cui et al., 2010; Cantarella et al.,
2014). In humans, four membrane-bound receptors for TRAIL
have been identified. Of these, only two death receptors DR4
(TRAIL-R1) and DR5 (TRAIL-R2) are transmembrane proteins
equipped with an intracellular death domain (DD), which
activates caspase-dependent apoptotic cell death. There are two
other decoy receptors, DcR1 (TRAIL-R3) andDcR2 (TRAIL-R4),
but they are incapable of death signaling. DcR1 owns a truncated,
non-functional DD, and DcR2 lacks an intracellular domain
(Schneider et al., 2003; Hoffmann et al., 2009). In contrast,
only one TRAIL receptor with death signaling capacity (DR5)
and two decoy receptors was found in the murine system (Wu
et al., 1999). Death receptors and decoy receptors competitively
combined with TRAIL to mediate the apoptosis in mammal.

Meanwhile, previous studies have confirmed that ischemia
and hypoxia can cause upregulation of hypoxia factor (HIF)-
1α after TBI (Li et al., 2013). Interestingly, the effect of HIF-
1α on the apoptotic pathway remains controversial, and it may
show distinct pro- and anti-apoptotic effects under different
pathological conditions. HIF-1α-knockout Chinese hamster
ovary cells can tolerate apoptosis induced by hypoxia (Carmeliet
et al., 1998). Additionally, Li et al. found that the expression

of p53 was increased and neuronal apoptosis was attenuated by
using HIF-1α siRNA in neuron (Li et al., 2013). HIF-1α inhibitor
2ME attenuated brain injury after TBI via the inhibition of a
maladaptive HIF-1α-dependent response (Schaible et al., 2014).
Conversely, there have also beenmany studies showing that HIF-
1α has an anti-apoptotic effect (Erler et al., 2004; Greijer and
van der Wall, 2004; Piret et al., 2005). It was found long-term
hypoxic tumors are not sensitive to TRAIL treatment and that
inhibition of HIF-1α expression increases tumor sensitivity to
TRAIL and promotes apoptosis, suggesting that HIF-1α may
regulate apoptosis through the TRAIL pathway (Jeong et al.,
2010). A separate study further confirmed that this anti-apoptotic
effect of HIF-1α was mediated by the inhibition of TRAIL
receptor DcR2 (Pei et al., 2010). These results suggest that the
effect of HIF-1α on the apoptotic pathway may not be unique,
and it may exhibit two distinct pro- and anti-apoptotic effects
under different pathological conditions.

Considering that TBI shares many similar pathophysiological
processes with cerebral ischemia, we speculate that the TRAIL-
induced apoptosis pathway may be involved in cell apoptosis
after TBI and also be regulated by HIF-1α. Therefore, the aim of
the current study was to investigate the expression pattern of the
TRAIL apoptosis pathway following TBI and to evaluate whether
HIF-1α is involved in neuronal apoptosis through regulation of
the TRAIL pathway.

MATERIALS AND METHODS

Study Design
The study was divided into three parts (Figure 1). The objective
of the first part was to investigate the role of the TRAIL signaling
pathway in neuronal apoptosis after TBI. The expression of
TRAIL and receptors DR5, DcR1, and DcR2 in the injured cortex
were studied. The cell locations of TRAIL and DR5 in the injured
cortex protein after TBI were also investigated. Soluble DR5
(sDR5) was used to block the TRAIL-induced apoptosis, which
was detected by expression of cleaved caspase-3, by Fluoro-Jade
C (FJC) staining, and by lesion area [Cresyl Violet (CV) staining].

The objective of the second part was to investigate the role
of HIF-1α on the TRAIL-induced neuronal apoptosis pathway.
Rats were divided into four groups: sham, TBI + vehicle,
TBI + 2ME, and TBI + DMOG. DMOG and 2ME were
injected intraperitoneally as HIF-1α inhibitor and activator,
respectively. The expression of TRAIL and TRAIL receptors,
including DR5, DcR1, and DcR2, were detected after treatment.
HIF-1α-induced neuronal apoptosis was detected by expression
of cleaved caspase-3, FJC staining, and lesion area.

The third part aimed to verify the role of HIF-1α in the
TRAIL-induced neuronal apoptosis pathway in an in vitromodel
using the HT-22 cell line. Inhibition of HIF-1α was conducted
using HIF-1α siRNA. Additionally, a DcR1 blocking peptide
was given to inhibit the function of DcR1. Cells were divided
into six groups: control, injury + vehicle, injury + TRAIL,
injury + TRAIL + HIF-1α siRNA, injury + HIF-1α
siRNA + DcR1 peptide, and TBI + HIF-1α scramble RNA.
The effect of HIF-1α on DcR1 and DcR1-mediated apoptosis
was investigated.
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FIGURE 1 | Experimental design and groups.

Animals and Cell Line
Adult male Sprague Dawley rats weighing 280–320 g were
purchased from SLAC Laboratory Animal Company Limited
(Shanghai, China). All animal experiments were performed after
receiving approval from the Institutional Ethics Committee
of the Second Affiliated Hospital, Zhejiang University School
of Medicine. The procedures were performed in compliance
with the National Institutes of Health’s Guide for the Care
and the Use of Laboratory Animals and the ARRIVE (Animal
Research: Reporting in vivo Experiments) guidelines. The rats
were housed in air-filtered temperature-controlled units with a
12-hour light/dark cycle. Rats were provided ad libitum access to
food and water.

The murine hippocampal neuron cell line, HT-22, was
cultured (37◦C, 5%CO2) in Dulbecco’s modified Eagle’s medium
(Thermo Fisher, Waltham, MA, USA) with 10% fetal bovine
serum (Sigma-Aldrich, USA), 100 U/ml penicillin, and 100
µg/ml streptomycin.

TBI Model
The TBI model was induced by controlled cortical impact (CCI)
as previously described (Wu et al., 2016; Figure 2A). The rats
were anesthetized with 50 mg/kg 1% pentobarbital sodium via
intraperitoneal injection. The head of the rat was mounted on

a stereotaxic frame by ear bars and an incisor bar. Pneumatic
brain trauma was induced with a PinPointTM Precision Cortical
Impactor (Cary, NC, USA) perpendicular to the intact dura
(impactor diameter: 4 mm, impact velocity: 3 m/s, impact
duration: 120 ms, brain displacement: 2.5 mm). After trauma,
the skull injury site was immediately replaced and sealed with
bone wax (ETHICON, Bridgewater, NJ, USA), and the scalp
wound was then sutured. Sham-operated animals received the
same surgical procedures without CCI.

We also used a standard mechanical injury with hypoxia
model to simulate in vitro TBI within cells. Briefly, a sterile
21-gauge needle was used to draw parallel scratches across the
circular wells of culture plates, 12 scratches in six-well plates and
eight scratches in 24-well plates, respectively. Scratch injury may
activate neuron death first at the wound edge, later expanding
to the entire neuron monolayer (Mori et al., 2002). After the
mechanical injury, cell cultures were then cultured in oxygen-
deprivation (OGD) conditions (O2 was replaced with N2) for 6 h
to mimic hypoxia (Zhong et al., 2017).

Drug Administration
sDR5 protein (Sino Biological, China, 10465-H08H) was used
in vivo to block TRAIL-induced apoptosis (Cui et al., 2010). We
injected 10 µg and 25 µg sDR5 protein (10 and 25 µg/rat diluted
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FIGURE 2 | Protein expression level and cellular localization of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and death receptor 5 (DR5). (A)
Representative picture of the traumatic brain injury (TBI) model. (B) Representative Western blot bands of each protein. (C) Densitometric quantification of TRAIL. (D)
Densitometric quantification of DR5. (E) Densitometric quantification of decoy receptor 1 (DcR1). (F) Densitometric quantification of DcR2. (G) Representative
microphotographs of immunofluorescence staining showing localization of TRAIL and DR5 (red), Iba-1 and NeuN (green) in injured cerebral cortex after TBI. Scale
bar = 50 µm. (H) Quantification of TRAIL-positive cells in sham group and TBI group. (I) Quantification of DR5-positive cells in sham group and TBI group. Scale
bar = 50 µm; N = 6 per group. Data are represented as mean ± SD. *p < 0.05 vs. sham; ns, no significance vs. sham. One-way ANOVA, Tukey’s post hoc test.

with 10 µl PBS) intracerebroventricularly using a microinfusion
pump at a rate of 3 µl/min, at 30 min and 36 h after TBI.
HIF-1α inhibitor, 2ME (Selleck, USA), and activator, DMOG
(Selleck, USA), were dissolved in dimethylsulfoxide (DMSO).
DMOG (20 mg/kg; Sen and Sen, 2016) and 2ME (20 mg/kg;
Schaible et al., 2014) were injected intraperitoneally 30 min
after trauma.

For the in vitro portion of the experiment, HIF-1α siRNA or
scramble siRNA (Genomeditech, Shanghai, China) were mixed
with transfection reagent LIPO2000 (Thermo Fisher, Waltham,
MA, USA) and delivered 48 h before cell injury. DcR1 peptide
(Abcam, Cambridge, MA, USA, ab7880) was delivered as a
blocking antibody at different concentrations (0.1 µg/ml, 1
µg/ml, 5 µg/ml, and 10 µg/ml) to inhibit the function of DcR1
0.5 h after mechanical injury and before hypoxia treatment.
Additionally, 1 µg/ml recombinant mouse TRAIL protein (Sino

Biological, China, aa 118–291) was delivered 16 h after cell injury
(Kichev et al., 2014).

Neurobehavioral Function Assessment
The modified Garcia test and Beam Balance test (Garcia
et al., 1995; Rui et al., 2019) were used to evaluate the
neurological deficits of animals after TBI and drug treatment.
The neurological functions of each group were double-blindly
evaluated at 72 h after TBI. The modified Garcia test score
was used to test the response capacity, alertness, coordination,
and motor skills, which included seven parameters (spontaneous
activity, body proprioception, vibrissae touch, spontaneous
movement of limbs, lateral turning, forelimb walking, and
climbing wall of cage). Each part was assigned three points, for
a total of 21 points (Garcia et al., 1995). Beam balance was used
to test complex movements and coordination. Rats were placed
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on a beam to detect their ability to walk and balance. The score
ranged from 0 to 4 and was decided according to the distance
walked (Rui et al., 2019).

Brain Water Content
We used the wet–dry method (Lu et al., 2019) to evaluate
the brain water content (degree of brain edema) at 72 h after
TBI. After anesthesia, the brains of the sacrificed rats were
immediately collected and weighed (wet weight). Next, the brains
were dried at 100◦C for 48 h and weighed again (dry weight). The
brain water content was calculated with the following formula:
[(wet weight − dry weight)/(wet weight)] × 100% (Lu et al.,
2019).

Western Blot Analysis
Western blot was performed with the same procedure as in
the previous study (Li et al., 2013). Cells from the injury area
of the rat brain samples were collected and lysed in RIPA
lysis buffer (Beyotime, Shanghai, China). After determining
the protein concentration with BCA protein assay (Thermo
Fisher, Waltham, MA, USA), the protein samples (60 µg/µl)
were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a polyvinylidene
difluoride filter (PVDF) membrane (Millipore, Burlington, MA,
USA). The membrane was then blocked with 5% non-fat milk
at room temperature for 1 h and then incubated with the
primary antibody at 4◦C overnight. The primary antibodies
included are as follows: anti-TRAIL antibody (1:1,000, Thermo
Fisher, Waltham, MA, USA, PA5-80165), anti-DR5 antibody (1:
500, Thermo Fisher, Waltham, MA, USA, PA1-957), anti-DcR1
antibody (1:1,000, Abcam, Waltham, MA, USA, ab133658),
anti-DcR2 antibody (1:1,000, Novus, St Charles, MO, USA,
NBP1-76985), anti-HIF-1α antibody (1:500, Abcam, Cambridge,
MA, USA, ab2185), anti-caspase-3 antibody (1:1,000, Abcam,
Cambridge, MA, USA, ab13847), anti-GAPDH (1:2,000, Abcam,
Cambridge, MA, USA, ab181602), β-actin (1:2,000; Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Immunoblots were
visualized with an imaging system (Bio-Rad Versa Doc, model
4,000) and were analyzed using ImageJ software (ImageJ, Version
1.4 RRID:SCR_003070).

Immunofluorescence
Rats were sacrificed under deep pentobarbital anesthesia at
72 h after TBI and transcardially perfused with 0.1 mol/L PBS
followed by 4% paraformaldehyde (pH 7.4). The brain was
immersed in 4% paraformaldehyde for 24 h then successively
immersed in serial 15 and 30% sucrose solutions for 2 days. The
brain was cut into 9-µm coronal frozen slices and fixed on a
slide for fluorescence staining. The brain slices were incubated
with 10% normal donkey serum and 0.1% Triton X-100 for
1 h at room temperature, followed with primary antibody at
4◦C overnight. The primary antibodies that were utilized are
listed as follows: anti-TRAIL antibody (1:200, Thermo Fisher,
Waltham, MA, USA, PA5-80165), anti-DR5 antibody (1:200,
Thermo Fisher, Waltham, MA, USA, PA1-957), anti-DcR1
antibody (1:500, Abcam, Cambridge, MA, USA, ab133658),
anti-HIF-1α antibody (1:200, Abcam, Cambridge, MA, USA,
ab2185), anti-Iba-1 (1:500, Abcam ab5076), anti-NeuN (1:500,

Abcam, ab177487). On the second day, the cryosections were
incubated with secondary antibody and covered with DAPI
(Vector Laboratories Inc.). The slides were visualized with a Leica
DMi8 fluorescence microscope (Leica Microsystems, Germany)
and analyzed using Leica Application Suite software.

Fluoro-Jade C Staining
FJC staining was used to identify degenerating neurons after
acute neuronal distress, as previously described (Li et al., 2017).
Coronal sections were cut and stained with FJC (Biosensis, USA)
according to the manufacturers’ protocol. First, the sections were
immersed in a solution containing 1% sodium hydroxide in 80%
alcohol for 5 min and then in 70% alcohol and distilled water,
each for 2 min. Second, the sections were transferred into 0.06%
potassium permanganate for 10 min and then rinsed in distilled
water for 2 min. Third, the sections were stained with a 0.0001%
solution of FJC dye dissolved in 0.1% acetic acid vehicle (pH 3.5)
for 10 min. Finally, the sections were washed three times, for
1 min each, in distilled water and then stained with DAPI (Sigma,
USA). The images were captured by fluorescence microscope.
Last, FJC-positive neurons were manually counted in the injured
region of six sections per brain at ×100 magnification using
ImageJ software.

Cresyl Violet Staining
CV staining was used to identify the lesion area on ipsilateral
cortex after TBI. Coronal sections (12 µm) from 72 h after TBI
were collected every 400 µm. A total of 12 consecutive sections
were collected from each rat. The region lacking any CV staining
was considered contused brain tissue and was analyzed with
ImageJ software. The contusion volume was calculated using
the following formula (Schaible et al., 2014), which had been
used in the previous study: Contusion volume = 0.4 mm ∗

(Area1+ Area2+ ...+ Area11+ Area12).

Cell Viability Assay and Cytotoxicity Assay
Cell viability and cytotoxicity assays were utilized to reflect
cell death after drug administration. Each individual treatment
reflects six replicates for all assays performed on cell cultures
in 96-well plates. Cell viability was measured using the CCK-8
cell counting kit (Beyotime, Shanghai, China). According to the
manufacturer’s instruction, 20 µl CCK-8 solution was added to
200 µl of cell culture medium and then cultured at 37◦C for
2 h. Next, the absorbance was measured at 450 nm. A lactate
dehydrogenase (LDH) cytotoxicity test kit (Beyotime, Shanghai,
China) was used to measure the cell cytotoxicity. The protocol
followed was that after treatment, cells were cultured with 150
µl 10% LDH reagent (diluted by PBS) at 37◦C for 1 h and then
centrifuged at 400 µg for 5 min. Last, 120 µl supernatant of each
well was transferred to a new 96-well plate, and the absorbance
was measured at 490 nm.

Annexin V and PI Staining
Cells were cultured in 12-well plates and were given different
treatments. Cells were trypsinized with 0.25% trypsin (without
EDTA) for 3 min and centrifuged at 1,000 µg for 5 min and then
resuspended with 300 µl binding buffer. Next, 1 µl Annexin V
and 1 µl of PI (Becton Dickinson, Franklin Lanes, NJ, USA) were
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added to the cell suspension and incubated for 30 min at 37◦C in
the dark. Subsequently, the cells were analyzed by flow cytometry
(FACSCalibur; BD Biosciences, San Diego, CA, USA). The cells
were first gated based on forward and side scatter. Surviving cells
were determined as FITC-/PI-.

Statistical Analysis
All data are presented as mean ± standard deviation (SD).
Data from different groups were compared using one-way
ANOVA followed by Tukey’s post hoc test. The Kruskal–Wallis
test was used to compare data with abnormal distributions.
Statistical Package for the Social Sciences (SPSS; version 22.0) and
GraphPad Prism (version 6.0) software were used for statistical
analysis. Statistical significance was defined as P < 0.05.

RESULTS

TRAIL and Receptors DR5, DcR1, and
DcR2 Expression After TBI
The rat TBI model is presented in Figure 2A. The expression
levels of TRAIL and receptors DR5, DcR1, and DcR2 in the
ipsilateral cortex around the lesion were analyzed at different
time points (12 h, 24 h, 72 h, 120 h, and 168 h) after TBI
(Figure 2B). TRAIL protein levels were significantly increased
at 24 h and continued to 168 h (P < 0.05 vs. the sham group;
Figure 2C). DR5 protein expression was also significantly higher
at 72 h and 120 h compared to the sham group (P < 0.05 vs.
the sham group; Figure 2D). DcR1 protein expression was
slightly increased and DcR2 showed no change after TBI, and
no statistical significance was found at the different time points
(Figures 2E,F).

Both TRAIL and DR5 protein levels peaked at 72 h after
TBI. Therefore, the rats were sacrificed at 72 h for slice freezing.
Double immunofluorescence staining was performed to assess
locations of TRAIL and DR5 expression. We found that TRAIL
protein was expressed in the microglia and DR5 was expressed
in the neuron (Figure 2G). Moreover, the number of TRAIL
and DR5 positive cells in the ipsilateral cortical lesion were
significantly increased 72 h after TBI when compared with the
sham group (P < 0.05; Figures 2H,I).

Soluble DR5 Blocks The TRAIL-Induced
Apoptosis and Improves The
Neurobehavioral Function
To further study the role of the TRAIL signaling pathway
in neuronal apoptosis, we used sDR5 intracerebroventricularly
to block the effective binding of TRAIL on the neuronal
DR5 receptor. The expression of cleaved caspase-3 was
detected to explore the effects of different concentrations of
sDR5 treatment on TBI-induced neuronal apoptosis. The total
of four groups were designed: sham, TBI + vehicle, TBI + 10
µg sDR5, and TBI + 25 µg sDR5. As shown, the expression
of cleaved caspase-3 was significantly decreased in the group
treated with 25 µg sDR5 compared with the TBI+ vehicle group
(P < 0.05; Figure 3A), but no significant differences were noted
between the TBI + 10 µg sDR5 and TBI + vehicle groups.

Therefore, we used 25 µg of sDR5 for neurobehavioral function
assessment, FJC staining, and quantification of brain water.

The neurological score, lesion area, and brain edema in
the ipsilateral cortex were significantly decreased by 25-µg
sDR5 treatment compared to the sham group (P < 0.05;
Figures 3B–F), which indicated that sDR5 treatment improved
neurobehavioral function and attenuated secondary injury after
TBI. Similarly, when stained by FJC regent, the sDR5 group
had fewer FJC-positive cells compared to the sham group in the
cortex of the impaired hemisphere (P < 0.05; Figures 3G,H),
indicating decreased cell death in the ipsilateral cortex after TBI.

Cellular Location of HIF-1α After Traumatic
Brain Injury
We used double immunofluorescence staining of HIF-1α with
NeuN or Iba-1 in the impaired hemisphere of the cerebral cortex.
The results showed that HIF-1α was mainly expressed in neuron.
Besides, a small amount of HIF-1α was expressed in microglia
(Figure 4A). Thus, we continued to study the effects of HIF-1α
on TRAIL and related receptors.

HIF-1α Mediated TRAIL-Induced Apoptosis
in vivo
The expression of HIF-1α increased after TBI. To further regulate
the expression of HIF-1α, TBI rats were treated with the HIF-
1α inhibitor, 2ME, and the HIF-1α activator, DMOG. A total of
four groups were designed: sham, TBI + vehicle, TBI + 2ME,
and TBI + DMOG. The HIF-1α expression was significantly
inhibited by 2ME and activated by DMOG compared with the
other groups (both P< 0.05; Figures 5A,B). The neurobehavioral
function, quantified by the modified Garcia score and Beam
Balance score, was significantly increased by 2ME treatment
and decreased by DMOG treatment compared to the vehicle
group (P < 0.05; Figures 4B,C). The brain water content
was significantly lower in the 2ME group and higher in the
DMOG group compared to the vehicle group (P < 0.05;
Figure 4D). The region of contused brain tissue was defined
as the region lacking CV staining. As shown in Figure 4G,
the DMOG group has the largest contusion areas and the 2ME
group has the smallest contusion areas among the TBI groups
(P < 0.05; Figure 4H).

Meanwhile, to confirm the role of HIF-1α in neuronal
apoptosis, the protein levels of cleaved caspase-3 and the FJC
staining results were quantified. The protein levels of cleaved
caspase-3 were upregulated in the TBI group when compared
with the sham group (P < 0.05), while 2ME treatment markedly
diminished cleaved caspase-3 expression after TBI (P < 0.05).
And the DMOG treatment increased the cleaved caspase-3
expression after TBI (P < 0.05; Figures 5A–G). The FJC staining
showed that there are more FJC-positive cells after TBI compared
to the sham group (P < 0.05). In the groups that suffered
from TBI, 2ME treatment significantly decreased abundance
of FJC-positive cells compared to the TBI + vehicle group
(P < 0.05), and DMOG treatment significantly increased the
abundance of FJC-positive cells compared to the TBI + vehicle
group (P < 0.05; Figures 4E,F).
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FIGURE 3 | Effects of soluble DR5 (sDR5) administration on neuronal death at 72 h after TBI. (A) Representative Western blot images and densitometric
quantification of cleaved caspase-3 in different groups treated with vehicle, 10 µg sDR5 and 25 µg sDR5, and sham. (B) Modified Garcia score. (C) Beam Balance
score. (D) Representative images of Cresyl Violet (CV) staining. (E) Quantification of brain contusion volumes (mm3). (F) Brain water content. (G) Representative
images of Fluoro-Jade C (FJC) staining of the peri-contusive cortex. Scale bar = 100 µm. (H) Quantification of FJC-positive neurons. Arrow indicates the FJC
positive cells. N = 6 per group. Data are represented as mean ± SD. *p < 0.05 vs. sham; #p < 0.05 vs. TBI + Vehicle. One-way ANOVA, Tukey’s post hoc test.

HIF-1α Regulated The DcR1 Expression
in vivo
In investigating the role of HIF-1α in TRAIL-induced neuronal
apoptosis, we found that the expression of DcR1 was significantly
increased by 2ME administration and decreased by DMOG
compared to the vehicle-treated group (both P < 0.05;
Figures 5A–C). However, no significant difference was found
in the expressions of TRAIL and of receptors DR5 and
DcR2 after HIF-1α intervention (P > 0.05; Figures 5D–F).
By using double immunofluorescence staining of DcR1 with
NeuN in the impaired hemisphere of the cerebral cortex, we
found that neuronal DcR1 was slightly increased after TBI
(no significance) and decreased (increased) by 2ME (DMOG)
treatment (Figures 5H,I). As DcR1 was a decoy receptor of

TRAIL and indirectly inhibited the TRAIL-induced apoptosis by
competitively combining with TRAIL, we supposed that HIF-1α
mediated TRAIL-induced apoptosis by regulating the expression
of DcR1.

HIF-1α Mediated TRAIL-Induced Apoptosis
by Regulating Expression of DcR1 in vitro
We first validated the blocking effect of DcR1 peptide at
different concentrations. Six groups were categorized as follows:
control, injury + vehicle, injury + 0.1 µg DcR1 peptide,
TBI + 1 µg DcR1 peptide, 5 µg DcR1 peptide, and 10 µg
DcR1 peptide. Both dosages showed a significant decrease in
the protein levels of DcR1 compared to the injury group
(P < 0.05; Figures 6A,B). Due to the 5-µg DcR1 peptide
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FIGURE 4 | Effects of 2ME and DMOG administration on neuronal death at 72 h after TBI. (A) Representative microphotographs of immunofluorescence staining
showing localization of Hypoxia factor-1α (HIF-1α; red), Iba-1, and NeuN (green) in injured cerebral cortex after TBI. Scale bar = 50 µm. (B) Modified Garcia score.
(C) Beam Balance score. (D) Brain water content. (E) Representative images of FJC staining of the peri-contusive cortex. Scale bar = 100 µm. Arrow indicates the
FJC positive cells. (F) Quantification of FJC-positive neurons. (G) Representative images of CV staining. (H) Brain contusion volumes (mm3). N = 6 per group. Data
are represented as mean ± SD. *p < 0.05 vs. sham; #p < 0.05 vs. TBI + Vehicle; &p < 0.05 vs. TBI + 2ME. One-way ANOVA, Tukey’s post hoc test.

treatment group having the lowest statistical significance
(P = 0.0006), 5 µg of DcR1 peptide was applied in the
subsequent experiment.

To confirm that HIF-1α mediated TRAIL-induced apoptosis
by regulating the expression of DcR1, the cells were divided
into the following six groups: control, injury + vehicle,
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FIGURE 5 | Effects of 2ME and DMOG administration on TRAIL pathway and neuronal apoptosis 72 h after TBI. (A) Representative Western blot images. (B)
Densitometric quantification of HIF-1α. (C) Densitometric quantification of DcR1. (D) Densitometric quantification of DR5. (E) Densitometric quantification of TRAIL.
(F) Densitometric quantification of DcR2. (G) Densitometric quantification of cleaved caspase-3. (H) Quantification of DcR1-positive cells. (I) Representative
microphotographs of immunofluorescence staining showing localization of DcR1 (red) and NeuN (green) in injured cerebral cortex after TBI. Scale bar = 100 µm.
Arrow indicates the DcR1 positive cell. *p < 0.05 vs. sham; #p < 0.05 vs. TBI + Vehicle; &p < 0.05 vs. TBI + 2ME; ns, no significance vs. sham. N = 6 per group.
Data are represented as mean ± SD. ∗p < 0.05 vs. TBI + Vehicle. One-way ANOVA, Tukey’s post hoc test.

injury + TRAIL, injury + TRAIL + HIF-1α siRNA,
injury + TRAIL + HIF-1α siRNA + DcR1 peptide, and
injury + TRAIL + scramble siRNA. First, the expression
of HIF-1α increased in both the injury + vehicle and

injury + TRAIL groups. HIF-1α siRNA significantly decreased
the expression of HIF-1α compared to the injury + TRAIL
group (P < 0.05; Figures 6E,F). Meanwhile, inhibition of
HIF-1α expression significantly increased DcR1 expression
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FIGURE 6 | Effect of HIF-1α siRNA TRAIL-induced neuronal apoptosis in vitro. (A) Representative Western blot images of different DcR1 peptide dosage groups.
(B) Densitometric quantification of DcR1 of different DcR1 peptide dosage groups. (C) Cell viability after siRNA or peptide treatment. (D) Cell total lactate
dehydrogenase (LDH) level after siRNA or peptide treatment. (E) Representative Western blot images of HIF-1α, DcR1, and cleaved caspase-3 after different
treatments. (F) Densitometric quantification of HIF-1α. (G) Densitometric quantification of DcR1. (H) Densitometric quantification of cleaved caspase-3. (I)
Flow-cytometric analysis of HT22 neuronal cells exposed to siRNA or peptide treatment. A surviving cell was defined as PI-/FITC-. (J) Statistical analysis of cell
survival in different groups. N = 3–6 per group. Data are represented as mean ± SD. ∗p < 0.05 vs. Control; #p < 0.05 vs. Injury + Vehicle; &p < 0.05 vs.
Injury + TRAIL; $p < 0.05 vs. Injury + TRAIL + HIF-1α siRNA. One-way ANOVA, Tukey’s post hoc test.

(Figures 6E–G). Inhibition of HIF-1α increased the cell
viability as quantified by CCK-8 and decreased the LDH level
(Figures 6C,D) and the production of cleaved caspase-3
(Figure 6H; all P < 0.05). The neurons stained with
Annexin V and PI (analyzed by flow cytometry) showed
that the surviving population (defined as Annexin V-/PI-)
decreased after injury and that this was attenuated by HIF-1α
siRNA (Figures 6I,J).

The neuroprotective effect of HIF-1α siRNA was significantly
abolished by DcR1 peptide according to the results for cleaved
caspase-3 expression, cell viability, cytotoxicity, and Annexin
V/PI staining, which indicated that the inhibition of HIF-1α
expression protected the neurons via upregulation of DcR1
(Figures 6C–J; P < 0.05).

DISCUSSION

Apoptosis, also known as programmed cell death, is a major
contributor in the pathophysiology of the nervous system
and is initiated by extrinsic death ligands or intrinsic stimuli
(Green et al., 2014). TRAIL is a death ligand belonging to
the TNF superfamily that has been studied and evaluated for
its anti-cancer activity (Tisato et al., 2016). In this study, we
established that the TRAIL/DR5 signaling pathway played an
important role in neuronal death after TBI in rats. Meanwhile,
we also found that HIF-1α induced TRAIL-induced apoptosis via
increasing TRAIL decoy receptor DcR1 expression (Figure 7).
In detail, the main findings were as follows: (1) the expression
of TRAIL and DR5 in the cortex around the injury was
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FIGURE 7 | Proposed signaling pathway underlying the effect of
HIF-1α-mediated TRAIL-induced neuronal apoptosis after TBI. Microglia
increased TRAIL expression after TBI, which activated neuronal DR5 receptor
and initiated caspase cascade to apoptosis. Meanwhile, TBI also upregulated
HIF-1α expression and further inhibited DcR1 expression. This indirectly
increased DR5 function by dismissing the competitive effect of DcR1 to
DR5 and then promoted TRAIL-induced neuronal apoptosis.

upregulated 12 h and peaked at 72 h after TBI in rats. The
increasing trend lasted until 7 days after TBI. Microglia-located
TRAIL may be secreted to activate the DR5 receptor found on
neurons; (2) functional blockade of TRAIL by the administration
of sDR5 successfully attenuated neuronal cell death, brain
edema, and injury area while improving neurological behavior
in rats; (3) the HIF-1α inhibitor 2ME could also attenuate
neuronal cell death, brain edema, and injury area and improve
neurological behavior in rats after TBI. Conversely, the HIF-
1α agonist, DMOG, presented the opposite result; (4) 2ME
(DOMG) treatment increased (decreased) DcR1 expression, with
no change in DR5 and DcR2 expression; and (5) HIF-1α siRNA
prevented cell death via increased expression of DcR1 in the
HT-22 neuronal cell line.

Recently, the TRAIL/DR5 pathway has been widely reported
to be involved in neuronal apoptosis after ischemia stroke in vivo
(Martin-Villalba et al., 1999; Cui et al., 2010; Huang et al.,
2011; Cantarella et al., 2014). In the hypoxia-ischemia-treated
mouse model, it was found that the expressions of TRAIL and
DR5 were significantly upregulated after insult (Cui et al., 2010;
Huang et al., 2011; Cantarella et al., 2014). The neuronal death
may be triggered by the binding of microglia-secreted TRAIL
and the neuronal DR5 receptor (Cui et al., 2010). Secondary
injury after TBI is the main factor affecting the prognosis of
patients. The secondary injury is primarily a pathological process
including cellular hyperexcitability, vasogenic and cytotoxic
edema, hypoxic-ischemia, oxidative stress, and inflammation, all
of which share similarities with the pathological changes after
cerebral ischemia (Karve et al., 2016). Therefore, we hypothesize
that the TRAIL/DR5 pathway is involved in the pathological
change after TBI. Similarly, the expression and upregulation of
both TRAIL and DR5 have been identified after TBI in our study,

and the cellular localization of TRAIL and DR5 is consistent with
previous studies (Cui et al., 2010). Neuroprotection through the
blockage of TRAIL by sDR5 further confirmed the involvement
of TRAIL/DR5 in neuron apoptosis after TBI.

HIF is a nuclear transcription factor characterized as the
master regulator of cellular oxygen homeostasis. It widely
participates the tissue survival process by regulating expresion
of several key enzymes in cell metabolism glucose transporter
(GLUT), angiogenesis (VEGF, VEGFR1, angiopoietin), and free
radical scavenging (heme hydroxylase-1; HO-1); Schumacker,
2005; Di Cesare Mannelli et al., 2018). As one of the subunits of
HIF, the expression of HIF-1α is largely dependent on oxygen
levels. HIF-1α expression is rapidly upregulated in response
to the acute phase in secondary injury after TBI (Ding et al.,
2009; Li et al., 2013) and is rapidly degraded upon reperfusion
and the chronic phase of TBI (Khan et al., 2017). Remarkably,
as the HIF-1α pathway is involved in both pathological and
neurorepair mechanisms and functions following TBI, the role
of HIF-1α in TBI remains relatively controversial (Khan et al.,
2017). Under hypoxic conditions after TBI, HIF-1α could have
detrimental effects on the blood-brain barrier, brain edema,
and apoptosis (Althaus et al., 2006; Ding et al., 2009). The
HIF-1α inhibitor, 2ME, was also proven to be neuroprotective
24 h following TBI in mice; however, the detailed mechanism
has not been studied (Shenaq et al., 2012; Schaible et al.,
2014). In agreement with former research, our study showed
the 2ME successfully inhibited HIF-1α expression and provided
neuroprotection via decreasing neuronal death after TBI in vivo
and in vitro. Additionally, HIF-1α stabilizers/inducers appear to
have a different effect than did 2ME. Conversely, HIF-1α induces
transcription of EPO and VEGF, which promotes cell survival
via erythropoiesis, angiogenesis, and anti-apoptosis under mild
hypoxia or normoxia (Fan et al., 2009; Wittko-Schneider et al.,
2013; Di Cesare Mannelli et al., 2018). Furthermore, VEGF
receptors 1 and 2 seem to have diverse effects on central nervous
system development and homeostasis (Wittko-Schneider et al.,
2013). Interestingly, another study found that treatment with
DMOG could reduce both neuronal and cell death after 2 weeks
following TBI in mice (Sen and Sen, 2016). This indicates that
2 weeks may be a relatively mild hypoxia or normoxia time point
for mice after TBI.

As mentioned before, HIF-1α participates in the regulation
mechanism of apoptosis; however, the effect was also dual after
TBI (Greijer and van der Wall, 2004). As the promoter of
apoptosis, HIF-1α induces transcriptional activation of tumor
suppressor proteins BNIP3 and p53, which induce cell apoptosis
in the acute phase (Chen et al., 2003; Aminova et al., 2008; Fan
et al., 2009). Moreover, it was found that cells with consecutive
expression of HIF-1α may be more resistant to apoptosis than
normal cells and that the potential anti-apoptotic mechanism
may include increased anti-apoptotic factors, EPO, and anerobic
metabolism (Akakura et al., 2001; Bianciardi et al., 2006). In this
study, we found that HIF-1α may mediate DcR1 expression both
in vivo and in vitro after TBI. Downregulating (upregulating)
HIF-1α with 2ME (DMOG) increased the DcR1 level in rats
after TBI, and inhibition of HIF-1α by HIF-1α siRNA also
increased DcR1 levels in the HT-22 neuron cell line. As reported,
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overexpression of DcR1 or DcR2 blocks apoptotic signaling of
TRAIL (Muzio, 1998). DcR1 inhibits apoptosis by competitive
binding to TRAIL (Merino et al., 2006), while DcR2 inhibits
apoptosis via the formation of heterocomplexes with DR5 to
block the subsequent caspase cascade (Clancy et al., 2005; Merino
et al., 2006). Furthermore, the expressions of these two decoy
receptors of TRAIL have been suggested to confer neuronal
protection after ischemic preconditioning in rats (Panneerselvam
et al., 2011; Cantarella et al., 2014). In our in vivo model,
cleaved caspase-3 and cell death were significantly increased
after blocking DcR1 activity via DcR1 peptide administration.
Taken together, we determined that HIF-1α may prompt neuron
apoptosis in the injured cortex in the first 3 days after TBI via
inhibition of DcR1 expression.

Interestingly, a previous study found that HIF-1α regulates
the transcription of DcR2 in human colon cancer cell lines (Pei
et al., 2010). HIF-1α inactivation increased TRAIL sensitivity
in hypoxia-induced TRAIL-resistant tumor cells (Jeong et al.,
2010). Additionally, some reports suggested that severe hypoxia
leads to p53 activation; however, it was found that neither
p53 nor NF-κB contributed to the regulation in this mechanism
(Pei et al., 2010). Thus, we hypothesize that the TRAIL
decoy receptors DcR1 and DcR2 act in different capacities
in different pathological processes. The ratio between decoy
receptor (DcR1/2) and death receptor (DR4/5) mediates cell
death in different diseases.

It should be mentioned that this study has some limitations.
First, though we have identified altered expression of DcR1
in vivo under HIF-1α agents, we did not further investigate the
function of DcR1 in TRAIL-induced apoptosis in the in vivo
model. Second, we only used cell lines for investigating the effect
of HIF-1α in vitro, and there would be some subtle differences
between cell lines and primary cells. Third, the pathophysiology
after TBI is a complicated process, and the standard in vivo
mechanical injury with hypoxia model cannot fully represent the
changes after TBI. There would also be other mechanisms that
contribute to the changes in HIF-1α-mediated apoptosis. And as
wementioned previously, different oxygenmetabolism levels and
brain regions at different time points might be the reason for the
controversial effects of HIF-1α after TBI. It is necessary to study
the natural oxygen changes and artificial oxygen intervention
after TBI in the future. Fourth, p53 and NF-κB also participated
in HIF-1α-mediated apoptosis, and it is still unclear how HIF-1α
inhibited DcR1 expression; this part also needs further study.

In conclusion, this study demonstrated that the
TRAIL/DR5 signaling pathway induced apoptosis in neurons
after TBI. Inhibition of HIF-1α attenuated neuronal death,
the insult area, and brain edema but improved neurological
function via upregulation of expression of TRAIL decoy
receptor DcR1, which indirectly reduced apoptosis after
TBI. Our results imply that HIF-1α may be an important
regulator acting on the TRAIL/DR5 apoptosis signaling pathway
following TBI.
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