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Abstract

Endothelial cell dysfunction and diabetic vascular complications are intrinsically linked. Although BDNF plays a protec-
tive role in cerebral microvascular complications caused by diabetes, the mechanisms of this activity are not fully clear. In
this study, we investigated the role of BDNF in the hyperglycemic injury of BMECs and its associated intracellular signal
transduction pathways. BMECs were treated with 33 mM glucose to imitate the endothelium under hyperglycemic condi-
tions. The high-glucose treatment caused cell dysfunction, as evaluated by oxidative stress and cell apoptosis, which could
be alleviated by BDNF. In addition, BDNF preserved mitochondrial function as assessed by mPTP opening, mitochondrial
membrane potential, calcium content, and mitochondrial biogenesis markers. Western blot analysis of LC3-II, p62, and
TOMM?20 and the detection of mRFP-GFP-LC3 adenovirus for autophagy flux revealed that BDNF enhanced autophagy
flux. Furthermore, BDNF activated mitophagy, which was confirmed by the observed colocalization of LC3-II with BNIP3
and from transmission electron microscopy observations. The HIF-1a/BNIP3 signaling pathway was associated with BDNF/
TrkB-induced mitophagy. In addition, BDNF-induced mitophagy played a protective role against BMEC damage under
hyperglycemia. Thus, the results of this study suggest that BDNF/TrkB/HIF-1a/BNIP3-mediated mitophagy protects BMECs
from hyperglycemia.
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Abbreviations HIF-1a Hypoxia-inducible factor-1a
BDNF Brain-derived neurotrophic factor TrkB Tropomyosin receptor or kinase B
BMECs Brain microvascular endothelial cells BNIP3 BCL2/adenovirus E1B 19 kDa protein-inter-
mPTP Mitochondrial permeability transition pore acting protein 3
LC3-1I Microtubule-associated protein 1 light chain
3B
p62 SQSTM1 Introduction
TOMM20 Translocase of outer mitochondrial membrane
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mitochondria are the primary source of ROS formation
[8-10], the focus of therapeutic approaches is to eliminate
impaired mitochondria.

Mitochondria are double membrane-bound organelles
that are essential for energy production and cellular homeo-
stasis [11]. When cells undergo injury, the mitochondrial
permeability transition pore (mPTP) opens, inducing cal-
cium overload and membrane potential decline, which even-
tually causes decreased ATP production [12]. The elimina-
tion of damaged and unnecessary mitochondria is closely
regulated by mitochondria-selective autophagy (mitophagy),
which has a protective role in mitochondrial dysfunction and
cell damage [13, 14].

Mature brain-derived neurotrophic factor (BDNF)
together with its receptor tropomyosin receptor kinase B
(TrkB) play vital roles in the central nervous system [15].
Recent studies have reported an association of BDNF with
inflammatory conditions, such as coronary artery disease
(CAD) and type 2 diabetes mellitus (T2DM) [16, 17]. We
previously showed that decreased circulating BDNF levels
are linked to endothelial dysfunction and that circulating
BDNF levels have a cardiovascular prognostic value [18].
Wood, J. et al. suggested that BDNF can reduce body weight
gain and partially alleviate metabolic abnormalities [19].
In the diabetic brain, a reduction in BDNF levels elevates
the risk of brain microvascular endothelial cell (BMEC)
injury for a variety of cerebrovascular diseases [20, 21].
Although these findings suggest an antidiabetic and anti-
inflammatory role of BDNF, a comprehensive understanding
of the relationship between the protective function of BDNF
and endothelial cell injury under hyperglycemic conditions
remains unclear.

Because damaged mitochondria-triggered ROS forma-
tion is tightly associated with endothelial cell dysfunction,
in this study, we focused on BCL2/adenovirus E1B 19 kDa
protein-interacting protein 3 (BNIP3)-mediated mitophagy,
which is inhibited under high-glucose (HG) conditions [22].
BDNF/TrkB can induce vascular endothelial growth factor
(VEGEF) via hypoxia-inducible factor-1o (HIF-1a) in neu-
roblastoma cells [23]. In addition, BDNF/TrkB can protect
retinoblastoma cells from apoptosis through HIF-1a activa-
tion [24]. Furthermore, the HIF-1o/BNIP3 signaling path-
way has been reported to be important for hypoxia-induced
autophagy and apoptosis [25-28]. Thus, we hypothesized
that BDNF/TrkB/HIF-1o/BNIP3-mediated mitophagy could
occur in the microcirculatory system of patients with diabe-
tes, which could alleviate hyperglycemia-induced endothe-
lium dysfunction.

In this study, we examined the ability of the BDNF/TrkB/
HIF-1a/BNIP3 signal transduction pathway to regulate
mitophagy in BMECs. We observed that BDNF alleviates
the cell injury and mitochondrial dysfunction induced by HG
treatment. BDNF activated autophagy flux and mitophagy,
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which involved the TrkB/HIF-1a/BNIP3 signaling path-
way. Targeted decreases in BNIP3 expression weakened
the ability of BDNF to protect BMECs from damage under
hyperglycemia.

Materials and methods
Cell culture

Mouse BMECs (bEnd.3), which are somewhat similar to
human BMECs [29], were obtained from Sciencell (Shang-
hai, China). Between passages 3 and 7, BMECs were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
containing a low concentration of glucose (5.5 mM) with
10% fetal bovine serum and antibiotics at 37 °C under an
atmosphere with 5% CO,.

Cell viability analysis

BMECs were seeded onto 96-well plates at a density of
5,000 cells/well for 24 h. The HG-induced damage model
was established using a method described in previous stud-
ies [30]. To rule out effects caused by the high permeabil-
ity of HG on cells, we used mannitol as a control. BMECs
were cultured under normal-glucose (5.5 mM), hyperosmo-
sis (5.5 mM glucose +27.5 mM mannitol) or HG (33 mM)
conditions for 12, 24, 48, and 72 h. After treatment, 10 pL of
CCK-8 solution (Beyotime Biotechnology, Jiangsu, China)
was added to each well, and the cells were incubated for 2 h
at 37 °C. Subsequently, the absorbance of the samples was
measured at a wavelength of 450 nm.

Detection of intracellular ROS

Intracellular ROS levels were measured using an oxidation-
sensitive fluorescent probe, dihydroethidium (DHE) (Beyo-
time Biotechnology, Jiangsu, China). BMECs were washed
twice with serum-free DMEM and then incubated in the
dark with 10 uM DHE for an additional 30 min. Subse-
quently, the BMECs were rewashed twice, and DHE fluo-
rescence was imaged using an FV10i confocal microscope
(Olympus, Japan). At least 3-5 images per condition were
analysed. The confocal images were quantified with Image
J (Rawak Software, Inc., Germany).

Measurements of superoxide dismutase (SOD)
activity, malondialdehyde (MDA) content, and nitric
oxide (NO) content

BMECs were lysed with lysis buffer (Beyotime Biotech-
nology, Jiangsu, China) after which superoxide dismutase
(SOD) activity and malondialdehyde (MDA) content were
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measured according to the manufacturer’s protocol (Beyo-
time Biotechnology, Jiangsu, China) and normalized to the
total protein content with a bicinchoninic acid (BCA) pro-
tein assay kit (KeyGEN Biotechnology, Jiangsu, China).
The nitric oxide (NO) content in the cell supernatants was
detected using an NO assay kit according to the manufac-
turer’s protocol (Beyotime Biotechnology, Jiangsu, China).

Annexin V-FITC/propidium iodide (PI) detection
of apoptosis

The early apoptosis of BMECs was determined using an
annexin V-FITC/propidium iodide (PI) apoptosis detection
kit (Solarbio Biotechnology, Beijing, China) according to
the manufacturer’s instructions. Approximately 1 x 10° cells
from each group were collected, washed twice with cold
PBS, and then stained using annexin V-FITC/PI in dark. The
number of necrotic (Q1), late apoptotic (Q2), early apop-
totic (Q3), and living cells (Q4) were quantified using a flow
cytometer (BD Biosciences, USA). The early apoptosis rate
(%) was calculated as (the number of early apoptotic cells /
the number of total cells) X 100%.

Mitochondrial isolation

Mitochondrial and cytosolic fractions were obtained using
a mitochondrial isolation kit (Beyotime Biotechnology,
Jiangsu, China). Mitochondrial fractions were separated
according to the manufacturer’s instructions. Briefly, after
the BMECs were incubated in ice-cold mitochondrial lysis
buffer for 15 min, the cell suspension was homogenized for
20 strokes. Next, the homogenate was centrifuged at 1000xg
for 10 min at 4 °C to remove the nuclei and unbroken cells.
The supernatant was then collected and centrifuged again
at 11,000xg for 10 min at 4 °C to obtain the mitochondrial
fraction. For western blotting, the mitochondrial fractions
were stored in mitochondrial lysis buffer containing PMSF.

Mitochondrial function analysis

mPTP opening was measured using a mPTP colorimetric
detection kit (Genmed Scientifics Inc., Shanghai, China).
The relative fluorescence units of mitochondrial volume
changes were recorded using a spectrophotometer (MUL-
TISKAN GO, Thermo Fisher Scientific, USA).

The mitochondrial calcium content was detected using
a mitochondrial calcium probe (Fluo-4 AM, Molecular
Probes) (Beyotime Biotechnology, Jiangsu, China) and a
confocal microscope (Olympus). At least 3—5 images per
condition were analysed.

The mitochondrial membrane potential was evalu-
ated via JC-1 staining (KeyGEN Biotechnology, Jiangsu,
China) using a flow cytometer (BD Biosciences, USA).

BMECs with healthy mitochondria were distributed in Q2,
while BMECs with decreased mitochondrial membrane
potential were distributed in Q3.

The ATP levels in BMECs were detected using an
ATP assay kit (Beyotime Biotechnology, Jiangsu, China)
according to the manufacturer’s protocol, with lumines-
cence measured using a microplate reader (Bio-Rad,
Shanghai, China).

Measurement of mitochondrial DNA copy number

The mitochondrial DNA copy number was assessed by
determining the amplicon ratio from PCR using specific
primers against a gene encoded by mitochondrial DNA
[NADH dehydrogenase subunit 2 (ND2)] and a gene
encoded by nuclear DNA (p-actin). Total DNA was iso-
lated from the cells, and the quantification of mitochon-
drial and genomic genes was performed by qRT-PCR. The
forward and reverse primers are listed in Table 1. Fifteen
nanograms of cDNA and the primer sets (200 nM each)
were used for each reaction. Relative ND2 and p-actin
values within each sample were used to obtain a ratio.

Transfection and transduction

To silence HIF-1a and BNIP3, small interfering RNAs
(siRNAs) were designed (Shanghai Genechem Co. Ltd.).
The siRNAs were transfected into cells using Lipo-
fectamine 2000 (Invitrogen Life Science, Grand Island,
NY) according to the manufacturer’s protocol, and the
silencing efficiency was examined by western blotting.

To assess autophagy flux, BMECs were transduced with
mRFP-GFP-LC3 double-labeled adenovirus (Shanghai
Hanbio Biotechnology Co. Ltd.) for 6 h, after which the
medium was replaced with fresh low-glucose complete
medium. At 48 h after transfection, the cells were cultured
with or without BDNF under normal-glucose or HG condi-
tions for 24 h, and autophagosomes (yellow) and autolys-
osomes (red) were subsequently detected using a confocal
microscope (Olympus, Japan). At least 5-7 images per
condition were analysed.

Table 1 Primer sequences for the mitochondrial DNA copy number
analysis

Genes Primer sequences

ND2 Forward, 5'-CACAGAAGCTGCCATCAAGTA-3'
Reverse, 5'- CCGGAGAGTATATTGTTGAAGAG-3'

B-actin Forward, 5'-CCATGTTCCAAAACCATTCC-3’

Reverse, 5'-GGGCAACCTTCCCAATAAAT-3’
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Quantitative reverse transcriptase-polymerase
chain reaction (qRT-PCR)

Total RNA was isolated from cells according to the manu-
facturer’s instructions. RNA purity was evaluated based on
the A260/A280 ratio, which was determined using a Mer-
inton SMA4000 system. Reverse transcription (RT) was
performed with Prime Script TM Master Mix (Takara).
gRT-PCR was performed with a StepOnePlus instrument
(ABI) using SYBR Green Mix and the PCR primers listed
in Table 2. The results were normalized to the expression
levels of B-actin.

ELISA

ELISA (Promega, USA) with a sensitivity of <80 pg/ml
was performed to measure the BDNF levels in cell super-
natants and lysates according to the manufacturer’s proto-
cols. The standards or samples were added to each well, and
after incubating for 1 h at 37 °C, each well was washed and
incubated for another 30 min at 37 °C with the indicated
antibodies. The absorbance at 450 nm was measured with a
microplate reader (Bio-Rad). The results were standardized
to the cell number in each well.

Western blotting

BMECs were lysed using a nuclear and cytoplasmic pro-
tein extraction kit purchased from Beyotime Biotechnol-
ogy according to the manufacturer’s instructions, and the
protein concentration in the lysates was measured using a
BCA protein assay kit. To assess the purity of the cell frac-
tions, we measured the levels of -actin and Lamin B1 pro-
tein in the nuclear and cytoplasmic fractions, respectively
(Supplementary Fig. 1), the results of which demonstrated
that the cell fractions exhibited good purity. Antibodies

Table 2 Primer sequences for the qRT-PCR analysis

Genes Primer sequences
BDNF Forward, 5'-GCCCAACGAAGAAAACCATAAG-3'
Reverse, 5'-GTTTGCGGCATCCAGGTAATT-3’
NRF-1 Forward, 5'-CTGATGGCACTGTCTCACTTATCC-3'
Reverse, 5'-CCACGGCAGAATAATTCACTTG-3'
NRF-2 Forward, 5'-GCAGGCCAAGATGACGAAGT-3’
Reverse, 5'-ACTTACACCGGCTCGGAGAA-3'
PGC-la Forward, 5'-CACACACAGTCGCAGTCACAAC-3'
Reverse, 5'-CACACTTAAGGTGCGTTCAATAGTC-3’
TFAM Forward, 5'-GGTCTGGAGCAGAGCTGTGC-3'
Reverse, 5'"“TGGACAACTTGCCAAGACAGAT-3'
B-actin Forward, 5'-GGCTGTATTCCCCTCCATCG-3'

Reverse, 5'-CCAGTTGGTAACAATGCCATGT-3'
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against HIF-1a (CST36169) (1:1000), microtubule-asso-
ciated protein 1 light chain 3 (LC3) (CST4108) (1:1000),
SQSTM1 (p62) (CST23214) (1:500), cleaved caspase-3
(CST9661) (1:1000), cleaved caspase-9 (CST9509)
(1:1000), Bcl-2 (CST3498) (1:1000), and Bax (CST14796)
(1:1000) were obtained from Cell Signaling Technology
(Danvers, MA, USA). Anti-BDNF (ab108319) (1:2000),
anti-BNIP3 (ab109362) (1:1000), anti-translocase of outer
mitochondrial membrane 20 (TOMM20) (ab186734)
(1:500), anti-peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1a) (ab54481) (1:1000),
anti-nuclear respiratory factor 1 (NRF-1) (ab175932)
(1:1000), anti-nuclear factor (erythroid-derived 2)-like 2
(NRF-2) (ab137550) (1:500), anti-mitochondrial transcrip-
tion factor A (TFAM) (ab131607) (1:2000), anti-Lamin B1
(ab16048) (1:1000), anti-dynamin-related protein 1 (Drp1)
(ab184247) (1:1000), and anti-voltage-dependent anion
channel 1 (VDACI1) (ab154856) (1:2000) antibodies were
purchased from Abcam (Cambridge, MA, USA). Anti-f-
actin (1:3000) and all secondary antibodies (1:5000) were
provided by Biosharp (Anhui, China). In our study, inter-
nal reference proteins and targeted proteins were meas-
ured in sister membranes. For molecules above 70 kDa, we
used 8% of SDS gels for electrophoresis, and for molecules
below 70 kDa, we used 12% of SDS gels for electropho-
resis. Subsequently, 40-60 pg of protein was loaded onto
an SDS-PAGE gel and then transferred onto nitrocellulose
membranes. The membranes were blocked with 5% non-
fat milk for 1.5 h. The membranes were incubated with
different primary antibodies overnight at 4 °C and then
visualized using anti-rabbit or anti-mouse IgG conjugated
with horseradish peroxidase for 1 h at room temperature.
The blots were detected using electrochemiluminescence
(ECL), and the results were quantified using Image-Pro
Plus 6.0 (Media Cybernetics, Rockville, MD).

Immunofluorescence staining

BMECs were fixed with 4% paraformaldehyde, permea-
bilized with 0.1% Triton X-100 for 20 min, and then
blocked with 5% bovine serum albumin (BSA) for 0.5 h
at room temperature. Anti-LC3 (1:500), anti-lysosomal-
associated membrane protein 1 (LAMP1) (1:500) (Abcam,
Cambridge, MA, USA), anti-BNIP3 (1:500), and anti-
BDNF (1:500) antibodies were incubated with the cells
at 4 °C overnight, after which the cells were incubated
with the appropriate secondary antibodies for 0.5 h in the
dark. Subsequently, the nuclei were stained with DAPI
for 15 min, and images were obtained using a confocal
microscope (Olympus, Japan). At least 3—5 images per
condition were analysed.
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Transmission electron microscopy (TEM)

Cells were fixed in 2.5% glutaraldehyde (electron micros-
copy grade) at 4 °C for 2 h, dehydrated in an ethanol series
and embedded in Epon resin. Representative areas were
chosen to generate ultrathin sections, which were viewed
using a Hitachi transmission electron microscopy (TEM)
system at an accelerating voltage of 80 kV. Digital images
were obtained using an AMT imaging system (Advanced
Microscopy Techniques Co., Danvers, MA, USA).

Statistical analysis

All of the experiments were independently repeated at least
three times. All data are presented as the mean + standard
deviation (SD). Statistical analyses were performed using
Statistical Package for Social Science (SPSS) 22.0 (SPSS,
Chicago, IL, USA). Two-tailed Student’s #-tests and one- or
two-way ANOVA with post hoc comparisons by Tukey’s
multiple comparisons test were used to compare the results.
Values of P <0.05 were considered significant.

Results
HG induces BMEC injury

BMECs were cultured under normal-glucose (con)
(5.5 mM), hyperosmosis (5.5 mM glucose +27.5 mM man-
nitol), or HG (33 mM) conditions. The CCK-8 assay results
showed that compared with the control groups, HG inhib-
ited cell viability after 24, 48, and 72 h of treatment, and
there was statistically significant time-dependence between
the cell viability (Fig. 1a). Thus, the 24-h treatment was
used for subsequent studies of HG-induced BMEC injury.
High oxidative stress refers to elevated intracellular levels
of ROS, and HG has been shown to increase intracellular
ROS production [7, 31]. Our results showed that intracel-
lular ROS formation and the MDA content were markedly
elevated after HG treatment compared with those of the con-
trol groups, whereas the opposite trend was observed for
SOD activity and NO content (Fig. 1b—e), suggesting the
presence of high oxidative stress. Because excessive ROS
generation contributes to cell apoptosis, we next performed
annexin V-FITC/PI double staining and evaluated the levels
of apoptosis pathway-related markers to assess apoptosis in
BMEC:s after HG treatment. Caspases play a central role in
the regulation and execution of apoptosis, where caspase-3
stimulates the final step in apoptosis, while Bcl-2 and Bax
are key regulators of apoptosis [32]. As shown in Fig. 1f,
the incubation of BMECs with HG led to enhanced early
cell apoptosis and decreased healthy cell populations. The
results shown in Fig. 1g also demonstrated that the HG

treatment elevated proapoptosis protein levels (cleaved
caspase-3, cleaved caspase-9, and Bax), whereas it dimin-
ished antiapoptosis protein expression (Bcl-2). In addition,
the Bcl-2/Bax ratio was significantly decreased in the HG
group. Taken together, these results demonstrated that HG
causes excessive intracellular ROS generation and BMEC
apoptosis, whereas the hypertonic treatment did not cause
significant cell damage.

HG suppresses BDNF expression

To investigate the changes in BDNF expression under hyper-
glycemia, BMECs were treated with HG for 0, 6, 12, 24, and
48 h. The results showed that the levels of BDNF monomers
and dimers, as assessed by western blotting, and total BDNF
levels in BMEC lysates and supernatants, as assessed by
ELISA, were decreased in the HG-treated groups compared
with the control groups, and the maximum decrease was
observed after 24 h of stimulation (Fig. 2a, b). These results
were also confirmed by qRT-PCR (Fig. 2c). These results,
together with the cell viability results described above,
prompted us to use the 24-h treatment for all subsequent
studies.

To further elucidate the association between decreased
BDNF expression and the HG treatment, BMECs were incu-
bated under normal-glucose or HG conditions for 24 h, after
which the distribution of BDNF in cells was visualized by
immunofluorescence staining. The results indicated that HG
significantly inhibits BDNF translocation into the nucleus
when compared with the control cells (Fig. 2d). Measur-
ing the nuclear/cytoplasmic molecular ratio is also useful
in assessing molecular nuclear translocation [33], and the
western blot results showed that the HG treatment decreased
the nuclear/cytoplasmic BDNF (dimer) ratio (Fig. 2e), fur-
ther supporting the presence of a nuclear translocation block.
Taken together, these results indicate that BDNF expression
was decreased both transcriptionally and translationally dur-
ing hyperglycemia-induced BMEC damage.

BDNF plays a protective role in HG-induced BMEC
dysfunction

BDNF has been reported to have anti-inflammatory and
antidiabetes roles. To demonstrate that BMECs cultured
under HG conditions are protected by BDNF, we treated
cells with recombinant human BDNF protein (100 ng/ml)
(Abcam, Cambridge, MA, USA), which has been shown
to be stable during cell culture [34, 35]. The CCK-8 assay
results indicated that BDNF significantly alleviated the
HG-induced decrease in cell viability compared with that
observed in the untreated HG group (Fig. 3a). In addi-
tion, BDNF exhibited antioxidative stress effects, as
evaluated by intracellular ROS formation, SOD activity,
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Fig.1 HG induces BMEC dysfunction. BMECs were cultured
under normal glucose (con) (5.5 mM), hyperosmosis (5.5 mM glu-
cose+27.5 mM mannitol), or high-glucose (HG) (33 mM) condi-
tions. a After 0, 12, 24, 48, and 72 h of treatment, cell viability was
assessed through a CCK-8 assay. b ROS production was measured
by immunofluorescence with confocal microscopy after 24 h. Scale
bar, 10 um. *P <0.05 compared with the control group at each time
point. #P <0.05 compared with the HG group at 12 h. &P <0.05
compared with the HG group at 24 h. @P <0.05 compared with the
HG group at 48 h. c—e SOD activity, MDA content, and NO content
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were determined after 24 h of treatment. *P <0.05 compared with
the control group. f After 24 h of incubation, healthy, early apop-
totic, late apoptotic, and necrotic cell populations were evaluated by
annexin V-FITC/PI double staining. *P <0.05 compared with the
control group. g Protein levels of apoptosis pathway-related proteins.
*P <0.05 compared with the control group. For a, two-way ANOVA
with post hoc comparisons by Tukey’s multiple comparisons test was
used. For b—g, one-way ANOVA with post hoc comparisons by Tuk-
ey’s multiple comparisons test was used
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Fig.2 HG inhibits BDNF transcriptional and translational expres-
sion. a, b BMECs were cultured under normal glucose or HG condi-
tions, and monomeric and dimeric BDNF protein levels in BMECs
were assessed by western blotting. BDNF in cell lysates and super-
natants was detected by ELISA. ¢ After cells were cultured for 24 h
under normal glucose or HG conditions, BDNF mRNA levels were
determined by qRT-PCR. d, e BDNF nuclear translocation in cells

MDA content, and NO content (Fig. 3b—e). As expected,
the results of the annexin V-FITC/PI double staining
assay (Fig. 3f) and measurements of apoptosis pathway-
related protein levels (Fig. 3g) showed that BDNF sup-
pressed BMEC early apoptosis after HG exposure. In the

cultured under normal glucose or HG conditions for 24 h was evalu-
ated by immunofluorescence with confocal microscopy and western
blotting to assess nuclear/cytoplasmic BDNF (dimer and monomer)
protein levels. Scale bar, 5 um. For a, b, two-way ANOVA with post
hoc comparisons by Tukey’s multiple comparisons test was used. For
¢, e, two-tailed Student’s #-test was used. *P <0.05 compared with the

control group

HG + BDNF group, late cell apoptosis increased signif-
icantly, but the total number of healthy cells increased
slightly. Although the increase was not statistically sig-
nificant compared with the HG group, the decrease in
early apoptosis combined with the changes in apoptosis
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Fig.3 BDNF alleviates BMEC damage under hyperglycemia. a
BMECs were cultured under normal glucose or HG conditions in
the presence or absence of BDNF (100 ng/ml), and cell viability was
assessed through a CCK-8 assay at different time points. b—e After
24 h of treatment, ROS production, SOD activity, MDA content,
and NO content were determined. Scale bar, 10 um. f Healthy, early
apoptotic, late apoptotic, and necrotic cell populations were evaluated

pathway-related protein levels also indicates the anti-
apoptotic role of BDNF in the HG environment. All these
results strongly suggest that BDNF can protect BMECs
from HG damage.
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BDNF preserves mitochondrial function

Since we showed that HG conditions can cause exces-
sive cellular oxidative stress and apoptosis and since these
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processes originate in the mitochondria [36], we explored the
effects of BDNF treatment on mitochondrial function. The
HG treatment resulted in an increased rate of mPTP opening,
leading to decreased mitochondrial membrane potential and
overloaded mitochondrial calcium levels compared with the

control group. In contrast, the BDNF treatment suppressed
mitochondrial swelling, thereby maintaining mitochondrial
membrane potential and decreasing the mitochondrial cal-
cium content (Fig. 4a—c). The primary role of mitochondria
in cells is the production of energy. Our results revealed that
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Fig.4 BDNF preserves mitochondrial function. BMECs were cul-
tured under normal glucose or HG conditions for 24 h in the pres-
ence or absence of BDNF (100 ng/ml). a The arbitrary rate of mPTP
opening was evaluated by measuring the absorbance of samples
at 505 nm. b The mitochondrial membrane potential was measured
via JC-1 staining with flow cytometry. ¢ The mitochondrial calcium
levels were determined using the probe Fluo-4 AM with immuno-
fluorescence detection. Scale bar, 10 um. d Intracellular ATP levels

were detected. e Cytoplasmic and mitochondrial Drplprotein levels
were detected by western blotting. f The mRNA and protein levels
of mitochondrial biogenesis markers. g The mitochondrial mass, as
evaluated by determining the mitochondrial DNA copy number, was
determined by qRT-PCR. This figure, one-way ANOVA with post
hoc comparisons by Tukey’s multiple comparisons test was used.
*P <0.05 compared with the control group. #P <0.05 compared with
the HG group
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BDNF could alleviate the hyperglycemia-decreased intra-
cellular production of ATP (Fig. 4d), suggesting a protec-
tive role of BDNF in HG-induced mitochondrial dysfunc-
tion. Because the integrity of the mitochondrial structure is
crucial for the stabilization of mitochondrial function [37],
we assessed the modification of the mitochondrial fission
marker Drpl through western blotting. The results showed
that the HG treatment promoted Drpl translocation to the
surface of mitochondria for mitochondrial fission, whereas
BDNEF alleviated this tendency (Fig. 4e).

Because excessive mitophagy in the absence of mitochon-
drial biogenesis can damage mitochondrial function [38],
we examined the mRNA and protein levels of mitochon-
drial biogenesis markers, including PGC-1a, NRF-1, NRF-
2, and TFAM. All of these markers, which are important for
the replication of mitochondrial DNA and the transcription
of nuclear-encoded genes [39], were observed to be sig-
nificantly upregulated in response to the BDNF treatment
through qRT-PCR and western blot analysis of the whole
cell lysates (Fig. 4f). To further confirm the effects of BDNF
on mitochondrial biogenesis, we examined the mitochon-
drial mass in cells, which was also increased after the BDNF
treatment (Fig. 4g). Taken together, these results suggest that
BDNF contributes to mitochondrial biogenesis.

BDNF activates autophagy flux and mitophagy
in BMECs

Mitophagy is a specific type of autophagy considered to be
a repair mechanism for damaged mitochondria. Thus, we
next assessed the effects of BDNF on autophagy flux. Com-
pared with the untreated group, the BDNF treatment group
exhibited increased LC3-II protein levels and decreased p62
levels, indicating that BDNF alleviated autophagy flux inhi-
bition. Unexpectedly, the HG group did not exhibit signifi-
cantly inhibited autophagy flux (Fig. 5a). To further evaluate
the alterations in autophagy flux caused by BDNF, BMECs
were transduced with mRFP-GFP-LC3 adenovirus and then
treated with or without BDNF after culturing under normal-
glucose or HG conditions for 24 h. We observed that the
numbers of GFP (green) and mRFP (red) puncta were sig-
nificantly increased after BDNF treatment and that greater
numbers of yellow and red puncta were observed in cells
treated with BDNF compared to the untreated cells, indicat-
ing an increase in the formation of both autophagosomes and
autolysosomes. However, in the HG treatment group, only
yellow puncta were observed, suggesting that autophago-
somes were not degraded by lysosomes (Fig. 5b). To assess
whether BDNF could alleviate the block in autophagosome
and lysosome fusion, LC3-II and LAMP1 were double
stained. After BDNF treatment, the LC3-II- and LAMP1-
stained puncta exhibited an uneven distribution throughout
the cells, and the extent of their colocalization was higher
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in the BDNF-treated group than in the untreated group
(Fig. 5¢). Thus, these results suggest that BDNF can enhance
autophagy flux under normal-glucose and HG conditions.

We next investigated the changes in mitophagy mediated
by BDNF. The levels of TOMM?20 protein (a translocase of
outer mitochondrial membrane) were observed to decrease
after cells were incubated with BDNF for 24 h compared
with those observed in the non-BDNF group, indicating the
occurrence of enhanced mitochondrial clearance (Fig. 5a).
In addition, the fusion of LC3-II and BNIP3 was enhanced
by the BDNF treatment compared with the HG treatment
(Fig. 6a), suggesting the formation of mitophagosomes.
TEM was performed to obtain direct evidence of mitophagy,
and as shown in Fig. 6b, at high magnification, the presence
of increased numbers of autophagosomes with double-mem-
brane structures containing swelled and dilated mitochon-
dria (white arrows) was observed in the BDNF-treated group
compared to the untreated group.

BDNF/TrkB induces mitophagy through the HIF-1a/
BNIP3 signaling pathway

BDNF has a high affinity to the TrkB receptor [40], and
BNIP3 acts as a receptor for targeting autophagosomes to
mitochondria [41]. To investigate whether HIF-1a/BNIP3
signaling occurs during BDNF/TrkB-activated mitophagy,
cells were treated with K-252a (Sigma-Aldrich, Saint
Louis, USA), a potent TrkB inhibitor, and siRNAs against
HIF-1a and BNIP3. BMECs were treated with or without
BDNF under normal-glucose or HG conditions for 24 h,
and the results showed that HIF-1a and BNIP3 protein lev-
els were increased in the BDNF treatment group compared
with those observed in the untreated group (Fig. 7a). The
reason why HIF-1a was not significantly different between
the BDNF group and the HG + BDNF group may be due
to the amount of BDNF added. The concentration we used
was 100 ng/ml according to the literature [42, 43] and
the CCK-8 results (not included in the article); this con-
centration may cover the effect of the HG intervention.
Next, we incubated BMECs with K-252a in the presence
of BDNF, the results of which showed that K-252a treat-
ment can inhibit HIF-1a expression in BMECs (Fig. 7b),
suggesting a connection between TrkB and HIF-1a. For
the HIF-1a knockdown assays, BMECs were transfected
with siRNA against HIF-1a for 48 h, and the silencing effi-
ciency examined by western blotting showed an approxi-
mately 70% decrease in HIF-1a protein levels compared
with that observed in the scrambled siRNA groups (Sup-
plementary Fig. 2a). Western blotting showed that silenc-
ing HIF-1o markedly downregulated BNIP3 protein levels
under HG + BDNF conditions (Fig. 7c), however, there is
no significant effect in normal state and HG state (data not
shown). For BDNF to protect BMECs against HG-induced
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injury, as seen in Supplementary Fig. 3, HIF-1a silencing
must block the protective effects of BDNF toward BMEC
dysfunction under HG conditions, as evaluated by the cell
viability assay, MDA content, SOD activity, and Bcl-2/

—_ c ~
£ SE
5 20 25 08
@8 * 38
Qs - 506
58 X9 #
o= # ° = * T
3g - Q gos -
9= E % 0.2
£ <] :;00
HG HG+BDNF ’ con BDNF HG HG+BDNF
Enlarge
]
S
g -
= *
El
2o T
S
E)
oo #
o 2 T
€
® *
2 . wepm
000 oéq ‘2‘0 er
< 0,3’
RN
25
© *
° 2 T
S =
2 g 15
T »
Q @ 10 #
9 Qo --—
(] 5
s *
s oé‘ L o\“‘
32 0&
R

cate autolysosomes. Scale bar, 10 pm. ¢ Immunofluorescence signals
of cells double labeled with LC3-II (green) and LAMP1 (red). Scale
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Bax protein level ratio, further confirming that HIF-1a is
regulated by BDNF.

Next, we detected the changes in BNIP3-mediated
mitophagy in BMECs after BDNF exposure. BMECs were
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A
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HG+BDNF

Fig.6 BDNF induces mitophagy in BMECs. BMECs were treated
with or without BDNF (100 ng/ml) in cells cultured under normal
glucose or HG conditions. a BMECs were double stained to detect
LC3-II (green) and BNIP3 (red). Scale bar, 10 um. b Representative
TEM photomicrographs showing the formation of mitophagosomes
containing mitochondria fragments (white arrows). At least 6-8 cells

transfected with siRNA against BNIP3 for 48 h, and the
observed silencing efficiency was nearly 60% (Supplemen-
tary Fig. 2b). The results of TEM observations revealed the
presence of fewer mitophagosomes (white arrows) in the
BNIP3 knockdown group (Fig. 7d). Taken together, these
results show that the BDNF/TrkB/HIF-1a/BNIP3 signaling
pathway may induce mitophagy.

BNIP3-mediated mitophagy has a protective role
in HG-induced BMEC dysfunction

Because BDNF enhanced mitophagy under HG conditions
and because mitophagy has been reported to prevent cell
damage in some instances [8, 9, 44], we assessed whether

@ Springer

Enlarge

40

8
—*

N
=)

Merged puncta
per cell

301

per cell
—|*
—

The number of
mitophagosomes
3

L.

con BDNF HG HG+BDNF
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(100 ng/ml). Scale bar, 1 um. This figure, one-way ANOVA with post
hoc comparisons by Tukey’s multiple comparisons test was used.
*P <0.05 compared with the control group. #P <0.05 compared with
the HG group. (Color figure online)

BNIP3-mediated mitophagy can alleviate intensive oxidative
stress and cell apoptosis triggered by HG. No significant
influence on intensive oxidative stress and cell apoptosis
was observed for normal and HG cells after scrambled
or targeted siRNA transfection (Date not shown). After
BNIP3 was silenced using an appropriate siRNA, BMECs
were treated with BDNF under HG conditions. The CCK-8
assay results indicated that BNIP3 knockdown decreased
cell viability when compared with the scrambled siRNA
group (Fig. 8a). In addition, BNIP3 silencing altered the
antioxidative stress effects of BDNF, which was deduced
by the observed intracellular ROS formation, SOD activity,
MDA content, and NO content (Fig. 8b—e). Furthermore,
BNIP3 silencing inhibited the protective effects of BDNF
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Fig.7 HIF-1a/BNIP3 signaling occurs during BDNF/TrkB-activated
mitophagy. a Western blot analysis of HIF-1a and BNIP3 expression
with or without BDNF treatment (100 ng/ml) after cells were cultured
under normal glucose or HG conditions. *P <0.05 compared with
the control group. #P <0.05 compared with the HG group. b BMECs
were treated with K-252a (a potent TrkB receptor inhibitor) under
normal glucose or HG culture conditions, and the HIF-la protein
level was determined by western blotting. *P <0.05 compared with
the BDNF group. #P <0.05 compared with the HG+BDNF group.

toward BMEC early apoptosis under HG conditions as eval-
uated through an annexin V-FITC/PI double staining assay
(Fig. 8f) and western blotting (Fig. 8g) after HG exposure.
These results further demonstrate that BNIP3-mediated
mitophagy can aid in preventing HG-induced BMEC injury.

Discussion

Endothelial cells ensure normal vessel contraction and
relaxation and have specific functions, such as regulating
blood pressure and maintaining the balance of coagulation
and anticoagulation factors in blood [45]. The health of the

¢ After transfection, the BNIP3 protein level was measured in cells
cultured under HG conditions with or without BDNF (100 ng/ml).
*P<0.05 vs. the indicated treatment. d Mitophagy was evaluated
by assessing the formation of mitophagosomes (white arrows) in the
TEM photomicrographs. The quantification results showed that the
number of mitophagosomes decreased after BNIP3 knockdown. Scale
bar, 1 pm. *P <0.05 versus the indicated treatment. This figure, one-
way ANOVA with post hoc comparisons by Tukey’s multiple com-
parisons test was used

brain microvascular endothelium is essential for cerebral
circulatory system health [46]. Diabetes causes a great
deal of damage to the brain microcirculatory system, and
the results of previous studies have shown that BMECs
are subjected to oxidative stress and apoptosis in diabetic
environments, affecting the normal operation of the brain
circulatory system [20, 21, 47]. Mitochondria are the pri-
mary sites for ROS production and are targets of oxidative
damage [36]. Mitochondrial dysfunction serves as a cen-
tral event in insulin resistance or hyperglycemia, resulting
in an imbalance between inflammation and the elimination
of ROS and ultimately triggering apoptotic and necrotic
cell death [48]. Moreover, the damage inflicted upon
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Fig.8 BNIP3-mediated mitophagy deficiency alleviates the pro-
tective effect of BDNF toward BMEC dysfunction under HG con-
ditions. BMECs were transfected with siRNA against BNIP3 or
scrambled siRNA for 48 h and then treated with BDNF (100 ng/
ml) under HG conditions. a Cell viability was assessed through a
CCK-8 assay at different time points. *P <0.05 compared with the
HG + BDNF +scrambled siRNA group. b—e ROS production, SOD
activity, MDA content, and NO content were determined. Scale bar,
10 um. *P<0.05 versus the indicated treatment. f Healthy, early
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apoptotic, late apoptotic, and necrotic cell populations were evaluated
by annexin V-FITC/PI double staining *P <0.05 vs. the indicated
treatment. g Protein levels of apoptosis pathway-related proteins.
*P <0.05 compared with the HG + BDNF + scrambled siRNA group.
#P <0.05 versus the indicated treatment. For a, two-way ANOVA
with post hoc comparisons by Tukey’s multiple comparisons test was
used. For b—g, one-way ANOVA with post hoc comparisons by Tuk-
ey’s multiple comparisons test was used
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mitochondria increases the permeability of the mitochon-
drial membrane, which leads to the release of cytochrome
c and the activation of the mitochondrial apoptotic path-
way [49]. Consistent with previous studies, we observed
that HG disrupted the dynamic stability of mitochondrial
fission and fusion, decreased mitochondrial mass and
biogenesis, and caused mitochondrial dysfunction, which
was followed by excessive ROS accumulation and BMEC
apoptosis. Although drugs such as probucol [50] and ven-
lafaxine [47] have been shown to inhibit oxidative stress
and human BMEC apoptosis, only mitophagy can promote
the removal of damaged and unnecessary mitochondria to
fundamentally reduce intracellular ROS production.

The antihyperglycemia effect of BDNF/TrkB typically
acts upon the nervous system. The results of a previous
study showed that cerebral BDNF can attenuate diabetic
hyperglycemia through an insulin-independent mechanism
[51]. Liu et al demonstrated that BDNF can protect reti-
nal neurons from hyperglycemia via the TrkB/extracellular
signal-regulated kinase (ERK)/mitogen-activated protein
kinase (MAPK) pathway [52]. However, there has been
increasing interest in the role of BDNF/TrkB in blood ves-
sels, as they are widely expressed in vascular endothelial
cells [53]. In the diabetic brain, TrkB can be proteolyti-
cally degraded by advanced glycation end-product (AGE)-
induced MMP9 activation, negating the protective effect of
BDNF on brain microcirculation [21]. In addition, AGEs
downregulate intracellular and secreted BDNF expres-
sion in human BMECs via the ERK/MAP pathway [20].
Endothelial NO can activate endothelial BDNF synthesis
[54], and interestingly, exogenous BDNF causes a feed-
back resulting in the overproduction of NO [55]. Moreo-
ver, our group has shown that metformin, the first-line
medication for T2DM treatment, can modulate human
umbilical vein endothelial cell (HUVEC) proliferation
and apoptosis under HG conditions via the AMP-activated
protein kinase (AMPK)/cAMP response element-binding
protein (CREB)/BDNF pathway [56] Collectively, upreg-
ulation of the BDNF/TrkB pathway is associated with
vascular endothelial health. In this study, HG conditions
caused decreased BDNF expression in BMECs and super-
natants and inhibited BDNF nuclear translocation, which
was consistent with previously observed changes in BDNF
expression in human BMECs in a diabetic model [20].
As expected from the results of previous studies [20, 21,
50], BDNF exhibited a protective effect toward the brain
microvascular endothelial system, greatly mitigating oxi-
dative stress and apoptosis. Although pro-BDNF, a BDNF
precursor that can be transformed into mature BDNF, has
a proapoptotic effect toward myocardial microvascular
endothelial cells [57]. The microvascular protective effect
of BDNF has been demonstrated in several studies, and
our study supported these results.

Autophagy involves the recycling of dysfunctional intra-
cellular organelles to promote cellular homeostasis, and
mitophagy is a specific type of autophagy that selectively
eliminates damaged and unnecessary mitochondria [58].
To the best of our knowledge, this is the first study to dem-
onstrate that BDNF can alleviate the block autophagy flux
and mitophagy deficiencies in BMECs under hyperglyce-
mia. Mitophagy is a protective mechanism that is induced
by stress, including cellular ROS accumulation, mitochon-
drial swelling, mitochondrial membrane potential decline,
and mitochondrial DNA damage [59], which is followed by
clearance of injured mitochondria and the maintenance of
homeostasis. In this study, we observed that BDNF alle-
viates mitochondrial dysfunction, although there are other
links between BDNF and resistance to mitochondrial dam-
age, such as the mPTP/pCREB/mitochondrial complex V
pathway [60] and the NO/NF-kB/sestrin2 pathway [61].
We speculated that the final node of these pathways is
mitophagy. We recently reported that in vascular smooth
muscle cells, metformin-induced mitochondrial biogenesis
is dependent on mitophagy signaling [62]. Interestingly,
we observed that BDNF elevates mitochondrial biogen-
esis markers and mitochondrial mass, which had not been
previously reported. Therefore, we speculated that BDNF-
mediated mitochondrial biogenesis is also dependent on
mitophagy. Aberrant mitochondrial accumulation increases
oxygen consumption and ROS generation, which eventu-
ally results in oxidative stress and cell death [41]. However,
these events were not detected in this study, suggesting a
perfect balance of mitochondrial production and clearance
after BDNF treatment.

Several studies have shown a connection between BDNF
and autophagy [63-65], but few reports have detailed an
association between BDNF and mitophagy, especially in
hyperglycemia environments, and both autophagy and
mitophagy were suppressed in response to HG treatment
in our study. Diabetes is typically related to hypoxia, and
HIF-1a expression was shown to be decreased in type 1
diabetes (T1DM) or T2DM [66-68]. In addition, BDNF/
TrkB signaling increases VEGF in human chondrosarcoma
cells, and VEGF is a downstream molecule of HIF-1a [69].
Furthermore, HIF-1a plays an important role in mitophagy,
especially BNIP3-mediated mitophagy [70, 71]. Based on
these studies, we examined HIF-1a as a potential bridge
between BDNF/TrkB signaling and BNIP3-mediated
mitophagy. Although autophagy and BNIP3-induced
mitophagy were inhibited in the HG state, BDNF activated
downstream signaling molecules to induce autophagy and
mitophagy. Although we have not directly demonstrated
that mitochondrial biogenesis is dependent on mitophagy,
the anti-oxidative stress and apoptosis effects of BDNF/
HIF-1o/BNIP3/mitophagy have been discovered. There-
fore, we believed that the protective effects of BDNF in HG
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stress environment depend in part on damaged mitochon-
drial clearance. To date, three mechanisms of mitophagy
have been widely investigated: BNIP3-related mitophagy,
the PTEN-induced putative kinase 1 (PINK1)/parkin path-
way, and FUN14 domain containing 1 (FUNDC1)-mediated
mitophagy. The latter two pathways are also modulated by
HIF-1a, and their relationship with BDNF requires further
study.

As another important circulatory organ, the heart is a
highly structured organ consisting of different cell types,
including cardiomyocytes, endothelial cells, fibroblasts,
stem cells, and inflammatory cells. MECs are also widely
studied in the heart system. However, unlike investigations
of BMEC:s, in addition to focusing on the cell damage and
self-regulation under pathological conditions, such as dia-
betes and ischemia—reperfusion injury, more investigations
of MECs have focused on cell-to-cell interactions. For
example, MECs transform into cardiomyocytes, and MECs
act on other cells by paracrine signaling [72-75]. In our
study, BMECs were observed to secrete the protective pro-
tein BDNF, and whether BDNF promotes various biologi-
cal effects through cell-to-cell interactions is a direction of
future research.

Our study had some limitations. First, the use of two vec-
tors in the experimental design of the HIF-1a and BNIP3
silencing assays would have increased the rigorousness of
the results. Second, because diabetes is a chronic disease
and short-term high glucose damage to endothelial cells can
not completely mimic diabetic endothelial injury, in vivo
studies should be performed in future research. Finally, in
diabetes, one of the affected organs is the eye. Specifically,
retinal ischemia and hemorrhaging are hallmarks of worsen-
ing diabetic retinopathy, which can lead to neovasculariza-
tion, macular edema, and severe vision loss [76]. Increased
VEGF can promote neovascularization, worsening diabetic
retinal ischemia. In this instance, the use of BDNF is con-
tradictory, and how to avoid damage to diabetic retinopathy
also requires further investigation.

Conclusions

In summary, the results of this study demonstrated that
BDNF can alleviate mitochondrial dysfunction, oxidative
stress and apoptosis in BMECs under hyperglycemic condi-
tions. Through BNIP3-related mitophagy, BNDF was shown
to maintain a dynamic balance between mitochondrial clear-
ance and biogenesis. In addition, we confirmed that HIF-1a
is associated with BDNF/TrkB-induced mitophagy. Fur-
thermore, BDNF-induced mitophagy was shown to pro-
mote antioxidative stress and apoptosis. Taken together,
BDNF/TrkB/HIF-1o/BNIP3-mediated mitophagy prevents
BMEC dysfunction under hyperglycemic conditions, further

@ Springer

enriching our understanding of the role of mitophagy in
cardiovascular disease. Furthermore, the protective effect
of BDNF on the cerebrovascular endothelium could be a
novel target for the treatment of diabetic cerebrovascular
complications.
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