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Abstract
Existing evidence suggests that brain-derived neurotrophic factor (BDNF) promotes survival and
proliferation of endothelial cells, stimulates mobilization of hematopoietic progenitors, and
induces angiogenesis in ischemic tissues. However, the mechanisms underlying vascular
protective function of BDNF are poorly understood. We hypothesized that BDNF increases
antioxidant capacity of circulating angiogenic cells. Human mononuclear cells were isolated from
peripheral blood of 30 healthy male volunteers (48 ± 2 years old), and cultured in endothelial
growth medium-2 for 4–5 days. The attached cells (so called early endothelial progenitor cells
[early EPCs], or circulating angiogenic cells) expressed BDNF receptors, tropomyosin-related
kinase B and p75 neurotrophin receptor. Treatment of early EPCs with recombinant human BDNF
for 24 h significantly increased manganese superoxide dismutase (MnSOD) expression, but had no
effect on expression of other antioxidant enzymes including copper zinc SOD (CuZnSOD),
catalase, and glutathione peroxidase-1. BDNF stimulated phosphorylation of IκB kinase (IKK)α/β
and stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/JNK); however it did not
activate p38, Erk, or AKT. Treatment with nuclear factor κB inhibitor, PDTC, or JNK inhibitor,
SP600125, attenuated BDNF-augmented MnSOD protein expression. BDNF treatment inhibited
apoptosis induced by a superoxide anion generator LY83583, and serum starvation-induced cell
detachment. These findings suggest that BDNF protect EPCs by increasing expression of MnSOD
thereby enhancing their antioxidant capacity.
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Brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family, plays a
critical role in supporting neuronal survival and function during development and in
adulthood (1). Under pathological conditions such as ischemic stroke, BDNF also plays an
important role in the neuronal protection and neurogenesis hence has major impact on stroke
outcome (2–5). In previous studies, we have reported that so called “early endothelial
progenitor cells (early EPCs)” produce and release BDNF (6). This is consistent with the
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concept that beneficial effect of cell therapy is mediated by paracrine effects via production
and release of trophic factors to the injured tissues and brain (7). Although BDNF is a
trophic factor for neurons, its receptors (high-affinity receptor tropomyosin-related kinase B
[TrkB], and low-affinity receptor p75 neurotrophin receptor [p75NTR]) have been found on
nonneuronal cells, such as endothelial cells, vascular smooth muscle cells, epithelial cells
and blood mononuclear cells (8–11).

Recently, several pro-angiogenic effects of BDNF have been described. BDNF mobilizes
hemotopoietic progenitor cells and promote revascularization in ischemic injury (8, 12). In
addition, it stimulates vascular endothelial growth factor (VEGF) production and endothelial
proliferation (13). It has also been reported that BDNF expression is increased in the brain
after cerebral ischemia (2–5), and in the ischemic muscle after hind limb ischemia injury (8).
The increased levels of BDNF in the injury sites may exert beneficial effects on the
mobilized or transplanted EPCs. We (14) and others (15) have demonstrated that human
EPCs have higher levels of antioxidant enzymes as compared to mature endothelial cells.
This phenotypic characteristic is critical for their survival under the conditions of oxidative
stress. In the present study, we hypothesized that BDNF might increase antioxidant capacity
in human EPCs. We provide evidence that BDNF increases expression of manganese
superoxide dismutase (MnSOD) in human EPCs and protects EPCs from oxidative stress.

Materials and Methods
EPCs isolation, cell culture and phenotyping

The protocol for collection and use of human blood samples was approved by the
Institutional Review Board at the Mayo Clinic. EPCs were obtained as previously described
(16). Briefly, human mononuclear cells (MNC) were isolated from blood samples (provided
by the Component Laboratory, Division of Transfusion Medicine, Mayo Clinic) of 30
healthy male volunteers (48 ± 2 years old) by density gradient centrifugation with Ficoll-
Paque Plus (Amersham Biosciences Corp.). Mononuclear cells were plated at a density of
2×107 cells/well on 6-well plates coated with human fibronectin (R & D Systems Inc.) in
endothelial growth medium-2 (EGM-2, Cambrex Corp.). The attached cells [early EPCs,
also referred to as circulating angiogenic cells (17)] were collected for experiments after 4–5
days of culturing. For Fluorescence-activated cell sorting (FACS) analysis, collected cells
were labeled with PE-mouse anti-human CD34 or CD14 (BD Pharmigen) on ice for 1 h. An
isotype-matched mouse IgG was used as negative control. For indirect staining, cells were
incubated with primary antibodies [mouse anti-human CD45 (BD Biosciences), vascular
endothelial growth factor receptor-2 (VEGFR-2, Sigma), or mouse IgG (control, Sigma)] on
ice for 1 h, and washed with 1% bovine albumin/PBS once. Cells were then incubated with
Alexa Fluor 488-conjugated goat anti-mouse IgG. Cells were washed with 1% bovine
albumin/PBS, and subjected to FACS analysis.

Western Blot Analysis
Western blotting was performed as previously described (14,16). Rabbit polyclonal
antibodies against MnSOD (14), copper zinc SOD (CuZnSOD) (14), glutathione
peroxidase-1 (GPX1) (Lab Frontier), and TrkB (abcam) was used at dilutions of 1:1000,
1:500, 1:250, and 1:1000, respectively. Rabbit antibodies against IkB kinase α(IKKα),
IKKβ, phospho-IKKα/β(Ser180/181), Erk1/2, phospho-Erk1/2(Thr202/Tyr204), AKT,
phospho-AKT(Ser473), and stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/
JNK) were obtained from Cell Signaling and used at dilution of 1:500. Mouse monoclonal
antibodies against catalase (Sigma-Aldrich Co.), p75NTR (Millipore), phospho-JNK(Thr183/
Tyr185) (Cell Signaling), p38α (Cell Signaling), and phospho-p38(Thr180/Tyr182) (Cell
Signaling) were used at dilution of 1:300. Peroxidase-conjugated antibodies against rabbit or
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mouse IgG (Amersham Biosciences) was used at a dilutions of 1:5000 or 1:1000,
respectively. Blots probed with actin (1:1000, Santa Cruz Biotechnology, Inc.) were used as
loading controls. The optical densities of the bands were measured by UN-SCAN-IT (Silk
Scientific Corp.). Protein expression was normalized to actin and expressed as relative
densitometric units.

RT-PCR
After EPCs were incubated with EBM2 for 15 h, cells were treated with BDNF (100 ng/ml;
Alomone Labs) for 7.5 h. Total RNA was isolated by Rneasy Micro Kit (Qiagen), and
reverse-transcripted into cDNA using SuperScript III First-Strand Synthesis System kit
(Invitrogen). The primers for amplification of cDNA are: MnSOD sense,
5'TGCATCTGTTGGTGTCCAAGGCTCAG3', MnSOD antisense,
5'ATCAATCCCCAGCAGTGGAATAAG3' (expected size of the product 139bp). GAPDH
sense, 5'GTGCCAAAAGGGTCATCATCTC3', GAPDH antisense,
5'GATGGCATGGACTGTGGTCATG3' (expected size of the product 200bp). PCR was
performed for 27 cycles (94°C for 30 sec, 55°C for 30sec, and 72°C for 1 min). The primers
used for detection of mRNA levels of p75NRT and TrkB are (18): p75NRT (sense:
5'CCTACGGCTACTACCAGGATG3'; antisense: 5'TGGCCTCGTCGGAATACG3';
expected size of the product 147bp), TrkB (sense: 5'CCCACTCACATGAACAATGG3';
antisense: 5'TCAGTGACGTCTGTGGAAGG3'; expected size of the product 221bp).
Peripheral blood mononuclear cells were served as a positive control (18). PCR products
were subjected to electrophoresis on 1.5% agarose gels. Ethidium bromide-stained PCR
products were visualized on Universal Hood II / Quantity One (Bio-Rad Laboratories), and
quantified using UN-SCAN-IT (Silk Scientific Corporation). The measured values for
MnSOD were normalized to the expression levels of GAPDH.

dUTP nick-end labeling (TUNEL) assay
Experiments were performed as described in our previous study (14). MNC were seeded on
4-well chamber slides (7×106 /well), and cultured for 4 days. The unattached cells were
removed. The remaining EPCs were treated with EBM2 containing 2% fetal calf serum
(FCS) or EBM2 containing 2% FCS + BDNF (100ng/ml) for 24h. Cells were then incubated
with EBM2 containing 2% FCS + LY83583 (an established generator of intracellular
superoxide anion, 8 μM, Cayman Chemical) (14), EBM2 containing 2% FCS + BDNF
(100ng/ml) + LY83583 (8 μM), or EBM2 containing 2% FCS (control) for 24 h. The cells
were then subjected to TUNEL assay (Click-iT TUNEL Alexa fluor 488 imaging assay,
Invitrogen). TUNEL positive (green) cells were detected (in 20 random fields/well), using a
fluorescent microscopy. Data are presented as % of total cell number.

Statistical analysis
Data are presented as mean ± SE. Differences between mean values of multiple groups were
analyzed using ANOVA followed by Tukey test (SigmaStat 3.1 for Windows). Comparison
between two groups was made using unpaired Student's t-test. P<0.05 was considered
statistically significant.

Results
BDNF increased expression of MnSOD

FACS analysis of EPCs indicated that the expression profile of cell surface antigens
(endothelial marker VEGFR2, myelomonocytic cell marker CD14, hematopoietic cell
marker CD45, and progenitor cell marker CD34 [Fig 1A–E]) was consistent with previous
reports (16,17,19). EPCs expressed both receptors for BDNF, p75NTR and TrkB (Fig
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1F,G). Treatment of EPCs with BDNF increased the protein and mRNA levels of MnSOD
(Fig 2). However, BDNF did not affect expression of other antioxidant enzymes such as
CuZnSOD, catalase, and GPX1 (Fig 2). We next investigated the cell signaling involved in
the induction of MnSOD by BDNF. BDNF stimulated phosphorylation of IKKα/β, and JNK,
but did not activate two other mitogen-activated protein kinases (MAPK) Erk1/2 and p38
(Fig 3A–C). BDNF did not increase phospho-AKT (Fig 3C). Inhibition of nuclear factor κB
(NFκB) by pyrrolidine dithiocarbamate (PDTC) or JNK by SP600125 blocked the
stimulatory effect of BDNF on expression of MnSOD (Fig 3D).

BDNF protected EPCs from oxidative stress
Next, we examined the protective effect of BDNF. Compared to control culture conditions,
incubation of cells in EBM2 + 2%FCS + LY83583 for 24 h significantly increased number
of apoptotic cells (Fig 4 A). BDNF attenuated the detrimental effect of oxidative stress (Fig
4A). Consistent with this observation, Western blotting demonstrated that LY83583
significantly reduced MnSOD protein level in EPCs (Fig 4B). BDNF treatment partially
reversed the effect of LY83583 on MnSOD (Fig 4B). BDNF also decreased the serum
starvation-caused cell detachment (Fig 4C).

Discussion
In the present study, we report two novel findings: 1) BDNF increases MnSOD expression
in human early EPCs; and 2) BDNF protects human EPCs from oxidative stress in vitro.

Like the other members of the neurotrophin family (including nerve growth factor,
neurotrophin 3, and neurotrophin 4), BDNF is synthesized from a precursor that is
proteolytically cleaved to yield the C-terminal mature protein (20). BDNF protein is widely
distributed throughout the adult central nervous system, and is essential in regulation of
synaptic plasticity, growth cone guidance, and long-term potentiation, thus influencing
learning and memory (1,21). It has been shown that BDNF expressed by endothelial cells is
neuroprotective in the neurovascular unit (22). Most importantly, BDNF also plays a key
role in vascular development and in response to vascular injury (21). Indeed, BDNF is
critical for survival of TrkB-expressing endothelial cells in intramyocardial vessels in the
late gestational and early postnatal period (23). Moreover, BDNF has been shown to
mobilize bone marrow-derived progenitor cells (8,12). However, the effects of BDNF on
EPCs are largely unexplored. Our study is the first to demonstrate that treatment with BDNF
increases MnSOD expression in human EPCs. Since BDNF levels are increased during
ischemia in brain and limbs (2–5,8), it is conceivable that ischemic injury increases BDNF
thereby enhancing resistance of mobilized or delivered EPCs to oxidative stress. This effect
may improve ability of EPCs to perform regenerative program under conditions of high
oxidative stress associated with ischemia/reperfusion. Interestingly, expression of other
antioxidant enzymes did not change in response to BDNF treatment, thus indicating that
BDNF selectively up-regulates MnSOD expression.

Both receptors for BDNF (TrkB and p75NTR) are expressed in vascular cells and
mononuclear cells (8,9,11). We also detected the expression of BDNF receptors in EPCs.
BDNF-induced TrkB activation stimulates pro-survival mediated by PI3K-AKT and MEK-
Erk pathways (1). P75NTR (also known as CD271), a member of the tumor necrosis factor/
FAS receptor family, is a low-affinity nerve growth factor receptor that has been found to be
expressed on various stem cells/precursor cells, hepatic stellate cells, and cancer cells, in
which p75NTR is involved in signaling response for cell proliferation and differentiation
(24–30). In nervous system p75NTR can modulate the affinity and specificity of Trk
receptors (31). However, it also mediates cell death when expressed in cells of the nervous
system with impaired Trk signaling pathway (31). In endothelial cells and smooth muscle
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cells, p75NTR promotes apoptosis and regulates lesion development after vascular injury
(32,33). Moreover, absence of p75NTR leads to partial perinatal lethality and defects in the
vascular system including thin vessel walls, massive vessel dilations, ruptures, and blood
cell leakage (34). The complexity of function of p75NTR is reflected in the ability of p75NTR

to activate diverse signaling pathways. Indeed, P75NTR can activate three categories of
intracellular signaling: 1) pro-apoptosis pathway including JNK pathway, 2) pro-survival
pathways including NFκB, PI3K-AKT, and Ras/mitogen-activated protein kinase, and 3)
pathways that modulate the cytoskeleton and cell regeneration including RhoA/Rho kinase
(35). Our results demonstrated that BDNF activated NFκB and JNK pathways, but not other
MAP kinases (p38 or Erk1/2) or AKT signaling. Inhibition of NFκB and JNK blocked
BDNF-induced up-regulation of MnSOD. These results suggest that NFκB and JNK
signaling contribute to the BDNF-induced increase in MnSOD. Whether the effect of BDNF
is mediated by activation of p75NTR remains to be determined.

MnSOD is a nuclear-encoded antioxidant enzyme that localizes to the mitochondria,
catalyzing conversion of superoxide anion into oxygen and hydrogen peroxide that is further
degraded into water by peroxide scavenging enzymes (36). Previous studies have indicated
that activity of MnSOD in EPCs is critical antioxidant responsive for the regenerative
function in the conditions of oxidative stress (14,15). MnSOD gene can be positively
regulated by NFκB, specificity protein1 and activating protein 1 (AP1), and negatively
regulated by AP2 (37,38). Our study has demonstrated that inhibition of NFκB and JNK
blocks the effect of BDNF on MnSOD expression, suggesting that BDNF may activate
transcription factors NFκB and AP1 in EPCs.

Mounting evidence supports the concept that transplantation of EPCs/stem cells has
beneficial effect in patients with stroke (7). EPCs/stem cells support survival of neuronal
tissue and facilitate recovery of injured neurons (7). Therefore enhancement of regenerative
function of EPC/stem cells in the injured site is essential for successful cell therapy. Our
results suggest that treatment of angiogenic cells with BDNF improve their resistance to
oxidative stress thus increasing their regenerative and therapeutic capacity
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Fig 1.
Phenotyping of EPCs. Mononuclear cells were cultured on fibronectin-coated plates in
EGM2 for 4 days. A: Phase contrast image of day 4 EPCs (× 20 magnification). B–E: FACS
analysis of cell surface markers on EPCs. Shown are representative data from at least 3
independent experiments for each marker. The open black-lined histograms represent tested
antibodies, and filled histograms represent the control IgG. F: Human EPCs expressed
receptors that bind to BDNF, TrkB and p75NTR. Positive controls (Post) for p75NTR and
TrkB are SK-N-MC cell lysate and mouse brain, respectively. G: mRNA expressions of
TrkB and p75NTR in day 4 EPCs and circulating mononuclear cells (MNC).
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Figure 2.
BDNF increased MnSOD expression in EPCs. A and B: Human EPCs were treated with
BDNF (50 or 100 ng/ml) in EBM2 for 24 h. Protein samples were subjected to Western
blotting. Blots are representative of 3 independent experiments. B: Optical density analysis
of MnSOD protein levels; n=3, *P<0.05, compared with control. C: cells were cultured in
EBM2 for 15 h, then incubated with BDNF for 7.5 h, mRNA levels were measured by RT-
PCR; n=3, *P<0.05, compared to non-treatment.
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Figure 3.
BDNF induced phosphorylation of IKKα/β, and JNK. A–C: EPCs were cultured in EBM-2
for 20 h, then were treated with BDNF for indicated periods. All blots are representative of
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at least 3 independent experiments. A: n=6–9, P<0.05 compared to control. B: n=7–11,
P<0.05, compared to control. D: EPCs were pretreated with PDTC or SP600125 for 1 h, and
then incubated with BDNF for 24 h; n=8, *P<0.05, compared to other 3 groups.
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Figure 4.
BDNF protected EPCs from oxidative stress. A and B: EPCs were incubated with indicated
treatments, then were subjected to TUNEL assay (A, n=5–8, *P<0.05, compared to other 2
groups), or Western blotting (B, n=5, *P<0.05, compared to other two groups, **P<0.05,
compared to control). C: MNC were seed in 6-well plates (20×106 cells/well, in duplicates)
and cultured in EGM2 for 4 days. The non-adherent cells were washed away, the attached
cells (EPCs) were treated with EGM2 (control), EBM2, or EBM2 +BDNF for 48 h
(treatment was refreshed every 24 h). The attached cells were collected by trypsinization and
cell numbers were counted using a hemocytometer. Data are presented as % to control
(EGM2 alone); n=7, *P<0.05.
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