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@ PERSPECTIVE

ARBs improve stroke outcome through
an AT2-dependent, BDNF-induced
proangiogenic and prorecovery
response

Preclinical stroke research has introduced a number of poten-
tial interventions that can be utilized to enhance recovery after
stroke (Lo and Rosenberg, 2009). Many of these potential inter-
ventions targeted a single component of the neurovascular unit,
but the majority of these interventions failed to prove effective
in clinical studies. Additionally, Madri et al. (2009) demonstrat-
ed that improving stroke outcome requires a well-orchestrated
prosurvival response in the neurovascular unit. This includes
promoting angiogenesis, neurogenesis and neuroplasticity.
Accordingly, it is essential to identify novel targets that can pos-
itively affect different components of the neurovascular unit.

Brain-derived neurotrophic factor (BDNF) is a 13 kDa pro-
tein that belongs to the neurotrophin family (Kermani and
Hempstead, 2007). The biological effects of BDNF include
angiogenesis, neurogenesis, and neuroplasticity (Kermani and
Hempstead, 2007; Madri, 2009). BDNF is expressed in different
components of the neurovascular unit, including brain micro-
vascular endothelial cells. Madri et al. (2009) demonstrated
an essential role of BDNF in recovery after ischemic central
nervous system (CNS) insults. Unfortunately, clinical utility of
this protein has been limited by its pharmacokinetic and chem-
ical properties (Kermani and Hempstead, 2007). Interestingly,
Krikov et al. (2008) suggested the ability of candesartan, an
angiotensin receptor blocker (ARB), to enhance BDNF-medi-
ated signaling through upregulating its receptor (Tropomyosin
receptor kinase B — TrkB) expression . This upregulation was
detected in the brain without documenting the source of this
upregulation. Additionally, Kozak et al. (2009) demonstrated
the ability of candesartan to induce a sustained proangiogenic
response in the brain after ischemic stroke. Accordingly, atten-
tion was directed to assess the effect of ARB on BDNF expres-
sion in brain endothelial cells and its involvement in ARB-me-
diated beneficial effects.

Candesartan increased BDNF expression in both the brain
and the cultured brain endothelial cells (Alhusban et al., 2013).
This increase was independent of its hypotensive effect. Addi-
tionally, candesartan induced a proangiogenic response in the
brain derived-endothelial cells (Alhusban et al., 2013), encom-
passing migration, proliferation and tube formation (Alhusban
et al., 2013). This response was blunted by inhibiting BDNF
receptor-mediated signaling via a blocking antibody (Alhusban
et al., 2013). A similar response was achieved when TrkB-Fc, a
fusion protein of the extracellular domain of TrkB and the Fc
portion of IgG that is used to inhibit BDNF signaling, was used
to inhibit BDNF signaling (Alhusban et al., 2013). Interestingly,
inhibiting BDNF-mediated signaling blunted the candesar-
tan-induced proangiogenic response (Alhusban et al., 2013).
These findings introduced BDNF as a novel angiogenic media-
tor in the brain and a key regulator of brain angiogenesis under
normoxic conditions. It was still unknown whether BDNF plays
a role in candesartan-induced angiogenesis and recovery after
stroke.

BDNF has been found to be essential during embryogenesis,
making gene deletion lethal and complicating the determination

912

of the exact biologic role in recovery after stroke (Ploughman
et al., 2009). To overcome this, we decided to use a short hair-
pin RNA (shRNA)-based knocking down strategy in adult
animals. Lentiviruses expressing shRNA directed against BDNF
were injected bilaterally in the ventricles (Fouda et al., 2016).
We adopted this strategy after demonstrating its efficiency in
knocking down more than 70% of the BDNF in whole brain
sections (Fouda et al., 2016). Lentiviruses were allowed 14 days
to fully integrate their genetic content in the brain cells (Fou-
da et al., 2016). Following this integration period, we induced
stroke using middle cerebral artery occlusion (MCAO) for 90
minutes (Fouda et al., 2016). Animals were then randomized to
receive either a single dose of candesartan or saline at the time
of reperfusion and followed up for 14 days (Fouda et al., 2016).
Consistent with our previous reports (Kozak et al., 2009), can-
desartan reduced the stroke-induced neurologic deficit and im-
proved functional recovery. This benefit was observed 24 hours
after stroke and was sustained for 14 days (Fouda et al., 2016).
Knocking down BDNF blunted both short term and long-term
candesartan-induced benefits (Fouda et al., 2016).

Angiogenesis and neuroplasticity has been shown to be es-
sential for improving stroke outcome (Madri, 2009). To assess
the involvement of BDNF in candesartan-induced angiogenic
response, we evaluated vascular density and vascular endotheli-
al growth factor (VEGF) expression in the brain sections. Can-
desartan induced a two-fold increase in the vascular density and
about a 40% increase in VEGF immunoreactivity (Fouda et al.,
2016). This proangiogenic response was completely prevented
by knocking down BDNF expression (Fouda et al., 2016). Sim-
ilarly, candesartan increased synaptic density whereas knocking
down BDNF blunted this candesartan-induced effect (Fouda et
al., 2016). Interestingly, candesartan-induced increased synaptic
density was observed in both hemispheres which suggest an
ischemia-independent effect of candesartan on neuroplasticity
(Fouda et al., 2016). Collectively, these results introduce BDNF
as a key mediator of the candesartan prorecovery effect after
stroke (Fouda et al., 2016).

Vascular endothelial growth factor is the most well studied
angiogenic factor. Kozak et al. (2009) demonstrated that the
candesartan-induced proangiogenic response after stroke was
partially mediated through increased VEGF expression. In con-
trast, blocking BDNF signaling in human cerebromicrovascular
endothelial cells (hCMECs) completely blocked the candesar-
tan-induced proangiogenic response (Alhusban et al., 2013).
Furthermore, knocking down BDNF after stroke inhibited
candesartan-induced increased VEGF expression (Fouda et al.,
2016). These findings suggest that BDNF acts as an upstream
regulator of VEGF expression in the brain after stroke.

BDNF has a well-established involvement in recovery follow-
ing CNS ischemic insults (Ploughman et al., 2009). Accordingly,
it is logical to assume that knocking down BDNF would impair
the recovery after stroke. Surprisingly, knocking down BDNF
in saline-treated animals did not affect functional recovery as
compared to vector-injected saline treated animals. Similar find-
ings were found on the molecular level, as these two groups had
similar levels of angiogenesis and synaptic density. This discrep-
ancy highlights the possibility that spontaneous brain recovery
after ischemic stroke involves different molecular pathways
from those involved in rehabilitation-induced recovery. The
majority of papers that have assessed the BDNF involvement in
recovery after stroke included a rehabilitation element or BDNF
overexpression (Ploughman et al., 2009; Fouda et al., 2016).
Ploughman et al. (2009) used an oligonucleotide-based BDNF
knockdown program to assess its involvement in motor recov-
ery after stroke. In their study, they used an enrichment and
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exercise program as an intervention and they demonstrated the
essential role of BDNF in the intervention-induced prorecovery
effect. In agreement with our findings, there was no difference
between the animals that received anti BDNF oligonucleotide
or vehicle and were not rehabilitated (Ploughman et al., 2009).

In light of these results, BDNF is an essential requirement
for ARB-induced prorecovery effect after stroke. ARBs mediate
their effects through blocking the angiotensin II receptor type
1 (AT1), which leads to unopposed stimulation of the other an-
giotensin II receptors, mainly AT2 (Alhusban et al., 2013). Iwai
et al. (2004) demonstrated that knocking down AT?2 receptor
blunts the ARB prorecovery effect after stroke. Accordingly, it
is reasonable to hypothesize that ARB-induced BDNF expres-
sion is mediated through unopposed stimulation of the AT2
receptor. To test this hypothesis, we treated hCMECs with can-
desartan or PD123319, an AT2 antagonist, or their combination
(Alhusban et al., 2013). Blocking AT2 reversedthe candesar-
tan-induced proangiogenic effect as well as the ARB-induced
BDNEF expression in hCMECs (Alhusban et al., 2013). Further-
more, direct AT2 stimulation via CGP-42112A, a selective AT2
peptide agonist, increased the migration rate of endothelial
cells and BDNF expression in endothelial cells (Alhusban et al.,
2013). These findings suggested the potential of AT2 agonists
to increase BDNF expression and consequently improve stroke
outcome. To assess the ability of AT2 agonists to increase BDNF
expression and improve stroke outcome, we randomized rats
to receive either Compound 21, a water solublenon-peptide
selective AT2 agonist, or at the time of reperfusion after stroke
(Alhusban et al., 2015). Compound 21 reduced infarct size and
improved functional recovery (Alhusban et al., 2015). This pro-
recovery effect was associated with increased BDNF expression,
an anti-apoptotic effect, and increased survival signaling in the
ischemic hemisphere (Alhusban et al., 2015). Additionally, C21
induced a proangiogenic response in the brain. This proangio-
genic response was inhibited with BDNF neutralization in hC-
MECs (Alhusban et al., 2015).

In conclusion, BDNF plays an indispensable role in ARB-in-
duced prorecovery effect after stroke. Furthermore, the ARB-in-
duced prorecovery effect is associated with a proangiogenic
response in the brain that is dependent on BDNF signaling. Ad-
ditionally, the prorecovery effect of ARBs is mediated through
the unopposed AT2 stimulation that leads to increased BDNF
expression following stroke. These findings highlight an intrigu-
ing novel pathway that can be used to improve stroke outcome
(Figure 1).
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Figure 1 Angiotensin II receptor
blockers (ARB) improve functional
outcome after stroke through
unopposed stimulation of
angiotensin II receptor type 2
(AT2).

This unopposed stimulation upreg-
ulates brain-derived neurotrophic
factor (BDNF) expression which
induces a proangiogenic state. The
proangiogenic state is associated
with improved stroke outcome.
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