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ABSTRACT The supply of oxygen and nutrients to the brain is vital for its
function and requires a complex vascular network that, when disturbed,
results in profound neurological dysfunction. As part of the pathology in
stroke, endothelial cells die. As endothelial cell death affects the surrounding cellular environment and is a potential target for the treatment
and prevention of neurological disorders, we have systematically reviewed important aspects of endothelial cell death with a particular focus
on stroke. After screening 2876 publications published between January 1,
2010 and August 7, 2019, we identified 154 records to be included. We
found that endothelial cell death occurs rapidly as well as later after the
onset of stroke conditions. Among the different cell death mechanisms,
apoptosis was the most widely investigated (92 records), followed by autophagy (20 records), while other, more recently defined mechanisms received less attention, such as lysosome-dependent cell death (2 records)
and necroptosis (2 records). We also discuss the differential vulnerability
of brain cells to injury after stroke and the role of endothelial cell death in
the no-reflow phenomenon with a special focus on the microvasculature.
Further investigation of the different cell death mechanisms using novel
tools and biomarkers will greatly enhance our understanding of endothelial cell death. For this task, at least two markers/criteria are desirable to
determine cell death subroutines according to the recommendations of
the Nomenclature Committee on Cell Death.

INTRODUCTION
The brain is a metabolically active organ that consumes
about 20% of the total energy of the body [1]. At the same
time, it is unable to store significant amounts of energy,
which makes it uniquely dependent on constant supplies
provided by the circulation. For this reason, the brain contains a dense vascular network. Thus, the average distance
between microvessels is less than 20 µm in the gray matter,
suggesting that each neuron has its own capillary [2]. In
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Abbreviatons:
ASM – acid sphingomyelinase,
ATG – autophagy related,
BBB – blood brain barrier,
EC – endothelial cell,
HBMEC – human brain microvascular EC,
LDH – lactate dehydrogenase,
MTT – 3-(4,5-Dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide,
OD – oxygen deprivation,
OGD – oxygen-glucose deprivation,
PI – propidium iodide,
SAH – subarachnoid hemorrhage,
TdT – terminal deoxynucleotidyl
transferase,
TUNEL – TdT-mediated dUTP nick end
labeling.

clinical medicine, vascular pathology is the most common
cause of central nervous system dysfunction presenting in
the form of acute stroke or chronic small vessel diseases.
As part of these vascular pathologies, endothelial cell (EC)
death occurs and affects the surrounding cellular environment, making it a potential target mechanism for the
treatment and prevention of neurological disorders. This
review provides a systematic overview of important aspects of EC death with a particular focus on stroke.
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Characteristics of brain ECs
Together with neurons and the extracellular matrix, cerebral vessels are part of the neurovascular unit. They are
composed of various cell types, including ECs, smooth
muscle cells, pericytes, perivascular macrophages, and
astrocytes. An intensive crosstalk between cells via soluble
factors, including cytokines, contributes to vessel structure,
function, and maintenance [3]. The endothelium is the
core building block forming the innermost layer of vessels
and representing the pioneering cells for new vessels. During development, ECs differentiate from intra-embryonic
mesoderm-derived angioblasts and invade the mouse brain
by capillary sprouting at around E9.5 [4]. Recently, erythromyeloid progenitors born in the yolk sac have been reported to differentiate into a second subset of ECs occurring in
the mouse brain after E10.5 as well as in other organs [5].
Under the influence of adjacent cells in the neurovascular unit, the endothelium develops the characteristic
properties of the blood-brain barrier (BBB). The BBB is a
highly selective barrier through which transport is accurately controlled. Accordingly, brain ECs are characterized
by a unique expression pattern of genes, including those
for various tight junction proteins that restrict paracellular
transport [6-9]. More than this, the transcellular transport
is limited by low transcytosis rates and specialized transporters that are able to deliver only specific compounds
through the BBB and exclude many others. Unfortunately,
many of the characteristic in vivo features of the BBB are
lost when the cells are cultured [10]. Therefore, conclusions based on cell culture studies that we report below
should be verified in vivo.
Physiological EC death
During development, the growth of the brain is associated
with an expansion of the vascular network by angiogenesis.
Intravital imaging has demonstrated a profound remodeling of the vasculature in the developing mouse cortex and
zebrafish mesencephalon [11, 12]. Capillaries with low
perfusion are shut down, indicating that endothelial proliferation is accompanied by vessel pruning to shape the

newly formed vasculature according to tissue needs. Chen
and colleagues observed that cell movement drives vessel
regression without evident cell death in the brains of
zebrafish larvae [11]. However, a more recent analysis
demonstrates that some EC apoptosis occurs during the
remodeling of the brain vasculature in zebrafish larvae [13].
Therefore, EC death may still contribute to vessel regression and play a crucial role in vascular remodeling during
brain development (for review see [14]).
A sensitive measure of vessel loss in brain tissue is the
increased formation of so-called “string vessels” (Figure 1).
When ECs die, the ensheathing basement membrane is left
over and usually collapses to string-like structures. [15, 16].
These acellular capillaries contain collagen IV and laminin
α5 as basement membrane components, but lack the panendothelium marker CD31 [15]. Laminin α5, a constituent
of the endothelial basement membrane, bears witness of
the ECs that were once present. Surprisingly, string vessels
persist at least for months [15, 16], yielding a cumulative
measure of vessel pruning. So far, it is unclear which forms
of EC death would give rise to string vessels. Similar structures may even develop in the absence of cell death when,
during development, ECs retract from vessels that have a
low perfusion [11]. This physiological process may be a
partial cause of string vessels that occur throughout the
brain under normal conditions [15, 16]. Notably, some
string vessels are not covered by pericyte processes and
astrocytic endfeet [15]. This feature has led to their interpretation as tunneling nanotubes that are potentially involved in intercellular crosstalk and angiogenesis [17]. Although intriguing, this concept is mostly hypothetical so far.
In adulthood, the cerebrovascular system is quite stable; ECs are quiescent with a long turnover time. This low
rate of remodeling further declines with age [12]. There is
no evidence for physiological EC death in the brain during
early adulthood, but the situation changes in old age. Despite some controversy in the published literature, the
majority of studies agree on the existence of brain vessel
rarefaction in old age [reviewed in 18]. The density of vessels decreases and string vessels increase with age in hu-

FIGURE 1: Example of a string-vessel in the mouse cortex. The vessels are labeled with the basement membrane marker Collagen IV (Coll
IV, green) and CD31 (magenta). String-vessels are positive for collagen IV, but not CD31. Image achieved by confocal microscopy of a 100 µm
thick brain slice. Scale bar = 10 µm.
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mans and animals. A recent study has reported an increase
of apoptotic, active caspase-3-positive ECs in the cortex of
20-months old mice [19]. Increased endothelial apoptosis
was related to elevated levels of acid sphingomyelinase
(ASM) in old mice. ASM triggered apoptosis in the primary
culture of ECs. More importantly, EC death and vessel rarefaction were prevented in mice heterozygous for Smpd1
(the gene encoding ASM) or by pharmacological inhibition
of ASM [19]. Thus, ASM appears as a drug target to prevent
physiological EC death and its functional consequences.
The many facets of pathophysiological cell death
While physiological (“programmed”) cell death during development is vital for removing vestigial tissues and for
sculpting the body [20], extensive cell death during an injury can be devastating – in particular because brain cells are
often irreversibly lost.
For decades, cell death was dichotomized into necrosis
and apoptosis based on macroscopic morphological characteristics (morphotypes). Necrosis has been defined by
the swelling of organelles, increased volume of cells, and
disruption of the plasma membrane, the latter leading to
release of intracellular content. In contrast, in apoptosis,
cells display signs of cell shrinkage, nuclear fragmentation,
chromatin condensation (pyknosis), and chromosomal DNA
fragmentation (karyorrhexis) [21, 22]. Subsequently, it
became clear that this dichotomy cannot fully explain the
complexity of cell death biology. Inhibiting a specific cell
death subroutine, such as apoptotic cell death, is not sufficient to prevent cellular demise, including the one that
occurs during development, but rather leads to a shift in
morphotypes [23, 24].
Until now, a variety of regulated cell death mechanisms
have been described. These include anoikis (a variant of
intrinsic apoptosis initiated by the loss of integrindependent anchorage), autophagy-dependent cell death
(cell death dependent on the autophagic machinery), ferroptosis (iron-dependent cell death initiated by oxidative
perturbations), lysosome-dependent cell death (cell death
with primary lysosomal membrane permeabilization and
the involvement of cathepsins), and necroptosis (cell death
dependent on mixed lineage kinase domain-like protein
(MLKL) and receptor interacting protein kinases (RIPK)),
among others (for an extensive review, see [25]). This
framework opens the opportunity to further characterize
cell death subroutines in neurological diseases and gives
the hope that, by identifying the underlying mechanisms,
new therapeutic targets will emerge.
Detection of EC death
To identify dead or dying cells, light and electron microscopy have been traditionally used and still represent valuable tools in cell death research. While light microscopic
techniques offer the fast and relatively inexpensive detection of cell death, they do not allow discriminating different cell death subroutines. Ultrastructural information as
determined by more laborious electron microscopy, on the
other hand, can differentiate between necrosis and apop-
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tosis based on the morphological criteria described above
(for a review in stroke see [26]).
However, the detection of other cell death subroutines
requires biochemical tools and, hence, many markers and
methods have been developed in the past [26]. Their usefulness has to be re-evaluated with the knowledge of all
the subroutines because only some markers can discriminate between different forms of cell death. As a general
recommendation, the Nomenclature Committee on Cell
Death encourages the use of at least two independent
markers or criteria to confirm a specific cell death mechanism [27]. We will briefly describe the more specific techniques and their caveats in this section.
Imaging based on the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) reaction, cleavage of caspase-3, increase in annexin A5, and
the expression of the apoptosis regulator (BCL2) protein
family have greatly contributed to the investigation of
apoptotic cell death. TUNEL detects DNA fragments on a
single cell basis both in vitro and in vivo based on the addition of labeled nucleotide triphosphates to the free 3’-OH
termini of double-stranded DNA by TdT [28]. While it is
widely used as a marker for apoptosis, there is considerable evidence suggesting that TUNEL cannot reliably distinguish between apoptotic and necrotic cell death [29]: cells
displaying morphological features of apoptosis do not always show DNA fragmentation [30] and necrotic cells may
be TUNEL-positive [31-33].
Active caspase-3 is a more specific marker for apoptosis
than TUNEL staining [25]. However, there is also a caspaseindependent form of intrinsic apoptosis [27], and some
caspases are involved in pro-survival functions [34] as well
as other regulated cell death mechanisms [25]. Besides
caspase-3 cleavage, the effect of pharmacological inhibitors of caspases may be indicative of apoptosis. Nonetheless, the inhibition of caspases may not prevent cell death
but shift its morphotype, an observation that led to the
discovery of necroptosis [23].
Annexin A5 (also called annexin V) specifically binds to
phosphatidylserine, which is translocated to the outer leaflet of the plasma membrane during apoptosis [35]. However, phosphatidylserine externalization may not always be
associated with cell death [36-38]. In addition, annexin A5
also binds to intracellular phosphatidylserine in case the
plasma membrane is disrupted, which occurs during both
necrosis and later in apoptosis [22, 39, 40]. Annexin A5 can
be combined with markers of disrupted membranes such
as ethidium homodimer or propidium iodide (PI) [41] that,
by themselves, cannot discriminate between different cell
death subroutines. For the in vivo application, annexin A5
and/or ethidium homodimer/PI have to be injected intravenously prior to histological evaluation of the animal because tissue preparation otherwise generates a high rate of
false-positives due to cutting and treatment with detergents that break open the plasma membrane. Fluorescent
and radiolabeled annexin A5 probes are available to investigate cell death noninvasively over time [42-44].
The expression of BCL2 family proteins can hint towards apoptosis. BCL2 associated X (BAX, apoptosis regula-
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tor), BCL2 antagonist/killer 1 (BAK1 or BAK), and/or BCL2
family apoptosis regulator (BOK) form pores across the
mitochondrial outer membrane and increase its permeability. The permeabilization of the mitochondrial outer membrane is antagonized by the anti-apoptotic members of the
BCL2 family, including BCL2 and BCL-XL (also BCL2 like 1 or
BCL2L1). The anti-apoptotic BCL2 family members sequester BAX and BAK, but are bound to so-called sensitizers or inactivators, including BCL2 associated agonist of cell
death (BAD), BH3 interacting domain death agonist (BID),
BCL2-interacting mediator of cell death (BIM, also BCL2 like
11, BCL2L11), and p53-upregulated modulator of apoptosis
(PUMA or BBC3) (for review see [25]).
As a specific subtype of intrinsic apoptosis induced by
the loss of cell adhesion, anoikis can be identified by similar indicators as apoptosis, i.e. the expression of BCL2 family members that participate in or antagonize mitochondrial
outer membrane permeabilization and by the activation of
the executioner caspase-3.
Autophagy is characterized by the conjugation of the
cytosolic form of microtubule-associated protein 1A/1Blight chain 3-I (LC3-I) to phosphatidylethanolamine. The
conjugated protein LC3-II and its recruitment to autophagosomal membranes can be detected by western blotting
or immunofluorescence. There are twenty genes regulating
autophagy (Atg) providing opportunities to test for this
form of cell death by knockdown or knockout, although
some Atg genes have functions unrelated to autophagy
[45]. Moreover, the autophagy inducer rapamycin (mechanistic target of rapamycin (mTOR)) and the autophagy inhibitors 3-methyladenine (targeting phosphoinositide 3kinase, autophagosome formation), bafilomycin A1 (inhibiting endosomal acidification), chloroquine (inhibiting lysosomal function), and mdivi-1 (mitochondrial division inhibitor 1 that targets dynamin-related protein 1 (DRP1)) can be
used to assess autophagy. Since cells often induce autophagy in an attempt to adapt to stress, blocking autophagy
generally accelerates (rather than delays) cellular demise.
Under certain circumstances, autophagy can, however,
contribute to cell death or engage in other cell death modalities [25].
In ferroptosis, lipid peroxides are not sufficiently
cleared by glutathione peroxidase 4 (GPX4) and accumulate. The dyes C11-BODIPY and Liperfluo provide a rapid
measure of overall lipid peroxidation, while liquid chromatography and tandem mass spectrometry analysis are able
to detect specific oxidized lipids. With the latter technique,
it is possible to assess GPX4 activity using phosphatidylcholine hydroperoxide reduction in cell lysates [46]. In addition,
there are a number of genetic and pharmacological inhibitors to test for ferroptosis [46].
For the detection of lysosome-dependent cell death,
calpain and cathepsin activity are useful markers. Specific
inhibitors of their functions, including calpain inhibitor I
(ALLN), endogenous protease inhibitors (cystatins and serpins), pharmacological agents specific for cysteine cathepsins (e.g., E64D and Ca-074-Me) or aspartyl cathepsins (e.g.,
pepstatin A) may provide further evidence for lysosomedependent cell death [25].
OPEN ACCESS | www.cell-stress.com

333

To identify necroptotic cell death, many studies have
shown the activation of the necroptotic machinery including RIPK1, RIPK3, and MLKL. While an increase in total protein level of RIPK1 does not conclusively indicate necroptosis, but rather tumor necrosis factor-induced complex IIb
apoptosis [47, 48], RIPK1 autophosphorylation at serine
166 as detected by phospho-specific antibodies is a more
appropriate measure of RIPK1 kinase activity and necroptosis [49-51]. In addition, antibodies directed against phospho-RIPK3 and phospho-MLKL [52-54] may enhance the
investigation of this cell death mechanism in the future.
Pharmacological inhibitors, such as necrostatin-1 (Nec-1,
versus its inactive variant Nec-1i) and its more stable form
Nec-1s (inhibitors of RIPK1) [23, 55], GSK872 and dabrafenib (inhibitors of RIPK3) or necrosulfonamide (inhibitor of
MLKL) allow dissecting necroptosis pathways. However,
Nec-1 and Nec-1i, but not Nec-1s, also inhibit indoleamine
2,3-dioxygenase [56], while dabrafenib is a blocker of BRAF
in cancer cells [57].
In addition to the above-mentioned markers and techniques that identify specific cell death subroutines (except
for single staining of PI and ethidium homodimer), more
general cell viability/death measures are commonly employed because they can be used for faster throughput and
are not biased towards specific mechanisms.
The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazol
ium bromide (MTT) assay is a fast and inexpensive, and
hence widely used, colorimetric assay of cell viability. It
relies on the conversion of MTT to the water-insoluble
formazan by mitochondrial succinate dehydrogenase. The
decrease of MTT in cell culture is proportional to the number of dead cells. However, the assay is dependent on mitochondrial respiration and indirectly serves to assess the
cellular energy capacity of a cell [58, 59]. Thus, interventions affecting mitochondrial respiration may lead to erroneous results. In addition, the MTT assay does not provide
information about a specific cell death mechanism, and
caution should be taken when interpreting data from cell
lines as proliferation may mask effects. Additional evaluation to confirm cell death is necessary, e.g. by microscopy
or another independent cell death measure.
Similar to MTT, the lactate dehydrogenase (LDH) assay
is also an unspecific measure of cell death. LDH is a soluble
cytosolic enzyme that is released into the culture medium
upon cell death due to the damage of the plasma membrane. The magnitude of LDH efflux correlates in a linear
fashion with the number of cells damaged [60].

SYSTEMATIC REVIEW OF EC DEATH IN STROKE
The vasculature plays an essential role for the proper functioning of the brain and is involved in the etiology and
pathophysiology of cerebrovascular diseases, and potentially also in other neurological disorders [61]. While there
are many excellent reviews on the role of the BBB in health
and disease [61, 62], the mechanisms of EC death are less
well described. The last review on brain EC death was in
2010 [63], before some of the cell death subroutines have
been described. Therefore, this review aims to capture a
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comprehensive picture of the latest findings on brain EC
death mechanisms. To do so, we have performed a systematic screen of the literature on EC death according to
the guidelines for Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) [64].
Search Strategy
We searched for publications listed in PUBMED describing
cell death of brain ECs. Details on the search strategy are
provided in the Supplemental Data. Publications between
January 1, 2010 and August 7, 2019 were included. We
chose the start date to include studies that were published
after the last review on this topic [63]. Data from non-brain
ECs, EC progenitors, mixed cultures, and whole brain tissue
without EC-specific markers were excluded. Publications

containing data on BBB dysfunction and neurovascular
remodeling without any data on brain EC death were also
excluded. We included in vitro and in vivo studies but only
publications in peer-reviewed journals containing primary
data. Review articles, articles without full text accessibility,
and non-English articles were excluded.
Selection of Studies and Data Extraction
One author (M.Z.) screened the abstracts and subsequently
reviewed the full-text versions of the potentially eligible
studies. After screening 2876 publications, we identified
612 full-texts, of which 215 publications were from research on stroke (with 176 ischemic and 42 hemorrhagic
records), 52 on infection, 46 on drugs and environmental
toxins, 44 each on brain hypoxia and inflammation, and 43
FIGURE 2: PRISMA flow
chart of the systematic
search on brain EC death.
Of note, the number of
records does not equal
the number of studies due
to experimental designs
including multiple models.
AVM: arteriovenous malformation; CCM: cerebral
cavernous malformation.
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on dementia. All other disorders and stress models retrieved below 30 records (Figure 2). This suggests that EC
death is an important feature in studies of the pathophysiology of different brain diseases (Supplemental Figure 1).
Among all brain diseases in which EC death has been investigated, we have focused on stroke, as this was by far the
most frequently studied and the most prevalent disease.
From publications in stroke, we excluded 63 further
publications (64 records) after screening the full-texts, resulting in 152 publications (154 records) to be included
(Figure 2, Supplemental Tables 1-2). To assess the potential
risk of bias in the included studies, we performed a risk of
bias analysis according to the Cochrane guidelines [65],
with modifications for preclinical research [66], considering
the following: i) randomization, ii) sample size calculation,
iii) allocation concealment (all selection bias), iv) blinding,
v) exposure classification (i.e. target engagement, verification of compound) (both performance/detection bias), vi)
complete outcome analysis (attrition bias), vii) selective
reporting (reporting bias), viii) conflict of interest, and ix)
correct statistical analysis (both other bias) (Supplemental
Table 3). The assessment was performed with respect to
the endothelial cell death measurements. According to the
Cochrane guidelines, each study was judged as ‘low risk’,
‘high risk’ or as ‘unclear risk’, with the last category indicating either the lack of information or uncertainty over the
potential for bias [65].

We analyzed diverse in vitro and in vivo models for
both ischemic and hemorrhagic stroke (Table 1), that had a
clear focus on oxygen-glucose deprivation (OGD, 109 included publications, 70.8%), while only 39 records (25.3%)
used in vivo models, and no data from patients was available. 18.8% of studies investigated hemorrhagic stroke (29
records).
Time course and location of EC death in stroke
In the studies employing in vitro models of stroke, brain EC
death was evaluated between 30 min and 48 hours after
starting the noxious stimuli that mimic brain ischemia.
Rakkar and colleagues exposed human brain microvascular
ECs to OGD and found an increase in intracellular calcium,
active caspase-3, and TUNEL staining as early as 30 min
after OGD onset [67]. Other studies reported reduced cell
viability (as detected by MTT) in primary rat brain microvascular ECs [68] and the mouse brain EC line bEnd.3 [69]
as early as 2 hours after the onset of OGD.
However, two studies showed a reduction of viability
(as detected by MTT) starting only at 6 hours of OGD in
primary rat brain microvascular ECs [70, 71] and another
study using bEnd.3 cells found decreased cell viability (as
detected by MTT) and increased annexin A5/PI staining by
6 and 12 hours of OGD [72]. Other studies in primary
mouse brain microvascular ECs and bEnd.3 cells detected
the start of cell death (according to MTT and active caspa-

TABLE 1. Distribution of records according to experimental models used.

Stroke Subtype

Model

In vitro/in vivo

Ischemic

Oxygen-glucose deprivation

in vitro

109

Transient middle cerebral artery occlusion

in vivo

17

Permanent middle cerebral artery occlusion

in vivo

5

Embolic stroke

in vivo

4

Glutamate toxicity

in vitro

2

Barrel cortex stroke

in vivo

1

Total
Hemorrhagic

Number of records

139

Subarachnoid hemorrhage

in vivo

10

Bilirubin toxicity

in vitro

5

Hemin toxicity

in vitro

5

Collagenase toxicity

in vitro

2

Hemoglobin toxicity

in vitro

2

Thrombin toxicity

in vitro

2

Collagenase-induced intracerebral hemorrhage

in vivo

1

Ferrous ammonium sulfate

in vitro

1

Systemic cell-free hemoglobin

in vivo

1

Total
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se-3) even later, at 12 hours [73-75] or 16 hours after OGD
onset [76].
In vivo, in a model of permanent barrel cortex ischemia,
Li and colleagues demonstrated that the total number of
collagen IV-positive vessels (strictly speaking a marker of
the basement membrane and not the ECs) decreased significantly starting at 12 hours after ischemia with a continuous decline up to 72 hours [77]. Friedrich and colleagues
assessed cell death in a rat model of subarachnoid hemorrhage (SAH). Of all cells positive for cleaved-caspase-3,
~10% colocalized with collagen IV, which was found in the
caudate-putamen, thalamus, and hippocampus as early as
10 min after the injury with a further increase until 24
hours [78]. At 3 days after SAH in rats, Cui and colleagues
detected EC death in the anterior and middle cerebral arteries, where about one third of all EC was TUNEL-positive
[79]. Similarly, morphological features of EC death were
present between 1 and 3 days after transient middle cerebral artery occlusion, including swollen and deformed EC
[80, 81], swollen mitochondria with vague crista, and
blurred membranes in ECs and edema in the basement
membranes [82], while other ECs were still intact.
At 7 days after 90-min middle cerebral artery occlusion
in the mouse, the number of CD31-positive cells was reduced in the core but increased in the penumbra [83]. In
accordance with these data, Jiang and colleagues reported
the survival of some Glut-1-positive vessels inside the core
region even until 7 days after ischemic stroke (permanent
middle cerebral artery occlusion plus transient ligation of
the bilateral common carotid artery) [84]. Glut-1 is an essential glucose transporter expressed by ECs in the brain
[85]. Even at 30 days after 60-min middle cerebral artery
occlusion, ultrastructural abnormalities (as detected by
electron microscopy) were still observed in the striatum
capillary endothelia and edematous ECs with swollen mitochondria were adjacent to healthy ECs in the motor cortex
of the ipsilateral hemisphere [86].
Thus, EC death occurs both rapidly and later after the
onset of stroke conditions, mainly in the core region, but to
a certain extent also in remote areas. Further investigations about the location of EC death are warranted and
techniques, such as tissue clearing and light sheet microscopy [87] as well as vascular tree analysis [88], may greatly
enhance our understanding of the location of EC death in
the macro- and microvasculature.
The fast decline of the endothelium may play a role in
the early impairment of neurological functions and may
interfere with later recovery. However, further research is
needed to determine to which extent vessel regression in
the ischemic hemisphere is caused by EC death and which
consequences result from brain EC death after stroke.
EC death mechanisms in stroke
Among the different EC cell death mechanisms in stroke
identified in this systematic review, apoptosis was the
most widely investigated (92 records), followed by autophagy (20 records), while other, more recently defined mechanisms received less attention, such as lysosomedependent cell death (2 records) and necroptosis (2 recOPEN ACCESS | www.cell-stress.com
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ords). We found no records dealing with anoikis or ferroptosis (Table 2, Supplemental Table 1). Forty-nine publications did not use specific cell death markers. Only 54 out of
152 studies (35.5%) used at least two markers or criteria to
confirm the cell death mechanisms as is recommended by
the Nomenclature Committee on Cell Death [27].
Ischemic stroke
Ischemic stroke is the most common subtype of stroke and
occurs when the blood supply to an area of the brain is
decreased or interrupted, leading to damage of brain cells
due to the lack of oxygen and nutrients. Ischemic stroke
can be modeled in vitro by using OGD, which mimics the
decreased supply of oxygen and glucose to cells. In vivo
ischemic stroke is induced most commonly by permanent,
transient middle cerebral artery occlusion and embolic
stroke (for review see [89]).
Evidence for apoptotic cell death of ECs comes from a
number of investigations. In a detailed study, Hou and colleagues demonstrated that rat primary cerebral microvascular ECs exposed to 8-hour transient OGD presented mitochondrial membrane depolarization, BAD activation, and
caspase-1/3 cleavage at 6 hours accompanied by a positive
TUNEL staining and externalized phosphatidylserine at 24
hours [90]. In bEnd.3 cells, Liu and colleagues found a timedependent increase in the levels of cleaved caspases-3 and
-9 between 6 and 12 hours of OGD [91]. Other studies corroborate these findings of apoptotic cell death in bEnd.3
cells [92-96], in a human brain microvascular EC line
(HBMEC [97-99]) as well as in primary brain microvascular
ECs from rats [100, 101] and mice [75, 102-104].
For the assessment of transient cerebral ischemia, OGD
is followed by a phase of reoxygenation in normal culture
medium. Whether transient ischemia causes additional
damage to ECs remains unclear so far. One study noticed
more caspase-3/7-positive HBMECs in transient than in
permanent OGD [105], while another study in the same
cell line showed a non-significant reduction in the levels of
caspase-3/7 in transient compared to permanent OGD.
TUNEL staining led to comparable results under both conditions [67].
Besides apoptosis, other cell death mechanisms have
been investigated in OGD. When exposed to transient OGD
of up to 16 hours, EC death is modulated by autophagy (as
detected by an increase in LC3-II or the autophagy-specific
pharmacological modulation of EC survival) [106-109]. In a
detailed mechanistic study investigating the protein levels
of BCL2, BAX, and cleaved caspase-3, Chen and colleagues
found no evidence that brain microvascular ECs (BMEC)
undergo apoptotic cell death when exposed to 2 hours of
OGD. In turn, they reported elevated protein levels of
DRP1 and phospho-DRP1, while they strikingly observed a
decrease in LC3-II. Treatment with the autophagy inducer
rapamycin significantly improved cell viability (as detected
by
MTT)
while
the
autophagy
inhibitors
3-methyladenine and chloroquine decreased it. Electron
microscopy revealed tubular and damaged mitochondria
inside autophagosomes [106]. These data would fit to the
concept of a protective autophagy eliminating damaged
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TABLE 2. Distribution of records according to cell death mechanisms and markers.

Cell death mechanism

Marker

Apoptosis

Cleaved caspases/caspase activity
Annexin A5/propidium iodide or 7-ADD
TUNEL
BCL2 family members (BCL2, BCL-XL, BAX, BAK, BAD, BIM, BID)
Mitochondrial depolarization
Phospho-JNK
Cytochrome c release
Apoptotic bodies (EM)
JNK inhibitor
Swollen mitochondria (EM)
Caspase inhibitors
Cytoplasmic DNA fragments
ISL assay for DNA fragmentation
Phosphatidyl serine exposure
Phospho-p38
Shrunken cell body, condensed cytoplasm (EM)
Total
LC3-II/I
Autophagy inducers/inhibitors
Beclin-1
DRP1/mitochondrial fission
Formation of autophagosomes (EM)
Mechanistic target of rapamycin (mTOR)
Atg7
BNIP3
Monodansycadaverine
Total
Calpain
Cathepsin
Total
RIP1/RIP3
Necroptosis inhibitors
Total
MTT/MTS/WST-1/WST-8/CCK-8
Lactate dehydrogenase (LDH)
Dapi/Hoechst/Trypan blue
Propidium iodide
Microvascular density (CD31/collagen IV/RECA-1)
Intracellular calcium increase
Swollen nucleus, cytoplasm or whole cell (EM)
Acridin Orange/Ethidium bromide
Cellular morphology (phase contrast)
Live/dead staining
Annexin A5 alone
Cell swelling
Total

Autophagy

Lysosome-dependent
cell death
Necroptosis

Non-specific

Number of records
51
34
30
26
5
5
3
2
2
2
1
1
1
1
1
1
166
11
6
6
3
2
2
1
1
1
33
1
1
2
2
1
3
77
43
18
15
7
4
4
3
2
2
1
1
177

7-ADD: 7-aminoactinomycin D; BAD: BCL2 associated agonist of cell death; BAK: BCL2 antagonist/killer 1; BAX: BCL2 associated X, apoptosis regulator; BCL2: apoptosis regulator family; BCL-XL: BCL2 like 1 (BCL2L1); BID: BH3 interacting domain death agonist; BIM: BCL2interacting mediator of cell death (also BCL2 like 11, BCL2L11); BNIP3: BCL2 interacting protein 3; CCK-8: Cell Counting Kit-8; DRP1: dynamin-related protein 1; EM: electron microscopy; ISL: in situ ligation; LC3: microtubule-associated protein 1A/1B-light chain 3; MTT: 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; phospho-p38: phosphorylated p38 mitogen-activated protein kinase; phospho-JNK: phosphorylated c-Jun N-terminal kinase; RIP: receptor-interacting serine/threonine-protein kinase; TUNEL: TdT-mediated dUTPbiotin nick end labeling; WST: water-soluble tetrazolium.
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mitochondria, a process that seems to be based on DRP1
instead of LC3 [110].
Endothelial autophagy is not restricted to in vitro paradigms. Li and colleagues found elevated beclin-1 expression in cerebral microvessels between 6 and 24 hours after
the onset of focal cerebral ischemia [77]. Garbuzova-Davis
and colleagues observed the formation of autophagosomes (as detected by electron microscopy and beclin-1
immunostaining) in ECs of both the ipsilateral and contralateral striatum and the ipsilateral motor cortex 30 days after
60-min middle cerebral artery occlusion in the rat [86].
In contrast, a study by Engelhardt and colleagues investigated primary rat brain EC exposed to 24 and 48 hours of
oxygen deprivation (OD) or permanent OGD. Only OGD but
not OD alone reduced cell viability (as detected by MTT),
which was more pronounced after 48 hours. They further
investigated apoptotic cell death and autophagy in a rat
brain endothelial cell line (RBE4). Despite an initial increase
in BCL2 interacting protein 3 (Bnip3) mRNA, BNIP3 protein
was decreased after 48 hours of OGD [111]. Notably, the
function of BNIP3 is still controversial. It is involved in the
apoptotic process, but also seems to contribute to the cell
survival via autophagy [112, 113]. In the same study by
Engelhardt and colleagues, a reduction of the apoptotic
marker BAX as well as the autophagy markers beclin-1 and
LC3-II was detected in ECs upon OGD exposure [111].
However, before concluding from these data that OGD
does not induce autophagy in ECs, it has to be taken into
account that changes were only observed at 48 hours, a
time point when the survival of the cells was severely reduced and those cells that did survive may, for some reason, have been more resistant to the stress.
Interestingly, Wang and colleagues knocked out autophagy related 7 (Atg7) specifically in ECs and subjected
these mice to 60 min of middle cerebral artery occlusion.
They found that endothelial knockout of Atg7 significantly
reduced infarct sizes, neurological outcome, and inflammatory responses. They further reproduced the antiinflammatory effect by using shAtg7 in HBMECs subjected
to transient OGD, where shAtg7 reduced IKKβ phosphorylation, leading to less NF-ĸB activation and a lower transcription of pro-inflammatory cytokines, which they propose to be independent of the role of ATG7 in autophagy
[114]. Thus, the effect of Atg7 deficiency may not provide
evidence that endothelial autophagy plays an important
role in cerebral ischemia.
For the other cell death mechanisms, there are only
very few reports in the literature, which may reflect the
notion that these cell death mechanisms do not occur.
More likely, however, they have not been investigated in
much detail so far. For example, for necroptotic cell death
signaling, Luo and colleagues found that the RIPK1 inhibitor
necrostatin-1 abrogated the increase in the number of PIpositive bEnd.3 cells and the levels of RIPK1 protein after 6
hours of OGD, while caspase activity remained unchanged
with and without necrostatin-1 exposure after OGD [69].
However, only the total protein levels of RIPK1 were shown
and an increase in this kinase does not conclusively indi-
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cate enhanced necroptosis (see section Detection of EC
death).
Two in vivo studies can be interpreted as evidence for a
lysosome-dependent cell death of ECs during cerebral ischemia. ElAli and Hermann reported that transient middle
cerebral artery occlusion activated the protease calpain
indicating lysosomal damage. The parallel activation of
caspase-3 in this study may represent a sign of apoptotic
cell death [115]. Another study that induced cerebral ischemia in rats by microsphere embolism [116] observed
cathepsin activity as a marker of lysosome-dependent cell
death in vessels in combination with autophagy (increase
in LC3-II). Unfortunately, most of these studies focused on
a specific subset of cell death mechanisms, which makes it
difficult to judge the relative importance of the various cell
death routines at present.
Hemorrhagic stroke
Although less common than its ischemic counterpart,
hemorrhagic stroke remains a major cause of mortality and
permanent disability worldwide. It has both primary (physical disruption, increased intracranial pressure) and secondary (clot-derived cytotoxic factors, neuroinflammation,
edema, secondary ischemia) injury components. Increasing
evidence suggests that hemoglobin is one of the vital factors contributing to the cell autonomous and non-cell autonomous injury [117], which may lead to cell death mechanisms that differ from those occurring in ischemic stroke.
Brain hemorrhage can be modeled in vitro by using
blood breakdown products, such as hemoglobin, heme or
its oxidized form hemin, bilirubin, thrombin, or iron. In an
extensive study, Sukumari-Ramesh and colleagues investigated hemin toxicity in mouse bEnd.3 and human brain
microvascular cells after 6, 12, or 18 hours of treatment
[118]. They found a concentration- and time-dependent
decrease in cellular viability (as detected by MTT) in both
cell types. By challenging bEnd.3 cells with hemin for 18
hours, they further observed that the cells were positive
for annexin A5. In addition, hemin treatment increased the
levels of cleaved caspase-3 in bEnd.3 cells, an effect that
was reversed by incubation with the pan-caspase inhibitor
Z-VAD-fmk that also prevented hemin-induced toxicity
suggesting that the cells die by apoptosis. Notably, hemin
toxicity was abrogated by ascorbic acid (vitamin C), trolox
(vitamin E analog), and deferoxamine (iron chelator and
hypoxia-inducible factor prolyl hydroxylase inhibitor). As
trolox and deferoxamine have been suggested to belong to
a set of non-specific pharmacological inhibitors of ferroptosis [51, 119], it can thus be speculated that ferroptosis is
another potential cell death mechanism in ECs upon blood
exposure.
These data suggest that there may also be a mixture of
multiple cell death pathways involved in EC demise after
brain hemorrhage, i.e. ferroptosis (trolox and deferoxamine) and apoptosis (cleaved caspase-3, annexin A5),
which is not unlikely as the coexistence of multiple cell
death subroutines (ferroptosis, necroptosis, and likely autophagy) has been shown in neurons already [51, 120].
Nevertheless, these findings warrant further molecular
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investigation, especially regarding the involvement of the
more recently defined ferroptotic cell death.
Unfortunately, the data on the role of other blood
breakdown products in brain EC death is still limited. For
example, Liu and colleagues investigated cell death of human brain vascular ECs exposed to heme for 24 hours and
found a concentration-dependent decrease in cell viability
(as detected by MTT) and an increase in TUNEL reactivity
[121]. By applying bilirubin for 24 hours in bEnd.3 cells,
Kapitulnik and colleagues demonstrated a concentrationdependent increase in the caspase activity and a decrease
in the cell numbers, which were further exacerbated under
hyperglycemic conditions [122]. This was recapitulated in
primary rat brain microvascular ECs that also showed
apoptotic bodies in another study [123].
Most in vivo studies in hemorrhagic stroke only assessed apoptotic cell death. This form of cell death was
found in ECs of the caudate-putamen, thalamus, and hippocampus [78], in the anterior and middle cerebral artery
[79] and in microvessels [124, 125] after SAH in the rat as
well as in the perihematomal area in a collagenase model
of intracerebral hemorrhage [126]. While Yan and colleagues also detected apoptotic markers (i.e. levels of BAX,
BAK, and TUNEL) in EC death of the microvasculature in the
hippocampus after SAH, they further reported an increase
in the autophagy marker DRP1 [127].
Together, hemorrhagic stroke leads to EC death, just
like ischemic stroke, but the underlying mechanisms seem
to be different and may include ferroptosis in addition to
apoptosis.
Differential vulnerability of brain cells after stroke
As stroke affects multiple components of the neurovascular unit, we asked whether the individual cell types are
differentially affected, i.e. more vulnerable and/or die in
sequence or simultaneously after stroke.
Lyden and colleagues reported that transient OGD of 2
hours was required to kill 80% of primary neurons in culture, 6 hours for the same death rate of primary ECs, and
10 hours for primary astrocytes (as detected by MTT or
LDH) after 24 hours [128]. Similarly, Li and colleagues reported that 1 hour of OGD in primary rat cortical neurons
was sufficient to induce 50% cell death after 24 hours,
while the EC line bEnd.3 required 3 hours of OGD (as detected by MTT, LDH, and active caspase-3) [129]. In another study, Redzic and colleagues identified that primary rat
ECs were more susceptible to OGD than primary rat astrocytes, pericytes, and microglia: While ECs started to die
already after 1 hour, astrocytes and pericytes were resistant up to 2 hours and microglia up to 4 hours of OGD
(as detected by LDH) [130].
In contrast, in permanent OGD, Engelhardt and colleagues showed that primary rat brain ECs, pericytes and
astrocytes were similarly affected by 24 and 48 hours of
OGD, while only ECs and astrocytes lost half of their metabolic activity (as detected by MTT) when glucose was removed under normoxic conditions. However, in the same
study, the autophagy marker LC3-II decreased in ECs upon
OGD exposure indicating autophagy inhibition, whereas
OPEN ACCESS | www.cell-stress.com
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the levels of LC3-II increased in astrocytes and pericytes
suggestive of induced autophagy in these cell types [111].
Similarly, Huang and colleagues reported neurons, astrocytes, and ECs to be similarly affected after 6, 12, 24, and
48 hours of OGD (as detected by MTT), with a common
protective mechanism via increasing vascular endothelial
growth factor expression [131].
In vivo, Zuo and colleagues reported that 10% of all ECs
but 40% of all neurons were TUNEL-positive at 3 days after
2-hour middle cerebral artery occlusion in rats [132]. However, the analysis was confined to only one time point after
stroke. To address this issue, Jiang and colleagues performed an extensive time course analysis of the survival of
the different cell types in the ischemic core after permanent embolic stroke: more than one third of the neurons
died within the first 6 hours and reached a death rate of
almost 100% at 7 days (according to TUNEL staining) with
few exceptions (as detected by electron microscopy). Interestingly, the authors did not detect extensive EC death
within the first 2 days after stroke, but the number of Glut1-positive vessels decreased at 3 and 7 days [84]. In addition, the authors showed that the overall number of nonneuronal cells remained stable up to 3 days and dramatically increased at 7 days, which was related to increasing
numbers of astrocytes and microglia [84].
Since most experiments showed an earlier onset of cell
death for neurons than for ECs, it may be speculated that
brain EC death is a secondary effect of parenchymal injury.
However, this hypothesis needs to be further investigated.
Differential overall vulnerability may also implicate different underlying cell death mechanisms and consequently
varying therapeutic effects. Indeed, Lyden and colleagues
detected differential effects of hypothermia protection on
primary neurons, ECs, and astrocytes in culture. They
found that shorter hypothermia was superior to longer
hypothermia in vivo, which they related to the suppression
of astrocytic paracrine support of neurons during injury
[128]. In another study, Li and colleagues compared the
time course of neuronal and EC autophagy (as detected by
beclin-1) that eventually led to cell death (according to
TUNEL staining) and detected a simultaneous increase in
the death of both cell types between 6 and 24 hours after
murine barrel cortex stroke, which lasted until 3 days only
in neurons [77].
However, a systematic characterization of the cell
death mechanisms after stroke in the different cell types
side-by-side still needs to be performed.

EC DEATH AND THE NO-REFLOW PHENOMENON –
WHY SMALL VESSELS MATTER
A decisive factor for the cellular demise in ischemic stroke
is the restoration of blood flow upon occlusion. However,
the recanalization rates after recombinant tissue-type
plasminogen activator thrombolysis in clinical trials can
vary and failure can be up to 30-40% [133]. This failure may
be due to vessel loss or ongoing occlusion. In myocardial
ischemia, the no-reflow phenomenon (the inability to
reperfuse despite the removal of the large vessel occlu-
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sion) is related to microvascular obstruction [134]. The
consequences of blood vessel occlusion and associated EC
death after stroke likely also depend on the vessel type
that is affected, considering the differences between larger
vessels and smaller vessels such as capillaries. It has been
estimated that capillaries in the rat cortex contain only 2.3
ECs on average between two branch points [135]. In contrast, several ECs form the wall of larger vessels, including
arterioles and venules.
It is therefore plausible that the loss of single cells is
more difficult to compensate in small vessels. Morphological changes associated with apoptosis have been demonstrated to block the lumen of the microvessels in the periphery [136]. Hence, endothelial apoptosis may lead to the
shut-off of blood flow in the damaged capillary and reduce
its leakage, which would reduce the exposure of ECs to
blood breakdown products. In accordance with this notion,
the death of microvascular ECs does not always lead to
intracerebral hemorrhage [15]. Notably, string vessels often involve a full capillary branch implying that more than
one EC are involved [16]. Upon the apoptosis of an initiator
EC, the loss of perfusion and the reduction of shear stress
may subsequently interfere with the viability of adjacent
ECs in the same capillary because shear stress, especially
laminar shear stress protects ECs against noxious stimuli
[137]. Alternatively, cell death may spread by a mechanism
such as apoptosis-induced apoptosis [138].
Considering that relatively large components of the
blood need to pass through narrow capillaries (~3-5 µm in
diameter), it is not surprising that capillaries are obstructed
transiently, even in healthy animals [139, 140]. Erdener
and colleagues estimated that 7.5% of capillaries experience a stall over 9 min of recording of erythrocyte flux in
the healthy mouse brain in vivo [141]. Occluding emboli
can be extruded into the vessel lumen or through the endothelial cell by a process termed angiopathy [142, 143],
restoring blood flow.
Further work demonstrated that the failure to recanalize within 20 min leads to a progressive pruning of
about 30% of capillaries, leaving the remaining segment
connected to the adjacent, flowing capillary (string vessels).
Vessel segments retract, which was associated with an
increase in EC nuclei around pruned branch points [143],
suggestive of EC regression and integration into the adjacent capillaries similar to that found during development
[11, 144].
Further research needs to address the precise role of
EC death in the causal or consequential events leading to
the vessel loss and no-reflow phenomenon considering the
differences in larger and smaller vessels.

EC DEATH AND BBB DISRUPTION
EC death is often associated with a disruption of the BBB.
Krueger and colleagues proposed that EC loss causes BBB
breakdown [145], as by using electron microscopy they
observed a loss of endothelial layer integrity in brain areas
with FITC-albumin extravasation into the neuropil.
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However, whether the loss of ECs creates holes in the
vessel wall before the blood flow in the damaged capillaries stops is still unclear. One indication comes from a study
using brain endothelial Nemo-deficient mice. NEMO is an
essential part of the classical NF-κB signaling pathway and,
expressed in endothelial cells, protects the neurovascular
unit from injury. In mice with Nemo-deficient ECs, distinct
signaling pathways mediated the loss of capillaries and the
disruption of the BBB [15]. This suggests that BBB leakage
is not always due to the execution of cell death but rather
reflects preceding damage of vessels.
In larger vessels, morphological changes associated
with EC death are less likely to shut-off blood flow. EC
death and subsequent holes in the vessel wall may create
leakage and lead to hemorrhages. In support of this notion,
toxin-induced EC death was accompanied by hemorrhages
in various tissues [146-148]. EC death may be the mechanism by which Dengue virus infection can trigger brain
hemorrhages [149]. In zebrafish, deletion of cIap1, an inhibitor of apoptosis, triggered EC apoptosis and hemorrhage in the brain and other organs [150]. These data indicate that EC death may be an important cause of intracranial hemorrhage.

LIMITATIONS OF THE SYSTEMATIC REVIEW
Our analysis has several limitations:
i) Only one database (PUBMED) was screened and only
one person screened and extracted the data (M.Z.).
ii) The majority of the studies used the OGD model
(70.8%). This is reasonable due to availability and the ease
to investigate EC cell death in vitro specifically. While the
results with respect to the time course, differential vulnerability, and cell death subroutine were similar in the reported in vitro and in vivo studies, it cannot be fully excluded that differences occur. In addition, the length and
severity of ischemia or hemorrhage likely also determine
the time course and type of EC death. However, at present,
there are not enough data to draw any firm conclusions.
iii) The overall reporting of quality according to the
Stroke Therapy Academic Industry Roundtable [151] was
mostly incomplete (numbers are with respect to EC death
assessment experiments of the included studies): Only 27
out of 152 studies reported randomization, one study reported a priori sample size calculation, 17 studies allocation concealment, 23 studies blinding of researchers, two
studies exposure classification (i.e. target validation, verification of compound), and 114 studies provided a conflict
of interest statement (Supplemental Table 3). We were
able to rule out attrition bias only for one study, while four
studies were clearly biased for incomplete outcome analysis due to unexplained unequal numbers of biological replicates. Selective reporting was ruled out only for two studies. Common statistical issues identified are the use of statistical tests that require normally distributed data (e.g., ttest or ANOVA) without reporting that normal distribution
or the homogeneity of variance was tested or confirmed
[66] and a low sample size that is insufficient (n=3-4 per
group) to assume normal distribution. In this systematic
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review, incorrect statistical tests (parametric tests when
the sample size was insufficient or t-tests for multiple
comparisons) were reported in 87 studies.
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