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Abstract. Cerebral ischemia is a leading cause of mortality
worldwide. Available treatments are mainly thrombolytic agents
for restoring blood flow to the brain. However, this approach has
a very narrow treatment window. Despite extensive research,
there is still a need for further investigations to identify and
develop novel treatment approaches. The present review aimed
to summarize and discuss evidence from the literature regarding
the best models with which to study cerebral ischemia and the
available herbal sources that may provide potential treatment
strategies for cerebral ischemia. The present review was based
on research published between 1990 and 2020. Herbal remedies
provide a promising research area that warrants further attention
from researchers in the field. Different models have been used
to investigate the pathophysiology of cerebral ischemia/reperfu-
sion, and to examine various treatment approaches. The plant
kingdom is rich in various phytochemicals with neuroprotective
functions. From the literature search performed herein, it can be
concluded that middle cerebral and bilateral common carotid
artery occlusion models are the most convenient, cost-effective
and easily reproducible models. A number of plants, particularly
those from Southeast Asia, have used for cerebral ischemia
research; however, many more need to be investigated, particu-
larly plants from Africa.
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1. Introduction

Cerebral ischemia occurs when the blood flow to the brain is
restricted, and it claims the lives of millions worldwide (1,2).
In total, 16% of humans will have a stroke during their life-
time, with >15 million cases noted annually (1,3). Stroke is a
complex disease with a narrow time window for therapeutic
intervention to restore the blood supply and prevent permanent
brain tissue damage (2). As a result, currently available strate-
gies are considered inadequate (2). Therefore, there is a need
for further research in order to understand the pathophysiology
of the disease and to identify techniques that can reduce its
severe complications (2).

Clinically relevant models are essential for cerebral isch-
emia research. These models should be clinically relevant and
reproducible to aid in the understanding of the pathophysi-
ology of ischemic stroke, as well as to function as a platform
for the development of novel therapeutic approaches for stroke
treatment.

For a number of years, plants and natural remedies have
been the primary tool for folk medicine. Medicinal plants
provide a cost-effective source of drugs with significant
therapeutic benefits and few side-effects in comparison to
commercial synthetic drugs. Herbal remedies may provide a
source of novel compounds that may present novel therapeutic
tools for cerebral ischemia and stroke. However, with the vari-
ants of models of cerebral ischemia, the literature lacks the link
between the efficacy of the plant and the model used, which
may represent a possible strategy with which to understand the
mechanisms of these natural remedies.

The present review aimed to summarize and discuss the
literature for data related to animal models utilized in the
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research of cerebral ischemia, along with the herbal-based
treatment approaches used in cerebral ischemia, in order
to draw a full picture of the model used for treatment. The
present review also aimed to illustrate the possible association
between the natural ingredient in question that proved effective
and the models of cerebral ischemia.

2. Data collection methods

Search strategy. Following the guidelines of Preferred
Reporting Items For Systematic Reviews And Meta-Analyses
(PRISMA) (4), the present review was conducted. The present
review aimed to illustrate the data from peer-reviewed original
articles on cerebral ischemia phytotherapy or from studies using
in vivo models of cerebral ischemia. A search was conducted
to obtain targeted articles through PubMed (https://pubmed.
ncbi.nlm.nih.gov/) using the following keywords: ‘Cerebral
ischemia and herbal medicine’. The search span was between
1990 and 2020. In addition, the results were restricted to
studies in the English language.

Selection criteria. The inclusion criteria were as follows:
i) Only original studies between 1990 and 2020 were included
in the present review; ii) any original article that assessed or
used herbal extracts as a treatment approach for animal models
of cerebral ischemia. On the other hand, the exclusion criteria
were expanded to the following: i) Articles that reported the
combination of plants as a formula/recipe; ii) research that was
not published in the English language and were between 1990
and 2020; iii) case reports, review articles, or any secondary
publications.

Data extraction. Search results were imported into Endnote
X8 (Thompson Reuter) for the deletion of duplicates. The
references were then screened by 3 reviewers, independently,
using the eligibility criteria. The included articles were then
reviewed, and data extraction was performed by 3 independent
reviewers. Any disagreement in the extraction steps was raised
to the supervisor to reach a consensus.

Risk of bias for individual studies. The included articles were
investigated through the ‘The Cochrane Collaboration's tool
for assessing the risk of bias’ (5). Any disagreements were
discussed between authors to reach a consensus.

3. Search results

Search results and study characteristics. The search revealed
830 records; following title/abstract screening, 370 articles
were selected. Following the screening of the full text of the
articles, 52 studies were included in the present review.

Using the Cochrane risk of bias tool, we were uncertain
of the bias regarding domains 4, 5 and 6 (5). However, most
of the included studies showed a low risk of bias in the other
domains.

Pathophysiology of cerebral ischemia. Ischemic stroke
accounts for approximately 90% of all stroke cases in humans,
followed by intracerebral hemorrhage (9%) and subarachnoid
hemorrhage (3%). Ischemic stroke occurs due to the blockage

of the middle cerebral artery (MCA). Cerebral tissue hypoxia
and ischemia follow within minutes, leading to neuronal cell
death and permanent damage to the brain (6). Thrombolytics
and the rapid restoration of the blood supply remain the only
treatment options with which to prevent further neuronal
damage and decrease disability (6).

Ischemic damage to both white and grey matter causes
permanent damage to brain tissue (7-9). Chronic cerebral
hypoperfusion causes microglia/astrocyte activation,
matrix metalloproteinase stimulation, blood-brain barrier
disruption and endothelial abnormalities (10-12). Chronic
cerebral hypoperfusion generates neuroinflammation,
oxidative stress and apoptosis of the oligodendroglia (10-12).
Aging, diabetes, atherosclerosis and hypertension are the
most common risk factors that lead to chronic cerebral
hypoperfusion (10-12).

Invitromodels of cerebral ischemia. Testing different treatment
approaches on human cells in vitro provides highly valuable,
cost-effective and high-throughput systems for studies on
stroke (13,14). Although in vivo models are preferred in cere-
bral ischemia, genetic differences and structural variations,
as well as molecular differences exist, which renders clinical
translation problematic (13); therefore in vitro models are still
critical for the understanding of the molecular mechanisms of
the disease. With the introduction of new technologies, there
is an excellent opportunity for the development of in vitro
systems to model stroke and improve drug discovery (15). For
a full review of the in vitro models of cerebral ischemia, please
see the study by Holloway and Gavins, 2016 (15).

Animal models in cerebral ischemia

Brain structure and function: Humans vs. animals. Although
there are apparent differences between the human brain and
the brains of other species, animal studies are critical in trans-
lational research. The debate continues as to whether these
differences render the use of animal models in stroke studies
irrelevant to the clinical application (16). These differences are
evident in infarct localization (16). Another significant differ-
ence is the amount of white matter in the brain. The white
matter accounts for 60% of brain tissue in humans, compared
to 35% in dogs, 20% in rabbits, 15% in rats and only 10% in
mice (17). This white matter difference poses a problem, as
the ischemic damage of the white matter is a key player in the
pathophysiology of stroke in humans (18).

Small vs. large animal models in cerebral ischemia. A
number of animal species are used to investigate the mecha-
nisms underlying cerebral ischemia (19-22). Different methods
are used to generate cerebral ischemia, such as bilateral
common carotid artery (CCA) occlusion (BCCAO) in rats (19),
bilateral CCA stenosis (20), or asymmetric CCA surgery in
mice (21), and three-vessel occlusions (3VO) in primates (22).
The pros and cons of these models are illustrated in Fig. 1.

The majority of the stroke preclinical studies are conducted
using small animals, particularly rodents. These studies have
assisted researchers in understanding the molecular and
biochemical processes within the ischemic tissue (23), as well
as in understanding the different aspects of the injury mecha-
nisms (24). However, despite the ease of handling rodents
and the cognitive impairment produced as a consequence of
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Figure 1. Small vs. large animal models of cerebral ischemia. BCCAO, bilateral common carotid artery occlusion; CCA, common carotid artery;

BCAS, bilateral common carotid artery stenosis; 3VO, 3-vessel occlusion.

chronic cerebral hypoperfusion, no motor abnormalities or
white matter infarcts have been generated (10,25,26).

The guidelines of the Stroke Therapy Academic Industry
Roundtable (STAIR), dictate that clinical studies cannot
be performed on humans before testing the new proposed
pharmaceutical drugs on higher animal species (27-29).
Nonetheless, the use large animal models in research is associ-
ated with various issues. One of these is the need for invasive
surgery to generate and monitor ischemia and this causes a
high mortality rate (24). Furthermore, large animal models
are costly to maintain and are labor-intensive (24). Moreover,
animal rights organizations have raised several concerns
regarding the use of large animals (16).

One of the apparent advantages of using large animals,
such as dogs, cats, pigs, sheep and primates (30) is that
imaging is easier than with the use of small animals (31). It
is also more suitable to monitor the physiology, e.g., blood
pressure, and blood gases in large animals compared to small
ones (24).

Another advantage is that the brain of large animals
is similar to the human brain in terms of functionality and
structure, i.e. gyrencephalic, while rodents have lissencephalic
brains (24,32). In addition, the ratio of the neocortex to the
basal ganglia and the volume of white matter indicate that large
animals are closer to the human neuroanatomy (17,33,34).
Furthermore, large animals are considerably similar to humans
in several behavioral aspects, as well as sensorimotor integra-
tion (35). Primates exhibit similarities to humans regarding the
cerebral structure and high white matter percentage (29,36).
Furthermore, the baboon 3-vessel occlusion (3VO) model has
exhibited a tau pathology and amyloid-f deposition similar to
humans (37).

On the other hand, small animals, particularly rodents,
are less costly to maintain compared to large animals (17,38).
Moreover, the rat physiology and cerebrovascular anatomy are

similar to those of humans (38,39), and mice have homogeneous
genes, and as a result, genetic mutations are easily achievable
to generate transgenic mice, commonly used to investigate the
molecular pathophysiology of stroke (40,41). The small brain
size in rats and mice may be seen as an advantage, as various
fixation procedures can be performed for neurochemical and
biochemical investigations (21).

Methods used to induce cerebral ischemia in animal
models. Ischemic stroke in humans occurs, in most cases, due
to middle cerebral artery (MCA) occlusion (MCAO) (42). A
number of models are designed to restrict cerebral blood flow,
permanently or transiently, either directly by occlusion of the
MCA or indirectly by common carotid artery ligation (43).
A craniectomy is required for the direct occlusion of one or
more cerebral vessels, through ligation, clipping, with hooks,
or electrocoagulation (44). This model resembles human cases
in terms of transient and permanent ischemia (44). Cerebral
ischemia (CI) in this approach affects most of the cortices (45)
and protects the thalamic, hypothalamic, hippocampal and
midbrain regions from damage, since it produces small
infarcts, unlike other MCAQO models (45). It also creates a
high percentage of infarct size and neurological deficits. The
visual confirmation of successful MCAO is achieved during
the surgery, with subsequent reperfusion of the ischemic
areas (46).

On the other hand, this technique can lead to the injury
of the underlying cortex or rupture of vessels by drilling or
electrocoagulation (46). Additionally, the intracranial pressure
and blood-brain barrier (BBB) function are greatly affected,
and, as a result, it requires superior surgical skills (46). All in
all, this method is highly invasive, with several complications.
Therefore, other models have been introduced to avoid such
complications.

MCAO models. This technique is similar to 70% of
cerebral ischemic strokes that occur in humans (33,47).
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Koizumi et al (48) first established the intraluminal suture
technique in 1986 in rats, and it was modified in the 1990s
for use in mice (49). The intraluminal suture model offers two
options: Transient ischemia with reperfusion or a permanent
occlusion based on the time in which the suture is left in
place (50). A craniotomy is not required in this model (50).
A significant disadvantage is that it stimulates a larger infarc-
tion beyond the MCA zone to spread to the hippocampus and
thalamus (51).

This model is reproducible in terms of primary isch-
emic injury and, consequently, cell death, blood-brain
barrier (BBB) damage and glial activation (33,52). It is
also appropriate for neuroprotection studies, due to the
considerable existence of ischemic penumbra at the early
stages post-occlusion (33). The infarct size in this model
can be affected by the rat or mouse strain and the coating
material for sutures. Strokes in spontaneously hypertensive
rats (SHRs) are comparatively large and consistent in size.
By contrast, in Sprague-Dawley (SD) rats, the infarcts are
small and vary in size (53). An inadequate suture type may
result in insufficient MCAO, leading to vessel rupture and
subsequent subarachnoid hemorrhage (SAH). Silicone or
poly-l-lysine coating suture is more adherent to neighboring
vascular endothelium, compared to the uncoated suture,
which leads to larger infarcts and minimizes inter-animal
variability (54,55).

Unlike humans, following 60 min of MCAO, hypothalamic
damage occurs (56). Following MCAO, hyperthermia occurs
in rats and mice for at least 1 day due to hypothalamic isch-
emia (56,57). Approximately 12 h is needed in the transient
MCAO mouse model for the damage to be repaired and for
recovery to take place, which is a long therapeutic time, unlike
stroke in humans (58). These two different mechanisms in
the two MCAO models lead to varying results, which may be
the reasons for the failure of neuroprotective agents in clinical
experiments (58).

BCCAO. In several human cases of stroke, cerebral isch-
emia is a complication of thromboembolic conditions, such
as carotid artery stenosis (59), atrial fibrillation (60) and heart
failure (61). The BCCAO model is a relatively rapid and easy
rat model that can be used to produce temporary or chronic
cerebral ischemia (25). Rats usually exhibit white matter
damage accompanied by cognitive impairments resembling
those associated with stroke in humans. However, the affection
of the visual pathways following the rat BCCAO compromises
behavioral assessments. Therefore, C57/Bl mice have been
used instead of rats, since the mouse model does not cause
visual impairment and is, therefore, suitable for behavioral
studies. This model is relatively easy to use, and training
researchers on this mouse model decreases the mortality rate
to <2%.

The bilateral common carotid artery stenosis (BCAS)
model is a modification that causes carotid stenosis; the
severity of cerebral hypoperfusion can be easily controlled by
changing the diameter of micro-coils inserted in the carotid
artery. This model is used worldwide and can be regarded
as one of the most promising models of chronic cerebral
hypoperfusion (10,20,62,63). This model mimics the white
matter lesions induced by chronic cerebral hypoperfusion in
humans (64).

Thromboembolic models. Thromboembolism is another
cause of stroke. The thromboembolic clot model depends on
the application route, the number and area of the clots (38).
The thromboembolic clot can be spontaneous from autologous
blood, which leads to vessel occlusion, causing infarcts (38).
An advantage of this model is the spontaneous lysis of the
clots, followed by reperfusion, which is similar to the case in
humans (65).

An alternative method is the direct injection of thrombin
into the MCA or internal carotid artery (ICA) to cause vascular
occlusion (66). In this model, polymerized fibrin with a low
number of cells and platelets are used to produce clots, while
most of the human clots contain an accumulation of both plate-
lets and fibrin, a deposition of neutrophils and monocytes and
a high aggregation percentage of erythrocyte (67). In addition,
the intravascular introduction of clots causes, in most cases,
multifocal infarcts with noticeable variance in size and the
localization of the lesion (68).

Another method with which to induce embolic stroke is
by using microsphere/macrospheres to block blood flow. The
major discrepancy with this model is that the fabricated spheres
lead to permanent ischemia as they do not dissolve (65).
An advantage associated with this model is the fact that the
occlusion in rats may be postponed, while the animal is under
monitor by PET or a magnetic resonance imaging (MRI)
device (69).

Endothelin-1 model (ET-1). The reversible occlusion of the
MCA can be achieved using a potent vasoconstrictor, such as
endothelin-1 (ET-1) (33,38,70,71). A rapid blood flow reduction
to the brain can be noted after the ET-1 injection, followed by
reperfusion several hours later (72). Occlusion can be achieved
through various mechanisms, directly by topical application
onto the exposed MCA, or by intracerebral injection (73). A
primary advantage of the injection method is the low invasive-
ness and the low mortality rate. Although ET1 is effective in
rats, it is not as effective in mice (74). Another problem with
this model is the variability of the lesion size (75).

Photo thrombosis model. This model requires an intra-
venous injection in rats or an intraperitoneal injection in
mice (76,77) of a photosensitive dye, such as Rose Bengal
or erythrosin B, followed by exposing the skull laser (78).
Cerebral ischemia can be induced in specific brain regions
depending on the purpose of the study. Once the dye is acti-
vated, reactive oxygen species (ROS) are generated, leading
to endothelial damage, platelet activation and aggregation in
pial and intraparenchymal vessels, forming thrombi (17). An
advantage of this model is the rapid production of ischemic
cell death (79). A further advantage is that it decreases the
invasion and mortality rates. A significant disadvantage is that
the ischemic injury is associated with early intracellular and
extracellular edema formation (80), which differ from those
observed in human stroke, as intracellular edema is the main
indication of acute cerebral ischemia in humans (81).

In conclusion, as demonstrated through various sudies,
there are various animal models, and associated techniques to
produce cerebral ischemia/reperfusion, and each model has its
advantages and weaknesses. The selection of the model should
be based on the objectives and goal of the research study,
bearing in mind that none of these models is identical to the
human stroke pathophysiology.
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4. Assessment of functional deficits in cerebral ischemia
models

Since stroke is associated with problems in the sensory and
motor pathways, researchers have focused on studying the
behavioral and cognitive aspects post-stroke (82). Various
functional tests (Table I) are available for use in animals,
including the Rotarod, the grip and string test, the wire
hanging test, the adhesive removal test, the open field maze
and the water maze test (83-95).

5. Herbal remedies as neuroprotective agents in cerebral
ischemia

The MCAO model has been extensively studied with numerous
natural herbal extracts. Cerebral ischemic injury results in the
production of ROS, which cause lipid, DNA and protein oxida-
tion, therefore causing cell damage and death (96). A number
of these herbs possess antioxidant, anti-inflammatory and
neuroprotective activity, such as Artemisia absinthium L. (97),
Lavandula angustifolia (98), Scutellaria baicalensis (99) and
several others. Their active ingredients exert significant neuro-
protective effects and improvement in behavioral function
when used before or after ischemic injury (98-100).

Chinese plants provide a rich source of herbal
extracts for medicinal purposes. Some of these have been
widely investigated in cerebral ischemia. Plants, such as
Erigeron breviscapus (101,102) contain breviscapine, which
is considered to target autophagy mechanisms, leading to a
reduction in infarct size and functional improvements in rats.
Scutellarin is another component of Erigeron breviscapus,
which exerts a decrease in infarct size and functional improve-
ment when injected into rats (102). Other Chinese plants include
Fructus Chebulae (103) and Fructus Schisandrae (Chinese
magnolia vine fruit) (104), which protect against metallopro-
teinase degradation. In rats, these fruits lead to a reduction in
the expression of TNF-a and IL-1b, as well as reduction in the
degradation of the metalloproteinases, MMP-2 and MMP-9,
in ischemic hemispheres, which leads to a reduction in infarct
size (104). Panax ginseng (105-107) reduces infarcts size in
rats and mice and improves function through the downregula-
tion of calpain I and caspase 3 (107), and the induction of Nrf
2 downstream targets (106). Panax ginseng has also been used
in global and focal ischemic models (108); it causes a decrease
in lipid peroxidation and mitochondrial swelling (108).

Salvia miltiorrhiza is a potent antioxidant that is used
in MCAO (100) and in spinal cord ischemia/reperfusion
injury in rats (109). It exerts a decrease in edema and infarct
volume, as well as functional improvements in both models.
Antioxidants, such as Camellia sinensis (110,111) and
Araucaria bidwillii (112) cause functional improvements when
used in global and focal ischemic models by inhibiting lipid
peroxidation, and decreasing apoptosis and neuronal cell death.

Other herbal extracts and their active ingredients
used in rodent models of MCAO are summarized in
Table II (97-107,113-129). In Table III, the commonly
used herbal extracts and their active ingredients used
in other rodent models of cerebral ischemia are also
listed (98,108-112,130-147). The possible mechanisms of
action of each are highlighted.

6. Conclusions

Different in vitro and animal models are available for the
study of cerebral ischemia/reperfusion injury. The patho-
physiology of cerebral ischemia/reperfusion is complex, and
animal models are superior, particularly when testing various
treatment approaches. It is suggested that the MCAO and
BCCAO models the most convenient, cost-effective and easily
reproducible models. Herbal extracts and phytochemicals
provide a wide variety of neuroprotective agents that may be
of value to research in cerebral ischemia. Further investiga-
tions are required to identify the active ingredients of such
plants, and further testing is warranted. The literature provides
a wealth of knowledge regarding herbal medicine in cerebral
ischemia research, mostly using plants from south-East Asia.
Plants from Africa and other regions warrant further investi-
gation as they provide attractive targets for the development of
novel therapeutic drugs.
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