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Icariside II attenuates cerebral ischemia/reperfusion-induced
blood–brain barrier dysfunction in rats via regulating the
balance of MMP9/TIMP1
Mu-bo Liu1,2, Wei Wang2,3, Jian-mei Gao1,2,3, Fei Li2,3, Jing-shan Shi2,3 and Qi-hai Gong1,2,3

Cerebral ischemia/reperfusion (I/R) results in harmful consequences during ischemic stroke, especially the disruption of the
blood–brain barrier (BBB), which leads to severe hemorrhagic transformation through aggravation of edema and brain hemorrhage.
Our previous study demonstrated that icariside II (ICS II), which is derived from Herba Epimedii, attenuates cerebral I/R injury by
inhibiting the GSK-3β-mediated activation of autophagy both in vitro and in vivo. However, the effect of ICS II on the BBB remains
unclear. Thus, in this study, we investigated the regulation of BBB integrity by ICS II after cerebral I/R injury and further explored the
underlying mechanism in rats. Cerebral I/R injury was induced by middle cerebral artery occlusion (MCAO), and the treatment
groups were administered ICS II at a dose of 16 mg/kg by gavage twice a day for 3 days. The results showed that ICS II effectively
prevented BBB disruption, as evidenced by Evans Blue staining. Moreover, ICS II not only significantly reduced the expression of
MMP2/9 but also increased TIMP1 and tight junction protein (occludin, claudin 5, and ZO 1) expression. Intriguingly, ICS II may
directly bind to both MMP2 and MMP9, as evidenced by molecular docking. In addition, ICS II also inhibited cerebral I/R-induced
apoptosis and ameliorated the Bax/Bcl-2 ratio and cleaved-caspase 3 level. Collectively, our findings reveal that ICS II significantly
ameliorates I/R-induced BBB disruption and neuronal apoptosis in MCAO rats by regulating the MMP9/TIMP1 balance and inhibiting
the caspase 3-dependent apoptosis pathway.
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INTRODUCTION
Stroke, the second leading cause of death and a frequent cause of
permanent disability in China, results from the rupture or occlusion
of cerebral vessels and can be categorized as ischemic stroke or
hemorrhagic stroke depending on its pathological features [1, 2].
Ischemic strokes account for ~85% of strokes, and it has long been
recognized that ischemic stroke results in severe outcomes even
when thrombolysis is used; it has a mortality rate of up to a 25%,
and ~50% of patients are left with permanent disability [3].
Unfortunately, there are currently no ideal medical treatments
available for ischemic stroke, and intravenous thrombolysis with
recombinant tissue plasminogen activator (tPA) is the only FDA-
approved pharmacotherapy for ischemic stroke [4, 5]. Despite these
promising findings, tPA therapy has a narrow time window and is
associated with severe adverse reactions, such as hemorrhagic
transformation and cerebral ischemia/reperfusion (I/R) injury, and
tPA restores blood flow to the ischemic tissue, inducing additional
serious injury to the brain [6–9]. Thus, it is necessary to exploit new
therapeutic approaches or drugs for ischemic stroke.
Emerging evidence shows that the blood–brain barrier (BBB), a

dynamic and complex interface, is a unique and selective barrier

between the blood and the brain that regulates the nutrients and
toxins in and out of the central nervous system (CNS) [10–12].
Importantly, the BBB plays a crucial role in maintaining stable
conditions in the CNS [13]. Under pathological conditions, such as
stroke, the BBB can be disrupted, which facilitates injury
progression, increases brain infarction and edema, and increases
the risk of hemorrhagic transformation and even death [14–16].
From this perspective, the attenuation of BBB dysfunction may be
a potential therapeutic target for ischemic stroke.
Icariside II (ICS II), a flavonoid derived from Herba Epimedii, has

many beneficial activities, such as anti-osteoporotic, anti-aging,
and anti-inflammatory properties and effects against erectile
dysfunction [17–19]. Recently, ICS II has drawn increasing
attention due to its remarkable beneficial effects in neurodegen-
erative diseases such as Alzheimer’s disease [20, 21]. Of note, our
preliminary investigations suggested that ICS II can attenuate
cerebral I/R injury by inhibiting the glycogen synthase kinase
(GSK)-3β-mediated activation of autophagy both in vitro and
in vivo [22]. However, whether ICS II can alleviate BBB dysfunction
during cerebral I/R injury remains unclear. Therefore, the present
study aimed to investigate the effect of ICS II on cerebral ischemia
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I/R-induced BBB dysfunction in rats and to further explore its
underlying mechanism.

MATERIALS AND METHODS
Animals and drug
Male Sprague–Dawley rats (250–280 g) were provided by Chang-
sha Tianqin Biotechnology Co., Ltd (Changsha, China; Certificate
No. SCXK2014-0011). Before experimentation, the rats were
allowed to acclimatize to the experimental conditions (tempera-
ture of 25 ± 1 °C, relative humidity of 55% ± 5%, and a 12-h light-
dark cycle in an animal room) for a week. Laboratory chow and tap
water were provided ad libitum. All of the animal experiments
were approved by the Institutional Animal Ethics and Use
Committee of Zunyi Medical University. ICS II (purity ≥ 98% by
HPLC) was purchased from Nanjing Manhay Medical Technology
Co., Ltd (Nanjing, China) and dissolved in normal saline using
ultrasonication for 20 min. Monofilament nylon sutures were
obtained from Beijing Cinontech Co., Ltd (Beijing, China). MMP2
(ab37150), MMP9 (ab38898), TIMP1 (ab61224), caspase 3
(ab13847), cleaved-caspase 3 (ab2302), Bcl-2 (ab59348), Bax
(ab53154), and occludin (ab167161) antibodies were obtained
from Abcam Inc. (Cambridge, USA). A claudin 5 antibody (AF5216)
was obtained from Affinity Biosciences (Cincinnati, OH, USA).

Evans blue dye was obtained from Dalian Meilun Biotechnology.
Co., Ltd (Dalian, China). Bicinchoninic acid (BCA) protein concen-
tration analysis kits, ZO 1 (21773-1-AP) and a secondary antibody
were purchased from Proteintech Group, Inc (Rosemont, IL, USA).

Rat MCAO model
In this study, an experimental model of cerebral I/R injury was
induced in rats by middle cerebral artery occlusion (MCAO). The
surgical procedure was performed according to our previous
study [23]. In brief, after intraperitoneal anaesthetization with 7%
choral hydrate, the right external carotid artery (ECA) and internal
carotid artery (ICA) of each rat were exposed. A monofilament
nylon suture (diameter of 0.26 mm) with a spherical tip (diameter
of 0.36 ± 0.02 mm) was inserted into the ECA to block the flow of
blood to the middle cerebral artery. The monofilament was pulled
out after 2 h of occlusion, and this was followed by reperfusion for
3 days. The rats in the sham group underwent the same surgical
procedure except for insertion of the monofilament. To monitor
cortical blood flow, a laser-doppler flowmeter (Moor Instruments,
Ltd., Millwey, Axminster, UK) was used.

ICS II administration and groups
The rats were subjected to the surgical procedure and divided into
four groups: the sham, model (vehicle), sham+ ICS II, and model+

Fig. 1 Cortical blood flow before and after MCAO and the protective effect of ICS II against BBB damage after ischemic brain injury
induced by cerebral I/R in rats. a Representative images of cortical blood flow. b Quantitative analysis of relative cortical blood flow (%). **P <
0.01 vs before occlusion, ##P < 0.01 vs occlusion, n= 5. c Representative images of Evans blue extravasation in the rat brain. d Quantitative
analysis of Evans blue dye extravasation into the brain hemisphere. **P < 0.01 vs sham; ##P < 0.01 vs MCAO; n= 6 per group.
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ICS II groups. The sham+ ICS II and model+ ICS II groups were
treated with ICS II at a dose of 16 mg/kg by gavage twice a day for
3 days, while the animals in the sham and model groups received
the same volume of normal saline.

Assessment of BBB integrity
BBB disruption was quantitatively determined by Evans blue
staining as described previously. Briefly, Evans blue dye (2%, 4 mL/
kg) was injected through the tail vein. After 2 h of circulation, the
rats were anaesthetized and perfused with PBS solution. The
brains were rapidly isolated, imaged and then weighed and
homogenized in formamide. After centrifugation, the supernatant
was collected and measured with an enzyme-labeled instrument
(Multiskan GO, Thermo, USA) at 620 nm.

Histological examination and Nissl staining
In brief, the rat brains were immediately perfused with PBS
followed by 4% paraformaldehyde buffer at 4 °C for 48 h,
dehydrated and embedded in paraffin. Subsequently, 3.5-µm
thick sections were prepared and treated with xylene and ethanol.

These slices were stained with hematoxylin and eosin (H&E)
at room temperature and then stained with 1% toluidine blue at 60
°C for 15min. Histopathology was observed using a light
microscope.

Immunohistochemical staining
Likewise, the brains were perfused with PBS followed by 4%
paraformaldehyde, dehydrated and embedded in paraffin. Sub-
sequently, 3.5-µm thick sections were prepared and treated with
xylene and ethanol. Then, the slices were washed with double
distilled water, incubated with 3% H2O2 for 17min, and subjected
to antigen repair with citrate buffer in a microwave for 8 min three
times. Thereafter, the slices were blocked with goat serum for 30
min and then incubated with primary antibodies against MMP2
(1:200), MMP9 (1:500) and TIMP1 (1:300) at 4 °C for 17 h. Then, the
sections were incubated with secondary goat anti-rabbit IgG and
HRP-labeled streptozotocin for 20 min at 37 °C after being washed
with PBS three times and then visualized using a DAB kit. Finally,
images were analyzed by light microscopy and Image Pro Plus
software for statistical analysis.

Fig. 2 ICS II suppressed damage to the hippocampus, cortex and striatum after cerebral I/R injury. a The hippocampal CA1, CA3 and DG
regions. b Striatum and cortex (×400, scale bar= 50 μm). n= 6 per group.
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Western blot analysis
Protein samples were extracted from the ischemic penumbra using
RIPA buffer supplemented with the proteinase inhibitor PMSF. After
incubation and centrifugation, the supernatant was collected, and a
BCA assay kit was used to quantify the total protein levels. Equal
quantities of total protein (30 μg) were separated on 6%–12% SDS-
polyacrylamide gels and incubated with primary antibodies against
MMP2 (1:1000), MMP9 (1:1000), TIMP1 (1:2000), claudin 5 (1:2000),
occludin (1:50,000), ZO 1 (1:1000), caspase 3 (1:1000), cleaved-
caspase 3 (1:2000), Bcl-2 (1:1000), and Bax (1:1000) followed by a
secondary antibody (HRP-labeled goat anti-rabbit IgG, 1:5000). The
immunoreactive bands were visualized with ECL detection reagents
and quantified on a ChemiDoc MP Imaging System (Bio-Rad
Laboratories, Inc., Hercules, CA, USA).

TUNEL staining
Cellular apoptosis was evaluated by an In Situ Cell Death
Detection Kit, POD (Roche Diagnostics, Germany). In brief,
paraffin-embedded tissue slices were treated with xylene and
ethanol. Then, the cells were incubated with 3% H2O2 for 20 min
and proteinase K for 13 min at 37 °C. The TUNEL reaction mixture
and Converter-POD were added, and slices were visualized with a
DAB kit. Finally, the samples were analyzed by light microscopy.

Molecular docking
Molecular docking calculations were performed using Autodock
4.2, and the affinity between ICS II and MMP2/9 was observed
using AutodockTools software. The three-dimensional (3D) protein
structures of MMP2 (PDB ID: 2ZHV) and MMP9 (PDB ID: 1L6J) were
retrieved from the Protein Data Bank (https://www.rcsb.org). The
molecular docking of the ICS II and MMP2/9 binding sites was
analyzed using Autodock software.

Statistical analysis
All values are presented as the mean ± standard error of the mean
(SEM) and were analyzed using SPSS version 18.0 (SPSS, Inc.,
Chicago, USA). The data were analyzed by one-way analysis of
variance, and differences among means were analyzed using the
LSD (equal variance assumed) and the Dunnett T3 test (equal
variance not assumed). P < 0.05 was considered a statistically
significant difference.

RESULTS
ICS II attenuated BBB disruption after cerebral I/R injury in rats
The rats were subjected to cerebral I/R injury as described in a
previous study [23]. Thereafter, BBB disruption was detected by
Evans blue staining, and the results showed that after MCAO, the
ischemic brain hemisphere displayed much more severe leakage of
Evans Blue dye than in the sham group, indicating that cerebral I/R
disrupted the BBB. However, ICS II obviously prevented the cerebral
I/R injury-induced increase in Evans Blue extravasation (Fig. 1). These
findings suggested that ICS II protected against cerebral I/R injury in
rats, at least partly, through mitigating BBB damage.

ICS II suppressed damage to the hippocampus, cortex and
striatum after cerebral I/R injury
Cerebral I/R injury-induced neuropathological changes were
assessed by H&E staining. The results showed that neurons in
the hippocampus, cortex and striatum exhibited clear boundaries
and normal morphology, while most of the neurons in the
hippocampus, cortex and striatum disappeared or lacked a visible
cell boundary after MCAO insult. Notably, ICS II reversed these
changes in the hippocampus (Fig. 2a), striatum and cortex (Fig. 2b),
which suggested that ICS II significantly suppressed damage to
the hippocampus, cortex and striatum after cerebral I/R injury.

ICS II inhibited cerebral I/R-induced neuronal loss in the
hippocampus and cortex
Cerebral I/R-induced neuronal loss was assessed by Nissl staining.
The results showed a loss of Nissl bodies, neuronal atrophy and
shrunken nuclei in the hippocampus and cortex after MCAO.
However, ICS II markedly enhanced the number of normal Nissl
bodies compared with that in the MCAO group (Fig. 3).

ICS II attenuated the MMP/TIMP1 balance in cerebral I/R-induced
injury
The expression and localization of MMP2/9 and TIMP1 were
detected by Western blotting and immunohistochemistry, respec-
tively. The results suggested that active MMP2/9 were enhanced
and TIMP1 was diminished after MCAO compared with after sham
surgery, while the active MMP/TIMP1 ratio after MCAO insult was
significantly attenuated by ICS II (Fig. 4). Moreover, the expression
of MMP2 and MMP9 in the cortex and striatum was significantly

Fig. 3 ICS II protected against cerebral I/R injury-induced neuronal loss in the hippocampus and cortex. a The hippocampal CA1, CA3, and
DG regions and cortex. b Quantitative analysis of neuronal density in the CA1 region. c Quantitative analysis of neuronal density in the CA3
region. d Quantitative analysis of neuronal density in the DG region. e Quantitative analysis of neuronal density in the cortex. *P < 0.05, **P <
0.01 vs sham; #P < 0.05, ##P < 0.01 vs MCAO; n= 6 per group.
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increased and TIMP1 expression was decreased after MCAO, as
evidenced by immunohistochemical staining, whereas ICS II
remarkably decreased the expression of MMP2/9 and increased
the expression of TIMP1 in the cortex and striatum, respectively
(Fig. 5). These results indicated that ICS II mediated the MMP/
TIMP1 balance during cerebral I/R injury, particularly in the cortex
and striatum.

ICS II improved BBB integrity after cerebral I/R by upregulating the
expression of tight junction-related proteins
The results suggested that the expression of tight junction
proteins, including occludin, claudin 5 and ZO 1, was decreased
after MCAO insult, as evidenced by Western blot analysis.
However, ICS II markedly increased the expression of occludin,

claudin 5 and ZO 1 (Fig. 6), which indicated that ICS II improved
BBB integrity after cerebral I/R.

ICS II inhibited cerebral I/R-induced neural apoptosis in rats
The results demonstrated that the number of apoptotic cells was
remarkably significantly increased after MCAO compared with that
in the sham group, as evidenced by the TUNEL assay (Fig. 7a).
However, ICS II obviously reduced the number of apoptotic cells
compared with that in the MCAO group. Furthermore, ICS II not
only increased the ratio of Bax/Bcl-2 but also decreased the level
of active caspase 3 compared with that in the MCAO group, as
evidenced by Western blot analysis (Fig. 7c, d). These findings
suggested that ICS II significantly suppressed cerebral I/R-induced
neural apoptosis.

Fig. 4 ICS II attenuated MMP2/9 expression in cerebral I/R-induced injury. a Representative images of immunohistochemical staining
of MMP9 in the cortex and striatum. b Quantitative analysis of MMP9 in the cortex and striatum. c Representative images of immunoblotting
of MMP9 in the penumbra. d Quantitative analysis of MMP9 in the penumbra. e Representative images of immunohistochemical staining of
MMP2 in the cortex and striatum. f Quantitative analysis of MMP2 in the cortex and striatum. g Representative images of immunoblotting of
MMP2 in the penumbra. h Quantitative analysis of MMP2 in the penumbra. Five random microscope fields per section were chosen. The
average was calculated. **P < 0.01 vs sham; #P < 0.05, ##P < 0.01 vs MCAO; n= 6 per group.
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Fig. 5 ICS II increased TIMP1 expression in cerebral I/R-induced injury. a Representative images of immunohistochemical staining of TIMP1
in the cortex and striatum. b Quantitative analysis of TIMP1 in the cortex and striatum. c Representative images of immunoblotting of TIMP1 in
the penumbra. d Quantitative analysis of TIMP1 in the penumbra. e Quantitative analysis of active MMP9/TIMP1 in the penumbra.
f Quantitative analysis of active MMP2/TIMP1 in the penumbra. Five random microscope fields per section were chosen. The average was
calculated. **P < 0.01 vs sham; #P < 0.05, ##P < 0.01 vs MCAO; n= 6 per group.

Fig. 6 ICS II improved BBB integrity after cerebral I/R by upregulating the expression of tight junction-related proteins. a Representative
images of immunoblotting staining of claudin 5, occludin and ZO 1 in the penumbra. b Quantitative analysis of occludin. c Quantitative
analysis of claudin 5. d Quantitative analysis of ZO 1. *P < 0.05, **P < 0.01 vs sham; #P < 0.05, ##P < 0.01 vs MCAO; n= 6 per group.
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ICS II bound to and inhibited MMP2/9
Molecular docking analysis was applied to confirm whether ICS II
binds to the MMP2 and MMP9 proteins. Our findings demon-
strated that the binding energy of ICS II and MMP2 and of ICS II
and MMP9 were −6.89 kcal/mol and −10.25 kcal/mol, respectively,
which verified that ICS II directly bound to MMP2 and MMP9
(Fig. 8). We subsequently further explored the possible binding
modes and interactions within the amino acid pocket, including
Glu A57, Met A61, Asp A71, Gly A91, Arg A18, His A97 and Asp A95
of MMP2 and Met A247, Tyr A218, His A236, Leu A188, Pro B246,
Val A223, Gln A227 and Gln B227 of MMP9 (Fig. 8). These results
indicated that ICS II might directly affect MMP2 and MMP9 to
attenuate BBB dysfunction.

DISCUSSION
The present study demonstrated that (1) ICS II significantly
reduced BBB disruption after cerebral I/R; (2) ICS II not only
reduced the expression and activity of MMP2/9 but also increased
TIMP1 and tight junction protein expression; and (3) the inhibitory
effect of ICS II on BBB disruption after cerebral I/R was, at least
partly, mediated by a caspase 3-dependent pathway (Fig. 9).
Cerebral ischemia and subsequent reperfusion result in harmful

consequences in ischemic stroke, especially disruption of the BBB,
which leads to severe hemorrhagic transformation and poor
prognosis through aggravation of edema formation and brain
hemorrhage [24–26]. BBB dysfunction also increases mortality
following tPA treatment after stroke, especially following delayed
tPA treatment [27]. Our results suggested that ICS II attenuates
BBB dysfunction, as evidenced by Evans Blue staining. However,
the detailed mechanisms need to be explored in depth.
MMPs, also called matrixins, are enzymes characterized by a zinc

ion binding motif in the catalytic domain and several conserved
protein domains that play a crucial role in early vascular
remodeling and destabilization of atherosclerotic plaques in brain
arteries [28–30]. TIMPs, physiological and specific tissue inhibitors of
MMPs, tightly regulate the activation and function of MMPs [31, 32].

Under physiological conditions, there is a balanced interaction
between MMPs and TIMPs, which is essential for development and
extracellular matrix homeostasis [33]. TIMP1, an endogenous
inhibitor of MMP9, inhibits MMP9 activity via high-affinity and
noncovalent binding to the MMP catalytic domain [34, 35]. However,
plenty of evidence suggests that MMP9 and TIMP1 are associated
with brain infarction or edema and dysfunction of the BBB after
ischemic stroke [36–38]. Moreover, intravenous treatment with tPA
can also produce catastrophic hemorrhagic transformation in the
ischemic brain by triggering MMP9 activation [39]. Consistent with
our previous studies, the results indicated that I/R induced increases
in MMP2/9 activities and protein expression and decreased TIMP1
protein expression in MCAO rats [40, 41]. However, ICS II significantly
inhibited this change. Since the striatum is the first region of the
brain affected by ischemia and reperfusion in the MCAO model
followed by the cortex [42], the localization of MMP2/9 and TIMP1 in
the striatum and cortex was determined using immunohistochem-
ical staining. As expected, MMP2/9 were significantly increased and
TIMP1 was decreased in both the striatum and cortex after MCAO
insult. Furthermore, the results also showed that ICS II directly bound
to MMP2/9, as evidenced by molecular docking, which further
indicated that MMP2/9 plays an imperative role in the beneficial
effect of ICS II on cerebral I/R-induced injury, especially disruption of
the BBB.
In addition, tight junctions perform dual fence and barrier

functions and are the structural basis of the BBB [43, 44]. Tight
junction proteins, such as claudin 5, occludin and ZO 1, are critical
determinants of the permeability properties of the BBB [45].
Multiple lines of evidence suggest that tight junctions are related
to disruption of the BBB [46–48]. Our results showed that cerebral
I/R injury decreased the expression of claudin 5, occludin, and ZO
1, which is consistent with a previous report [49]. However, ICS II
significantly reversed the change, which suggests that ICS II
upregulates tight junction proteins, therefore protecting the
integrity of the BBB.
Of note, cerebral I/R is known to be accompanied by apoptosis,

and TIMP1 could prevent cell apoptosis [50, 51]. Hence, neural

Fig. 7 ICS II inhibited cerebral I/R-induced neural apoptosis in rats. a Representative images of TUNEL staining in the hippocampus and
cortex. b Quantitative analysis of TUNEL-positive cells in the hippocampus and cortex. c Representative images of immunoblotting of Bax and
Bcl-2. d Representative images of immunoblotting of caspase 3 and cleaved-caspase 3 in the penumbra. e Quantitative analysis of Bax/Bcl-2.
f Quantitative analysis of cleaved-caspase 3/caspase 3. Three to five random microscope fields per section were chosen. The average was
calculated. **P < 0.01 vs sham; ##P < 0.01 vs MCAO; n= 6 per group.
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Fig. 8 ICS II bound and inhibited MMP2/9. a A visual of the binding sites between ICS II and MMP2. b A close-up of the molecule binding
pocket from the side. c The crystal structure of ICS II (gray) displaying MMP2 (yellow and purple) bound to the docking pocket. d Amino acid
residues. e A visual of the binding sites between ICS II and MMP9. f A close-up of the molecule binding pocket from the side. g The crystal
structure of ICS II (gray) displaying MMP9 (yellow and purple) bound to the docking pocket. h Amino acid residues.
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apoptosis in the hippocampus and cortex was examined. The
results demonstrated that the number of apoptotic cells was
significantly increased after MCAO, as evidenced by the TUNEL
assay. However, ICS II obviously reduced the number of apoptotic
cells. Furthermore, ICS II not only increased the ratio of Bax/Bcl-2
but also decreased the level of active caspase 3. These findings
suggest that ICS II significantly suppresses cerebral I/R-induced
neural apoptosis.
In summary, the current study revealed that ICS II significantly

ameliorates I/R-induced BBB disruption in MCAO rats by regulating
the balance of MMP9/TIMP1 and further inhibiting neuronal
apoptosis by a caspase 3-dependent apoptosis pathway, thereby
protecting against cerebral I/R injury.
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