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Treating cerebral ischemia continues to be a clinical challenge. Studies have shown that
the neurovascular unit (NVU), as the central structural basis, plays a key role in cerebral
ischemia. Here, we report that anthocyanin, a safe and natural antioxidant, could inhibit
apoptosis and inflammation to protect NVU in rats impaired by middle cerebral artery
occlusion/reperfusion (MCAO/R). Administration of anthocyanin significantly reduced
infarct volume and neurological scores in MCAO/R rats. Anthocyanin could also
markedly ameliorate cerebral edema and reduce the concentration of Evans blue (EB)
by inhibiting MMP-9. Moreover, anthocyanin alleviated apoptotic injury resulting from
MCAO/R through the regulation of Bcl-2 family proteins. The levels of inflammation-
related molecules including tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and
interleukin-6 (IL-6), which were over-expressed with MCAO/R, were decreased by
anthocyanin. In addition, Nuclear factor-kappa B (NF-κB) and the NLRP3 inflammasome
pathway might be involved in the anti-inflammatory effect of anthocyanin. In conclusion,
anthocyanin could protect the NVU through multiple pathways, and play a protective
role in cerebral ischemia/reperfusion injury.
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INTRODUCTION

Treating cerebral ischemia continues to be a clinical challenge and underlying mechanisms
of cerebral ischemia remain elusive. Recent insight into the basic mechanism involved in
cerebral ischemia indicates that the neurovascular unit (NVU) is a new target for the overall
study of neuronal damage and protection mechanisms (Lake et al., 2017), which consists of
neurons and blood-brain barrier (BBB), including astrocytes, microglia, vascular endothelial cells
and extracellular matrix (ECM; Maki et al., 2013). The destruction of the BBB promotes the
development of neurological dysfunction in cerebral ischemia (Rosenberg, 2012). MMP-2 and
MMP-9, which are the most important ECM degrading enzymes in vivo, are most closely related to
the destruction of the BBB (Turner and Sharp, 2016). The use of MMP-9 inhibitors can significantly
reduce cerebral edema and cerebral infarct volume caused by ischemia, and reduce BBB damage
(Turner and Sharp, 2016).

Apoptosis and the inflammatory response are important processes that cause NVU destruction,
and they play a key role in the pathology of stroke (Vidale et al., 2017). In stroke cases, apoptosis
occurs mainly in the ischemic penumbra. Activation of apoptosis signaling pathways results in
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excessive oxygen free radical generation, DNA damage, death
receptor ligation, and lysosomal protease activation. The
mitochondrial apoptotic pathway is one of the predominant
pathways of apoptosis (Watts et al., 2013). Studies have found
that a variety of regulatory gene products involved in the
process of apoptosis, including the cysteine protease (Caspases)
family, Bcl-2 family, and p53 (Elmore, 2007). NF-κB and
inflammasomes play an important role in the inflammatory
cascade (Fann et al., 2017). Recent studies have demonstrated
that in response to cerebral ischemia, NLRP3 inflammasomes
promote inflammatory responses in neurons and glial cells,
resulting in tissue damage (Gao et al., 2017). Increased NLRP3
is also associated with the apoptosis of neurons and glial cells.
Studies have shown that activation of the NLRP3 inflammasome
in brain cells can regulate the activation of caspase-1, which
converts pro-IL-1β into a mature form of IL-1β (Tong et al.,
2015). Given these complex mechanisms, the efficacy of a single
target drug in the treatment of stroke may not be satisfactory, and,
thus, it is necessary to identify a pleiotropic drug.

Anthocyanins are natural flavonoids formed by the
combination of anthocyanidin and glycosides, which are
widely found in the cytoplasm of flowers, fruits, stems, leaves,
and root organs of plants. Studies have confirmed the biological
benefits of dietary anthocyanins, as they exhibit anticancer
activity, anti-inflammatory activity, neuroprotective activity,
anti-obesity activity, anti-diabetic activity, and properties
involved in the prevention of cardiovascular disease (Li et al.,
2017). Anthocyanins can reduce neuronal damage induced by
focal cerebral ischemia by blocking the JNK and p53 signaling
pathways (Shin et al., 2006). Mechanically, it has been shown that
anthocyanins inhibit the NF-κB signaling pathway, mitogen-
activated protein kinases, and Cyclooxygenases (COXs; Li et al.,
2017). Despite these findings, anthocyanins exhibit a wide range
of biological activities, and their mechanisms may be diverse and
largely unexplored.

In this study, we investigated the protective effects of
anthocyanin in rats with MCAO/R injury, and found some clues
on the underlying mechanism of protection.

MATERIALS AND METHODS

Ethics Statement
All procedures described in this study were performed in
accordance with the guidelines of Nanjing University of Chinese
Medicine Animal Care and Use Committee.

Reagents
Chromatographic grade methanol and acetonitrile were
purchased from Merck (Darmstadt, Germany). Formic acid, ethyl
acetate and other chemicals were purchased from commercial
sources and of analytical grade. Rabbit monoclonal to Bad, rabbit
monoclonal to Bcl-xl, rabbit monoclonal to Bax, rabbit polyclonal
to Bcl-2, rabbit polyclonal to p-NF-κB p50, rabbit polyclonal to
p-NF-κB p65, and rabbit monoclonal to p-IκB were purchased
from Abcam (Cambridge, United Kingdom). Antibodies for
mouse monoclonal to NLRP3 were acquired from Adipogen

International (San Diego, CA, United States). Antibody for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
acquired from Sigma-Aldrich (St. Louis, MO, United States).
Evans blue (EB) was purchased from Sigma Chemical Co., Ltd.
(St. Louis, MO, United States). All other reagents were obtained
from Sigma-Aldrich (St. Louis, MO, United States).

Anthocyanin Preparation
Anthocyanin, namely pentunidin-3-O-rutinoside
(p-coumaroyl)-5-O-glucoside (purity 98.3%) was extracted
and purified from the dried fruits of Lycium ruthenicum
Murr.(LRM, sampled from Delingha, Qinhai, China) according
to the method proposed by Wang et al. (2014) with slight
modification.

Briefly, anthocyanin was extracted twice from the dried fruits
of LRM using 1% formic acid (40◦C) at a ratio of 1:30 for 1 h each
time. The crude extract of anthocyanins was subjected to liquid–
liquid extraction, four times by water-saturated ethyl acetate at
a ratio of 1:3 for 12 h each time, and was purified using a
column (1 cm × 15 cm) of Amberlite XAD-7HP macroporous
adsorption resin (Sigma-Aldrich, St. Louis, MO, United States).
Then, two fractions of anthocyanins were isolated from the
Amberlite XAD-7HP eluate using a column (1 cm × 100 cm)
of Sephadex LH-20 (GE Healthcare, Chicago, IL, United States).
Subsequently, the monomeric anthocyanin of pentunidin-3-O-
rutinoside (p-coumaroyl)-5-O-glucoside was separated from the
second fraction of the Sephadex LH-20 eluate by an Alltech
1500 semi-preparative HPLC (Chicago, IL, United States) and
was identified using an AB SCIEX API 4000 ESI-MS/MS
(Framingham, MA, United States).

Animals
Adult male Sprague–Dawley rats weighing 250–300 g were
provided by Model Animal Research Center of Nanjing
University. All animals were housed five per cage under
controlled temperature (22± 2◦C) and with 12 h light/dark cycle
(lights on at 8:00 a.m.). The animals had free access to food and
water. Rats were injected intraperitoneally with different doses
of anthocyanin (50, 100, and 200 mg/kg) for 7 days before the
induction of middle cerebral artery occlusion.

MCAO/R Model
The common carotid artery was isolated following rat anesthesia
(10% chloral hydrate, 350 mg/kg, intraperitoneally), and the
branches of the right external carotid artery were carefully
separated. A 4-0 nylon monofilament suture with a silicon coated
tip was advanced to the internal carotid artery to occlude the
source of the MCA. In the sham group, this same procedure was
performed but no sutures were inserted. After 2 h of cerebral
ischemia, the suture was withdrawn for reperfusion for 24 h.

Evaluation of Neurological Deficits
Each rat was evaluated for neurological deficits according to
Longa’s method (Longa et al., 1989), which included the following
neurological scores and symptoms: 0, no obvious neurological
symptoms; 1, the rat’s front paw cannot be fully extended; 2, the
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rat circles to one side while walking; 3, the rat leans to one side
while walking; and 4, rats cannot walk or lose consciousness.

Evaluation of Cognitive Function
Each rat was evaluated for cognitive function by novel
object recognition test, 24 h before the test, the mice were
habituated to the arenas (50 cm × 50 cm plastic container)
for 5 min without objects. The day after the mice re-entered
the arenas from the same starting point of the arena (facing
the bottom left corner) and granted 10 min to familiarize
themselves with the two identical objects. Exactly 1 h after the
familiarization period, the rats are exposed to two different
object: one is same with the training phase and another
is a novel object. The time that the rats spend to explore
the old and novel objects are recorded, calculated the object
interaction ratio according to the formula: object interaction
ratio = Novel object exploration time/Old object exploration
time.

Evaluation of Infarct Volume
After 2 h of MCAO and 24 h of reperfusion, the brain was quickly
removed. Infarct volume was then measured by TTC staining,
which revealed the severity of cerebral ischemia. The data was
expressed as a percentage of the total hemisphere (Lin et al.,
1993).

Evaluation of Cerebral Edema
Brain water content was measured using a dry-wet method.
Brain tissue was removed after 24 h of reperfusion, and was
immediately weighed (a) It was then baked in a 120◦C oven for
24 h and weighed again (b) Brain water content was measured
according to the formula: brain water content = (a–b)/a× 100%.

Evaluation of BBB Permeability
The rats in each group were injected with 2% EB (2 ml/kg)
in the tail vein 2 h before sacrifice. The brain tissue was then
removed and weighed, and then placed into dimethylformamide
(1 ml/100 mg brain tissue) and incubated at 60◦C. for 24 h. After
centrifugation at 1000 r/min for 5 min, the supernatant was taken
and the absorbance at a wavelength of 620 nm was measured with
a spectrophotometer.

Gelatin Zymography
Protein concentrations were determined after samples collection.
The samples, mixed with loading buffer, were loaded into the
wells of a precast gel and subjected to electrophoresis. Then
the gel was washed in washing solution followed by shaking
in incubation solution for 48 h (37.5◦C). After staining with
Coomassie Brilliant Blue, the gel was bleached by different
concentrations of methanol-acetic acid.

Serum ELISA Detection
Samples of 0.5 ml of blood were obtained from the femoral vein
at 24 h after reperfusion. The serum was separated and collected
by centrifugation. Then the serum samples were then assessed for
inflammatory mediator (TNF-α, IL-1β, and IL-6) levels using an
ELISA kit, according to the manufacturer’s instructions.

Western Blot
Tissues were placed in a pre-cooled glass grinder, a pre-
cooled lysate containing PMSF and phosphatase inhibitors
was added, and they were thoroughly ground and lysed. An
appropriate amount of 5X protein loading buffer was added
to the protein sample. The protein (50 µg) was separated
by SDS-PAGE and transferred to PVDF membranes. The
membranes were blocked with 5% bovine serum albumin at
room temperature for 1 h and then incubated with a specific
primary antibody overnight at 4◦C. The following primary
antibodies used: Bad (1:2000), Bax (1:1000), Bcl-2 (1:1000), Bcl-
xl (1:1000), p-NF-κB p50 (1:1000), p-NF-κB p65 (1:2000), p-IκB
(1:5000), and NLRP3 (1:500). The corresponding secondary
antibody was incubated for 1 h at room temperature and
the blot was visualized using the enhanced chemiluminescence
(ECL) method. Software Quantity One -4.6.5 software (Bio-Rad
Laboratories, Irvine, CA, United States) was used to analyze the
data.

Real Time-PCR
Trizol reagent was added to the sample, which was
homogenized, and the RNA was extracted. cDNA was then
synthesized and SYBR Green I dye was used for real-time
quantitative PCR. The sense and antisense primers used
for the analysis of rat TNF-α, IL-1β, IL-6, and GAPDH
expression were as follows. TNF-a: 5′-CCC CTTTATCGTCTA
CTCCTC-3′ and 5′-GCTGGTAGTTTAGCTCCGTTT-3′
(553 bp). IL-1b: 5′-TCATTGTGGCTGTGGAGAAG-3′ and
5′-CTATGTCCCGACCATTGCTG-3′ (579 bp). IL-6: 5′-GGA
TACCACCCACAACAGAC-3′ and 5′-TTGCCGAGTAGAC
CTCATAG-3′ (520 bp). GAPDH: 5′-CCATCACTGC
CACTCAGAAGA-3′ and 5′-CATGAGGTCCACCACCCTGT-3′
(446 bp).

Histomorphological Analysis
After the tissue was formed into a block of wax, it was cut
into 4 µm slices, dewaxed, and hydrated. It was stained with
hematoxylin for 4 min and eosin for 90 s. It was dehydrated
with an alcohol gradient from low to high concentrations, made
transparent with xylene, and then observed under the microscope
(Li et al., 2002).

TUNEL Staining
The terminal deoxy transferase reaction mixture was incubated
with the sections for 1 h according to the manufacturer’s
instruction. All of the counted nuclei were stained with
hematoxylin.

Statistical Analysis
Statistical analysis was carried out using ANOVA. Results are
expressed as mean ± SD. A p value < 0.05 was considered
statistically significant. All analyses were performed using
GraphPad Prism Version 5.01 software (GraphPad Software Inc.,
San Diego, CA, United States).
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FIGURE 1 | Anthocyanin reduces infarct volume and improves neurological deficits. (A) TTC staining of the brains of rats. (B) Quantitative analysis of infarct volume
of rats. F (5,30) = 111.2. (C) Quantitative analysis of neurological deficits scores in rats. F (5,30) = 31.05. (D) Hematoxylin and eosin (H&E) staining of brain sections of
rats. (E) The exploration time of novel object recognition test in rats. F (5,30) = 42.84 (old object). F (5,30) = 0.413 (novel object). (F) The object interaction ratio of
novel object recognition test in rats. F (5,30) = 24.28, n = 6, ∗∗p < 0.01 vs. sham; ##p < 0.01 vs. middle cerebral artery occlusion/reperfusion (MCAO/R).
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FIGURE 2 | Anthocyanin reduced MCAO/R-induced blood-brain barrier (BBB) destruction by inhibiting MMP-9. (A) Quantitation of brain water contents in rats
following MCAO/R. F (3,20) = 8.54. (B) Quantitative analysis of EB extravasation by spectrophotometry. F (3,20) = 9.473. (C) Representative band with gelatin
zymography and quantitative analysis of the expression levels of MMP-9/2 in rats following MCAO/R. F (3,20) = 49.27 (MMP-9), F (3,20) = 24.39 (MMP-2), n = 6,
∗∗p < 0.01 vs. sham; #p < 0.05 and ##p < 0.01 vs. MCAO/R.
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FIGURE 3 | Bcl-2 family proteins are involved in the anti-apoptosis effect of anthocyanin. (A) Representative photomicrographs show TUNEL staining for apoptotic
cells in rat brains. Effects on the severity of cerebral apoptosis are shown in an average quantitative analysis of the number of TUNEL-positive cells. F (3,20) = 295.
(B) Western blot analysis of the expression of Bad, Bcl-xl, Bax, and Bcl-2 in rats. (C,D) The expression ratio of Bad/Bcl-xl and Bax/Bcl-2 was quantified by Quantity
One 4.6.5 software and is represented as a histogram. F (3,20) = 136.4 (Bad/Bcl-xl), F (3,20) = 136.7 (Bax/Bcl-2), n = 6, ∗∗p < 0.01 vs. sham; ##p < 0.01 vs.
MCAO/R.

RESULTS

Anthocyanin Decreased
MCAO/R-Induced Brain Infarct Volume
and Improved Neurologic Functional
Outcomes
To evaluate the protective effect of anthocyanin, different
concentrations of anthocyanin (50, 100, and 200 mg/kg)
were injected intraperitoneally into rats before the MCAO/R
surgery. The infarct area of the brain was examined by

2,3,5-Triphenyltetrazolium chloride staining. MCAO/R
produced massive infarction, however, in the MCAO/R
rats that received anthocyanin injections, the infarct
volume was found to be significantly reduced in a dose-
dependent manner (Figures 1A,B). Additionally, behavioral
assessment showed that anthocyanin significantly decreased
the neurological severity scores and attenuated cognitive
function decline measured by novel object recognition test of
MCAO/R rats in a dose-dependent manner (Figures 1C,E,F).
Therefore, we used anthocyanin 200 mg/kg for subsequent
experiments—the dose that resulted in the greatest effect.
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In addition, as shown in Figure 1D, neuronal loss and the
presence of numerous vacuolated spaces were observed in
MCAO/R rats, which could be ameliorated by anthocyanin
(200 mg/kg).

Anthocyanin Inhibited MCAO/R-Induced
BBB Destruction by Inhibiting MMP-9
Blood-brain barrier is the core structure of the NVU, which is
damaged in MCAO/R. Therefore, we next examined brain edema
and leakage, which is believed to reflect the permeability of the
BBB. The results show that cerebral edema in the anthocyanin-
treated rats was significantly alleviated compared with MCAO/R
rats (Figure 2A). Similarly, anthocyanin significantly reduced the
leakage of EB content (Figure 2B).

Many studies have confirmed that MMP-9 causes BBB damage
in cerebral ischemia (Kurzepa et al., 2014). Therefore, we
examined the effect of anthocyanin on MMP-9 levels. Gelatin
zymography results showed that MCAO/R induced a significant
increase in MMP-9, which could be reduced by anthocyanin
treatment (200 mg/kg) (Figure 2C).

Mitochondria Are Involved in the
Anti-apoptotic Effect of Anthocyanin
Many studies have reported that the Bcl-2 family is an
important apoptosis regulator in the mitochondria (Gross,
2016). A large number of TUNEL-positive cells was observed
in the MCAO/R rats, and anthocyanidin (200 mg/kg)
significantly reduced the number of TUNEL-positive
cells, as shown in Figure 3A. In addition, anthocyanin
significantly increased the Bcl-xl/Bad and Bcl-2/Bax ratios
(Figures 3B–D), suggesting that it had attenuated the
apoptosis signaling pathway by modulating mitochondrial
function.

Anthocyanin Inhibits MCAO/R-Induced
Inflammatory Molecule Expression
Next, we examined the effect of anthocyanin on the inflammatory
response. The results showed that compared with the sham rats,
MCAO/R significantly up-regulated the expression of TNF-
α, IL-1β, and IL-6 in the cerebral cortex, and anthocyanin

FIGURE 4 | Anthocyanin inhibited the expression of inflammation-related molecules in the brain and serum of MCAO/R rats. (A) The effects of anthocyanin on
mRNA expression levels of proinflammatory markers: TNF-α, IL-1β, and IL-6. GAPDH was used as a loading control. F (3,20) = 60.87 (TNF-α), F (3,20) = 28.8 (IL-1β),
F (3,20) = 33.79 (IL-6). (B) Serum concentrations of TNF-α, IL-1β, and IL-6 in MCAO/R rats are determined. F (3,20) = 235.6 (TNF-α), F (3,20) = 649.3 (IL-1β),
F (3,20) = 509.6 (IL-6), n = 6, ∗p < 0.05 and ∗∗p < 0.01 vs. sham; #p < 0.05 and ##p < 0.01 vs. MCAO/R.
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FIGURE 5 | NF-κB and the NLRP3 inflammasome pathway are involved in the anti-inflammatory effect of anthocyanin. (A) Western blot analysis of the expression of
p-NF-κB p50, p-NF-κB p65, and p-IkB in rats. F (3,20) = 71.53 (p-NF-κB p50), F (3,20) = 74.84 (p-NF-κB p65), F (3,20) = 184.2 (p-IkB). (B) Western blot analysis of
the expression of NLRP3 in rats. F (3,20) = 175.6, n = 6, ∗∗p < 0.01 vs. sham; ##p < 0.01 vs. MCAO/R.

significantly inhibited the expression of TNF-α, IL-1β,
and IL-6 (Figure 4A). We then used ELISA to measure
serum TNF-α, IL-1β, and IL-6 concentrations. The results
showed that anthocyanin significantly reduced MCAO/R-
induced elevated levels of TNF-α, IL-1β, and IL-6, which is
consistent with the mRNA results (Figure 4B). These findings
suggest that anthocyanin could inhibit the expression of
inflammation-related molecules in rat brains, induced by
MCAO/R.

NF-κB and the NLRP3 Inflammasome
Pathway Are Involved in the
Anti-inflammatory Effect of Anthocyanin
Evidence shows that NF-κB and the NLRP3 inflammasome
pathway play an important role in the inflammatory signaling
pathways (Dolunay et al., 2017). To identify whether NF-κB

and NLRP3 are also involved in the anthocyanin-induced anti-
inflammatory effect following MCAO/R, we performed western
blot analysis. As shown in Figure 5, anthocyanin reduced
the expression of p-NF-κB p50, p-NF-κB p65, p-IκB, and
NLRP3 following MCAO/R. Based on the obtained results, the
mechanisms of action and the underlying signaling pathways of
anthocyanin are proposed in Figure 6.

DISCUSSION

Our study demonstrated that the administration of
anthocyanin significantly reduced infarct volume, neurological
scores, cognitive function decline, cerebral edema and
the concentration of EB in MCAO/R rats by inhibiting
MMP-9, Bcl-2 family and inflammation-related molecules
including TNF-α, IL-1β, and IL-6. In addition, NF-κB
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FIGURE 6 | Proposed mechanisms of anthocyanin’s effect on NVU dysfunction after ischemic stroke. Injury to the neurovascular unit results in either death or injury
to endothelial cells, neurons, microglia etc. Following hypoxia and ischemia, reactive oxygen species (ROS) are generated and NF-κB are activated, which activates
the NLRP3 inflammasome pathway, and triggers the expression of IL-1β. Anthocyanin ameliorates the ischemia-hypoxia-induced BBB disruption by down regulating
the expression of MMP-9. Anthocyanin down-regulate the expression level of Bax/Bcl-2 and Bad/Bcl-xl, which ultimately inhibits the extrinsic and intrinsic apoptotic
signaling pathways to block apoptosis.

and the NLRP3 inflammasome pathway may play a role
in the anti-inflammatory effect of anthocyanin. Taken
together, these results may enhance our understanding
of the NVU protection properties of anthocyanin against
ischemic stroke through multiple pathways and provide
an alternative option for the future prevention and
treatment of stroke.

Stroke is one of the most common causes of death worldwide
and is a major cause of acquired disability in adults, with
highly complex pathological process (Soler and Ruiz, 2010).
In recent years, the NVU has become a new target for
stroke treatment (Hu et al., 2017). NVU is composed of
neurons, the BBB, glial cells (astrocytes, microglia), vascular
cells (endothelial cells), and the ECM. The BBB is the core
structure of the NVU, and matrix metalloproteinases (MMPs)
have been widely considered to play a key role in the disruption
of the BBB following stroke (Liu et al., 2012). In the early
phase of stroke, MMPs cause multiple NVU dysfunctions,
such as neuronal death and BBB leakage (Rosell and Lo,
2008).

Previous studies have shown that MMP-9 is abnormally
expressed in brains suffering from cerebral ischemic injury
and that it promotes brain damage and BBB breakdown
(Rosenberg and Yang, 2007). In humans, patients with

ischemic stroke show higher levels of MMP-9 in the blood,
and more importantly, MMP-9 levels are associated with a
poorer prognosis (Dejonckheere et al., 2011). Specifically,
inhibitors or gene suppression of MMP-9, significantly
reduced infarct size and bleeding complications (Hu et al.,
2009). Our results indicate that anthocyanin may protect
BBB permeability through the inhibition MMP-9. Consistent
with our results, studies that administered MMP inhibitors
prior to stroke showned similar benefits (Asahi et al.,
2000).

Blood-brain barrier dysfunction caused by apoptosis
and inflammation, is a key factor that causes NVU injury,
which promotes the development of ischemic brain injury
(Lakhan et al., 2009). Apoptosis contributes to a significant
proportion of neuronal death that occurs following brain
ischemia (Radak et al., 2017). The Bcl-2 protein family is
composed of pro-apoptotic (Bax, Bad) and anti-apoptotic
(Bcl-2, Bcl-xl) members, which are major regulators of
the mitochondrial apoptotic pathway (Gross, 2016), and
are involved in the occurrence and development of stroke
(Qi et al., 2015). In this study, anthocyanin alleviated
apoptosis injury resulting from MCAO/R. Additionally,
anthocyanin increased levels of Bcl-2 and Bcl-xl in
MCAO/R rats, and, it decreased levels of Bax and Bad.
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This finding suggests that anthocyanin can protect the NVU by
inhibiting apoptosis, and therefore, may be a potential candidate
for the treatment of ischemia-reperfusion injury.

After stroke, cerebral ischemia injury induces a robust
inflammatory response, causing great damage to the BBB.
Damage-associated molecular patterns (DAMPs) are the main
signals that trigger inflammatory reactions. Most DAMPs,
including HMGB-1 or heat shock proteins, are released from
dying and dead cells (Chen and Nunez, 2010), and are sensed
by pattern recognition receptors, including Toll-like receptors
(TLRs) and scavenger receptors. Once the DAMP-receptor
signaling is activated, inflammatory mediators such as cytokines
(IL-1β, TNF-α, and IL-6), chemokines and reactive oxygen
species (ROS) are released from the NVU component cells
to exacerbate cell death and lead to BBB breakdown (Macrez
et al., 2011). The NF-κB transcriptional activation pathway is
considered to be a master regulator of inflammation and is indeed
critical to the regulation of apoptosis, and play a key role in
stroke (Harari and Liao, 2010). Decreasing NF-κB expression
could reduce stroke size, edema, and neurological deficits in the
rat permanent MCAO model (Wang et al., 2010). Furthermore,
NF-κB can regulate the expression of MMP-9 (Wang et al., 2009).
Inhibitors of MMP-9 can significantly reduce cerebral edema
and BBB disruption in stroke (Wang et al., 2009). Our results
showed that anthocyanin significantly decreased the expression
of p-NF-κB p65, p-NF-κB p50, and MMP-9, suggesting NF-κB
pathway is involved in the NVU protection effect of anthocyanin.

One study found that the expression of NLRP3 was increased
in the brain tissue of stroke patients (Fann et al., 2013). The
activation of TLR-4 activates NF-κB during cerebral ischemia,
and NF-κB further promotes the production of NLRP3 and
IL-1β— thus, enhancing inflammation (Minutoli et al., 2016).
The NLRP3 inflammasome has become a critical mediator of
post-ischemic inflammation, which eventually leads to cell death
(Yang et al., 2014). NLRP3 was expressed in the neurons,
microglia, and endothelial cells of ischemic brains, all of which
primarily make up the NVU (Famakin, 2014). In primary cortical
neurons, ischemic conditions increased NLRP3 expression and
IL-1β levels. Similarly, levels of NLRP3 and IL-1β were elevated
in the brains of I/R mice (Fann et al., 2013). In addition, studies
have shown that in a mouse MCAO model, NLRP3−/− mice
exhibited reduced infarct volumes, decreased edema formation,
and preserved BBB permeability (Fernandez-Cadenas et al., 2012;
Lambertsen et al., 2012). In this study, our results showed that
anthocyanin could inhibit MCAO/R-induced up regulation of
NLRP3 in the ischemic brains of rats, indicating that anthocyanin
protects the NVU against inflammation, at least in part, through
a mechanism mediated by NLRP3 signaling.

Anthocyanins, which are flavonoids formed by
anthocyanidins and sugars through glycosidic bonds, are
natural antioxidants with a wide range of biomedical
functions. Anthocyanins are thought to benefit cardiovascular,
inflammatory, and degenerative diseases (Zafra-Stone et al.,
2007). Anthocyanins are recognized as ROS scavengers, and
endogenous ROS are mainly produced by the mitochondrial
respiratory chain and the NADPH oxidase system (Dikalov,
2011). Mitochondria and NADPH oxidase have previously been

implicated in BBB dysfunction and its loss of integrity (Doll
et al., 2015; Schiavone et al., 2017). Studies have shown that
anthocyanins have pharmacological effects on mitochondria
cardioprotection through the following mechanisms: reduction
of cytosolic cytochrome c preventing apoptosis and sustainment
of electron transfer between NADH dehydrogenase and
cytochrome c supporting oxidative phosphorylation in ischemia-
damaged mitochondria (Liobikas et al., 2016). However, further
research is required to investigate the role of different free radical
sources in the inhibition of cerebral ischemia by anthocyanins.

Although anthocyanins have considerable beneficial effects,
we still need to pay attention to the safety of anthocyanins.
Anthocyanins do not appear to be readily absorbed or
metabolized. A weight-of-evidence analysis indicates that
anthocyanins are not genotoxic (Haveland-Smith, 1981;
Ferguson et al., 1985). The acute oral toxicity is low; for instance,
the oral LD50 for a combination of the glycosides of cyanidin,
delphinidin, petundin, and malvidin was more than 25 g/kg
for mice and more than 20 g/kg for rats (Hallagan et al., 1995).
However, no study gives the lethal dose of anthocyanins in the
case of intraperitoneal injection. In our study, the anthocyanin
were intraperitoneally injected into rats by the concentrations of
50, 100, and 200 mg/kg. It may be concluded by the oral studies
that intraperitoneal injection of anthocyanins may be safe in
a relatively lower dose, and some other scholars have reported
the benefits of intraperitoneal injection of anthocyanins in other
doses (Rossi et al., 2003; Matsumoto et al., 2006; Khan et al.,
2016). Despite all of these, we still need to focus some sights
to the intraperitoneal injection security issues of anthocyanins,
and further research is required to investigate the safe dosage of
intraperitoneal injection of anthocyanins.

In addition, the anthocyanin attenuated progression of
cerebral ischemic damage in rats was, associated with the
suppression of the JNK and p53 signaling pathway (Shin
et al., 2006). Our study found that anthocyanin could
also inhibit MMP-9 and NLRP3 levels to facilitate NVU
protection. Therefore, anthocyanin may potentially be a safe
and effective treatment for improving stroke through multiple-
effects.

Taken together, the NVU is important in stroke
pathophysiology, and the investigation of multiple-pathways
that protect of the NVU may lead to novel approaches for this
devastating disease. Our study found that anthocyanin could
inhibit apoptosis and inflammation to protect the NVU in rats
impaired by MCAO/R. Additionally, NF-κB, MMP-9, and the
NLRP3 inflammasome pathway might be involved anthocyanin’s
protective effects in the NVU. Therefore, anthocyanin could
protect the NVU through multiple pathways, and might be
a potential candidate for the prevention and treatment of
stroke.
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