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The edaravone and dexborneol concentrated solution for injection (edaravone-dexborneol) is a medication used clinically to treat
neurological impairment induced by ischemic stroke. This study was aimed at investigating the preventive effects and the
underlying mechanisms of edaravone-dexborneol on cerebral ischemic injury. A rat four-vessel occlusion (4-VO) model was
established, and the neuronal injury and consequent neurological impairment of rats was investigated. Brain tissue
malondialdehyde (MDA), myeloperoxidase (MPO), and nitric oxide (NO) levels were determined. The levels of proteins in
mitogen-activated protein kinases (MAPKSs), nuclear factor erythroid 2-related factor 2 (Nrf2), and nuclear factor-«B (NF-«B)
signaling pathways were determined by western immunoblotting. The function of mitogen-activated protein kinase
phosphatase 1 (MKP-1) was investigated using both western blot and immunofluorescence methods, and the effect of the
MKP-1 inhibitor, (2E)-2-benzylidene-3-(cyclohexylamino)-3H-inden-1-one (BCI), was investigated. The results indicated that
edaravone-dexborneol alleviated neurological deficiency symptoms and decreased apoptosis and neuron damage in the
hippocampal CA1 area of the ischemic rats. Edaravone-dexborneol increased the MKP-1 level; decreased the phosphorylation
of extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 mitogen-activated protein kinase (p38
MAPK); inhibited NF-xB p65 activation; and boosted Nrf2 activation, all of which were partially reversed by the MKP-1
inhibitor, BCI. The above results indicated that the upregulation of MKP-1 contributed to the protective effects of edaravone-
dexborneol against ischemic brain injury. Our findings support the hypothesis that edaravone-dexborneol can alleviate cerebral
ischemic injury via the upregulation of MKP-1, which inhibits MAPKs and activates Nrf2.

1. Introduction

Stroke is one of the leading causes of death and disability in
humans, and caring for stroke patients has imposed a tre-
mendous burden on society [1]. The most common type of
stroke is ischemic stroke with complex clinical manifestations.
Currently, there is a shortage of drugs for the prevention and
treatment of ischemic stroke. Although the thrombolytic agent
tissue plasminogen activator (t-PA) is successful in treating
cerebral thrombosis, only a small number of patients can
receive it in time due to its limited therapeutic window [2].

Thus, developing novel drugs for the treatment of ischemic
stroke is of great urgency.

The edaravone and dexborneol concentrated solution for
injection (edaravone-dexborneol (Eda-Bor)) is a compound
preparation approved in China for the treatment of acute
ischemic stroke. It is formulated from edaravone and
(+)-borneol in a mass ratio of 4:1. Edaravone is a radical
scavenger with the effects of quenching hydroxyl radicals
and clearing lipid peroxidation [3, 4]. Edaravone has been
approved and suggested for the treatment of acute ischemic
stroke in China and Japan [5, 6]. In addition, edaravone was
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recently approved by the United States Food and Drug
Administration (FDA) for the treatment of amyotrophic lat-
eral sclerosis (ALS), which slowed the disease progression of
ALS clinically [7]. A recent meta-analysis of clinical trials
indicated that edaravone ameliorated neurological impair-
ment with a survival benefit at three-month follow-up,
regardless of the mean age or duration of treatment [8]. Bor-
neol itself has been demonstrated to have neuroprotective
benefits [9], especially in cerebral ischemic rats by improving
nerve function and decreasing cerebral infarction [10].
Additionally, borneol is classed as an adjuvant drug that
facilitates targeting to the cerebral lesion sites. Borneol pro-
moted the movement of drugs across the blood-brain barrier
(BBB) and enhanced drug distribution into brain tissues,
implying a synergistic effect in the treatment of acute ische-
mic stroke [11].

The combination of edaravone and borneol (Eda-Bor)
with an optimal ratio of 4:1 has been clinically reported to
be synergistic [12]. Eda-Bor was safe and well tolerated at
dosages of 12.5, 37.5, and 62.5 mg in a phase II investigation
compared to edaravone alone [13]. In the follow-up phase
III comparative trial, a total of 1165 acute ischemic stroke
patients were randomly assigned to the Eda-Bor group
(n=585) or the edaravone group (n =580). On day 90 after
randomization, the Eda-Bor group (37.5mg) had a signifi-
cantly greater proportion of patients with favorable func-
tional outcomes than the edaravone group [14]. The
combination of edaravone and borneol has been demon-
strated to be beneficial in clinical trials. In addition to the
known ROS scavenging effects, an in-depth elucidation of
its mechanism of action and the involved signaling pathways
still needs to be done to guide clinical practice. The purpose
of this study was to confirm the efficacy and explore the
mechanism of Eda-Bor action in a rat four-vessel occlusion
(4-VO) model.

2. Material and Methods

2.1. Animals and Drugs. Male Sprague Dawley (SD) rats
(240-280 g) were purchased from Beijing Vital River Labora-
tory Animal Technology Co., Ltd. with the certificate num-
ber SCXK (Beijing) 2006-0009. The rats were kept at a
temperature of 23-25°C with free access to food and water.

Eda-Bor injection (batch number: S090904-02-121, 181-
210108, 12.5 mg/5mL) and edaravone injection (batch num-
ber: 80-090703, 10 mg/5 mL) were both provided by Jiangsu
Simcere Pharmaceutical Research Co., Ltd. Each bottle of
Eda-Bor injection (12.5 mg/5mL) contains 10 mg edaravone
and 2.5 mg dexborneol with a mass ratio of 4: 1. (2E)-2-Ben-
zylidene-3-(cyclohexylamino)-3H-inden-1-one  (BCI), a
mitogen-activated protein kinase phosphatase 1 (MKP-1)
inhibitor [15], was obtained from the Institute of Materia
Medica, Chinese Academy of Medical Sciences and Peking
Union Medical College (CAMS & PUMC).

2.2. Animal Grouping, 4-VO Model Establishment, and Drug
Administration. Rats were divided into seven groups, includ-
ing the sham operation group, 4-VO model group, 4-VO
+Eda-Bor (0.375, 0.75, and 1.5mg/kg) groups, 4-VO+edara-
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vone (3 mg/kg) group, and 4-VO+Eda-Bor (1.5 mg/kg)+BCI
group. All the animal procedures were reviewed and
approved by the Institutional Animal Care and Use Com-
mittee of the Institute of Materia Medica, CAMS & PUMC.
The rat 4-VO model was established according to the
reported procedure with some modifications [16]. The 4-
VO model has been commonly used to explore the mecha-
nism of brain damage following transient global ischemia
but can also be used for testing neuroprotective drugs. To
establish the 4-VO model, two vertebral arteries of rats were
permanently coagulated, and two common carotid arteries
were temporarily ligated. The 4-VO model induces transient
ischemia to the forebrain, while maintaining a relatively
intact blood supply to the hindbrain. In this study, after
the rat was anesthetized and fixed, the bilateral vertebral
arteries were occluded by electrocauterization. After 24h,
the rats were anesthetized again, and the bilateral common
carotid arteries were clamped with clips to initiate the ische-
mic period. If the ischemic operation was successful, the rats
experienced loss of consciousness, corneal reflex and right-
ing reflex, dilated pupils, and gray or white eyeballs; the con-
sciousness and the above reflexes did not recover after the
ischemic period. After 20 min, the clips were removed to
start the reperfusion period. Rats that died during the ische-
mic period and those that had convulsions throughout the
experiment were discarded. The sham operation group did
not have bilateral vertebral artery coagulation or bilateral
common carotid artery clamping, while the remaining oper-
ations were the same. Except for the sham operation group
and model group, the rats were only given vehicle. The other
groups were given the indicated drugs once a day for 3 days
after reperfusion. BCI was administered intraperitoneally
once a day at 0, 24, and 48h after reperfusion initiation.
Each dose of BCI was 2.5mg/kg in saline containing 5%
dimethyl sulfoxide (DMSO) and 1.25% Tween 20 [17].

2.3. Modified Neurological Severity Scores. At 24 and 72h
after the start of reperfusion, a researcher who was blind to
the experimental protocol assessed the rats’ neurological
function. The scoring system was as previously described
and included balance, sensory, motor, and reflex tests [18],
and the score ranged from 0 to 18 (normal, 0; highest deficit,
18). An increase in the score indicated a more serious injury.
Each time a rat failed to perform the test or failed to display
a tested reflex, one point was scored.

2.4. Pathological Examination of Neurons in the
Hippocampal CA1 Area. Rats were anesthetized at 72 h after
reperfusion and were perfused and fixed with 4% parafor-
maldehyde. The brains were removed, placed in paraformal-
dehyde, and fixed for >3 days followed by routine
dehydration and paraffin embedding. 5ym thick brain sec-
tions were cut and stained with cresyl violet. A light micro-
scope was used to photograph the CAl region of the
hippocampus in both hemispheres. The histological alter-
ations in the hippocampal subfield were rated using the
grading method described in the previous paper [19]. The
following criteria were applied: 0 indicates normal neuron
morphology with no damage; 1 indicates a few neurons are
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injured; 2 indicates a large number of neurons are damaged;
and 3 indicates the majority of neurons are damaged. Neu-
ronal density was measured by counting neurons with intact
cell membranes, full nucleus, and clear nucleolus in the hip-
pocampal CA1 area on both sides under high magnification
(x400). Additionally, the average number of undamaged
neurons per unit length in the CA1 region of the hippocam-
pus was determined.

2.5. Determination of MDA, MPO, and NO Content in the
Brain Tissue. Kits for quantitation of malondialdehyde
(MDA), myeloperoxidase (MPO), and nitric oxide (NO)
were purchased from Nanjing Jiancheng Bioengineering
Institute, China. At 24 h after reperfusion, the entire brain
tissue of some of the rats was homogenized in 2mL of ice-
cold buffer containing 50mM Tris-HCl, 150 mM NaCl,
5mM CaCl,, and 0.1 mM phenylmethylsulfonyl fluoride
(PMSF) at pH7.4. Samples were centrifuged at 12,000 g for
20min at 4°C. The supernatants were recovered, and
MDA, MPO, and NO concentrations were determined fol-
lowing the kit instructions.

2.6. Western Blotting. After 72 h of reperfusion, western blot-
ting of brain tissue protein was performed. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
used to separate brain proteins, which were subsequently
transferred to a polyvinylidene difluoride (PVDF) mem-
brane. After blocking the membrane with 5% bovine serum
albumin (BSA), the proteins were incubated with the follow-
ing primary antibodies: MKP-1, cleaved caspase-3, Bax, Bcl-
2, p38 mitogen-activated protein kinase (p38 MAPK), p-p38
MAPK, c-Jun N-terminal kinase (JNK), p-JNK, extracellular
signal-regulated protein kinase (ERK), p-ERK1/2, nuclear
factor erythroid 2-related factor 2 (Nrf2), heme oxygenase-
1 (HO-1), NAD(P)H:quinone oxidoreductase 1 (NQO1),
nuclear factor-xB (NF-«B) p65, p-NF-«B p65, NF-xB inhib-
itor alpha (IxBa), p-IxBa, B-actin, and Histone H3 at 4°C
overnight. The PVDF membrane was then washed with
tris-buffered saline plus Tween 20 (TBST) and incubated
for 2h at 37°C with horseradish peroxidase- (HRP-) conju-
gated secondary antibody (anti-rabbit, 1:1000; anti-mouse,
1:5000). An enhanced chemiluminescence (ECL) kit was
used to detect protein bands.

2.7. Immunofluorescence Assay. Immunofluorescence exper-
iments were performed 72h after reperfusion. For MKP-1
staining, the brain tissue was fixed in a 4% paraformalde-
hyde. Afterwards, frozen slices of 5 ym thickness were made.
Brain slices were then treated with 0.5% Triton X-100 and
10% goat serum, after which they were incubated overnight
with primary antibodies against MKP-1 and NeuN. After
washing, the sections were incubated with fluor-tagged sec-
ondary antibodies, and fluorescent images of MKP-1 and
NeuN staining were captured under a microscope following
DAPI treatment.

2.8. Statistical Analysis. The data are presented as the mean
+ standard deviation (SD). To determine the differences
between the study groups, a one-way analysis of variance

(ANOVA) followed by Tukey’s post hoc test was utilized.
Statistical significance was defined as P < 0.05.

3. Results

3.1. Edaravone-Dexborneol Alleviated Neurological Deficits
in 4-VO Rats. The model group demonstrated significant
neurological deficits at 24 and 72h compared to the sham
operation group (P < 0.001, Figures 1(a) and 1(b)). At 24h
following reperfusion, the Eda-Bor groups (0.375, 0.75, and
1.5mg/kg) and the edaravone group showed significant
improvement in neurological deficiency symptoms: P < 0.05,
P <0.05,P<0.01,and P < 0.001, respectively (Figure 1(a)).
At 72h after reperfusion, the Eda-Bor injection groups
(0.75 and 1.5 mg/kg) and the edaravone group showed bene-
ficial effects on neurological deficiency symptoms: P < 0.01,
P <0.01,and P < 0.05 (Figure 1(b)). The findings revealed
that cerebral ischemia damage resulted in significant neuro-
logical impairments, which were significantly alleviated by
the administration of Eda-Bor. Additionally, the effect of
Eda-Bor in improving neurological deficiency symptoms
was better than the positive control, edaravone, used alone.

3.2.  Edaravone-Dexborneol Reduced Injury to the
Hippocampal CA1 Region in 4-VO Rats. Brain slices were
stained with cresyl violet 72 h after 4-VO surgery. The CAl
region of the hippocampus was pathologically graded, and
the neurons were counted using a light microscope (x400).
As shown in Figures 1(c) and 1(d), cresyl violet staining
revealed no obvious alteration in the hippocampal CAl
region of the sham-operation group; the neuronal damage
grade was 0. The neurons were neatly aligned with intact
morphology, including large, spherical nuclei, and distinct
nucleoli. However, most neurons in the CAl region of 4-
VO rats were damaged or disrupted, and the remainder
had ischemic alterations with elongated shapes and pyknotic
or absent nuclei, with a pathogenic grade of 2.8+0.2
(Figure 1(d)). Eda-Bor (0.75 and 1.5mg/kg) significantly
decreased the pathological damage induced by the 4-VO
operation (P<0.001 and P<0.001) (Figure 1(d)) and
increased neuronal density (P<0.001 and P <0.05)
(Figure 1(e)). The positive control, 3 mg/kg edaravone, also
reduced the 4-VO-induced damage.

3.3. Edaravone-Dexborneol Decreased the MDA, MPO, and
NO Levels in the Brain Tissue of 4-VO Rats. MDA, MPO,
and NO levels in brain tissue of 4-VO rats were elevated
24h after reperfusion: P <0.05,P<0.01,and P <0.001
(Figures 2(a)-2(c)). Eda-Bor (0.375, 0.75, and 1.5 mg/kg)
decreased the levels of MDA in brain tissue dose-
dependently (P < 0.05) (Figure 2(a)). The administration of
Eda-Bor at 0.375, 0.75, and 1.5 mg/kg resulted in a decrease
in MPO levels: P < 0.01, P <0.01,and P < 0.05 (Figure 2(b)).
The concentration of NO was also decreased dose-
dependently by Eda-Bor at 0.375, 0.75, and 1.5mg/kg
(P <0.001) (Figure 2(c)). As a positive control, edaravone
inhibited the increase of MDA, MPO, and NO: P <0.05,
P <0.001, and P <0.001 (Figures 2(a)-2(c)).
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FiGurek 1: Edaravone-dexborneol alleviated neurological impairments and decreased pathological damage in the hippocampal CA1 region of
rats. (a) At 24 h after reperfusion, Eda-Bor improved the neurological impairments of rats. (b) At 72 h after reperfusion, Eda-Bor improved
the neurological impairments of rats. (c) Eda-Bor significantly reduced the pathological damage in the CA1 region, as determined by cresyl
violet staining. (d) Eda-Bor reduced neuronal injury in the CA1 region. (e) Eda-Bor increased the neuronal density in the CA1 region. For
the neurological deficits test, sham operation group: n = 10, 4-VO model group: n =9, 4-VO+Eda-Bor (0.375 mg/kg) group: n =9, 4-VO
+Eda-Bor (0.75 and 1.5mg/kg) groups: n =8, and 4-VO+edaravone group (3 mg/kg): n=8. For cresyl violet staining, sham operation
group: n=4, 4-VO model group: n=>5, 4-VO+Eda-Bor (0.375mg/kg) group: n =6, 4-VO+Eda-Bor (0.75 mg/kg) groups: n=7, 4-VO
+Eda-Bor (1.5mg/kg) group: n=6, and 4-VO+edaravone group (3 mg/kg): n=7. Data were expressed as the mean + SD. **P < 0.001
compared with the sham operation group, *P <0.05, **P <0.01,and"**P < 0.001 compared with the 4-VO model group. Eda-Bor:

edaravone-dexborneol; Eda: edaravone.

3.4. Edaravone-Dexborneol Inhibited Apoptosis in the Brain
Tissue of 4-VO Rats. As illustrated in Figures 2(d) and 2(e),
the intensity of cleaved caspase-3 and Bax was increased in
the injured brain region, whereas the intensity of Bcl-2 was
decreased. The Eda-Bor (0.75 and 1.5 mg/kg) and the edara-
vone groups significantly reduced cleaved caspase-3 inten-
sity: P <0.01, P <0.001,and P < 0.05 (Figure 2(d)). Eda-Bor

at 0.375, 0.75, and 1.5 mg/kg significantly reduced the Bax/
Bcl-2 ratio (P < 0.001) (Figure 2(e)).

3.5. Edaravone-Dexborneol Suppressed MAPK Signaling and
Activated Nrf2 Signaling in the Brain Tissue of 4-VO Rats.
The mitogen-activated protein kinases (MAPKs) have been
shown to play important roles in cerebral ischemia injury.
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FiGURE 2: Edaravone-dexborneol decreased the levels of MDA (a), MPO (b), NO (c), cleaved caspase-3 (d), and Bax/Bcl-2 ratio (e) in the
brain tissue of 4-VO rats. For the determination of MDA, MPO, and NO, sham operation group: n =5, 4-VO model group: n =8, 4-VO
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For the western blot method, n =4. Data were expressed as the mean + SD. #P <0.05, ##P <0.01,and***P < 0.001 compared with the
sham operation group. *P <0.05, **P < 0.01,and"*"P < 0.001 compared with the 4-VO model group. Eda-Bor: edaravone-dexborneol;

Eda: edaravone.

The 4-VO injury increased the phosphorylation of ERK
(P<0.001) (Figures 3(a) and 3(b)), whereas Eda-Bor at
0.75 and 1.5 mg/kg significantly decreased the phosphoryla-
tion of ERK (P <0.05and P < 0.01) (Figures 3(a) and 3(b)).
Enhanced phosphorylation of JNK was also observed follow-
ing 4-VO injury, and Eda-Bor at 0.75 and 1.5 mg/kg signifi-
cantly downregulated it (P <0.01) (Figures 3(a) and 3(c)).
The phosphorylation of p38 was increased in the model
group (P < 0.05), but was significantly decreased by 1.5 mg/
kg Eda-Bor (P <0.05) (Figures 3(a) and 3(d)). Eda-Bor at
0.75 and 1.5mg/kg significantly increased Nrf2 levels
(P<0.05and P < 0.001) (Figures 3(e) and 3(f)). In addition,
the Nrf2 downstream protein, HO-1, was upregulated by
Eda-Bor at 0.75 and 1.5mg/kg (P <0.05andP <0.001)
(Figures 3(e) and 3(g)). Treatment with Eda-Bor (0.75 and
1.5mg/kg) also increased the expression of the downstream
protein, NQO1 (P <0.05and P <0.01) (Figures 3(e) and
3(h)).

3.6. Edaravone-Dexborneol Inhibited NF-xB Activation in
the Brain Tissue of 4-VO Rats. According to the western
blotting results, NF-«xB p65 and IxBa phosphorylation levels
were dramatically enhanced (P <0.001) (Figures 4(a) and
4(b)). Eda-Bor at 0.75 and 1.5 mg/kg significantly suppressed
NF-«B p65 phosphorylation (P <0.01) (Figure 4(a)) and
reduced IxBa phosphorylation (P <0.05) (Figures 4(b)).
Figure 4(c) showed that the cytoplasmic p65 level was
slightly elevated in the Eda-Bor groups at 0.375 and
1.5mg/kg compared to the 4-VO model group, indicating
a reduction in p65 nuclear translocation. The nuclear trans-
location of p65 was significantly increased by 4-VO injury

(P <0.001), but was inhibited by 0.75 and 1.5mg/kg Eda-
Bor (P <0.05 and P < 0.01) (Figure 4(d)).

3.7. Edaravone-Dexborneol Regulated MAPK, Nrf2, and NF-
kB Signaling through Upregulation of MKP-1 in the Brain
Tissue of 4-VO Rats. As determined by western blot and
immunofluorescence, MKP-1 expression was dramatically
decreased following 4-VO damage (Figures 5(a)-5(c)).
Eda-Bor dose-dependently increased the MKP-1 level
(Figure 5(a)). BCI, an MKP-1 inhibitor, was able to counter-
act the overexpression of MKP-1 induced by Eda-Bor
(Figures 5(b) and 5(c)). Administration of 1.5mg/kg Eda-
Bor increased MKP-1 expression in neurons (P <0.01)
(Figure 5(b)), which was reversed by BCI (P <0.05)
(Figure 5(b)). Additionally, Eda-Bor suppressed the phos-
phorylation of MAPKs (Figures 6(a)-6(d)), enhanced Nrf2
activation (Figures 6(e)-6(h)), and inhibited NF-xB p65
activation (Figures 6(i)-6(1)), all of which were partially
reversed by the MKP-1 inhibitor, BCL

4. Discussion

In this study, Eda-Bor alleviated the symptoms of neurolog-
ical impairments in 4-VO rats and inhibited apoptosis and
neuron damage in the hippocampal CAl region of rats.
The combination of edaravone and dexborneol is superior
to the use of edaravone alone. Eda-Bor suppressed the phos-
phorylation of MAPKSs, inhibited the activation of NF-xB
p65, and promoted the activation of Nrf2. These regulatory
effects were mediated through the upregulation of MKP-1
by Eda-Bor.
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FiGure 3: Edaravone-dexborneol inhibited MAPK signaling and activated Nrf2 signaling in brain tissue of 4-VO rats. (a) p-ERK, ERK, p-
JNK, JNK, p-p38, and p38 levels. (b) Eda-Bor lowered the p-ERK/ERK ratio. (c) Eda-Bor the p-JNK/JNK ratio. (d) Eda-Bor lowered the p-
p38/p38 ratio. (e) The Nrf2, NQO1, and HO-1 levels. (f) Eda-Bor increased the Nrf2 level. (g) Eda-Bor increased the expression of HO-1. (h)
Eda-Bor increased the expression of NQO1. Western blot analysis was used to determine the protein levels adjusted to S-actin or Histone
H3 (nuclear). Data were expressed as the mean + SD. n=4. #P < 0.05and#P < 0.001 compared with the sham operation group. *P <
0.05, **P <0.01,and***P < 0.001 compared with the 4-VO model group. Eda-Bor: edaravone dexborneol; Eda: edaravone.

Eda-Bor is a compound medicine containing edaravone
and borneol in a mass ratio of 4: 1. Edaravone exhibited high
radical-scavenging activity against a broad spectrum of rad-
ical species, including the hydroxyl radical, superoxide
anion, singlet oxygen, methyl radical, alkoxyl radical, and
alkylperoxyl radical [20, 21]. Since cerebral ischemic injury
induces the generation of many different types of radical
species, the broad scavenging activity of edaravone is impor-
tant for its therapeutic effects on ischemic stroke. In addition
to its effects on radical elimination, edaravone suppressed
both cerebral and systemic inflammatory responses [22, 23],
decreased matrix metalloproteinase levels [24], and inhibited
cell apoptosis [25]. Borneol usually acts as an adjuvant that
facilitates drugs across various physiological barriers, such

as the BBB [26]. The concentration of edaravone in the brain
tissue was increased by pretreatment with borneol [27].
Although borneol is rarely used alone in the therapy of brain
illnesses, it does show neuroprotective effects when used by
itself [28]. Borneol alone can reduce the damage caused by
cerebral ischemia and alleviate the BBB disruption [29]. A
previous study in a rat cerebral ischemic model reported that
borneol (1 mg/kg) reduced brain infarct size, decreased neu-
rological deficit scores, and dose-dependently inhibited the
production of proinflammatory molecules such as inducible
nitric oxide synthase (iNOS) and tumor necrosis factor alpha
(TNF-«) [30]. Eda-Bor has significant antioxidative stress,
anti-inflammatory response, and antiapoptotic effects. In
our study, Eda-Bor lowered the levels of MDA, MPO, and
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P <0.001 compared with the sham operation group. *P < 0.05, **P < 0.01,and"**P < 0.001 compared

with the 4-VO model group. Eda-Bor: edaravone dexborneol; Eda: edaravone.

NO in the brain tissue of 4-VO rats. Eda-Bor also decreased
the levels of proapoptotic proteins Bax and cleaved caspase-
3 and raised the level of antiapoptotic protein Bcl-2.

The combination of edaravone and dexborneol exhibited
synergistic benefits. In the rat transient cerebral ischemia/
reperfusion model, edaravone, borneol, or Eda-Bor lowered
the infarct volume with maximum effects of 55.7%, 65.8%,
and 74.3%, respectively [12]. Y-2 is a mixture of edaravone
and (+)-borneol in a 5:1 weight ratio. In a rat model of
intracerebral hemorrhage induced by collagenase IV injec-
tion, Y-2 (1, 3, and 6 mg/kg) improved sensorimotor dys-
function, reduced cell death, alleviated histological changes,
decreased brain edema, and preserved the blood-brain
barrier integrity. Y-2 was superior to edaravone in terms of
efficacy [31]. Eda-Bor also inhibited interleukin-6 (IL-6)
and cyclooxygenase-2 generation in RAW264.7 cells stimu-
lated by LPS. In a mouse model of acute lung injury (ALI),
Eda-Bor significantly lowered TNF-a and IL-6 levels in
serum and bronchoalveolar lavage fluid and inhibited NF-
kB activation. In this ALI model, Eda-Bor was found to be
more effective than edaravone alone [32]. In a mouse model
of dextran sulfate sodium-induced colitis, Eda-Bor at 7.5 and
15mg/kg exhibited better therapeutic effects in relieving the
disease activity index, reducing the body weight loss, and

decreasing the levels of inflammatory cytokines than edara-
vone or (+)-borneol alone [33].

MAPKSs are a group of highly conserved serine/threonine
protein kinases. ERK, JNK, and p38 MAPK are the three
major subfamilies of MAPKs. The activation of MAPKs
triggers important physiological processes such as inflam-
mation, oxidative stress, and apoptosis [34]. Deactivating
MAPKs can reduce apoptosis and the inflammatory
response, thereby alleviating cerebral ischemia damage. A
study reported that JNK was significantly activated after
cerebral ischemia/reperfusion injury in aged rats, while edar-
avone (3 mg/kg, i.v.) treatment significantly inhibited oxida-
tive stress and the JNK signaling pathway [35]. Another
study revealed that edaravone protected the myocardium
from cerebral ischemia/reperfusion-induced injury in elderly
rats primarily by inhibiting p38 MAPK activation [36]. In
HT22 cells, H,O, increased the levels of p-ERK, p-JNK,
and p-p38 significantly, while edaravone protected cells
from H,0,-induced damage by reducing ROS generation
and inhibiting MAPK activation [37]. Besides edaravone,
borneol (100 mg/kg) alone significantly reduced brain neu-
ronal and microglial inflammation in LPS-induced sepsis
in mice by inhibiting p-p65 and p38 MAPK signaling [38].
In this study, Eda-Bor reduced cerebral ischemia-induced
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phosphorylation of ERK, JNK, and p38, thereby inhibiting
MAPK-mediated apoptosis and inflammation and reducing
brain damage.

MKP-1 is a member of the threonine-tyrosine dual-
specificity phosphatase family. It is a key phosphatase
responsible for the dephosphorylation/deactivation of the
MAPKs. MKP-1 inhibited MAPK-mediated proinflamma-
tory signaling pathways, thereby inhibiting oxidative stress
and cell death in a variety of illnesses [39]. A study showed
that overexpression of MKP-1 inhibited neuronal mortality
in vitro, possibly by modulating JNK signaling [40]. MKP-1
protected neurons from damage both in vivo and in vitro,
and upregulation of MKP-1 alleviated LPS-induced neuroin-
flammation [41]. The ability of MKP-1 to suppress p38,
JNK, and ERK activation is key to its inhibition of inflamma-
tion and apoptosis [42]. In our study, the administration of
Eda-Bor increased the MKP-1 level in the 4-VO rat model,
suggesting a possible mechanism for Eda-Bor to alleviate
ischemic injury.

MKP-1 could be deactivated by ROS, because after being
oxidized, MKP-1 is rapidly degraded in the proteasome [43].
Recent studies showed that TGF-1 treatment of NIH3T3
cells for 1h increased nuclear and cytosolic ROS generation,
resulting in thiol alteration of the MKP-1 protein and a 50%
reduction in MKP-1 activity [44]. Additionally, ROS-
induced inactivation of MKP-1 may result in the prolonged
activation of JNK and p38. Increased ROS production and
decreased MKP-1 activity are responsible for the MAPK-
triggered inflammation following cerebral ischemia. The
scavenging of ROS by Eda-Bor could inhibit the degradation
of MKP-1, which preserved its inhibitory effects on MAPKs.

MKP-1 could also enhance the activation of Nrf2. Nrf2 is
a transcription factor involved in the expression of numer-
ous cytoprotective proteins, such as HO-1 and NQOI. Once
activated, Nrf2 translocates into the nucleus, resulting in the
transcription of downstream protective genes. It was
reported that elevated MKP-1 expression promoted Nrf2
nuclear translocation, which further elevated the mRNA
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expression levels of antioxidant enzymes [45]. MKP-1 could
inhibit the inflammatory response by interfering with the
Nrf2 signaling pathway [46]. A recent study showed that
MKP-1 enhanced the stability of Nrf2 and positively regu-
lated Nrf2/HO-1 expression by directly interacting with the
DIDLID motif of Nrf2 [47]. The interaction between
MKP-1 and Nrf2 enhanced the antioxidant ability of cells
and protected against cerebral ischemia damage. Several
studies have reported that edaravone promoted the nuclear
translocation of Nrf2 in acute cerebral ischemia injury
[48], chronic cerebral hypoperfusion injury [49], and retinal
ischemia/reperfusion injury [50]. In Ap-treated SH-SY5Y
cells, borneol was also reported to increase the nuclear trans-
location of Nrf2 and promote the expression of HO-1 [51].
Our study revealed that Eda-Bor promoted Nrf2 activation,
which was inhibited by the MKP-1 inhibitor BCI. The above
findings suggested that MKP-1 might also be an essential
protein for the activation of the Nrf2 signaling pathway by
Eda-Bor.

The regulation of Eda-Bor on MKP-1 and its down-
stream signaling pathways were partially reversed by the
MKP-1 inhibitor BCI. The reason that BCI only acted par-

tially might be due to the relatively weak inhibitory effect
of BCI on MKP-1, which might not be strong enough to
be fully effective. A previous study reported that the half-
maximal inhibitory concentration (IC,,) of BCI on MKP-1
was 11.5+ 2.8 uM in cells [52]. Another study reported that
BCI specifically inhibited MKP-1 with a half maximal effec-
tive concentration (EC,,) of 8.0+ 0.6 M in cells [15]. A
more potent inhibitor might be able to exert full regulation.
A second possible explanation for BCI’s partial activity
might be that the bioavailability and blood-brain barrier
permeability of BCI could influence its regulatory effects
on MKP-1 and the related downstream proteins. Third,
although MKP-1 is a key protein for Eda-Bor to alleviate
cerebral ischemic injury, other mechanisms might also
contribute to the regulatory effects of Eda-Bor on the related
signaling pathways. Further research needs to be done to
investigate the above three possibilities.

5. Conclusion

The present work indicated that the combination of
edaravone and dexborneol could protect 4-VO rats against
ischemic brain injury. Eda-Bor inhibited rat neurological
impairments by increasing the level of MKP-1. The upregu-
lation of MKP-1 by Eda-Bor subsequently inhibited the
activation of MAPKs and promoted the activation of Nrf2
(Figure 7). Upregulating MKP-1 activity offers a promising
strategy for stroke treatment.
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