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Abstract
Background: Ischemic stroke results in disability and increased risk of morbidity, resulting in a massive
burden on patients and caregivers. Recombinant tissue plasminogen activator (r-tPA) has a limited
window of opportunity for e�cacy and causes side effects including hemorrhage; therefore, safer and
more effective therapeutic strategies are required. In this study, the neuroprotective effects of a
methanolic extract of AGR (AGmex) in ischemia/reperfusion-induced brain injury in mice were
investigated.

Methods: Ischemic brain injury was induced in the mice by transient occlusion of the middle cerebral
artery (tMCAO) for 120 min, and the effect of AGmex on the amount of infarction was measured. Cresyl
violet and hematoxylin and eosin stains were used to identify changes in the neurons, nuclei, and
cytoplasm. Western blotting, immunohistochemistry, and terminal deoxynucleotidyl transferase dUTP
nick end labeling staining were used to elucidate the neuroprotective mechanism of AGmex.

Results: AGmex effectively reduced the infarction volume when the mice were pre-treated at 1,000 mg/kg
bw/day for two consecutive days (AGmex 1000 group). Neurons, nuclei, and cytoplasmic staining were
the lowest in the MCAO group, but recovered in the AGmex 1000 group. In addition, proteins related to cell
growth, differentiation, and death were up-regulated in the AGmex 1000 group.

Conclusion: The major recovery mechanisms appeared to be attenuation of the mitochondrial function of
Bcl-2/Bax, and activation of the PI3K/AKT/mTOR and MAPK signaling pathways in ischemic neurons.

Background
Cerebrovascular diseases (CVDs), caused by heart or blood vessel abnormalities, are a major cause of
death worldwide. Of all of the CVDs, acute ischemic cerebral stroke is considered as the leading cause of
morbidity and mortality in modern society [1, 2]. When ischemic stroke occurs, cerebral in�ammation and
cell death are induced in the ischemic lesions, and in�ammatory signals are activated by harmful stimuli
such as arterial occlusion [3].

Thrombolytic agents have been used for the treatment of stroke with some success. However, there are
limitations to their use, including side effects such as hemorrhage, and the limited window of opportunity
for e�cacious administration. Thus, further research on the prevention and treatment of ischemic stroke
is in high demand [4].

The most commonly used mice model that temporarily block the middle cerebral artery (MCA) is known
as the Koizumis’ method [5]. In this study, we adapted the Koizumis’ method with some modi�cations.

Angelica gigas Nakai, also called Korean angelica is a perennial plant from Asian countries, and its roots
are used in traditional herbal medicine [6]. In Korea, the root of A. gigas is the source of Angelicae
Gigantis Radix (AGR), while that of A. sinensis is used in China.
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According to traditional Korean Medicine, stroke is mainly caused by blood stasis, and AGR has been
widely used by traditional medicine practitioners to treat ischemia related diseases [6].
Pharmacologically, it has been reported to have anticancer and antibacterial effects, antioxidant activity,
and to improve circulatory diseases [7–9]. More recently, research has indicated that it has
neuroprotective, anti-in�ammatory, and antidementia effects (Additional File 1 as supplementary Table 1,
and citations therein).

Therefore, in the present study, the neuroprotective potential of a methanol extract of AGR (AGmex) was
assessed in male C57BL/6 mice, using a modi�ed version of Koizumi’s method, to investigate the
medicinal application of AGR. Additionally, its proposed underlying molecular mechanisms of action are
reported.

Materials And Methods
Reagents

Phosphate buffered saline (PBS) was purchased from Bio Basic Inc. (Markham, Ontario, Canada). 2,3,5-
Triphenyl-tetrazolium chloride (TTC), cresyl violet, Evans blue (EB), trichloroacetic acid, and propidium
iodide (PI) were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). The optimal cutting temperature
(OCT) compound cryostat embedding medium was purchased from Thermo Fisher Scienti�c (Waltham,
MA, USA). Protein extraction solution was purchased from iNtRON (Seongnam-si, Gyeonggi-do, Korea).
Primary antibodies for B-cell lymphoma 2 (Bcl-2), bcl-2-like protein 4 (Bax), phospho-phosphoinositide 3-
kinase (p-PI3K), protein kinase B (PKB, AKT), phospho-extracellular-signal-regulated kinase (p-ERK), ERK,
phospho-c-Jun N-terminal kinase (p-JNK), JNK, phospho-p38 mitogen-activated protein kinase (p-p38),
p38, and manganese superoxide dismutase (MnSOD) were purchased from Cell Signaling Technology
(Danvers, MA, USA). PI3K, p-AKT, phospho-mammalian target of rapamycin (p-mTOR), sirtuin 1 (SIRT1),
and β-actin were from Santa Cruz biotechnology Inc. (Dallas, TX, USA), and aquaporin 4 (AQP4) was from
Abcam Inc. (Milton, Cambridge, UK). BCA reagent, bovine serum albumin (BSA) standard, and enhanced
chemiluminescence (ECL) western blotting chemiluminescent substrate were purchased from Thermo
Fisher Scienti�c (Waltham, MA, USA).

Preparation of the methanolic extract of AGR

Dried AGR was purchased from a commercial supplier (Kwangmyung-Dang, Ulsan, Korea) and 12,800 g
was extracted in methanol for 48 h. The methanolic extract of AGR was evaporated using a rotary
evaporator and lyophilized. The obtained lyophilized extract (AGmex) was stored at -25℃ in conical
tubes. The AGR specimen (Specimen no. 2017-AGR-05) and AGmex (Voucher no. 2017Ex-AGR-05) were
deposited (4℃ and -25℃, respectively) at in the Plant and Extract Bank at Pusan National University
School of Korean Medicine for future reference.

A commonly recommended clinical dose of AGR is 10 g/60 kg bw/day for adults. This is equivalent to 26
mg/kg bw/day AGmex, which can be converted to 300 mg/kg bw/day for mice. Thus, based on the
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relevant clinical dosage of AGR, AGmex was orally administered to the mice daily at doses of 300 to
3,000 mg/kg bw/day.

High performance liquid chromatographic (HPLC) analysis of AGR

To obtain the �ngerprint of the AGR used in this experiment, we determined the presence of nodakenin
and decursin, the main components of AGR, using a high performance liquid chromatography (HPLC)
system (Shimadzu, Kyoto, Japan) equipped with an LC-20AD pump, an SIL-20A autosampler, an SPD-
M20A detector, and a CTO-20A column oven. Samples were separated using a YMC-Triart C18 column.
The mobile phase and elution system are shown in Fig. 1.

Experimental schedule for dosing and transient middle cerebral artery occlusion (tMCAO)

To evaluate the neuroprotective effect of AGmex, mice were subjected to tMCAO for 120 min after prior
pre-treatment with AGmex. When the AGmex doses had been optimized, mice were post-treated with
AGmex or nimodipine (ND) to compare their neuroprotective e�cacies. ND was used as the reference
agent as it has been used as a positive control in previous studies [10, 11].

Mice in the pre-treatment groups were orally administered one or two doses of 300-3,000 mg/kg bw
AGmex either 24 h prior and/or 1 h prior to the tMCAO surgery. tMCAO was then performed for 120 min. In
the post-tMCAO treatment group, 1,000 mg/kg AGmex was administered 1 h after the end of the tMCAO.
The dose of ND was 60 mg/kg bw based on the dose used in previous studies [10, 11]. A schematic
procedure of the experiment is shown in Fig. 2.

Experimental animals and induction of tMCAO

Ten week old C57BL/6 male mice (Samtako Bio, Osan, Korea), weighing 25-30 g, were used for all
studies. All the procedures in this study were approved by the Ethics Committee for Animal Care and Use
at Pusan National University (Approval No. PNU 2017-1759), certi�ed by the Korean Association of
Laboratory Animal Care. tMCAO was performed on the mice using a version of Koizumi’s method
modi�ed in our laboratory. The details of the protocol and materials used are as reported previously [12].

Measurement of neurological de�cit score (NDS) and infarct area

The NDS were evaluated using the protocol of Lee et al. [12]. TTC staining can re�ect mitochondrial
functioning and has been shown to be a reliable marker of ischemic volume after ischemia. Serial 1 mm
coronal sections were stained with TTC solution and digitized, and the ischemic area and non-infarct
tissue were outlined and assessed using an image analysis system (Digimizer, Ostend, Belgium).

Cardiac perfusion and brain cryosection

The mice were anesthetized by CO2 respiration, and an incision was made in the abdomen and the
cardiac tissue was perfused with PBS. PBS and a 4% paraformaldehyde (PFA) solution were used for
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perfusion and �xation, respectively. Post-�xation, the brain was soaked in 10% PFA containing 10-30%
sucrose for 3 days at 4℃, and then cryosectioned to a thickness of 30 μm (Leica, Wetzlar, Germany) for
staining.

Nissl staining, and hematoxylin and eosin (H&E) staining

Frozen slides were thawed and allowed to dry su�ciently on a slide warmer, before being dipped into an
ethanol:chloroform (1:1 vol/vol) solution overnight. The slides were placed in 0.1% cresyl violet solution
for 10 min, then incubated at 40°C. Then, they were washed once with distilled water, before being
sequentially placed in 95% and 100% ethyl alcohol for 5 min each, sealed with a cover slip and mounting
solution, and observed under a microscope (Axio, Zeiss, Oberkochen, Germany). The density of the
neuronal cells in the cortex area was measured using an ImageJ program (NIH, MD, USA). The H&E
staining procedures have been described previously [12].

Blood-brain barrier (BBB) permeability

The permeability of the BBB was determined by measuring the amount of EB solution according to a
previously published protocol [13].

Immunohistochemistry (IHC)

Frozen slides were allowed to thaw and dry su�ciently on a slide warmer, before the brain sections were
incubated with blocking serum (2% BSA) for 1 h at 25℃, followed by incubation for 4°C overnight with
the primary antibodies for p-mTOR and AQP4. After overnight incubation, secondary antibody was added
and the slides were incubated for 1 h at 25℃. After the sections were washed 3 times, they were stained
for 5 min using the reagent in the Envision kit (DAKO K5007, CA, USA). The slides were sequentially
placed in 95%, then 100%, ethyl alcohol for 1 min each, dipped in xylene and mounted, then observed
under a microscope (Axio, Zeiss, Oberkochen, Germany).

Western blot analysis

The ipsilateral (left) hemispheric proteins from mice brain were isolated using a protein extraction
solution. Lysates were obtained by centrifugation at 15,871 × g for 10 min at 4°C. Protein supernatants
were quantitated using a BSA standard method. Protein samples (30 µg) were separated by SDS-PAGE (6-
12%), then transferred onto PVDF membranes (Millipore, Darmstadt, Germany). The membranes were
blocked using 5% skimmed milk in TBST (Tris-buffered saline, 0.1% Tween 20) buffer for 1 h at 25℃, and
incubated at 4°C overnight with the primary antibodies. After overnight incubation, secondary antibodies
were added for 1 h at 25℃. After incubation, the membranes were treated with ECL solution and the
expressed proteins were detected using a photosensitive luminescent analyzer system (Amersham™
Imager 600, Buckinghamshire, UK). Band intensities were analyzed using an ImageJ program (NIH, MD,
USA), and are represented as the ratios of the densities of the respective phospho-form vs the total-form
protein bands.



Page 6/21

Terminal deoxynucleotidyl transferase dUTP nick endlabeling (TUNEL) staining

Frozen slides were thawed and allowed to dry su�ciently on a slide warmer, before the sections were
hydrated in PBS and permeabilized for 2 min in ethanol:acetic acid (1:1 vol/vol) at 25℃. A DeadEnd™
Fluorometric TUNEL System (Promega Corp., WI, USA) protocol was used to visualize TUNEL-labeled
nuclei. Tissue sections were counterstained with 1 μg/ml PI to visualize the total number of nuclei. The
stained sections were observed under a �uorescence microscope (Nikon Fluorescence Microscopy, Tokyo,
Japan).

Statistical analysis

One-way analysis of variance (ANOVA) was used to determine the statistical differences between the
mean values of the groups using the Sigmaplot version 12.0 program (Systat Software Inc., CA, USA).
Data are expressed as mean ± standard deviation (SD), and differences were considered statistically
signi�cant at p < 0.05.

Results
Analytical comparison of AGmex with its standards, nodakenin and decursin

Nodakenin and decursin are the major pharmacologically active compounds found in A. gigas. Their
structures and pro�le on an HPLC chromatogram are shown in Fig. 1A. The presence of nodakenin and
decursin in AGmex was con�rmed using HPLC (Fig. 1B).

Measurements of infarct volume, edema area, and NDS

To study the effect of AGmex, the mice were pre-treated with AGmex before induction of ischemic stroke.
Doses of 300, 1,000, and 3,000 mg/kg bw were administered once (1 h prior to tMCAO) or twice (1 h prior
to tMCAO and 24 h earlier). The most effective regimen was the double 1,000 mg/kg bw/day dose (Fig.
3A). The total infarct volume percentile in the ipsilateral hemispheric brain in the mice treated twice with
AGmex at 1,000 mg/kg bw/day was 15.56 ± 2.22%, and that of the tMCAO group alone was 51.12 ±
9.24%.

Since 1,000 mg/kg bw was found to be the optimal concentration of AGmex for pre-treatment, a dose of
1,000 mg/kg bw was used for the post-treatment study. Although a lower average total infarct volume
percentile was seen in the mice post-treated with 1,000 mg/kg bw AGmex, this difference was not
statistically signi�cant. Nimodipine (ND), a drug used in the clinic to treat ischemic neuropathy at 6
mg/kg bw/day, was administered to the mice in this study at an equivalent dose of 60 mg/kg bw.
However, no effect on total infarct volume percentile was seen after oral administration of this dose of
ND post-treatment in this study (Fig. 3A).

A signi�cant reduction in the amount of brain edema was observed in the groups pre-treated with AGmex
once at 300 mg/kg bw (11.35 ± 0.33 mm3) and twice at 1,000 mg/kg bw/day (2.27 ± 2.97 mm3), when
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compared with the amount of edema seen in the tMCAO alone group (29.86 ± 8.85 mm3) (Fig. 3B).

No statistical changes were observed in the NDS between the MCAO-induced groups. However, in the ND
group, used as a positive control in previous reports [10, 11], the NDS was signi�cantly higher (at 3.0 ±
0.0) than that seen in the MCAO group (2.0 ± 0.0) (Fig. 3C), suggesting that ND may potentially have an
adverse effect on post-stroke behavior.

During MCAO induction in the anesthetized mice, a laser Doppler probe was attached to the temporal
surface of the skull. CCA occlusion resulted in the cerebral blood �ow being reduced to approximately 68
± 8% of baseline levels. When the MCA was occluded, the Doppler cerebral blood �ow signal decreased to
approximately 11 ± 2% of the signal seen during total blood �ow (Additional File 2 as supplementary Fig.
1). As previous studies have indicated that AGR promotes blood circulation, the rCBF in the AGmex-
treated group was expected to increase during the MCA occlusion period. However, no difference in rCBF
was seen in any of the groups (Supplementary Fig. 1).

Assessing changes of BBB permeability

As 1,000 mg/kg bw/day over two days was found to be the most effective dose of AGmex in the pre-
treatment study, this dose was also used for the mechanistic studies.

EB leakage in the ipsilateral hemisphere in the tMCAO group was signi�cantly increased when compared
with that in the sham-operated group. In addition, in the group pre-treated with 1,000 mg/kg bw/day
AGmex (AGmex1000 group), the EB leakage was signi�cantly lower than that seen in the tMCAO group.
There was no signi�cant difference in leakage in the contralateral hemisphere between the sham-
operated group and the tMCAO group; however, it was signi�cantly higher in the AGmex 1000 group than
in the tMCAO group (Fig. 4A).

IHC staining in the ischemic lesions of the ipsilateral hemisphere showed that AQP4 was expressed
mainly in the cortical neurons (red arrows indicate AQP4 positive stain, Fig. 4B). AQP4 expression was
lower in the AGmex 1000 group than in the tMCAO group (black arrows indicate AQP4 negative stain, Fig.
4B).

Morphological changes to neuronal cells

In the sham-operated group, cresyl violet staining indicated that the neuronal cells were intact, with a
morphologically well-arranged cytoplasm and nucleus (black arrows, Fig. 5A). In the tMCAO group, the
neuronal cells were apoptotic, with aberrant morphology (red arrows, Fig. 5A). In the AGmex-treated
group, the cells were similar to those of the sham-operated group (black arrows, Fig. 5A). Cresyl violet
staining, also known as Nissl staining, indicated that the cell density of the tMCAO-induced group was
77.3 ± 9.08% of that of the sham-operated group, and that of the AGmex 1000 group was 98.28 ± 3.63%
(Fig. 5A).
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Cells of the tMCAO-induced group showed DNA damage, presenting as cell shrinkage, pyknotic nuclei,
and eosinophilic cytoplasm (red arrows, Fig. 5B). However, those of the AGmex 1000 group appeared to
be much less damaged, similar to those of the sham-operated group (black arrows, Fig. 5B). Compared
with the sham-operated group, H&E staining indicated that the density of the cells in the tMCAO-induced
group was 79.61 ± 9.23% and that of those in the AGmex 1000 group was 108.01 ± 6.11% (Fig. 5B).

Apoptotic changes to the ipsilateral cerebral cortex

In the sham-operated group, neuronal cells were PI-stained and evenly distributed, and no TUNEL-positive
cells were observed. However, in the tMCAO group, TUNEL-positive cells were clearly visible and highly
stained, with more condensed PI staining, indicating tMCAO-induced apoptotic changes. On the contrary,
cells of the AGmex 1000 group showed nuclear condensation in the PI staining, but TUNEL-positive cells
were not detected, suggesting that AGmex has an anti-apoptotic effect (Fig. 6A).

Expression of cell death-related molecules in the ipsilateral cerebral cortex

Protein expression levels are shown in Fig. 7A. Bcl-2 and Bax proteins are related to typical apoptosis
signaling that occurs in mitochondria [14, 15]. The Bcl-2/Bax expression ratio was 1.00 ± 0.04 in the
sham-operated group, 0.75 ± 0.02 in the tMCAO group, and 0.91 ± 0.09 in the AGmex 1000 group (Fig.
7B). These results indicate that apoptosis was observed in the tMCAO group, but that administration of
1,000 mg/kg bw/day AGmex on two consecutive days prior to the tMCAO protected the neuronal cells
from apoptosis.

The PI3K/AKT/mTOR signaling pathway regulates a variety of cellular functions, including
differentiation, proliferation, survival, and autophagy [15, 16]. Expression of mTOR protein was evaluated
using IHC staining (Fig. 6B). It was over-expressed in the tMCAO group (red arrows), and the expression
was down-regulated in the AGmex 1000 group.

The ratio of p-PI3K/PI3K expression was 1.00 ± 0.05 in the sham-operated group, 0.02 ± 0.02 in the
tMCAO group, and 0.19 ± 0.12 in AGmex 1000 group (Fig. 7C). The ratio of p-AKT/AKT expression was
1.00 ± 0.07 in the sham-operated group, 0.70 ± 0.16 in the tMCAO group, and 1.18 ± 0.06 in the AGmex
1000 group (Fig. 7D).

MAPK signaling was activated in the tMCAO group (Fig. 7E, F, and G). ERK, one of the major signaling
cassettes of MAPK, is related to cell growth and differentiation [17]. ERK signaling was activated in the
AGmex 1000 group. The ratio of p-ERK/ERK expression was 1.00 ± 0.11 in the sham-operated group, 1.24
± 0.09 in the tMCAO group, and 1.91 ± 0.40 in the AGmex 1000 group (Fig. 7E). JNK activates apoptotic
pathways by up-regulating pro-apoptotic genes [17, 18], and its increased expression in the tMCAO group
was inhibited by AGmex administration. The ratio of p-JNK/JNK expression was 1.00 ± 0.11 in the sham-
operated group, 1.32 ± 0.15 in the tMCAO group, and 0.66 ± 0.08 in the AGmex 1000 group (Fig. 7F).
Signaling pathway p38 regulates apoptosis, targeting members of the Bcl-2 family of proteins [17, 18]. Its
expression was up-regulated in the tMCAO group, but was even higher in the AGmex 1000 group. The
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ratio of p-p38/p38 expression was 1.00 ± 0.28 in the sham-operated group, 1.58 ± 0.16 in the tMCAO
group, and 2.28 ± 0.29 in the AGmex 1000 group (Fig. 7G).

Several researchers have reported that herbal medicine or plant-derived compounds attenuate cerebral
ischemic injury in a SIRT1-dependent manner [19, 20]. However, in this study, neither tMCAO or AGmex
administration had any signi�cant effect on SIRT1 expression (Fig. 7H).

MnSOD, also known as superoxide dismutase 2, is speci�cally localized to the inner mitochondrial
membrane, and has been reported to be related to antioxidant pathways [21-23], demonstrating
neuroprotective effects against oxidative stress [24-26]. This suggests that it may be a potential target of
herbal agents that have an effect on ischemic brain injury. In this study, tMCAO signi�cantly increased the
expression of MnSOD protein (relative expression levels were 1.00 ± 0.16 in the sham-operated group
compared with 1.46 ± 0.10 in the tMCAO group), and AGmex administration signi�cantly inhibited this
increase (1.04 ± 0.19 in the AGmex 1000 group) (Fig. 7I).

Discussion
AGR and its related compounds have been reported to have neuroprotective, anti-in�ammatory, reactive
gliosis-suppressing, antidementia, antifungal, antiplatelet, anticoagulation, antioxidant, and anticancer
effects in in vivo and in vitro (Additional File 1).

AGmex, the methanolic extract of AGR, reduced the total infarct volume and edema induced by ischemic
stroke. The most e�cient dosage was 1,000 mg/kg bw/day of AGmex, administered for two consecutive
days before the tMCAO operation (Fig. 3). We used ND as the reference agent, based on previous reports
on its potential in ischemic stroke [11]. However, in this study it did not have a positive effect. It is
interesting to note that the average NDS of the mice given ND after the tMCAO operation was higher than
that of those in the tMCAO group, suggesting that care should be taken when determining the dose of ND
administered to patients with ischemic brain diseases.

AQP4 is known to be important in maintaining the brain water balance by regulating the integrity of the
BBB. Brain edema is a major target for the treatment of human ischemic stroke [27, 28]. In this study,
AGmex attenuated ischemia-induced cerebral injury by regulation of AQP4 protein expression (Fig. 4).

The effect of AGmex pre-treatment on MCAO-induced cerebral damage was also assessed histologically.
The cresyl violet stain for neurons and the H&E stain for nuclei and cytoplasm showed that AGmex pre-
treatment resulted in improved cell density and morphology when compared with that seen after tMCAO
alone (Fig. 5).

As shown in Fig. 6A, apoptotic cells were present in the tMCAO group, but their numbers were reduced by
AGmex pre-treatment. Since mTOR kinase is an important regulator of cell growth, proliferation, and
survival [15, 16], mTOR protein was over-expressed in both the tMCAO group and the AGmex 1000 group,
suggesting the possibility of an MCAO stress-induced increase in cell proliferation signaling (Fig. 6B).
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These results indicate that AGmex inhibited the MCAO-induced apoptosis signaling, but did not interfere
with the MCAO-induced cell survival signal.

PI3K activates AKT, a protein also involved in the differentiation and survival of cells [16]. In this study,
these signals were up-regulated in the MCAO-induced mouse brain after pre-treatment of the mice with
AGmex (Fig. 7B, C, and D).

MAPK is an intracellular signaling molecule with effects on cell migration, proliferation, and
differentiation, and its relevant sub-molecules are ERK, JNK, and p38 [29]. In this study, expression levels
of ERK, JNK, and p38 were increased by MCAO. AGmex pre-treatment reduced the expression of JNK, but
increased the expression of ERK and p38 (Fig. 7E, F, and G). Overall, tMCAO promoted the MAPK pathway.

There have been many reports that SIRT1 can be a target of herbal medicines [30]. However, in this study
neither tMCAO or the pre-administration of AGmex had any effect on SIRT1 expression (Fig. 7H).

As MnSOD appears to be neuroprotective against oxidative stress [21, 23], it is an important potential
target for herbal agents which have positive effects on ischemic brain injury. In this study, tMCAO
signi�cantly increased the expression of MnSOD protein and AGmex signi�cantly inhibited its increase.
This suggests that antioxidative signals were activated by the damage caused by the tMCAO, and that
the decrease in cerebral damage affected by pre-treatment with AGmex resulted in the inhibition of
MnSOD protein expression (Fig. 7I).

In summary, mice dosed with AGmex at 1,000 mg/kg bw/day for two consecutive days before the tMCAO
operation had less neuronal cell death than those that were not dosed with AGmex prior to the operation.
This protective effect involved anti-edema and anti-apoptotic pathways, demonstrating attenuation of
BBB disruption and activation of mitochondria-related cell survival signals. Overall, AGmex appeared to
protect neurons and inhibit the apoptosis seen in MCAO-induced cerebral cell death and the mechanisms
and pathways involved in the neuroprotective effects of AGmex could be summarized as Fig. 8.

Conclusions
AGR improved mitochondrial function via the Bcl-2/Bax, PI3K/AKT/mTOR, and MAPK signaling
pathways in ischemic neurons, indicating that AGR can activate proteins involved in cell survival and
inhibit those involved in cell death. This study provides preclinical evidence for the neuroprotective use of
AGR in the treatment of ischemic stroke.

Abbreviations
AGR: Angelicae Gigantis Radix; BBB: blood-brain barrier; CVDs: cerebrovascular diseases; EB: Evans blue;
ECL: enhanced chemiluminescence; MCA: middle cerebral artery; mTOR: mammalian target of rapamycin;
ND: nimodipine; NDS: neurological de�cit score; OCT: optimal cutting temperature; rCBF: relative cerebral
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Figures

Figure 1

High performance chromatography (HPLC) of Angelicae Gigantis Radix (AGR) and its standards,
nodakenin and decursin. A, HPLC chromatogram pro�le of the standards and their chemical structures. B,
HPLC chromatogram pro�le of the AGR extract (AGmex). C, Mobile phase gradient (mobile phase A,
acetonitrile; mobile phase B, water). Conditions used: HPLC, Shimadzu system (Shimadzu, Kyoto, Japan);
column, YMC-Triart C18; wavelength, 330 nm; column temperature, 35℃; �ow rate, 1 mL/min; injection
volume, 10 μL.
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Figure 2

Experimental schedule of the 120 min transient middle cerebral artery occlusion (tMCAO) model. The
mice had a one week adaptation period in the animal facility prior to the start of the study. Pre-treatment
(Pre-Tx.) and post-treatment (Post-Tx.) studies were carried out to ascertain the effects of a methanolic
extract of AGR (AGmex). TTC; 2,3,5-triphenyl-tetrazolium chloride; EB; Evans blue.
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Figure 3

Measurements of infarct volume, edema area, and neuronal de�cit scores (NDS). A, Representative
photographs of TTC-stained brain slices (1 mm) showing the infarct area 24 hr after tMCAO (upper
column), and quantitative analysis of the total infarct volume (lower column). B, Quantitative analysis of
the total edema area. C, Neurological behavioral evaluation (NDS). S, single AGmex treatment; T, AGmex
treatment for two consecutive days; 300, 1000 or 3000, 300, 1,000 or 3,000 mg/kg bw/day AGmex; ND,
nimodipine (reference agent); 60, 60 mg/kg bw/day ND. All data are expressed as mean ± SD (n = 3). ##
p < 0.01, ### p < 0.001 vs. sham-operated group; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. MCAO group.
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Figure 4

The effects of AGmex on the permeability of the blood-brain barrier (BBB) and on the localization of
aquaporin 4 protein (AQP4) in the MCAO-induced mouse brain. A, Representative images of EB
extravasation in a whole brain and coronal sections (upper column), and quanti�cation of EB leakage in
the ipsilateral (left) hemisphere and contralateral (right) hemisphere of the brain (lower column, n = 3). B,
Immunohistochemical (IHC) staining of AQP4 protein in the cerebral cortex (black arrows indicate AQP4
negative, red arrows, AQP4 positive, respectively. Scale bars: 5 µm. All data are expressed as mean ± SD
(n = 3). ### p < 0.001 vs. sham-operated group; * p < 0.05, and *** p < 0.001 vs. MCAO group.
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Figure 5

Neuroprotective effects of AGmex on MCAO-induced cell death. A, Representative photomicrographs of
Nissl-stained neuronal cells in the subcortical area (upper images) and quantitative analysis showing
changes in the number of neurons (lower graph). B, Representative photomicrographs of hematoxylin
and eosin (H&E)-stained neuronal cells (upper images) and quantitative analysis showing changes in the
number of cells (lower graph). Black arrows indicate cells observed to be normally intact with well-
arranged morphology, and red arrows indicate cells with apoptotic changes showing aberrant
morphology. Scale bars: 20 µm. # p < 0.05, ## p < 0.01 vs. sham-operated group; * p < 0.05, ** p < 0.01 vs.
MCAO group.
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Figure 6

The effects of AGmex on MCAO-induced cell death. A, Representative images of TUNEL and PI double-
staining of MCAO-induced apoptosis in the cerebral cortex region; white arrows indicate cells with
apoptotic change (scale bars, 50 µm). B, Representative images of IHC staining of MCAO-induced
changes in mammalian target of rapamycin (mTOR) protein expression in the cerebral cortex region; red
arrows indicate expression of mTOR and black arrows indicate mTOR negative stains (scale bars, 20
µm).
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Figure 7

Effects of AGmex pre-treatment on proteins expressed in the MCAO-induced mouse brain. A,
Representative image of western blot analysis of the expression of Bcl-2, Bax, p-PI3K, PI3K, p-AKT, AKT, p-
ERK, ERK, p-JNK, JNK, p-p38, p38, SIRT1, MnSOD, and β-actin in the brain tissue. B-I, ratio of the
expression levels of the various signaling proteins: B, Bcl-2/Bax; C, p-PI3K/PI3K; D, p-AKT/AKT; E, p-
ERK/ERK; F, p-JNK/JNK; G, p-p38/p38; H, SIRT1/β-actin; and I, MnSOD/β-actin. All data are expressed as
mean ± SD (n = 3). # p < 0.05, ### p < 0.001 vs. sham-operated group; * p < 0.05, ** p < 0.01 vs. MCAO
group.
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Figure 8

Schematic view of the cerebral damage pathways and neuroprotective mechanism of AGmex. The
neuroprotective effect of AGmex was mainly related to anti-edema and anti-apoptotic pathways.
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