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Abstract. Herkinorin is an opiate analgesic with limited 
adverse effects, functioning as a primary selective atypical 
opioid µ agonist. The present study aimed to identify whether 
herkinorin has a positive effect on ischemic/reperfusion (I/R) 
injury. Adult male C57BL/6 mice were randomly divided into 
five groups: i) Naïve, ii) sham, iii) I/R, iv) I/R with dimethyl 
sulfoxide (I/R+D) and v) I/R with herkinorin (I/R+H). The 
I/R injury model was induced by occluding the middle cere-
bral artery for 1 h followed by 24 h or 7 days of reperfusion. 
Neurobehavioral scores and sensorimotor functions were 
examined 24 h and 7 days following reperfusion. In addition, 
infarct volumes were examined at these time points using a 
2,3,5-triphenyltetrazolium chloride assay. Herkinorin treat-
ment improved neurobehavioral and sensorimotor functional 
recovery from I/R‑induced brain injury. There was a significant 
decrease in infarct volume in the I/R+H group at 24 h or 7 days 
following reperfusion compared with the I/R and I/R+D groups. 
Western blotting suggested that the decrease in conventional 
protein kinase C γ (cPKCγ) membrane translocation in the 
peri-infarct region may be attenuated by herkinorin pretreat-
ment. These results indicated that herkinorin may be beneficial 
in I/R-induced mouse brain injury, and this may be attributed 
to the membrane translocation of cPKCγ following activation.

Introduction

Due to an aging population, stroke has become the second 
leading cause of mortality and adult disability in China. 

Stroke‑associated neurological deficits exert a negative effect 
on the language, cognition and motor function of patients. In 
addition, stroke places a heavy emotional burden on caregivers 
and a financial burden on health systems. The only Food and 
Drug Administration-approved therapeutic agent for the treat-
ment of ischemic stroke, recombinant tissue plasminogen 
activator, is suitable for use only within a narrow time window; 
as a result only 2% of stroke patients benefit from this therapy. 
Therefore, the development of novel agents for the treatment 
of stroke is required.

Opioids have been demonst rated to a l leviate 
ischemia/reperfusion (I/R) injury in a number of organs when 
administered prior to ischemia or at the time of reperfu-
sion (1-3). In addition, certain studies have demonstrated that 
opioids may be involved in protecting neurons from hypoxic 
and ischemic stress in vivo and in vitro (4-6). However, the risk 
of adverse effects, including respiratory depression, constipa-
tion, and physical and psychological dependence, has made 
physicians wary of prescribing these drugs.

Salvinorin A (SA) is a natural hallucinogen from which 
herkinorin, the first µ opioid selective agonist, is derived. 
Herkinorin does not promote the recruitment of β-arrestin-2 to 
the µ-opioid peptide (MOP) receptor, a quality exhibited by the 
majority of other opioids, and does not lead to receptor inter-
nalization (7). As certain studies in mice have revealed that 
the interaction between β-arrestin-2 and the opioid receptor 
is important in the development of opioid-induced tolerance, 
constipation and respiratory depression, herkinorin may 
provide therapeutic benefits with limited adverse effects (8,9). 
It has been demonstrated that opioid agonists have a protec-
tive effect against ischemic injury (1-3). A study conducted by 
Chen et al (10) revealed that administration of SA improved 
neurological function and reduced the mortality rate following 
hypoxic injury. The present study hypothesized that herkinorin 
may have similar positive effects on I/R injury.

Transient middle cerebral artery occlusion (MCAO) in 
mice was used to mimic human stroke. Neurobehavioral 
scores and sensorimotor functions were examined 24 h and 
7 days following induction of MCAO. Infarct volumes were 
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examined at these time points using the 2,3,5-triphenyltetra-
zolium chloride (TTC) assay.

Conventional protein kinase C γ (cPKCγ) is a member of 
the classical PKC subfamily, and its localization is restricted 
to brain and spinal cord neurons. It is an important component 
of the signal transduction pathways involved in neuroprotec-
tion. Previous studies have demonstrated that ischemic injury 
protection is associated with an increase in the membrane 
translocation of cPKCγ, from the cytosol to the particulate frac-
tion (11,12). Therefore, cell fraction and western blot analysis 
were used to investigate whether the subcellular localization 
of cPKCγ is involved in the protective effects of herkinorin 
pretreatment against cerebral I/R injury.

Materials and methods 

Animals. A total of 60 adult male C57BL/6 mice (age, 
12-14 weeks; weight, 18-22 g) were purchased from Beijing 
Vital River Laboratory Animal Technology Co., Ltd. 
(Beijing, China). The mice were housed under conventional 
conditions (temperature, 21±1˚C, relative humidity 60±10%,) 
under a 12 h light/dark cycle and were allowed free access 
to food and water. Animals were randomly divided into five 
groups: i) Naïve, ii) sham, iii) I/R, iv) I/R with dimethyl sulf-
oxide (DMSO; I/R+D) and v) I/R with herkinorin (I/R+H). 
The experimental procedures were carried out in accordance 
with the Animal Protection Law of the People's Republic of 
China and were approved by the animal ethics committee 
of Beijing Tongren Hospital affiliated to the Capital Medical 
University.

Animal model. The MCAO model of permanent focal cere-
bral ischemia was conducted as previously reported (13). 
Following anesthesia with an intraperitoneal injection of 
0.06 g/kg pentobarbital sodium (Ovation Pharmaceuticals, 
Inc., Deerfield, IL, USA), the left common carotid artery and 
ipsilateral external carotid artery were exposed and ligated 
via a ventral midline neck incision. An arteriotomy in the 
common carotid artery was made, allowing the introduction 
of a blunt‑tipped 4‑0 surgical monofilament (0.23‑mm diam-
eter; Guangzhou Jialing Biotechnology Co., Ltd., Guangzhou, 
China) to a point ~12 mm distal to the carotid bifurcation 
until a mild resistance was felt, thereby occluding the origin 
of middle cerebral artery. The nylon thread was removed to 
allow reperfusion 1 h following occlusion. In the sham group, 
the mice underwent surgical exposure of carotid artery and 
ligation without insertion of an intraluminal filament. Body 
temperature was maintained throughout the surgery with a 
heating lamp and thermal blanket. Mice were placed in a 
post-operative cage, and kept warm and undisturbed for a 
minimum of 2 h for observation.

Drug administration. Mice in the I/R+H group were treated 
with 10 mg/kg herkinorin (Abcam, Cambridge, UK) dissolved 
in 10% DMSO via intraperitoneal injection 3 h prior to cerebral 
ischemia induction. In the I/R+D group, an equal volume of 
DMSO was administered.

Neurobehavioral analyses. To investigate whether herkinorin 
promotes neurologic recovery following I/R, an array of 

neurobehavioral analyses were performed at 24 h and 7 days 
following reperfusion by an investigator who was blinded to 
the experimental groups.

Neurological scoring. Neurological scoring was based on that 
reported by Rodriguez et al (14) and was as follows: 0, no 
neurological dysfunction; 2, slight decrease in mobility and 
the presence of passivity; 4, moderate neurological dysfunction 
and additional alterations, including moderate hypomobility, 
flattened posture, lateralized posture, hunched back, ataxic 
gait, decreased body tone and muscular strength, and slight 
motor incoordination; 6, disabled but able to walk, with more 
marked hypomobility, circling, tremor, jerks and/or convul-
sions, forelimb flexion, and moderate motor incoordination; 
8, respiratory distress, total incapacity to move/coordinate; 10, 
death. If the criteria for a precise grade given in the scoring 
list were not met, the nearest appropriate number was utilized: 
1, 3, 5, 7 or. 9.

Pole test. The pole test was performed as described by 
Matsuura et al (15), with minor modifications. The test appa-
ratus consisted of a vertical steel pole covered with tape, which 
acted to create a rough surface. The mice were placed head 
upward on the top of the pole. The ‘time turn’ was recorded, 
which was defined as the time taken by the mouse to turn 
completely head downward. In addition, the ‘time total’ was 
recorded, defined as the time it took the mouse to descend 
down the pole and reach the floor with its front paws. If the 
animal was unable to turn completely, the time taken to reach 
the floor was also attributed to the time total.

Wire hang test. This test was used to measure neuromuscular 
strength as previously described (16). Mice were placed gently 
on a wire mesh and the hanging time until the mice fell onto 
the soft bedding below was recorded, with a cut-off time of 
300 sec.

Cylinder test. Mice were placed in a clear plexiglass cylinder 
(30x20 cm) as previously described (17). Left or right paw 
vertical exploration movement was scored for each contact 
with the glass wall. Simultaneous contact by the two paws 
was scored separately. A total of 20 contacts were recorded 
for each mouse. The laterality index was calculated as follows: 
[Contacts (left)-contacts (right)]/[contacts (left)+contacts 
(right)+contacts (both)].

Foot‑fault test. This test aimed to measure the accuracy of 
forepaw placement on non-equidistant grids, as previously 
described (18). The total number of steps that the mouse 
used to cross the grid was counted, and the total number of 
foot-faults for the left forelimb was recorded. The results were 
presented as the percentage of the foot-fault measurement of 
the left paw, of the total number of steps.

Measurement of infarct size. Mice were sacrificed at 24 h or 
7 days following reperfusion, and the brain was rapidly removed 
and cut into 1.5‑mm thick coronal sections (five sections from 
each brain). The slices were incubated in a solution of 0.5% 
TTC (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) 
dissolved in 10 mM phosphate‑buffered saline at 37˚C for 
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20 min, and subsequently imaged. The images of stained 
slices were scanned into a computer and the infarct volume 
was determined using Image-Pro® Plus software version 6.0 
(Media Cybernetics Inc., Rockville, MD, USA), as reported by 
Wexler et al (19).

Sample preparation and western blot analysis. Following 
completion of behavioral testing at 24 h after reperfusion, 
animals were deeply anesthetized and decapitated. Brains 
were removed and placed into ice‑cold (4˚C) artificial cerebral 
spinal fluid (ACSF: 125.0 mM NaCl, 2.5 mM KCl, 2.0 mM 
CaCl2, 26.0 mM NaHCO3, 1.25 mM NaH2PO4, 1.0 mM 
MgCl2, 10.0 mM glucose, pH 7.4). Regions from left hemi-
spheres that corresponded to the ischemic core, peri-infarct 
region and contralateral non-ischemic region were dissected, 
in accordance with a previous study (20). Briefly, the left‑brain 
was sectioned (four slices; 2-mm thick) and the tissue supplied 
by the anterior cerebral artery was removed through a longi-
tudinal cut (from top to bottom) ~2 mm from the midline. The 
ischemic core and peri-infarct region were separated by a trans-
verse diagonal cut at approximately the ‘2 o'clock’ position. A 
contralateral control consisted of the corresponding regions 
from the non-ischemic hemisphere. Samples were frozen in 
liquid nitrogen and kept at ‑80˚C until analysis.

Cytosolic and particulate proteins were extracted as 
described in a previous study (21). In brief, frozen slices 
were thawed and homogenized at ‑4˚C in buffer A [50 mM 
Tris-Cl, pH 7.5, containing 2 mM EDTA, 1 mM ethylene 
glycol-bis (β-aminoethyl ether)-N,N,N',N'-tetraacetic acid, 
100 mM iodoacetamide (SH-group blocker), 5 g/ml each of 
leupeptin, aprotinin, pepstatin A and chymostatin, 50 mM 
potassium fluoride, 50 nM okadaic acid and 5 mM sodium 
pyrophosphate]. Centrifugation of the homogenates was 
performed at 30,000 x g for 30 min at 4˚C to yield cytosolic 
fractions. The pellets were then subsequently resuspended in 
buffer B (buffer A containing 0.5% Nonidet P-40) prior to 
sonication and centrifugation (5,000 x g, 30 min, 4˚C). The 
resulting supernatants were particulate fractions. Protein 
concentrations were determined using a Bicinchoninic Acid 
kit (Pierce; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA); albumin diluted in buffer A or B served as a standard.

A total of 40 µg protein from each sample was loaded 
onto 10% SDS-PAGE gels. Proteins were electrophoresed and 
transferred onto polyvinylidene difluoride membranes (GE 
Healthcare Life Sciences, Chalfont, UK) at 4˚C. Following 
rinsing with TBS containing Tween-20 (20 mM Tris-Cl, 
pH 7.5, 0.15 M NaCl and 0.05% Tween-20), membranes were 
blocked with 10% non-fat milk for 1 h at room temperature. 
Membranes were subsequently incubated with the primary 
antibodies rabbit anti-cPKCγ (1:1,000; catalogue number 
SC-98952; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA), and mouse anti-β-actin (1:1,000; catalogue number 
A5441 Sigma-Aldrich; Merck Millipore) for 3 h at room 
temperature. Membranes were then incubated with the horse-
radish peroxidase-conjugated goat anti-rabbit or anti-mouse 
immunoglobulin G secondary antibodies (1:5,000; catalogue 
numbers ADI-SAB-300-J and ADI-sab-100-J, respectively; 
Stressgen Biotechnologies Corporation Victoria, BC, Canada) 
for 1 h at room temperature. Following incubation with 
secondary antibodies, an Enhanced Chemiluminescence kit 

(GE Healthcare Life Sciences) was used to detect protein 
bands, which were quantified with the TINA 2.0 densitom-
etry software (Raytest GmbH, Straubenhardt, Germany) and 
normalized to β-actin.

Statistical analysis. Data was analyzed using SPSS software 
version 13.0 (SPSS, Inc., Chicago, IL, USA). All data are 
presented as the mean ± standard error. Statistical analysis was 
performed by one-way analysis of variance followed by all 
pairwise multiple comparison procedures using the Bonferroni 
test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Herkinorin treatment improves neurobehavioral and senso‑
rimotor functional recovery from I/R‑induced brain injury. 
Mice in the sham and naïve groups had a neurological score 
of 0 at 24 h and 7 days. Following MCAO, there was a signifi-
cant increase in the neurological function scores in the I/R 
and I/R+D groups (P<0.001 I/R and I/R+D group vs. naïve 
and sham groups at 24 h and 7 days) However, the herkinorin 
treatment group demonstrated a significant improvement in 
neurological deficit at the two time points (Fig. 1A, P=0.006 
and 0.008, I/R and I/R+D group vs. I/R+H group at 24 h; 
P=0.006 and 0.009, I/R and I/R+D group vs. I/R+H group at 
7 days).

In the pole test, mice from the I/R and I/R+D groups 
performed worse compared with those in the sham and naïve 
groups at 24 h and 7 days. There was a significant decrease 
of ‘time turn’ and ‘time total’ in the I/R+H group compared 
with the I/R and I/R+D groups at the two time points (Fig. 1B, 
Time turn: P=0.006 and 0.008, I/R and I/R+D group vs. I/R+H 
group at 24 h; P=0.007 and 0.008, I/R and I/R+D group vs. 
I/R+H group at 7 days. Time total: P=0.005 and 0.007, I/R and 
I/R+D group vs. I/R+H group at 24 h; P=0.005 and 0.008, I/R 
and I/R+D group vs. I/R+H group at 7 days.).

The wire hanging test revealed a significant decrease of 
latency to fall in the I/R and I/R+D groups. However, there 
was no statistical difference between the herkinorin-treated 
and non-treated groups (Fig. 1C).

In the cylinder test, the mice in the I/R and I/R+D groups 
demonstrated significant asymmetrical forelimb use for wall 
exploration. By contrast, sham and naïve animals used left and 
right paws equally. The forelimb impairment of the contra-
lateral paw to the lesion site was significantly decreased in 
animals of I/R+H group compared with those of the I/R and 
I/R+D groups at 24 h and 7 days (Fig. 1D, P=0.004 and 0.006, 
I/R and I/R+D group vs. I/R+H group at 24 h; P=0.005 and 
0.008, I/R and I/R+D group vs. I/R+H group at 7 days).

In the foot fault test, the I/R and I/R+D groups demonstrated 
a significant asymmetric impairment in muscle strength and 
motor coordination in the limbs of the left side. The herkinorin 
treatment group revealed a significant improvement of motor 
deficit at the two time points (Fig. 1E, P=0.005 and 0.008, I/R 
and I/R+D group vs. I/R+H group at 24 h; P=0.006 and 0.009, 
I/R and I/R+D group vs. I/R+H group at 7 days).

Herkinorin reduces infarction volume. The images of cerebral 
infarction in the various groups are presented in Fig. 2, with 
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Figure 1. Herkinorin promotes neurobehavioral and sensorimotor functional recovery from I/R induced brain injury. The following assessments were measured 
at 24 h and 7 days following reperfusion: (A) Neurological score, (B) time turn and time total, (C) latency to fall, (D) score (L-R/L+R+both) and (E) foot-fault 
test. Following I/R, mice performed worse in all these tests compared with the naïve and sham groups; herkinorin treatment significantly attenuated this 
effect, except in the wire hang test, where there was no significant improvement. Data are expressed as the mean ± standard error (n=6) *P<0.05 vs. I/R group; 
#P<0.05 vs. I/R+D group. I/R, ischemic/reperfusion; I/R+D, I/R with dimethyl sulfoxide; I/R+H, I/R with herkinorin; MCAO, middle cerebral artery occlusion.

Figure 2. Effect of herkinorin on infarct volume of mice following I/R. (A) Images of TTC‑stained brain coronal sections at 24 h after reperfusion from naïve, 
sham, I/R, I/R+D and I/R+H groups, and (B) quantitative analysis of infarct volume in all groups at this time point. (C) Images and (D) quantification of brain 
infarction 7 days after reperfusion. Red and white indicates non‑infarcted and infarcted brain tissue, respectively. Brain infarct size significantly increased in 
the I/R and I/R+D groups at 24 h and 7 days after reperfusion, compared with the sham and naïve groups. Herkinorin treatment reduced I/R‑induced infarction. 
Data are expressed as the mean ± standard error (n=6) *P<0.05 vs. I/R group, #P<0.05 vs. I/R+D group. I/R, ischemic/reperfusion; I/R+D, I/R with dimethyl 
sulfoxide; I/R+H, I/R with herkinorin; MCAO, middle cerebral artery occlusion; TTC, 2,3,5-triphenyltetrazolium chloride.
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the red and white areas indicating non-infarcted and infarcted 
brain tissue, respectively. Brain infarct size significantly 
increased in the I/R and I/R+D groups at 24 h (Fig. 2A and B) 
and 7 days (Fig. 2C and D) after reperfusion, compared with 
the sham and naïve groups (P<0.001 I/R and I/R+D group 
vs. naïve and sham groups at 24 h and 7 days). Herkinorin 
treatment reduced I/R-induced cerebral infarction (P=0.006 
and 0.009, I/R and I/R+D group vs. I/R+H group at 24 h; 
P=0.010 and 0.011, I/R and I/R+D group vs. I/R+H group at 
7 days).

Herkinorin stabilizes cPKCγ membrane translocation 
level in the peri‑infarct region of I/R mice. Western blot-
ting was conducted to assess the role of cPKCγ activation 
in herkinorin-induced neuroprotection (Fig. 3A). cPKCγ 
membrane translocation in the ischemic core and peri-infarct 
region of the ischemic cortex demonstrated a significant 
decrease at 24 h following I/R (P<0.001 Ic and P of I/R and 
I/R+D group vs. naïve and sham groups), and the decrease 
of cPKCγ membrane translocation in the peri-infarct 
region was attenuated by herkinorin pretreatment (Fig. 3B, 
P=0.006 and 0.007, P of I/R and I/R+D group vs. I/R+H 
group). The results suggested that herkinorin may protect the 
mouse brain against ischemic injury via a stabilization of the 
cPKCγ membrane translocation level in the peri-infarct region 
of I/R mice.

Discussion

In addition to pain modulation, opioids are involved in 
various central processes including motivation, stress, anxiety, 
learning and feeding. Opioids mediate neuroprotection via 
a variety of mechanisms. Previous studies have reported the 
neuroprotective effects of opioids using in vivo mouse and 
rat models, brain slices and cultured neurons (5,6). However, 
side effects of opioids, including constipation and respiratory 
depression limit their use in the clinical setting. Herkinorin, 
as a first selective atypical opioid µ agonist derived from the 
naturally occurring plant product SA, partially addresses 
these problems. An important advantage of this compound 
is that it does not promote the recruitment of β-arrestin-2 to 
the MOP receptor and does not lead to receptor internaliza-
tion. As β-arrestin-2 is important for the development of 
morphine-induced tolerance, constipation and respiratory 
depression, herkinorin may be a promising therapeutic agent 
for the treatment of stroke with fewer adverse effects. Certain 
studies have investigated the antinociceptive properties and 
cerebral vasodilative effects of herkinorin; however, efforts 
have seldom been made to evaluate the neuroprotective action 
of this compound (22,23). The present study demonstrated 
that administration of herkinorin into I/R mice significantly 
reduced infarct volume and markedly improved the recovery 
of neurological function.

A number of underlying mechanisms have been proposed 
to explain how opioid receptor agonists achieve their neuropro-
tective effects, the most prominent of which is the activation 
and translocation of PKC. PKC is regarded as an important 
intermediate in signal transduction and is involved in the regu-
lation of numerous cellular functions (24). The PKC signaling 
pathway has been implicated as a key mediator in the protection  

against I/R injury. Furthermore, activation of PKC was 
proposed to be an important neuroprotective event by various 
studies. Wang et al (25) suggested that the activation of endog-
enous PKC is important in the neuroprotective mechanism 
underlying electroacupuncture pretreatment following focal 
cerebral ischemia. Our previous study revealed that activation 
of cPKCγ and novel PKCε may be involved in the develop-
ment of cerebral hypoxic preconditioning of mice (21). The 
majority of studies proposed pathways of ischemic protection 
suggesting that endogenous or exogenous stimuli activated 
phospholipase C via G-protein, and diacylglycerol released 
from phospholipid moieties activated PKC by translocating it 
from the cytosol to the membrane.

cPKCγ belongs to the classical subgroup of the PKC 
family, and is present only in neurons of the brain and 
spinal cord (26). Therefore, cPKCγ as a central nervous 
system-specific compound has attracted the attention of 

Figure 3. Herkinorin alleviates I/R-induced inhibition of cPKCγ membrane 
translocation in the ischemic cortex of mice. (A) Representative results of 
western blotting demonstrated the changes in cPKCγ membrane translocation 
in cortex from whole brain of naïve and sham groups, and the Ic, P and C of 
I/R, I/R+D and I/R+H groups. (B) Quantitative analysis revealed that cPKCγ 
membrane translocation levels decreased significantly in the Ic and P regions 
of ischemic cortex; however, herkinorin pretreatment attenuated the 
I/R-induced inhibition of cPKCγ membrane translocation in the P region 
of MCAO mice. White and horizontally striped bars represent whole brain 
samples. Data are expressed as the mean ± standard error (n=6). *P<0.05 
vs. sham. #P<0.05 vs. P of I/R group. I/R, ischemic/reperfusion; I/R+D, I/R 
with dimethyl sulfoxide; I/R+H, I/R with herkinorin; MCAO, middle cere-
bral artery occlusion; PKC, protein kinase C; cPKCγ, conventional protein 
kinase C γ; Ic, ischemic core; P, peri-infarct region; C, contralateral cortex.
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biochemists and neuroscientists investigating modulation of 
ischemic injury. Zhang et al (12) suggested that following 
hypoxic preconditioning, there is an increased transloca-
tion of cPKCγ in the surviving penumbra of MCAO mice. 
Hayashi et al (27) suggested that estrogen may induce 
translocation of cPKCγ, and exogenous estrogen-induced 
neuroprotection was attenuated in cPKCγ‑knockout mice. 
These studies aimed to explain the role of cPKCγ in neuro-
protection via its translocation from the cytosol to the 
membrane fraction upon activation. Certain studies have 
indicated that translocation of cPKCγ may be initiated by 
different types of opioid agonist. Ping et al (28) revealed 
a significant translocation of cPKCγ from the cytosol to 
the membrane component of morphine-conditioned rats 
in a dose-dependent manner. In addition, repeated intra-
thecal injection of a selective µ-receptor agonist, [D-Ala2, 
N-Me-Phe4, Gly5-ol]-enkephalin, in the spinal cord of mice 
results in a translocation of cPKCγ from the cytosol to the 
membrane (29). The present study revealed that in the group 
pretreated with herkinorin, the decrease of cPKCγ membrane 
translocation in the peri-infarct region induced by I/R injury 
was attenuated.

There are numerous molecules and signaling pathways 
involved in the neuroprotective effects of herkinorin, and 
membrane translocation of cPKCγ only provides a partial 
explanation of this phenomenon. The investigation of only 
the membrane translocation of cPKCγ is a limitation of the 
present study. The results of the present study suggested 
that herkinorin exerts neuroprotective effects; a comparison 
between this atypical opioid agonist and clinically used 
morphine-like compounds is required and will be performed 
in future studies.

In conclusion, the results of the present study demonstrated 
that herkinorin may protect against I/R-induced brain injury in 
mice and this may potentially be attributed to the membrane 
translocation of cPKCγ upon activation. These results provide 
a novel view of the effects and underlying mechanisms of 
atypical opioids in neuroprotection, and may indicate a poten-
tial novel therapeutic agent for the treatment of stroke.
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