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Abstract
Purpose Ischemic–hypoxic insult leads to detrimental effects on multiple organs. The brain is especially vulnerable, and it 
is hard to regenerate once damaged. Currently, therapeutic options are very limited. Previous studies have reported neuro-
protective effects of neurotropin, a non-protein extract derived from the inflamed skin of rabbits inoculated with vaccinia 
virus, using a murine model of peripheral nerve injury and cultured cell lines. However, whether neurotropin might have 
protective effects against brain injuries remains unclear. We, therefore, investigated the neuroprotective effect of neurotropin 
and possible underlying mechanisms, using a mouse model of hypoxic–ischemic brain injury.
Methods Hypoxic–ischemic brain injury was induced via a combination of the left common carotid artery occlusion and 
exposure to hypoxic environment (8% oxygen) in adult male C57BL/6 mice. Immediately following induction of hypoxia–
ischemia, mice received either saline or 2.4 units of neurotropin. The survival rate, neurological function, infarct volume, 
and expression of inflammatory cytokines were evaluated.
Results Compared to the control group, the neurotropin group exhibited a significantly higher survival rate (100% vs. 62.5%, 
p < 0.05) and lower neurological deficit scores (1; 0–2 vs. 3; 0–5, median; range, p < 0.05) after the hypoxic–ischemic insult. 
The administration of neurotropin also reduced infarct volume (18.3 ± 5.1% vs. 38.3 ± 7.2%, p < 0.05) and mRNA expres-
sion of pro-inflammatory cytokines.
Conclusions The post-treatment with neurotropin improved survival and neurological outcomes after hypoxic–ischemic 
insult. Our results indicate that neurotropin has neuroprotective effects against hypoxic–ischemic brain injury by suppress-
ing pro-inflammatory cytokines.
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Introduction

Hypoxic–ischemic insult leads to detrimental effects in 
multiple organs. Among various organs, the brain is espe-
cially vulnerable, and it is hard to regenerate once damaged. 
Stroke is currently the second leading cause of death world-
wide [1]. Despite accumulated efforts on establishing novel 
therapeutic methods for the treatment of hypoxic–ischemic 
brain injury, the therapeutic options are still very limited [2]. 

New drugs that can improve neurological outcomes after 
hypoxic–ischemic brain injury are, therefore, desperately 
needed.

Neurotropin, a non-protein extract derived from the 
inflamed skin of rabbits inoculated with vaccinia virus, has 
been used to treat chronic pain and peripheral inflammation. 
Neurotropin consists of multiple physiologically active sub-
stances and has wide-ranging pharmacological effects. It has 
been reported that neurotropin exerts its analgesic and anti-
inflammatory effects via the promotion of the descending 
pain inhibitory pathway [3] and the inhibition of leukocyte 
infiltration into inflammation sites [4]. In addition to these 
analgesic and anti-inflammatory activities, neuroprotective 
effects of neurotropin on the peripheral nerves have been 
reported in the literature. Nishimoto et al. demonstrated that 
neurotropin prevents demyelination in a rat model of sciatic 
nerve injury by suppressing pro-inflammatory cytokines [5]. 
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However, the neuroprotective effects of neurotropin on the 
central nervous system remains unclear, and the evidence 
for its neuroprotective effect against hypoxic–ischemic brain 
injury is very limited [2]. We, therefore, investigated the 
effect of neurotropin on hypoxic–ischemic brain injury and 
possible underlying mechanisms using a mouse model of 
hypoxic–ischemic brain injury. Our hypothesis was that neu-
rotropin attenuates brain injury and improves neurological 
outcomes after hypoxic–ischemic insult by suppressing pro-
inflammatory cytokines. As the main outcomes, we assessed 
survival rates and cerebral infarct volumes. The secondary 
outcomes included neurological function and pro-inflamma-
tory cytokine expression.

Methods

All experiments were conducted in accordance with the 
National Institutes of Health guidelines for the care and 
use of laboratory animals. The experimental protocol was 
reviewed and approved by the University of Yamanashi Ani-
mal Care Committee.

Animals

Male C57BL/6 mice (8–10 weeks old, weight: 20–25 g) 
were purchased from Japan SLC (Tokyo, Japan). The mice 
were housed at 23 ± 2 °C under a 12-h light–dark cycle with 
free access to standard food and water. All experiments were 
performed between 09:00 and 17:00 under normal room 
light and temperature (23 ± 2 °C) conditions.

Hypoxic–ischemic brain injury

Hypoxic–ischemic brain injury was induced via a com-
bination of permanent left common carotid artery (CCA) 
occlusion and exposure to a low-oxygen environment, as 
previously described by others [6, 7]. Briefly, mice were 
placed in a dorsal position, and a middle neck incision was 
made under isoflurane anesthesia. The left CCA was isolated 
from the valgus nerve, and then ligated and cut. One hour 
after the CCA occlusion, mice were exposed to a low-oxygen 
environment (8%  O2 balanced with nitrogen) for 15 min. 
During the procedure, the rectal temperature was monitored 
and maintained at 37 ± 0.5 °C using a heating pad.

To verify that the left CCA occlusion had reduced the cer-
ebral blood flow (CBF) in the experimental model, another 
set of three mice were subjected to CBF measurement. 
Under isoflurane anesthesia, a 1-cm midline incision was 
made over the scull, and a laser Doppler flowmeter (FLO-
C1; Omegaflo, Tokyo, Japan) was attached perpendicularly 
to the left parietal bone surface, 1-mm posterior and 5-mm 
lateral from the bregma, to monitor CBF in the left middle 

cerebral artery region [8, 9]. After the Doppler flowmeter 
was installed, the skin incision was closed and the mice were 
subjected to left CCA occlusion. The CBF decreased by 
50.6 ± 18.6%, confirming that the left CCA occlusion alone 
induces brain ischemia in the left middle cerebral region.

Treatment

Immediately after the hypoxic–ischemic insult, a total of 40 
mice that survived the exposure were randomly assigned 
to two groups that received either saline (control group) or 
2.4 units of neurotropin (neurotropin group, Nippon Zoki, 
Osaka, Japan), by intraperitoneal injection. The neurotropin 
dose was chosen based on previously published data [10, 
11].

Survival rates and neurological function

Survival rates over 7 days after the hypoxic–ischemic injury 
were assessed in 20 mice (10 mice per each group). Global 
neurological function was evaluated at the end of the 7 days 
using the neurological deficit scores (0: no deficit; 1: flexion 
of the torso; 2: spontaneous circling; 3: longitudinal circling 
or leaning; 4: no spontaneous movement; 5: death) [12].

Measurement of infarct volume

Another group of 20 mice with the same hypoxic–ischemic 
brain injury were euthanized 24 h after the procedure for 
the evaluation of infarct volumes and inflammatory cytokine 
expression levels. Twenty-four hours after injury induction, 
the mice were deeply anesthetized with 5% isoflurane and 
euthanized by cervical dislocation. The brains were removed 
and coronal slices with a thickness of 1 mm were prepared. 
Brain slices were immersed in 2% 2,3,5-triphenyltetrazo-
lium chloride (TTC; Sigma Aldrich, St. Louis, MO) solu-
tion, and incubated at 37 °C for 15 min. The area of infarc-
tion was traced and measured using image analysis software 
(ImageJ; National Institutes of Health, Bethesda, MD). The 
infarct area was calculated as follows to correct for edema: 
[1—(total ipsilateral hemisphere—infarct region)/total con-
tralateral hemisphere] × 100% [13]. Total infarct volume was 
calculated as the sum of all infarct areas multiplied by sec-
tion thickness.

Real‑time polymerase chain reaction (PCR)

Real-time PCR was used to measure the mRNA expres-
sion levels of interleukin-6 (IL-6), tumor necrosis factor 
α (TNF-α), and interleukin-1β (IL-1β). Total mRNA was 
extracted from the brain slices using a RNeasy Mini Kit 
(Qiagen, Hilden, Germany). 1 µg of mRNA was reverse 
transcribed using a QuantiTect Reverse Transcription Kit 
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(Qiagen). PCR was performed on a StepOneTM Real-time 
PCR system (Life Technologies, Carlsbad, CA) using the 
 PowerSYBR® Green PCR Master Mix and corresponding 
primers to quantify target genes. The relative changes were 
normalized to the GAPDH mRNA levels of the same sam-
ple. The expression levels of the inflammatory cytokines 
were reported as % expression by defining the level of the 
control group as 100%.

Hemodynamic measurements

To test the effects of neurotropin on hemodynamic condi-
tion, heart rate and non-invasive blood pressure were meas-
ured using an electronic sphygmomanometer (Softron, 
Tokyo, Japan) in another set of mice (n = 8). The heart rate 
and blood pressure were measured and recorded 10 min 
before the hypoxic–ischemic insult (baseline), during the 
insult (20 min after the onset of exposure to the low-oxygen 
environment, immediately after the insult, 1 h and 24 h after 
the insult.

Statistical analysis

Statistical analysis was performed using Prism 6 software 
(GraphPad Software, San Diego, CA). A log-rank test was 
used to analyze the survival rate; two-tailed t test was used 
to analyze infarct volumes, cytokine expression levels; 
Mann–Whitney test was used to analyze neurological defi-
cit scores; and two-way analysis of variance for repeated 
measures were used to analyze heart rate and blood pres-
sure. Values are presented as mean ± standard error of the 
mean for infarct volumes and cytokine expression levels; 
as median and range for the neurological deficit scores. 
The sample size of 10 mice per group was sufficient to 
detect a mean difference of 10% in infarct volume with a 

power of 80% and an α level of 0.05. A p value of less than 
0.05 was considered statistically significant.

Results

As shown in Fig. 1, the neurotropin group mice exhibited 
a higher survival rate over 7 days than the control group 
treated with saline (100% vs. 60%, n = 10 each, p < 0.01). 
The neurological deficit scores 7 days after insult were 
significantly lower in the neurotropin group mice (1; 0–2 
vs. 3; 0–5, median; range, p < 0.05).

To further investigate the mechanisms underlying 
the improved outcomes in neurotropin-treated mice, the 
infarct volume analysis and inflammatory cytokine mRNA 
expression analysis were conducted in the additional set of 
mice with brain injuries 24 h after the insult.

As shown in Fig. 2, the neurotropin group mice exhib-
ited smaller infarct volumes 24 h after hypoxic–ischemic 
insult. (18.3 ± 5.1 vs. 38.3 ± 7.2  mm3, n = 10 each, 
p < 0.05) The neurotropin group mice also showed sig-
nificantly lower IL-6 mRNA expression levels 24 h after 
insult (33.8 ± 7.4 vs. 100 ± 26.7%, p < 0.05). Although the 
differences in TNF-α and IL-1β mRNA expression levels 
between the control and neurotropin groups did not reach 
the statistical significance, there was a trend toward lower 
mRNA expression levels of both cytokines in the neuro-
tropin-treated mice (TNF-α 23.7 ± 6.2 vs. 100 ± 43.2%, 
p = 0.1202, IL-1β 50.3 ± 8.0 vs. 100 ± 22.9%, p = 0.067) 
(Fig. 3).

Heart rate and blood pressure were similar during and 
after hypoxic–ischemic insult. In addition, no changes in 
heart rate or blood pressure were observed between the 
groups (Fig. 4).

Fig. 1  a Survival rate over 7 days after hypoxic–ischemic injury. b Neurological deficit score 7 days after hypoxic–ischemic injury. The neuro-
tropin group mice exhibited a higher survival rate over 7 days and lower neurological deficit scores. *p < 0.05
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Discussion

In the present study, exposure to hypoxic–ischemic insult 
caused cerebral infarction and led to a 40% mortality rate 
in untreated mice. The administration of neurotropin after 
hypoxic–ischemic insult successfully attenuated the brain 
injury and improved survival rate and neurological function, 
demonstrating the neuroprotective effect of post-treatment 
with neurotropin.

Administration of neurotropin systemically did not affect 
the heart rate or blood pressure, suggesting cerebral blood 
flow was not affected by neurotropin [14]. Thus, the neuro-
protective effects of neurotropin observed in this study were 
unlikely to be a result of changes in hemodynamics.

Although evidence for the neuroprotective effect of neuro-
tropin on the central nervous system is so far lacking, Nakajo 
et al. have reported that oral administration of neurotropin 
starting 3 weeks prior to ischemic insult promotes the pro-
duction of brain-derived neurotrophic factor and improves 
neurological outcomes by suppressing pro-inflammatory 

Fig. 2  a Representative 
2,3,5-triphenyltetrazolium 
chloride (TTC)-stained corre-
sponding coronal brain sections. 
Arrows indicate the infarct 
area (white). b Infarct volume 
24 h after hypoxic–ischemic 
injury. The neurotropin group 
mice exhibited smaller infarct 
volumes. *p < 0.05

Fig. 3  Inflammatory cytokine expression levels 24  h after hypoxic–
ischemic injury. The expression levels are reported as % expression 
relative to the control group (expression level of 100%, by defini-

tion). Neurotropin group mice exhibited lower levels of inflammatory 
cytokine expression. *p < 0.05

Fig. 4  Heart rate and blood pressure before, during, and after 
hypoxic–ischemic brain injury. Heart rate and blood pressure did not 
change significantly during and after the procedure. In addition, no 
changes in heart rate or blood pressure were observed between the 
groups
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cytokine production in a mouse model of ischemic stroke 
[2]. The results of this earlier as well as present study sug-
gest that both pre- and post-treatment with neurotropin can 
induce neuroprotective effects against hypoxic–ischemic 
brain injuries by suppressing brain inflammation.

Inflammation plays pivotal roles in the pathogenesis of 
hypoxic–ischemic brain injury. Following direct neuronal 
damage due to discontinuation of oxygen and glucose sup-
ply, activation or infiltration of inflammatory cells enhances 
local inflammation, resulting in further tissue damage [15]. 
Among various cytokines and chemokines, IL-1β, IL-6, and 
TNFα are considered to play crucial roles in cytotoxicity 
and local inflammation after hypoxic–ischemic brain injury 
[16–18]. Although there is conflicting evidence for both 
neuroprotective and detrimental effects of IL-6 in experi-
mental models of hypoxic–ischemic brain injuries, the 
expression level of IL-6 mRNA has been shown to correlate 
with infarct volume [19]. Furthermore, Wei et al. recently 
demonstrated that the blockade of IL-6 receptors reduces 
infarct volume and improves cognitive function in mice with 
stroke [20]. These studies support the present findings of the 
significantly lower IL-6 expression levels in neurotropin-
treated mice associated with smaller infarct volumes and 
improved neurological outcomes. In addition, IL-6 has also 
been shown to be involved in the mechanism underlying the 
expansion of ischemic stroke [21]. In the present study, the 
neurological function of neurotropin-treated mice at 7 days 
after hypoxic–ischemic insult was found to be almost fully 
recovered, possibly indicating that neurotropin attenuates 
hypoxic–ischemic brain injury by suppressing not only 
the initial local inflammation but also the expansion of the 
inflammation.

Mechanisms underlying the anti-inflammatory profile and 
neuroprotective effects of neurotropin have been reported 
and discussed in the literature [2, 5, 22, 23]. A previous 
study using a murine model of sciatic nerve injury showed 
that neurotropin prevents demyelination and promotes dif-
ferentiation of the Schwann cells by suppressing pro-inflam-
matory cytokine production [5]. Fukuda et al. reported that 
neurotropin promotes nerve growth factor signaling and 
neurite outgrowth of rat pheochromocytoma PC12 cells 
[22]. It has also been reported that neurotropin inhibits the 
nuclear factor kappa B-mitogen-activated protein kinases 
cascade and suppresses the production of pro-inflammatory 
cytokines [23].

In experimental models of hypoxic–ischemic brain injury, 
infarct volume increases after the insult and reaches a peak at 
24 h, and no further expansion of cerebral infarction occurs 
afterwards [24]. Overall neurological function shows dra-
matic recovery over the course of 7 days, indicating that the 
animals are already in the recovery state [24]. The mRNA 
expression of pro-inflammatory cytokines also increases 
in response to hypoxic–ischemic insult and reaches a peak 

between 3 and 24 h, while the local inflammation diminishes 
over the course of 5–7 days [25–28]. In this study, we, there-
fore, harvested the brains 24 h after hypoxic–ischemic insult, 
during the period when the peak values of infarct volume 
and cytokine expression levels can be correctly evaluated, 
and assessed the survival and neurological function at day 7, 
when the animals are already in the recovery state.

The present study has several limitations. First, because 
neurotropin contains multiple physiologically active sub-
stances and because its pharmacological profile is consid-
ered to be based on the combination of the actions of those 
substances [29], we could not determine which substance is 
mainly involved in the anti-inflammatory effects observed 
in this study. Second, we used relatively young male mice, 
which showed no degenerative vascular changes. Future 
studies should use aged mice and female mice at different 
menopausal states. Third, as mentioned above, because 
neurotropin contains multiple substances and has a wide-
ranging pharmacological profile, we cannot exclude the pos-
sible involvement of effects other than the anti-inflammatory 
action in the neuroprotective effect observed in this study. 
Finally, although this study demonstrated decreased mRNA 
expression levels of pro-inflammatory cytokines in neuro-
tropin-treated mice, future expansive studies using protein 
assay would help unveil the mechanisms underlying the neu-
roprotective effects of neurotropin.

In conclusion, we found that post-treatment with neu-
rotropin-attenuated brain injury and improved neurologi-
cal outcomes in a mouse model of hypoxic–ischemic brain 
injury. Inhibition of pro-inflammatory cytokine production 
is a likely mechanism underlying the neuroprotective effect 
of neurotropin.
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