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Abstract

To examine the effects of Cerebrolysin on the treatment of diabetic peripheral neuropathy, we first established a mouse model of type 2
diabetes mellitus by administering a high-glucose, high-fat diet and a single intraperitoneal injection of streptozotocin. Mice defined as di-
abetic in this model were then treated with 1.80, 5.39 or 8.98 mL/kg of Cerebrolysin via intraperitoneal injections for 10 consecutive days.
Our results demonstrated that the number, diameter and area of myelinated nerve fibers increased in the sciatic nerves of these mice after
administration of Cerebrolysin. The results of several behavioral tests showed that Cerebrolysin dose-dependently increased the slope angle
in the inclined plane test (indicating an improved ability to maintain body position), prolonged tail-flick latency and foot-licking time
(indicating enhanced sensitivity to thermal and chemical pain, respectively, and reduced pain thresholds), and increased an index of sciatic
nerve function in diabetic mice compared with those behavioral results in untreated diabetic mice. Taken together, the anatomical and
functional results suggest that Cerebrolysin ameliorated peripheral neuropathy in a mouse model of type 2 diabetes mellitus.

Key Words: nerve regeneration; peripheral neuropathy; diabetes mellitus; Cerebrolysin; neurological function; sciatic nerve; neural regeneration

Introduction

Diabetic peripheral neuropathy (DPN) is the most common
chronic complication of diabetes mellitus and is the main
cause of incapacitation in these patients (Qiu et al., 2010).
At least 50% of the patients with a history of diabetes mel-
litus for over 10 years will develop peripheral neuropathy
to varying degrees (Feldman, 2003). The first and the most
common pathological change is damage to small nerve fi-
bers, such as sensory nerves (Llewelyn, 2003). Other symp-
toms in patients with DPN include hypoesthesia and sensory
deficits. Dysfunction of motor and autonomic nerves is also
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observed in individuals with diabetes.

Although numerous studies have examined the etiology
of DPN, its pathogenesis remains unclear. Previous studies
(Cameron et al., 2001; El-Mesallamy et al., 2011) determined
that the formation of advanced glycation end products may
be an important underlying mechanism contributing to
DPN. Furthermore, metabolic dysfunction (Kryvko Iula et
al., 2001), vascular injury (Yagihashi, 2002), nerve growth
factor deficiency (Kanbayashi et al., 2002; Yasuda et al., 2003;
Yuan et al., 2005) and oxidative stress (Coppey et al., 2000;
Piotrowski et al., 2001; Cameron and Cotter, 2002; Feldman,
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2003) caused by high blood glucose levels are also factors as-
sociated with DPN (Verrotti et al., 2001). Currently, there is
no effective clinical treatment for DPN.

Cerebrolysin, hydrolysated cerebroproteins containing free
amino acids and neurotrophic substances, is widely used
in treatment of stroke (Ladurner et al., 2005) because of its
protective effect in the central nervous system (Hutter-Paier
et al., 1998; Masliah and Diez-Tejedor, 2012) and its ability
to easily penetrate the blood-brain barrier (Hartbauer et
al., 2001; Sharma et al., 2010). Recent studies have shown
that Cerebrolysin also improves function after peripheral
nerve injuries (Bai et al., 2004; Xu et al., 2006; Fu et al., 2011;
Hamed, 2011). However, few studies have examined whether
Cerebrolysin may be beneficial in the treatment of DPN.

Therefore, we examined whether Cerebrolysin ameliorat-
ed peripheral neuropathy in a mouse model of diabetes. A
series of behavioral tests were used to assess the functions of
mice using this model. In addition, pathological changes in
the sciatic nerves of mice were examined in the presence and
absence of Cerebrolysin treatment.

Materials and Methods

Establishment of the mouse models of DPN

Clean Kunming mice, aged 4-5 weeks (50 males and 50
females) and weighing 19-23 g, were provided by the Lab-
oratory Animal Center of Jilin University in China (license
No. SYXK (Ji) 2008-0011). Mice were allowed free access to
water and food during the experiments and were maintained
in an environment at 18-20°C with a relative humidity of
50-60%. This study was approved by the Animal Ethics
Committee of the First Hospital of Jilin University, China.

A control group of 10 mice was fed a normal diet (sup-
plied by the Laboratory Animal Center of Jilin University,
Changchun, Jilin Province, China). The remaining 90 mice
were used to establish an animal model of DPN. A high-fat,
high-sugar diet consisting of a mixture of 10% lard, 20%
white granulated sugar and regular chow (supplied by Lab-
oratory Animal Center of Jilin University, China) was fed
to Kunming mice for 4 weeks to induce insulin resistance
(Carpentier et al., 2000; Lam et al., 2002). Then, after fast-
ing for 12 hours, mice were intraperitoneally injected with
150 mg/kg of streptozotocin (Changchun Baoxin Biological
Technology Co., Ltd., Changchun, Jilin Province, China).
Streptozotocin was freshly prepared and dissolved in a ci-
trate buffer solution (0.1 M, pH 4.4). Five days later, blood
was obtained from the caudal (tail) vein and fasting blood
glucose levels were determined using a glucometer (Sinocare
Inc., Changsha, Hunan Province, China). A diabetic mouse
was defined as one having fasting blood glucose levels rang-
ing from 199.8-300.6 mg/dL (Gurley et al., 2006; Zhang et
al., 2008). The diabetic mice were then fed a normal diet for
6 weeks. The general condition of each mouse was record-
ed along with blood glucose levels and body weights once
every 2 weeks. After 4-8 weeks, a mouse model of diabetes
mellitus was successfully established with hallmarks of
DPN observed similar to those in humans. It has been pre-
viously shown that 8 weeks of high blood glucose may lead

to nerve injury (Yagihashi et al., 1990). Thus, we considered
the Kunming mouse model of DPN successfully established
(Xu, 2009). Several behavioral measurements were con-
ducted and pathological changes in the sciatic nerve were
observed after treatment with Cerebrolysin for 10 days.

Cerebrolysin administration

Although 90 mice were initially used to establish the mouse
models of DPN, some of the mice failed to be defined as dia-
betic, displayed unstable blood glucose levels, or were under-
or overweight. Therefore, 40 diabetic mice in good general
condition with similar body weights and stable blood glucose
levels were selected and randomly divided into a untreated
model group and three groups treated with low, moderate, or
high doses of Cerebrolysin (# = 10 mice per group).

Mice in the control and model groups were intraperitone-
ally injected with 0.5 mL physiological saline. Based on the
equivalent dose conversion from animals to humans (US
Food and Drug Administration, 2002), mice in the low-,
moderate-, and high-dose Cerebrolysin groups were intra-
peritoneally injected with 1.80, 5.39, and 8.98 mL/kg, respec-
tively, of Cerebrolysin per day for 10 consecutive days.

Behavioral tests

A series of behavioral measurements were obtained using
the slope test, hot water tail-flick test, formalin algesia test,
and walking tracks test to assess behavioral manifestations of
the mouse models and treatments.

Slope test

The inclined plane method is often used to measure the abil-
ity of mice to maintain their body position in experiments
examining the effects and treatments of motor nerve injury
in four limbs (Rivlin and Tator, 1977). We previously pub-
lished a modified protocol for this test (Chai et al., 2013).
Briefly, a glass flume (60 cm long, 30 cm wide and 60 cm
high) with a crude rubber mat inside was used. The mice
were placed in the middle of the flume on the mat with their
body axis perpendicular to that of the plane (i.e., the slope)
for 3 minutes to allow them to become accustomed to the
environment. Then, the maximum inclination of the plane
at which a mouse could maintain body position for 5 sec-
onds was recorded and represented the animal’s functional
ability (Rivlin and Tator, 1977). After that, the angle of the
inclined plane was increased at a uniform rate, and the an-
gle of the slope was recorded at which all four limbs of the
mouse slipped 2 cm. Each mouse was tested three times and
the mean value was calculated.

Hot water tail-flick test

The sensory function of the animals was evaluated using a
thermal stimulus (Crawley, 1999) to measure pain threshold.
Two types of nerve fibers conduct pain information. Myelin-
ated nerve fibers called AS fibers conduct the rapid, “first”
pain signals, whereas unmyelinated nerve fibers called C fi-
bers conduct the slower, longer latency “second” pain signals.
The Ad fiber-mediated “first” pain is often described as sharp
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and pinprick-like, in contrast to the dull, long-lasting and
burning C-fiber-mediated “second” sensation of pain (Forss
et al., 2005). The tail-flick test examines the A fiber-con-
ducted nociceptive information.

Tail-flick latency, the time from when the tail tip was
dipped into hot water until the mouse withdrew the tail, was
recorded to assess pain threshold in mice. The bottom third
of the mouse’s tail was dipped into a water bath maintained
at a constant temperature of 53°C. If the mouse did not flick
its tail from the water within 15 seconds, tail-flick latency
was recorded as 15 seconds, and the tail was removed from
the water to avoid tissue damage. Each mouse was tested
three times with a 15-minute interval.

Formalin algesia test

The formalin test is a chemical assay generally used to mea-
sure the sensory function of nerve fibers. In this test, 20 pL
of 4% formalin solution was subcutaneously injected into
the surface of the right hindpaw. The total amount of time
each mouse spent foot licking within 5 minutes after the in-
jection was recorded (Tjolsen et al., 1992).

Walking track analysis

The walking track test, first described by de Medinaceli et
al. (1982), was used for the functional assessment of sciatic
nerve function. The test provides a sciatic nerve functional
index after measuring specific aspects of the rodent’s foot-
print. A piece of white recording paper (8 cm wide) was
placed on the floor of a footprint walking box (40 cm long,
8 cm wide and 8 cm high). A mouse with its metapodium
pad smeared with black ink was placed into one side of the
box and allowed to walk through the box. The distances from
the second toe to the forth toe (inter-toe distance, IT), from
the first toe to the fifth toe (toe spread, TS), and from the heel
to the toe (print length, PL,) were measured on the recorded
footprints three times, and the mean values were calculated.
The mean values of the IT, TS, and PL of mice in the control
group were calculated and regarded as the normal values
(NIT, NTS, and NPL), whereas the mean values of those mea-
sures for mice in the DPN model groups were considered the
experimental values (EIT, ETS, and EPL). The sciatic nerve
function index was calculated using Bain’s formula (Sciat-
ic function index = 109.5(ETS — NTS)/NTS — 38.3 (EPL —
NPL)/NPL + 13.3(EIT — NIT)/NIT — 8.8) (Bain et al., 1989).
Nerve function was considered normal, without damage,
when the sciatic function index was 0 and considered wholly
damaged when the sciatic function index was —100.

Sciatic nerve pathology

At the conclusion of the behavioral tests, mice were deeply
anesthetized using an intraperitoneal injection of 10% chlo-
ral hydrate (350 mg/kg). Each mouse was then pinned to a
dissecting board in the supine position. The skin was disin-
fected with 70% ethanol. A small vertical incision (approxi-
mately 5.0 mm) was made along the thigh using scissors, the
skin was retracted laterally, and the muscles of the posterior
thigh (including the hamstring muscles) were moved to
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expose the entire length of the sciatic nerve, which appears
as a thick whitish cord, in the thigh region. The nerve was
gently lifted using forceps and excised at the proximal and
distal ends to obtain the middle portion with a length of
approximately 0.5 cm. The sciatic nerves were pre-fixed with
3% glutaraldehyde for 3 hours, post-fixed with osmic acid
for 2 hours, dehydrated through a gradient of alcohol with
propylene oxide, and embedded in epoxy resin. Subsequently,
semi-thin sections 1 um thick were sliced using a Leica semi-
thin microtome (Leica Microsystems, Wetzlar, Germany). The
sections were stained with 1% toluidine blue for 5-8 minutes
and dried over an alcohol burner. Images of sciatic nerve
sections were captured using a microscope (BX51; Olympus,
Tokyo, Japan) with the CellSens Dimension cell image analy-
sis system (Olympus Co., Ltd., Shanghai, China) and then an-
alyzed using the Image-Pro Plus medical image measurement
software (IPP Image Analysis Software Co., Ltd., Shanghai,
China). The average diameter, circumference, and area of the
sciatic nerve were calculated. Macrofibrils and fibrils were dif-
ferentiated by a fiber diameter of 3 pm for the former, and the
proportion of fibrils was calculated based on the total nerve
fiber and fibril counts (Zhao and Ding, 2009).

Statistical analysis

The SPSS 19.0 statistical software (IBM Corp., Armonk,
NY, USA) was used to process and analyze the data. The
data are expressed as the mean + SD. Data comparisons of
multiple groups were performed using one-way analysis
of variance, with Bonferroni corrections used to adjust for
multiple pairwise comparisons. Differences with P < 0.05
were regarded as statistically significant.

Results

Overall condition of diabetic mice after administration of

Cerebrolysin

Mice in the control group were in good general condition,
with marked increases in their body weights. By contrast,
mice in the model group as well as those in the low-,
moderate-, and high-dose Cerebrolysin groups developed
symptoms such as polydipsia, polyphagia and diuresis, and
their body weights increased at a slower rate than those in
the control group (P < 0.01). The weight gain (difference
in body weights before intraperitoneal injection of strepto-
zotocin and after Cerebrolysin administration) and fasting
blood glucose levels (after the drug intervention) are shown
in Figure 1.

Behavioral changes in diabetic mice after administration
of Cerebrolysin

Slope angle

The slope angle test was conducted to examine the ability of
mice to maintain their body position (Rivlin and Tator, 1977).
The slope angles for mice in the moderate- and high-dose
Cerebrolysin groups were significantly greater than those in
the model group (P < 0.05, P < 0.01, respectively). The slope
angle for mice in the low-dose Cerebrolysin group was great-
er than that in the model group without reaching statistical
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Figure 2 Behavioral changes in diabetic mice after administration of three doses of Cerebrolysin.
The values are expressed as the mean * SD (n = 10). Data comparisons of multiple groups were performed using one-way analysis of variance, with
pairwise comparisons using Bonferroni corrections. #P < 0.05, ##P < 0.01, vs. model group.

significance (P > 0.05; Figure 2). These data indicate that
Cerebrolysin improves the ability of diabetic mice to maintain
their body position in a dose-dependent manner.

Tail-flick latency

Tail-flick latency can be used to reflect the pain threshold for
a physical stimulus (Yasphal et al., 1982). The fail-flick laten-
cies for mice in the moderate- and high-dose Cerebrolysin
groups were significantly higher than that in the model
group (P < 0.05 and P < 0.01, respectively); however, the
tail-flick latency for mice in the low-dose Cerebrolysin group
was not significantly different than that in the model group
(P> 0.05). These data suggest that diabetic mice treated with
Cerebrolysin are more sensitive to hot water stimulation and
their pain thresholds are reduced compared with untreated
diabetic mice (Figure 2).

Total licking time

The total time spent licking for mice injected with formalin
represents the level of sensitivity to a chemical stimulus (Cao
et al.,, 1998). The total time spent licking for mice in the low,
moderate-, and high-dose Cerebrolysin groups was signifi-
cantly longer than that for mice in the model group (P <
0.05 or P < 0.01). These data demonstrate that diabetic mice
treated with Cerebrolysin are more sensitive to formalin stim-
ulation and show reduced pain thresholds compared with
untreated diabetic mice (Figure 2).

Sciatic function index

The index of sciatic nerve function for mice in the high-dose
Cerebrolysin-treated DPN model group was significantly
higher than that for mice in the untreated DPN model group
(P < 0.01). These data reveal that high-dose Cerebrolysin
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Figure 3 Neuropathological changes in sciatic nerves of diabetic mice after administration of three doses of Cerebrolysin.

(A) Pathological changes of sciatic nerves in diabetic mice after intervention with three doses of Cerebrolysin (toluidin blue staining, X 1,000). The
myelin sheaths were stained deep blue and darker than axons. (A1) Control group; (A2) model group; (A3-A5) low-, moderate-, high-dose Cere-
brolysin groups intraperitoneally injected with 1.80, 5.39, and 8.98 mL/kg, respectively of Cerebrolysin per day for 10 consecutive days. (B, C) Aver-
age sciatic nerve diameter, perimeter and area and the proportion of fibrils in the sciatic nerves among the groups. The values are expressed as the
mean * SD. Data comparisons of multiple groups were performed using one-way analysis of variance, with pairwise comparisons using Bonferroni

corrections. #P < 0.05, ##P < 0.01, vs. model group.

ameliorates sciatic nerve dysfunction (Figure 2).

Neuropathological changes in sciatic nerves of diabetic
mice after administration of Cerebrolysin

Sciatic nerve sections stained with toluidine blue were ob-
served under a microscope. In the control group, the my-
elinated nerve fibers were uniformly distributed, the sheaths
were uniformly dyed, and the axons were saturated with
dye. By contrast, in the model group, the myelinated nerve
fibers were sparsely distributed, the thickness of sheaths was
uneven, and the axons were bulky. The myelinated nerve
fibers in the Cerebrolysin-treated mice were more sparsely
distributed than those in the control group but were more
abundant than those in the untreated DPN model group.
The average diameter and average area of the sciatic nerves
from mice in the moderate- and high-dose Cerebroly-
sin-treated groups were significantly higher than those in the
untreated DPN model group (P < 0.05 or P < 0.01). In addi-
tion, the average perimeter of the sciatic nerves from mice in
the high-dose Cerebrolysin-treated group was significantly
greater than that in the untreated DPN model group (P <
0.01). The proportion of fibrils in the low-, moderate-, and
high-dose Cerebrolysin-treated groups was significantly
higher than that in the model group (P < 0.01). Taken to-
gether, these results show that Cerebrolysin helps repair me-
dullated fibers in sciatic nerves damaged in DPN (Figure 3).

Discussion

Cerebrolysin is neurotrophic, neuroprotective and neurore-
generative, clearly functioning to protect the central nervous
system. Using high pressure liquid chromatography, 17 dif-
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ferent amino acids have been detected in Cerebrolysin (Ning
and Li, 2002) in addition to neurotrophic factors such as glial
cell-derived neurotrophic factor and insulin-like growth fac-
tors 1 and 2. These nutritionally active substances assist in the
neurotrophic effect of Cerebrolysin (Chen et al., 2007). An
animal experiment provided evidence that Cerebrolysin can
promote the combination of nerve cells and keratin (Shtrygol’
Olu et al., 2000) to enhance the outward growth of dorsal
root ganglion and sympathetic trunk axon. Eder et al. (2001)
reported that Cerebrolysin plays a neurotrophic role by in-
creasing the density of glutamate receptor 1. Cerebrolysin also
affects free radicals by promoting catalase and superoxide dis-
mutase activity to enhance the oxygen free radical scavenger
system and reduce free radical reactions to protect the mito-
chondria of nerve cells from damage by toxicants (Han et al.,
2004). In addition, Cerebrolysin inhibits the abnormal metab-
olism of nitric oxide to reduce apoptosis. Furthermore, Cere-
brolysin reduces the intake of calcium ions and the activation
of calpain to ameliorate the calcium overload in nerve cells
(Wronski et al., 2000; Eder et al., 2001). In its neuroprotective
role, Cerebrolysin decreases the expression of amyloid precur-
sor protein by regulating amyloid-beta degradation to reduce
the deposition of amyloid protein (Rockenstein et al., 2006).
Cerebrolysin also controls the expression of interleukin-1 to
reduce the degree of inflammation (Alvarez et al., 2000).
DPN is a common complication in patients with diabe-
tes and is an unsolved clinic problem. The dysfunction of
peripheral nerves in patients with diabetes often leads to
pain, abnormal sensory functions, and even disabilities that
together generate potential physical and psychological bur-
dens for the patients and their families. Unfortunately, no
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effective medication has been developed to ameliorate DPN.
Cerebrolysin has been widely used in patients with central
nervous system diseases, such as stroke and dementia, be-
cause of its neurotrophic effects. However, studies examining
the effects of Cerebrolysin on peripheral damage are rare; in
particular, no studies have investigated the effects of Cere-
brolysin in an animal model of DPN.

Abnormal sensory and motor dysfunctions are the primary
clinical manifestation in patients with DPN. The effects of
Cerebrolysin on sciatic nerve dysfunction in diabetic mice
were examined in the present study. During the experiment,
many mice bit their feet, likely because of the pain induced
by this animal model of DPN. Moreover, some mice died
of infection and others died perhaps due to ketoacidosis
or other complications of diabetes. These deaths suggested
that we had successfully developed a mouse model of dia-
betes mellitus.

Cerebrolysin dose-dependently improved the ability of
these mice to maintain their body position as assessed in the
inclined plane slope test. Cerebrolysin also increased their
chemical and physical pain thresholds as assessed by their
responses in the formalin and tail-flick tests, respectively. In
addition, the high dose of Cerebrolysin improved an index
of sciatic nerve function in these mice as assessed in the
analysis of their walking tracks. Taken together, these results
suggest that Cerebrolysin may be effective in ameliorating
sensory and motor dysfunctions in patients with DPN. Fur-
thermore, administration of Cerebrolysin improved indexes
of neuropathology (the average diameter, perimeter, and
area) as well as the morphology of sciatic nerves obtained
from diabetic mice. These anatomical data provide insight,
at least in part, for the mechanism of the improved function
in these diabetic mice. We also showed that the effects of
Cerebrolysin were dose-dependent; the higher the dose, the
better was the therapeutic effect, consistent with a previous
report (Ladurner et al., 2005; Sanchez-Vega et al., 2015).

Previous studies have reported that Cerebrolysin might
improve the symptoms associated with peripheral nerve
dysfunction in humans. Hamed (2011) concluded that Cere-
brolysin is associated with more rapid neurological recovery
after various peripheral nerve lesions than other therapies,
including steroids and supportive therapies such as vitamins
and antioxidants. Those results provided evidence support-
ing the therapeutic efficacy of Cerebrolysin in the treatment
of acquired peripheral nervous system diseases. Xu et al.
(2006) reported that Cerebrolysin also improves the postop-
erative recovery of peripheral nerve dysfunction in patients
with cerebral palsy. That study showed that the remission
rate for pain and numbness significantly increased and sug-
gested that Cerebrolysin may be a neurotransmitter itself or
a precursor of a neurotransmitter to improve the recovery
of neurological function. Fu et al. (2011) concluded that
Cerebrolysin is more effective than conventional treatments
for acute idiopathic facial paralysis and, more relevant to the
present study, that Cerebrolysin has an effect on peripheral
nerve injury caused by DPN. Bai et al. (2004) found that
intravenous injection of cerebroprotein hydrolysate, which

acted similar to an intramuscular injection of Methycobal
combined with an intravenous injection of Actovegin, im-
proved nervous system abnormalities in patients, including
asymmetric body sweat, arduous micturition, slow urination
or uroschesis, and alternating diarrhea and constipation. De-
spite the evidence for a therapeutic effect of Cerebrolysin in
human patients with peripheral nerve dysfunction, its effica-
cy and mechanism of action have not been previously exam-
ined in an animal model of DPN. To the best of our knowl-
edge, the present study is the first to report the effects of
Cerebrolysin administration on the sciatic nerve in a mouse
model of DPN. Our results provide theoretical support and
new insight for the use of Cerebrolysin in the treatment of
DPN and offer further evidence supporting previous reports
that Cerebrolysin ameliorates peripheral nerve dysfunction.
However, the specific therapeutic mechanism(s) and clinical
effects of Cerebrolysin in the treatment of DPN will require
further investigation.

In summary, Cerebrolysin dose-dependently ameliorated
the sciatic nerve dysfunction and pathological changes asso-
ciated with diabetes in a mouse model of DPN, suggesting
that a clinical trial is warranted for the use of Cerebrolysin in
the treatment of diabetic peripheral neuropathy.
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