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Therapeutic efficacy of cyclosporin A against spinal
cord injury in rats with hyperglycemia
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Abstract. The present study aimed to explore the therapeutic
effects of cyclosporin A (CsA) on spinal cord injury (SCI)
in rats with hyperglycemia and to identify a novel potential
method to treat SCI in the presence of hyperglycemia.
Female Sprague-Dawley (SD) rats were randomly allocated
into four groups: Sham, SCI, SCl+hyperglycemia and
SClI+hyperglycemia+CsA groups. Streptozotocin-induced
hyperglycemic SD rats and a weight-drop contusion SCI
model were established. The Basso, Beattie, Bresnahan scale
and inclined plane test were used to evaluate the neurological
function of the rats. Flow cytometric assay was performed to
detect the apoptotic rates of cells in the spinal cord. ELISA
and western blot analysis were performed to determine the
levels of interleukin (IL)-10, tumor necrosis factor (TNF)-a.,
cyclophilin-D (Cyp-D) and apoptosis-inducing factor (AIF).
The results demonstrated that CsA significantly improved the
neurological function of the SCI rats with hyperglycemia. CsA
markedly reduced the number of apoptotic cells exaggerated
by hyperglycemia in the spinal cord of the SCI rats. CsA
significantly decreased the expression levels of IL-10, TNF-a,
Cyp-D and AIF in the spinal cord of the SCI rats. Overall, the
present study revealed a significant role of CsA in the treat-
ment of SCI in the presence of hyperglycemia by inhibiting the
apoptosis of spinal cord cells.

Introduction

Spinal cord injury (SCI) is a serious neurological and patho-
logical disease, which directly damages spinal cord parenchyma
and the associated spinal nerves. There are ~12,000 new cases of
SCI annually in the USA (1), the majority of which are caused by
vehicle accidents, falls or violence (2). Secondary complications,
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which occur in the endocrinologic, cardiovascular, gastrointes-
tinal, musculoskeletal and respiratory systems, are common
in cases of SCI (3), which often lead to high morbidity and
mortality rates. At present, the primary therapeutic methods
for SCI include drugs (4), hypothermia therapy (5), stem cell
transplantation (2) and immunotherapy (6). Despite consider-
able improvement in therapeutic methods of SCI in previous
decades, the long-term outcomes of patients with SCI remain
poor. Thus, it is important to identify and implement novel and
more effective therapeutic strategies for patients with SCI.

Hyperglycemia, often caused by diabetes mellitus or
non-diabetic hyperglycemia, is considered to be a potentially
life-threatening clinical condition. Food diet, genetic factors,
obesity and drugs may induce hyperglycemia. Increasing
evidence has shown that hyperglycemia can impair several
systems, including the cardiovascular system (7), audi-
tory system (8), urinary system (9) and visual system (10).
Meng et al (11) revealed that hyperglycemia can lead to neuro-
inflammation by activating the NLR family pyrin domain
containing 1 inflammasome, which may be a mechanism of
diabetes-associated neural injury in diabetic rats. Dai et al (12)
demonstrated that neuropeptide FF-amide peptide precursor
(NPFF) contributed to diabetic nerve injury recovery through
NPFF receptor 2, and neuropeptide FF was a potential
neuroregenerative factor for nerve injury associated with
hyperglycemia. Hyperglycemia is an important indicator of
health in patients with SCI (13); however, to date, the under-
lying association between hyperglycemia and SCI remains to
be fully elucidated.

To our knowledge, there is no consensus on the treatment
of patients with SCI with hyperglycemia. In previous years,
studies have showed that mitochondria are important in nerve
cell death following contusive SCI, which primarily regulate
cell apoptosis through the mitochondrial permeability transi-
tion pore (mPTP), a non-specific giant channel (14). Therefore,
inhibiting mPTP channels can prevent and reduce cell apop-
tosis. Cyclosporin A (CsA), an 11 amino acid cyclic peptide
separated from Tolypocladium inflatumin culture medium,
is regarded as an immunosuppressant. CsA can inhibit
T lymphocytes through the following two pathways: i) CsA
inhibits the generation of interleukin (IL)-2 (15); ii) CsA
inhibits generation of the IL-2 receptor (16). CsA has been
widely used in the treatment of various diseases, including
aplastic anemia (17), nephritic syndrome (18), rheumatoid
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arthritis (19) and psoriasis (20). Studies have shown that
CsA inhibits cyclophilin-D (Cyp-D), and then prevents the
formation of mPTP (21). CsA can effectively reduce cerebral
ischemic injury aggravated by hyperglycemia (22). However,
to date, whether CsA can also reduce the severity of SCI
aggravated by hyperglycemia remains to be elucidated.

The present study aimed to focus on the cell apoptotic
pathway associated with mitochondria in the spinal cord,
which may be used to clarify the underlying mechanism of
CsA in the treatment of SCI with hyperglycemia. The results
may provide a potential therapeutic drug and effective strategy
for the treatment of patients with SCI and hyperglycemia.

Materials and methods

Animals and groups. A total of 40 adult female healthy
SPF Sprague-Dawley rats, weighing 220-240 g, were
obtained from Shanghai Laboratory Animal Center Co., Ltd.
(Shanghai, China). Animal experimental trials were approved
by the Animal Use and Ethics Committee of Ningxia Medical
University (Yinchuan, China). The 40 rats were randomly
allocated into four groups: Sham group, (n=10), in which rats
underwent laminectomy only; SCI group (n=10), in which
rats underwent SCI only; SCI+hyperglycemia group (n=10),
in which rats received streptozotocin (STZ) prior to SCI; and
SCI+hyperglycemia+CsA group (n=10), in which rats received
STZ prior to SCI, and CsA following SCI.

All animals were allowed to adapt to the environment for
3 weeks prior to the trial. The rats of the SCI+hyperglycemia
group and SCl+hyperglycemia+CsA group were intraperito-
neally injected with STZ (Sigma-Aldrich; Merck Millipore,
Darmstadt, Germany) at 30 mg/kg body weight dissolved in
citrate buffer (pH 4.5) every day to induce hyperglycemia.
The rats were considered to have hyperglycemia if their blood
glucose levels were maintained at >16.8 mmol/l 48 h following
STZ injection. The rats were maintained in ambient tempera-
ture (20-25°C) with a 12:12 dark/light cycle and were provided
with free access to food and ultrapure water. All attempts were
made to reduce the number of animals used in the present
study and to minimize their suffering.

Spinal cord injury modeling. The rats were anesthetized with
1.25% halothane in an oxygen/nitrous oxide (30/70%) gas
mixture. The dorsal skin was incised and the soft tissue was
dissected, following which a laminectomy was performed
carefully at the T10 vertebrae, and the vertebral column was
completely exposed (Fig. 1). Contusion injury was performed
in accordance with Allen's method (23). A weight of 10 g
was dropped from a height of 5 cm onto the exposed spinal
cord, and the impounder remained for 20 sec following with-
drawal to produce a moderate contusion. Bacitracin ointment
(Qualitest Pharmaceuticals, Huntsville, AL, USA) was used to
avoid infections, and another 5 ml of normal saline solution
was injected subcutaneously. The animals were allowed to
recover on a water-circulating heating pad at 37°C (Gaymar
Industries, Orchard Park, NY, USA). The animals in the Sham
group received only a laminectomy for 1 min. Following
contusive SCI, twice daily bladder expression was performed
until bladder function had recovered. Two of the hypergly-
cemia rats died within the first week following contusive SCI.
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The SCI+hyperglycemia+CsA group rats were subcutaneously
injected with CsA (4 mg/kg body weight; Novartis, Basal,
Switzerland) every day. According to the trial, the rats were
sacrificed using an overdose of pentobarbital sodium on day 7,
with the exception of 18 rats, which were used to assess loco-
motion recovery.

Neurological function assessment. The Basso, Beattie,
Bresnahan (BBB) locomotor rating scale (24) was used to
detect the recovery of motor function following contusive
SCI. A score of 0 was considered to indicate no spontaneous
mobility, whereas a score of 21 was considered to indicate
complete mobility. The ability of an animal to maintain
postural stability was assessed using Rivlin's inclined plane
test (25). The maximum angle at which the rats were able to
maintain a constant position on an oblique board for at least
5 sec was considered the critical value and was recorded.
Two independent examiners who were blinded to treatment
observed the rats prior to injury, and at 1, 3,7, 14 and 21 days
post-injury.

Flow cytometric analysis of cell apoptosis. Several
5-um-thick spinal cord sections containing the contusion
sites were isolated. A single-cell suspension was obtained by
trypsinization, and the rate of apoptosis was measured using
an Annexin V Apoptosis Detection kit according the manufac-
turer's protocol. Finally, the apoptotic cells were examined and
quantified using flow cytometry (BD Biosciences, San Diego,
CA, USA).

ELISA analysis. Total proteins from the spinal cord tissues
were extracted in RIPA lysis buffer (Beyotime, Haimen,
China) containing protease inhibitor phenylmethanesulfonyl
fluoride (Beyotime). A BCA protein assay kit (Thermo Fisher
Scientific, Inc., Waltham, MA, USA) was used to assess
protein concentrations. The concentrations of interleukin-10
(IL-10) and tumor necrosis factor-o. (TNF-a) were measured
using respective ELISA kits according to the manufacturer's
protocol, and analyzed using a microplate reader (Dynex
Technologies, Chantilly, CA, USA). The values are expressed
as pg/ml.

Western blot analysis. To determine the relative protein
expression levels of Cyp-D and apoptosis-inducing factor
(AIF), equal amounts of protein (40 ug) from each group
were separated by SDS-PAGE (12% gel) and then transferred
onto a PVDF membrane (Millipore, Billerica, MA, USA).
Targeted proteins were detected by incubation overnight at
4°C with primary antibodies against Cyp-D (dilution, 1:500;
cat. no. PA5-31061; Invitrogen; Thermo Fisher Scientific,
Inc.) and AIF (dilution, 1:200; cat. no. 5318; Cell Signaling
Technology, Inc., Danvers, MA, USA), followed by incuba-
tion for 1 h at 37°C with horseradish peroxidase-conjugated
secondary antibody (dilution, 1:500; cat. no. 29-0382-76; GE
Healthcare, Chicago, IL, USA). Signals were visualized using
ECL Advance reagent (Beyotime Institute of Biotechnology)
and quantified using ImageJ 2.0 software (National Institutes
of Health, Bethesda, MD, USA). The expression levels of
target protein were determined following normalization to
individual B-actin levels.
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Table I. Body weights and blood glucose levels of rats.

Body Blood
weight glucose
Group (2) (mmol/1)
Pre-STZ injection
Sham 233+6 4.2+0.5
SCI 232+6 4.1+0.5
SCI+hyperglycemia 231+6 4.2+0.6
SCI+hyperglycemia+CsA 233+6 4.3+0.6
4 weeks post-STZ injection/pre-SCI
Sham 233+6 4.2+0.6
SCI 23246 42+0.5
SCI+hyperglycemia 209+15*  24.3+49°
SCI+hyperglycemia+CsA 211£16°  23.8+5.0°

"P<0.001; "P<0.01. SCI, spinal cord injury; CsA, cyclosporin A; STZ,
streptozotocin.

Figure 1. Exposed T10 vertebral column of a rat.

Statistical analysis. All statistical analyses were performed
using SPSS 19.0 (IBM SPSS, Armonk, NY, USA) and
GraphPad Prism 5.0 software (GraphPad Software, Inc.,
La Jolla, CA, USA). All data are presented as the mean =+ stan-
dard deviation. Unpaired Student's t-test was used to compare
the experimental groups. P<0.05 was considered to indicate a
statistically significant difference.

Results

Body weight and blood glucose. As shown in Table I, prior
to STZ injection, no significant differences in weight or
blood glucose were observed among the four groups of rats.
At 4 weeks post-STZ injection, prior to SCI, the, rats of the
SCl+hyperglycemia group and SCI+hyperglycemia+CsA group
had significantly lower body weights and higher blood glucose
levels (P<0.05), compared with the rats of the Sham group and
SCI group, indicating that the rats exhibited hyperglycemia.
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Figure 2. Results of the motor function assessment of the rats. (A) BBB scores.
(B) Inclined-plate angles. “P<0.01, ""P<0.001 SCI+hyperglycemia+CsA
group vs. SCl+hyperglycemia group. SCI, spinal cord injury; CsA, cyclo-
sporin A; BBB, Basso, Beattie, Bresnahan.

Neurological function assessment. As shown in Fig. 2A, the
BBB scores of the rats in Sham group were similar to the
normal values at each time point. Compared with the rats in
the Sham group, the rats with SCI showed lower BBB scores at
each time point, and the differences were statistically signifi-
cant (P<0.001), indicating severe impairment of neurological
function. The BBB scores of the SCI rats with hyperglycemia
at 21 days remained <10, whereas the rats treated with CsA
had scores above 10 points, and the differences were statisti-
cally significant (P<0.001). As shown in Fig. 2B, following
contusive SCI, the inclined-plate angles of the rats were
decreased, compared with those in the Sham group at each
time point, and the differences were statistically significant
(P<0.001). The inclined-plate angles of the rats treated with
CsA increased to significantly higher angles, compared with
those of rats in the SCl+hyperglycemia group at 14 and
21 days post-injury (P<0.001). These results suggested that
hyperglycemia exaggerated the neurological function of the
rats following contusive SCI, and that CsA accelerated the
recovery of neurological function.

Flow cytometric analysis of apoptotic cells. As shown
in Fig. 3, in the Sham group, almost no apoptotic cells were
observed. However, the numbers of apoptotic cells in the
spinal cord were significantly increased following contusive
SCI (P<0.001), indicating increased apoptotic activity of cells
in the spinal cords. Additionally, the number of apoptotic cells
in the SCl+hyperglycemia group was higher, compared with
that in the SCI group (P=0.002), and the number of apoptotic
cells in the SCI+hyperglycemia+CsA group was significantly
lower, compared with that of the SCI+hyperglycemia group
(P<0.001). These results suggested that hyperglycemia exag-
gerated the apoptosis of spinal cord cells following contusive
SCI, and that CsA inhibited this apoptosis.
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Figure 4. ELISA analysis of expression levels of IL-10 and TNF-a in the spinal cord. (A) Expression levels of IL-10. (B) Expression levels of TNF-a.. “P<0.01,
“"P<0.001. SCI, spinal cord injury; CsA, cyclosporin A; IL-10, interleukin-10; TNF-a., tumor necrosis factor-a.

ELISA analysis of IL-10 and TNF-a. As shown in Fig. 4A
and B, according to the results of ELISA analysis, the rats with
SCI exhibited a significant increase in the expression levels
of IL-10 and TNF-a, compared with those in the Sham group
(P<0.001). In addition, the expression levels of IL-10 and
TNF-a in the rats in the SCI+hyperglycemia group were higher,
compared with those in the rats in the SCI group (P=0.003
and P<0.001, respectively), whereas the expression levels of
IL-10 and TNF-a in the rats in the SCI+hyperglycemia+CsA
group were significantly lower, compared with those in the
SCI+hyperglycemia group (P<0.001). These results suggested
that hyperglycemia exaggerated the inflammation in the spinal

cord following contusive SCI, and that CsA alleviated the
inflammation in the spinal cord.

Western blot analysis of the protein expression of Cyp-D
and AIF. As shown in Fig. 5, according to the results of the
western blot analysis, compared with the rats of the Sham
group, the rats with SCI exhibited increased protein expres-
sion levels of Cyp-D and AIF in the spinal cord (P<0.001).
The protein levels of Cyp-D and AIF in the spinal cords of
rats in the SCl+hyperglycemia group were significantly
higher, compared with those of rats in the SCI group (P=0.026
and P=0.001, respectively), whereas the protein expression
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Figure 5. Western blot analysis of protein expression levels of Cyp-D and
AIF in the spinal cord. "P<0.05, “P<0.01, ““P<0.001. SCI, spinal cord injury;
CsA, cyclosporin A; Cyp-D, cyclophilin-D; AIF, apoptosis-inducing factor.

levels of Cyp-D and AIF in the spinal cords of rats in the
SCI+hyperglycemia+CsA group were lower, compared with
those in the SCI+hyperglycemia group (P<0.001). These results
indicated that hyperglycemia exaggerated the impairment
of mitochondrial function in the spinal cord cells following
contusive SCI, and that CsA inhibited the impairment of mito-
chondrial function.

Discussion

The pathogenesis of SCI can usually be divided into two
stages, primary injury and secondary injury (26). Through
the establishment of SCI rat models, the present study aimed
to reveal the therapeutic effects of CsA on SCI of rats with
hyperglycemia and to identify a novel method to treat SCI
with hyperglycemia. The results showed that hyperglycemia
aggravated the secondary injury of SCI, whereas that CsA
improved the motor capacity of rats and reduced inflamma-
tion in the spinal cord following contusive SCI. This indicated
that CsA effectively alleviated SCI impairment aggravated by
hyperglycemia.

As is already known, the main clinical manifestations of
SCI are motor and sensory disorders with a series of serious
complications (27,28). The BBB locomotor rating scale and
Rivlin's inclined plane test are commonly used methods,
which can evaluate changes in the motor capacity of experi-
mental animals. In the present study, the results showed that
the BBB scores and inclined-plate angles were decreased in
the SCI rats. In addition, the BBB scores and inclined-plate
angles were significantly decreased in the SCI rats with hyper-
glycemia, whereas CsA partially improved the decreased BBB
scores and inclined-plate angles. These results indicated that
the SCI rat models were established successfully, and that
CsA improved the neurological function of the SCI rats with
hyperglycemia.

Previous studies have found that inflammatory cytokines
and inflammatory response in the spinal cord are closely
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correlated with the pathogenesis of SCI (29). For example,
interleukin-4 (IL-4) is an anti-inflammatory cytokine, which
is crucial in regulating acute macrophage activation and
confining secondary cavity formation following contusive
SCI (30). Fenn et al (31) showed that IL-4 reprogrammed
active microglia to a phenotype promoting improved neurite
growth, which was impaired with age, associated with
reduced functional recovery following contusive SCI. IL-10
is also an anti-inflammatory cytokine, which can reduce
pain-associated behaviors following contusive SCI (32). In
addition, Lin et al (33) demonstrated that downregulation
of IL-11 significantly decreased the expression of TNF-a,
and had therapeutic benefits by alleviating the inflammatory
response and improving the recovery of SCI. This indicated
that inhibiting TNF-a may contribute to recovery from SCI.
To date, whether hyperglycemia can aggravate the severity of
SCI remains unclear. In the present study, the expression levels
of IL-10 and TNF-a were significantly higher in SCI rats with
hyperglycemia. These results demonstrated that hypergly-
cemia aggravated the severity and inflammatory response of
SCI. At present, there are no effective therapies for SCI due to
the frequent occurrence of secondary injury, including edema,
ischemia, excitotoxicity, inflammation, oxidative damage and
apoptotic cell death (34).

Mitochondria, a primary structure responsible for gener-
ating ATP, are important in maintaining the normal function
and growth of eukaryotic cells. When mitochondrial damage
occurs, the cells lack energy supply due to the inability to
produce sufficient ATP, which leads to cell dysfunction and
even necrosis. Mitochondrial membrane perturbations are
also involved in calcium overloading, the opening of mPTP
channels and the release of apoptotic mediators into the cyto-
plasm (35). mPTP channels consist predominantly of three
proteins, Cyp-D, adenine nucleotide translocator 1 and the
voltage-dependent anion channel. mPTP channels are induced
to open by pro-apoptotic stimuli, which cause loss of mito-
chondrial integrity and allow the release of several molecules
into the cytoplasm (36). Mitochondria function as Ca®* ‘sinks’,
taking up excess Ca®* to maintain Ca?* levels in the cytosol,
and mitochondrial function is severely impaired following
contusive SCI (34). AIF is also a mitochondrial protein, which
can exert a pro-apoptotic effect. It is released from mitochon-
dria and translocates to nuclei, followed by the induction of
chromatin condensation and DNA degradation during cell
apoptosis (37). To date, previous studies have indicated that
CsA has a therapeutic effect on a number of diseases through
various pathways, including reducing the proportion of CD4(+)
T cells and the expression level of interferon-i for the treatment
of aplastic anemia (38). Guan et al (39) demonstrated that CsA
has a protective effect in improving mitochondrial function
through inhibiting mitofusin proteins, which are located on the
outside of mitochondrial membranes and regulate mitochon-
drial fusion. In the present study, the number of apoptotic cells,
and the protein levels of Cyp-D and AIF in the spinal cord
were higher in the SCI rats with hyperglycemia, indicating
that hyperglycemia accelerated the apoptosis of spinal cord
cells following contusive SCI. CsA reduced the apoptosis of
spinal cord cells and increased the protein expression levels
of Cyp-D and AIF. Consistently, Kim et al (40) showed that
CsA-mediated Cyp-D inhibition, which protected retinal
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ganglion cells against mitochondrial dysfunction, providing
therapeutic potential for ischemic injury. These results demon-
strated that CsA effectively reduced the SCI impairment
aggravated by hyperglycemia.

In conclusion, the results of the present study showed that
hyperglycemia aggravated the severity of SCI, and that CsA
effectively reduce the SCI aggravated by hyperglycemia.
These results provide a novel and relatively more effective
potential therapeutic strategy for patients with SCI and hyper-
glycemia. However, the present study had several limitations,
including lacking of in vitro experiments and no determination
of the expression levels of IL-10 and TNF-a at each time point.
Future investigations aim to examine whether CsA has a rela-
tive effect on spinal cord nerve cells in vitro and determine its
specific mechanisms.
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