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Abstract
Background: Chondroitinase ABC (cABC), due to its loosening impact on the extracellular
matrix scaffold, has been used to enhance regeneration of injured axonal tracts after spinal
cord injury (SCI). However, cABC thermal instability at physiological temperature has
limited its clinical application. The disaccharide trehalose has been shown to increase the
stability of cABC in body temperature. Therefore, the present study was conducted to assess
the effect of combined trehalose and cABC on inflammation, lipid peroxidation and
histopathological changes following SCI.
Methods: Male Wistar rats were randomized into six groups (n=12) including sham, SCI,
vehicle, trehalose, cABC and trehalose + cABC. In sham group, only laminectomy was
performed. Other groups underwent laminectomy followed by contusion spinal cord injury.
Twenty four hours after treatment, the level of IL-1β, Myeloperoxidase (MPO) and
Malondialdehyde (MDA) were measured. Histopathological changes were also scored.
Results: Spinal cord injury in rats resulted in severe trauma characterized by increase in
inflammation, oxidative stress, neutrophils infiltration, hemorrhage, necrosis and edema. The
levels of IL-1β, MDA and MPO were 260.3±16.4 nmol/mg protein, 1.2±0.06 mU/mg protein
and 18.9±0.7 pg/mg protein, respectively in the vehicle group. However, combined treatment
with cABC and trehalose reduced the amount of these factors significantly to 142.4±17
nmol/mg protein, 0.57±0.03 mU/mg protein and 13.8±0.4 pg/mg protein, respectively
(P<0.05). In addition, treatment with cABC and trehalose improved histopathological
alterations.
Conclusions: The present data suggest that coadministration of trehalose and cABC exhibits
neuroprotection effect through reducing inflammation and tissue injury events associated with
SCI.
Copyright: 2020 The Author(s); Published by Kerman University of Medical Sciences. This
is an open-access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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reported previously (8). To overcome this limitation, we

Introduction
Traumatic spinal cord injury (SCI) causes severe and often

previously thermostablized cABC in vitro using the sugar

permanent neurological deficits due to the loss of motor and

trehalose (9).

sensory axonal pathways. Tissue damage after spinal cord

Trehalose is a non-reducing disaccharide which consists of

trauma results from both direct mechanical injury and

two molecules of glucose. It is found in many non-mammalian

secondary autodestructive reactions that occur over a period of

species and protects the integrity of cells against various

several weeks. The secondary injury contributes largely to the

environmental stresses like heat, cold, dehydration and

neurological impairment seen in patients. Several mechanisms

oxidation (10). Trehalose has been shown to protect proteins

underlying the secondary injury have been identified including

against thermal inactivation. Therefore, it is currently used in

excitotoxicity caused by impaired glutamate homeostasis, free

the biopharmaceutical preservation of labile protein drugs (11).

radicals production, calcium overload, neuroinflammation and

In addition, recent studies have shown that trehalose could

apoptosis (1, 2).

prevent oxidative and inflammatory response induced by

Immediately after spinal cord injury, innate immune

various cellular stresses in vivo and in vitro (12, 13). Therefore,

response starts which is characterized by the production of

trehalose may be considered as a potential therapeutic agent for

inflammatory cytokines/chemokines by the resident innate

diseases involving oxidative stress and inflammation.

immune cells (microglia, and astrocytes) and the subsequent

In the present study, we hypothesized that trehalose-

recruitment of infiltrating immune cells (neutrophils and

stabilized cABC may limit inflammatory response and

monocytes) (2, 3). Inflammatory cytokines activate astrocytes

oxidative stress and may attenuate histopathological injury after

which upregulate inhibitory molecules such as chondroitin

experimental SCI.

sulfate proteoglycans (CSPGs) that create a nonpermissive
environment for axons to regenerate (4). Therefore, strategies

Materials and Methods

for modulating inflammation and removing axon growth

Thermostabilized enzyme preparation

inhibitors following SCI continue to be a topic of great interest

Trehalose-stabilized enzyme was made by mixing

(5).

trehalose and cABC at room temperature. The final
The bacterial enzyme chondroitinase ABC (cABC)

concentration of trehalose in the mixture was 1 M while the

manipulates CSPGs by digesting glycosaminoglycans (GAGs)

activity of cABC was 10 U/ml. All preparations were done in

chain from the CSPGs core protein. Several studies have

phosphate buffer saline (PBS, 0.1 M, pH 7.4). Aliquots were

demonstrated that cABC mediated liberation of GAGs chain is

placed at -20 °C for the next step (9).

useful for overcoming the inhibitory effect of GAGs on axon
growth in the injured spinal cord (6, 7). However, in vivo
application of cABC is limited by its thermal sensitivity as
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Animals

Tissue preparation and analysis

A total of 72 male Wistar rats (220-250 g) were used in this

Animals were sacrificed one day after SCI (n=7 of each

study. Animals were randomized into six groups:
I.

group). Then a 2-cm segment of spinal cord with a lesion in the

Sham: rats were subjected to laminectomy

middle was dissected. Tissues were immediately frozen in

(n=12).
II.

liquid nitrogen and stored at -80°C until use. For
SCI: rats were subjected to spinal cord injury as

histopathological analysis, five rats of each group were deeply

described afterward (n=12).
III. SCI+PBS

(vehicle):

anesthetized. Then animals were perfused with PBS followed
rats

received

PBS

by 4% paraformaldehyde in PBS. The injured spinal cords

intratecally after SCI (n=12).

were carefully excised and post-fixed in 4% paraformaldehyde

IV. SCI+T: rats received trehalose intratecally after

for 24 hours. After being dehydrated using a series of ethanol

SCI (n=12).
V.

washes, tissues were embedded in paraffin and cut into 5-μm

SCI+E: rats received intratecal injection of

sections. Then sections were deparaffinized in xylene and

cABC following SCI (n=12).

hydrated using a series of ethanol washes before being stained

VI. SCI+ET: rats received trehalose and cABC

(16).

mixture intratecally after SCI (n=12) (14).
All the experimental procedures were approved by the

Measurement of IL-1β
To assay the level of inflammation, IL-1β was measured in

ethics committee of Kerman University of Medical Sciences.

spinal cord. Tissues were firstly homogenized in cold PBS
containing 1% protease inhibitor. Then lysates were

Spinal cord injury and animal treatments
Rats were anesthetized using ketamine (50 mg/kg) and

centrifuged at 15000 ×g for 20 min at 4°C and supernatants

xylazine (5 mg/kg). Then laminectomy was performed at the

were separated. IL-1β was assayed in supernatants using a

T9-T10 level, exposing the cord beneath without disrupting the

commercial ELISA kit (Abcam, UK) according to the

dura. A contusion injury was made by dropping a 10 g weight

manufacturer’s instructions. IL-1β concentration was presented

(NYU impactor) from 25 mm height onto the exposed dura.

as pg/mg protein.

Immediately after the injury, 6 μl of PBS, cABC, trehalose or
trehalose with cABC was microinjectd intrathecally into lesion

Measurement of myeloperoxidase

site according to the groups. After suturing of the muscle and

To assay neutrophil infiltration into injured tissue,

skin, animals were kept in a warm place to recover from

myeloperoxidase (MPO) activity was measured. Tissue pellets

anesthesia. Rats received gentamicin intraperitoneally (12

obtained from homogenized spinal cord were used for assay.

mg/kg) to prevent infection. Bladder evacuation was performed

After

manually until reappearance of the voiding reflex (15).

hexadecyltrimethylammonium bromide, MPO activity was
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measured in the presence of o-dianisidine (0.167 mg/ml) and

1=mild, 2=moderate and 3=common. Then the sum of the

hydrogen peroxide (0.003%) at 460 nm. One unit of MPO was

scores of these parameters was reported for each tissue (19).

defined as the amount that degrades 1 μmol hydrogen peroxide
per minute at 25 °C. MPO activity was expressed as mU/mg

Statistical analysis

protein (17).

Data analysis was performed using SPSS software, version
20 (SPSS Inc, USA). The mean differences among groups were
analyzed by Kruskal-Wallis test. Mann-Whitney analysis was

Measurement of malondialdehyde
To assay the level of lipid peroxidation, malondialdehyde

used to evaluate the differences between various groups. A p

(MDA) was measured in the injured tissues. Briefly,

value less than 0.05 was considered statistically significant.

supernatants were mixed with thiobarbituric acid and
trichloroacetic acid and kept in boiling water for 60 min. After

Results

cooling, the absorbance was measured at 532 nm. Then MDA

Tissue IL-1β level
SCI led to a significant increase in tissue IL-1β level when

concentration was calculated using a standard curve and
reported as nmol/mg protein (18).

compared with sham group (p<0.001). There was no
significant difference in the level of IL-1β between SCI and
vehicle groups (p>0.05). IL-1β values were significantly

Histological analysis
Tissue sections from the damaged area were stained with

decreased in tissues treated with trehalose, enzyme or

hematoxylin and eosin (H&E) using a standard protocol.

enzyme+trehalose when compared with PBS treated tissues

Stained sections were observed under a light microscope by a

(p<0.001). A combination treatment with enzyme and trehalose

pathologist who was blinded to the study. A semi-quantitative

decreased IL-1β values to a lower level compared with enzyme

scoring system was used to score the histopathological changes

group (p<0.01). However, no significant difference was

in spinal cord tissues. Six different parameters including

observed between trehalose and enzyme+trehalose groups

hemorrhage, congestion, necrosis, edema, neuronal loss and

(p>0.05) (figure 1).

inflammation were assessed and scored as follows; 0=absent,
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Figure 1. The effect of trehalose and cABC on IL-1β, 24 hours after the SCI
**p<0.001 compared with the vehicle group, Data represent mean±SD.

Treatment with trehalose, cABC and cABC with trehalose

Tissue MPO level
MPO activity in the injured tissue of SCI group showed a

reduced the activity of MPO when compared to the vehicle

significant increase compared with sham group at the first post-

group (p<0.05). Tissue MPO activity values were found to be

SCI day (p<0.001). No significant difference was observed in

lower in enzyme+trehalose group compared with enzyme or

MPO activity between SCI and vehicle groups (p>0.05).

trehalose groups (p<0.05) (figure 2).

MPO activity (mU/mg protein)
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Figure 2. The effect of trehalose and cABC on MPO, 24 hours after the SCI
*p<0.05 compared with vehicle group, Data represent mean±SD.
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enzyme or enzyme+trehalose reduced the level of MDA

Tissue malondialdehyde level
Tissue MDA level was significantly higher in the SCI

significantly compared with the vehicle group (p<0.05).

group compared with the sham group (p<0.001). Comparing

However, the lowest level was observed in the trehalose treated

MDA values in the SCI and vehicle groups, revealed no

group when compared with the enzyme or enzyme+trehalose

significant difference (p>0.05). Treatment with trehalose,

groups (p<0.01) (figure 3).
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Figure 3. The effect of trehalose and cABC on MDA, 24 hours after SCI
*p<0.05 compared with vehicle group, Data represent mean±SD.

was observed between the SCI and vehicle groups. However,

Histological analysis
Microscopic analysis of spinal cord tissue in sham group

treatment with enzyme or trehalose reduced histopathological

revealed nothing remarkable. However, diffuse hemorrhage

scores significantly when compared with the vehicle group

and congestion in the gray matter as well as marked neuronal

(p<0.05). In these two groups, white matter underwent

necrosis and degeneration in the gray and white matter were

degeneration and macrophages were the major cells which

observed in the damaged tissues of the SCI group. Moreover,

populated the white matter. When compared the scores, there

in the injured area, infiltrating neutrophils and scattered

was no significant difference between the enzyme and trehalose

macrophages were observed. Similar histological changes were

groups (p>0.05). Nevertheless, coadministration of cABC and

observed in the tissues of the vehicle group. Therefore,

trehalose decreased histopathological score to a lower level

comparing the pathological scores, no significant difference

compared with the vehicle, enzyme or trehalose groups which
was statistically significant (p<0.05) (figure 4).
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Figure 4. H&E-stained spinal cord tissues of different groups at 100 and 400 magnification for large and small pictures, respectively, (A) sham group; (B)
SCI group; (C) vehicle group; (D) cABC group; (E) trehalose group; (F) cABC+ trehalose group
*p<0.05 compared with vehicle group. Data represent mean±SD.

regeneration and plasticity (22, 23). However, cABC activity is

Discussion
Traumatic spinal cord injury is followed by a progressive

reduced at body temperature which limits its application (8).

secondary process of tissue damage arising from the

Previously, we reported that the disaccharide trehalose

inflammatory response. Hallmarks of the inflammatory

increases thermal stability of cABC (9). In the present study, we

reaction to SCI are changes in vascular permeability, activation

found that treatment with cABC or trehalose reduced the level

of glial cells and astrocytes as well as leukocytes infiltration to

of IL-1β. However, the reduction was more considerable using

damaged tissue. Leukocytes produce reactive free radicals

trehalose alone or in combination with cABC. IL-1β plays a

leading to CNS injury through a mechanism known as

critical role in spinal cord damage after SCI. It induces the

oxidative burst. Therefore, a therapeutic intervention for SCI

upregulation of other proinflammatory cytokines such as TNF-

should be directed at limiting the inflammatory response (20,

α and IL-6. It also enhances vascular permeability and induces

21).

neuronal apoptosis. IL-1β downregulation limits lesion

Glial scars formed by activated astrocytes are a prominent

development and neuronal loss, promotes axonal plasticity and

feature of CNS trauma. After SCI, various CSPGs are densely

improves neurological outcome (24, 25). Therefore, it is likely

deposited in the lesion site and contribute to limiting axon

that trehalose reduced caspase-3 gene expression and apoptosis

regeneration. Enzymatic digestion of CSPGs by chondroitinase

in injured tissues as was found in our previous study through

ABC (cABC) has been shown to increase nerve fibers

attenuating inflammatory response post-SCI (14).
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MPO is an oxidative enzyme present in neutrophil granules

κB activation (30). It also suppressed the production of various

contributing to its oxygen-dependent bactericidal activity.

pro-inflammatory cytokines including TNF-α, IL-6, IL-1α and

MPO is a marker of neutrophil infiltration and activation (21).

IL-1β and reduced oxidative stress induced by experimental

Infiltrating neutrophils are major sources of reactive oxygen

subarachnoid hemorrhage (12).

species which can induce neurotoxicity and axonal

The consequences of inflammation are often related to

degeneration. Therefore, blocking neutrophil accumulation

ischemia, tissue edema, oxidative damage, myelin degradation

contributes to attenuation of secondary neuronal damage and

and ongoing necrotic and apoptotic changes which all are

improvement in neurological recovery after SCI (26, 27). In the

responsible for substantial increases in lesion size after the

present study, we found that neutrophils infiltration into the

initial injury (21). In this study, histological findings were also

injured spinal cord was clearly reduced by the treatment with

associated with the level of secondary damage after SCI.

trehalose or coadministration of trehalose and cABC.

Traumatic injury caused diffuse hemorrhage, congestion,

Reactive oxygen species (ROS) play a key role in

marked edema and necrosis in both white and gray matter. In

mediating secondary injury after SCI. ROS can cause

the damaged area, infiltrating polymorphonuclear leukocytes,

cytotoxicity by damaging lipids, proteins and nucleic acids.

plasma cells and lymphocytes were observed which indicates

MDA is the most abundant aldehyde resulting from lipid

an inflammatory response to the injury. However, a combined

peroxidation and is commonly measured to evaluate the level

treatment with trehalose and cABC showed lower

of oxidative stress and ROS (28). Our study provides evidence

histopathological score which may be related to the anti-

for formation of MDA following SCI which demonstrates the

inflammatory effect of trehalose-stabilized cABC.

involvement of lipid peroxidation. Both cABC and trehalose

In conclusion, treatment with trehalose-stabilized cABC

protected spinal cord from lipid peroxidation by lowering

reduced inflammatory response after SCI which was consistent

MDA level. Interestingly, the antioxidative effect of trehalose

with the idea that combined trehalose and cABC treatment

was reduced when combined with cABC. As previously

decreases infiltration of inflammatory cells into the injured

mentioned, neutrophils are one of the main sources of ROS.

spinal cord and reduces free radicals formation and lipid

Therefore, we attributed the antioxidative effect of trehalose

peroxidation. A detailed study of these mechanisms might lead

and trehalose-stabilized cABC to their anti-inflammatory

to the introduction of therapeutic strategies into clinical practice.

activity.
The putative effect of trehalose against inflammation and
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