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General Introduction

Spinal cord anatomy

The spinal cord is connected to the brain. It is the part of the central 

nervous system (CNS) located within the vertebral column, and includes both 

sensory and motor nerves. It is also the main pathway for information 

between the brain and peripheral nervous system (Squire et al., 2013). The 

spinal cord carries sensory information from the body and part of the head to 

the CNS via afferent fibers, and performs the initial processing of this 

information (Figure 1).

Figure 1. Schematic illustrations of cross-sections of spinal cord in the 

vertebral column.
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Axons of the motor neurons in the ventral horn project to the 

periphery to innervate skeletal muscle and smooth muscle, and mediate 

voluntary and involuntary reflexes. The spinal cord contains neurons, the 

descending axons of which mediate autonomic control of most visceral 

functions. The spinal cord is composed of the central gray matter and 

peripheral white matter (Figure 2). Two systems are responsible for the 

transmission of motor function: the upper and lower motor neuron systems 

(Olby et al., 1999).

Figure 2. Schematic illustrations of both mechanical and inflammatory 

response-induced damage of the spinal cord (Beattie, 2004).
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Spinal cord injury and animal model

Regardless of the primary injury type, secondary degeneration follows 

spinal cord injury (SCI) leading to severe damage (Figure 3) (Tator et al., 

1991; Olby, 1999, 2010; Dumont et al., 2001). The neuropathological 

outcomes of SCI are characterized by edema, axonal degeneration, 

inflammatory cell infiltration, fibronectin exudation through the damaged blood

–brain barrier, microglial activation, and reactive astrogliosis (Prewitt et al., 

1997; Jung et al., 2003; Kim et al., 2003; Shin, 2013).

Figure 3. Schematic illustration of animal models of spinal cord injury.
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Many animal models have been developed to study the pathogenesis of 

SCI. Models based on mechanical impact include the New York University  

impact device injury, Ohio State University impact device injury, and 

clip-compression injury models (Kwon et al., 2002; Shin et al., 2013). 

Compression models include balloon compression (Tarlov, 1953) and lamina 

compression (Sun et al., 2017) models. Transection and partial transection 

have also been used to study SCI (Basso et al., 1996; Zeman et al., 1997). 

Basso et al. (1996) used a rat model of SCI in a preliminary study for the 

application of candidate therapeutic agents in dogs with SCI to study their 

therapeutic effects and mechanisms.
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Potential mechanism for attenuating inflammatory 

oxidative stress of hesperidin in spinal cord injury
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1. Abstract

Spinal cord injury (SCI) is associated with inflammation along with 

concurrent oxidative stress and glial activation. This study was performed to 

determine whether hesperidin, a representative flavonoid present in citrus fruits, 

ameliorates SCI-induced motor dysfunction and neuropathological degeneration 

in a rat model. Rats received hesperidin (100 mg/kg body weight daily, oral 

administration) from 7 days prior to SCI to 7 days after SCI. Behavioral tests 

were performed in rats until 6 weeks after SCI. To study inflammatory 

molecules, SCI rats treated with hesperidin were sacrificed on day 4 post-SCI, 

and their spinal cords were collected and subjected to histopathological 

examination. Behavioral tests indicated that pretreatment with hesperidin 

significantly ameliorated hindlimb paralysis in SCI rats beginning at day 21 

post-SCI. Hesperidin pretreatment in SCI rats reduced the neuropathological 

changes (e.g., hemorrhage, inflammatory cell infiltration, and tissue loss) and 

levels of proinflammatory cytokines, including tumor necrosis factor-α and 

interleukin-1β. In addition, oxidative stress-related molecules, including 

superoxide dismutase, catalase, nuclear factor erythroid 2-related factor 2, and 

heme oxygenase-1, were also increased by hesperidin treatment. Furthermore, 

Fe2+, bilirubin, and p38 mitogen-activated protein kinase, which are byproducts 

of heme catabolism by heme oxygenase in serum and spinal cord tissue, were 

significantly increased in hesperidin-pretreated rats compared to vehicle-treated 

controls. Taken together, the findings of the present study suggest that 

hesperid in accelerated recovery of locomotor function and tissue repair of the 

damaged spinal cord, with concurrent upregulation of heme oxygenase-1 in the 

rat SCI model.

Key words: Spinal cord injury; Hesperidin; Motor disability; heme oxygenase-1.
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2. Introduction

Spinal cord injury (SCI) occurs due to mechanical injury, followed by 

secondary degeneration associated with the infiltration of inflammatory cells 

(Ahn et al., 2015; Jung et al., 2003; Shin et al., 2013). Clip 

compression-induced SCI is a useful animal model of spinal cord degeneration 

(Ahn et al., 2015; Shin et al., 2013). Regardless of the cause, SCI results in 

motor dysfunction depending on the severity of spinal cord tissues, where the 

neuropathological lesions are characterized by edema, inflammatory responses, 

and reactive gliosis, leading to permanent incomplete disability of the limbs. 

During blood–brain barrier leakage after SCI, an inflammatory response occurs 

in adjacent regions as well as in damaged lesions, where macrophages, 

neutrophils, and activated microglial cells generate free radicals that trigger 

neuronal death (Donnelly and Popovich, 2008). These observations suggest the 

involvement of oxidative stress from inflammatory cells and glial cells in 

neuroinflammation, followed by interruption of rewiring of axons in the spinal 

cord. Increased cellular antioxidant levels have been associated with the 

amelioration of a variety of inflammatory diseases, including SCI (Fatima et 

al., 2015). Therefore, antioxidant therapy represents an alternative choice for 

reducing neuroinflammation and subsequent motor disability in SCI patients 

(Hamann and Shi, 2009). 
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Figure 4. Schematic illustration of the neuropathogenesis of spinal cord injury, 

including antiinflammatory and antioxidative effects.
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Hesperidin, a flavanoglycone abundantly present in citrus fruits, has 

been reported to have anti-inflammatory and antioxidant activity (Jain and 

Parmar, 2011;Parhiz et al., 2015;Umeno et al., 2016), radical scavenging 

activity (Iranshahi et al., 2015) and neuroprotective property (Justin-Thenmozhi 

et al., 2018;Justin Thenmozhi et al., 2015), implying that hesperidin is 

involved in the tissue protection through antioxidant, anti-inflammatory and 

neuroprotective roles which all are key elements in the course of 

neuro-inflammation caused by SCI. Hesperidin protects against chemically 

induced hepatocarcinogenesis by modulating heme oxygenase (HO)-1, an 

induced form of HO, and ameliorating oxidative stress and inflammation 

(Mahmoud et al., 2017). HO-1 is the rate-limiting enzyme in heme 

metabolism, a process that leads to the generation of equimolar quantities of 

carbon monoxide, Fe2+, and biliverdin (Zhu et al., 2011). Carbon monoxide, 

one of the three main byproducts of heme catabolism by HO, selectively 

inhibits expression of the proinflammatory cytokines, tumor necrosis factor 

(TNF)-α, interleukin (IL)-1β, and macrophage inflammatory protein-1β 

(Otterbein et al., 2000). In addition, carbon monoxide mediates these 

antiinflammatory effects specifically through the mitogen-activated protein 

kinases (MAPKs), in particular the MAPK kinase 3/p38 pathway (Otterbein et 

al., 2000). Therefore, HO-1 is commonly regarded as having potent 

antiinflammatory and antioxidant properties. The potential mechanism 

underlying the attenuation of locomotor disability by hesperidin in the rat 

spinal cord injury model remains unclear.
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This study was performed to determine behaviorally whether hesperidin 

attenuates motor disability in SCI rats, and to examine which molecules, 

including HO-1, are involved in the mechanism of the amelioration of SCI by 

hesperidin (Figure 5).
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Figure 5. Schematic illustration of the purpose in the present study.
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3. Materials and methods

3.1. Animals and Surgical procedures

Female Sprague-Dawley rats (180–220 g, 6–8 weeks old) were 

obtained from Central Lab Inc. (Seocho-gu, Seoul, Korea) and were allowed 

to acclimatize to the laboratory environment for 1 week before use. Clip 

compression injury was performed as described previously (Ahn et al., 

2012;Kim et al., 2017). Briefly, rats were anesthetized with Zoletil 50 (Virbac, 

Carros, France) and subjected to laminectomy at thoracic cord 9/10. Then, the 

thoracic spinal cord was compressed vertically using a vascular clip (Stoelting, 

Wood Dale, IL, USA) at an occlusion pressure of 15–20 g for 1 min. The 

wounds, including those in muscles and skin layers, were closed immediately 

following injury. 

All experimental procedures were conducted in accordance with the 

Guidelines for the Care and Use of Laboratory Animals of Jeju National 

University (2018-0029). The animal protocols conformed to current 

international laws and the National Institutes of Health (NIH) Guide for the 

Care and Use of Laboratory Animals (NIH Publication No. 85-23, 1985, 

revised 1996). 

3.2. Experimental groups with hesperidin treatment  

To assess the effects of hesperidin on SCI, rats were divided into 

three groups (10 animals/group) as follows: Group A, sham operation control 

group; Group B, vehicle-treated control group; Group C, hesperidin-treated 

group. To examine both the preventive and therapeutic effects of hesperidin 
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(100 mg/kg body weight/day, H5254, Lot No. #019K1256; Sigma-Aldrich, St. 

Louis, MO, USA), hesperidin was administered to rats from 7 days prior to 

SCI to day 7 post-SCI (14 days in total). Vehicle solution alone was 

administered to rats in the same manner.

3.3. Behavioral test  

Locomotor behavioral function after SCI was evaluated using the 

Basso, Beattie, and Bresnahan (BBB) rating scale during the experiment until 

6 weeks, depending on the experimental groups. All evaluations were 

performed in a double-blind manner; average scores were calculated for each 

group and used to compare the severity of hindlimb paralysis.

After acknowledgement of behavioral improvement, further experiments 

were performed to assess spinal cord tissues. Briefly, SCI with 14-day 

hesperidin treatment was repeated because this schedule significantly 

ameliorated locomotor disability.

3.4. Tissue preparation and histological examination

For histopathological examination of spinal cord tissues, thoracic spinal 

cords (T8–T11) were collected at 4 days post-injury (DPI). Briefly, the spinal 

cords were fixed with 4% (v/v) paraformaldehyde in phosphate-buffered saline 

(PBS; pH 7.4) for 48 h. Subsequently, sagittal sections (5 µm thick) were cut 

for hematoxylin and eosin (H&E) staining and used for immunohistochemistry. 

For western blotting analysis and quantitative real-time PCR, harvested spinal 

cords were stored at −80°C prior to use.
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3.5. Serum chemistry

Serum samples prepared 4 DPI were subjected to biochemical analysis 

as described in our previous report (Kim et al., 2018). To evaluate the 

contents of bilirubin and Fe2+, which are related to antioxidant activity (Klemz 

et al., 2009), their serum levels were measured using a Roche-Hitachi Cobas 

8000 C702 (Roche Diagnostic System, Basel, Switzerland).

3.6. Antibody characterization

The characteristics of the antibodies used in the present study are 

summarized in Table 1. 
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Table 1 The characterization of antibodies used in this study.

Antigen Immunogen Manufacturer, species, antibody type Dilution

ERK a synthetic  phosphopeptide  

corresponding to residues 

surrounding Thr202/Tyr204 

of human p44 MAP kinase.

Cell Signaling (#9101), rabbit, 

polyclonal

1:1,000

HO-1 aa 184-288 of HO-1 in 

human origin

Santa Cruz (sc-136960), mouse, 

monoclonal

1:1,000

JNK aa sequence containing Thr 

183 phosphorylated JNK of 

human origin

Santa Cruz (sc-135642), rabbit, 

polyclonal

1:1,000

Nrf-2 aa 37-336 of Nrf-2 N-terminal 

in human origin

Santa Cruz (sc-13032), rabbit, 

polyclonal

1:1,000

β-actin Synthetic β-cytoplasmic actin 

N-termial peptide conjugated 

to KLH

Sigma-Aldrich (a5441, Lot. 

028K4826), mouse, monoclonal

1:10,000

Secondary antibodies for Western blot analysis

Peroxidase anti-rabbit IgG (H+L) Vector Laboratories (BA-1000) 1:1,000

Peroxidase anti-mouse IgG (H+L) Vector Laboratories (PI-2000) 1:1,000

Abbreviatoins: aa, amino acid; ERK, extracellular signal-regulated kinase; HO-1, 

hemeoxygenase-1; JNK, c-Jun N-terminal kinase; Nrf-2, nuclear factor erythroid 

2-related factor-2; IgG, immunoglobulin. 
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3.7. Western blot analysis

We performed western blotting as described previously (Ahn et al., 

2015). Spinal cords, including the core region (length, 1 cm), were 

homogenized, and then electrophoresed and immunoblotted onto nitrocellulose 

membranes (Schleicher and Schuell, Keene, NH, USA). Membranes were 

incubated with primary antibodies against nuclear factor erythroid-derived 

2-related factor 2 (Nrf-2), HO-1, extracellular signal-regulated kinase (ERK), 

c-Jun N-terminal kinase (JNK), phospho-p38 (p-p38), and β-actin, and then 

reacted with the appropriate secondary antibody in accordance with the 

manufacturer’s protocol (Vector Laboratories, Burlingame, CA, USA) and 

visualized using a BS ECL Plus kit (W6002; Biosesang, Gyeonggi, Korea). 

Immunoblotting signals were detected using Fusion Solo 6X (Vilber Lourmat, 

Collegien, France) and analyzed using FUSION software. The expression 

levels were normalized relative to β-actin.

3.9. Quantitative real time-PCR

Total RNAs of spinal cords were extracted using TRIzol RNA Isolation 

Reagent (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA). 

Purified RNA was transcribed into cDNA using 5× First Strand cDNA 

Synthesis Master Mix (CellSafe, Gyeonggi-do, Korea) according to the 

manufacturer’s protocol. 

Quantitative real-time PCR was performed using QuantiSpeed SYBR 

No-Rox Mix (PhileKorea Co., Ltd., Seoul, Korea) according to the 

manufacturer’s protocol. The primer sequences are presented in Table 2. PCR 

was performed using a Mic Real-Time PCR Cycler (Bio Molecular Systems, 
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Potts Point, NWS, Australia). The PCR profile consisted of 40 cycles of 

denaturation at 95°C for 15 s, followed by 60°C for 30 s to allow extension 

and amplification of the target sequence. The expression levels were 

normalized relative to that of glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) using the 2− CT method.

3.10. Statistical analysis

All measurements are shown as averages of three independent 

experiments. All values are presented as means ± standard error of the mean 

(SEM). BBB scores and western blotting data were analyzed by one-way 

analysis of variance (ANOVA) followed by Student–Newman–Keuls post hoc 

tests for multiple comparisons. In all analyses, P < 0.05 was taken 
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Table 2 Primer sequences used in the present study.

Primer Sequence

Catalase forward 5′-CCACGAGGGTCACGAACTGT-3′
Catalase reverse 5′-CTCCTATTGCCGTCCGATTC-3′
GAPDH forward 5′- CAGCGCATACCACTTCAGC-3′
GAPDH reverse 5′- ACCATCGAGCATCCCAAG-3′
IL-1β forward 5′- CCCTGCAGCTGGAGAGTGTG-3′
IL-1β reverse 5′-TGTGCTCTGCTTGAGAGGTG-3′
SOD1 forward 5′-GGCCACACCGTCCTTTCC-3′
SOD1 reverse 5′-CGGTCCAGCGGATGAAGA-3′
SOD2 forward 5′-TAAGCGTGCTCCCACACATC-3′
SOD2 reverse 5′-ATCAGGACCCACTGCAAGGA-3′
SOD3 forward 5′-TGCAGACTGCGTGCATCTC-3′
SOD3 reverse 5′-GCGACACGCACTCCAAAGA-3′
TNF-α forward 5′-CGTCGTAGCAAACCACCAAG-3′
TNF-α reverse 5′-CACAGAGCAATGACTCCAAA -3′

Abbreviatoins: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL-1β, 

interleukin-1 beta; SOD, superoxide dismutase; TNF-α, tumor necrosis 

factor-alpha. 
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4. Result

4.1. Hesperidin ameliorates locomotor movement in SCI rats

To evaluate locomotor function, we examined the BBB score after 

operation. Locomotor function recovered from 3 DPI, and the BBB score 

increased in both groups. BBB scores in the hesperidin-treated group were 

higher than those in the vehicle-treated control group during the experimental 

period. The BBB score was particularly significantly increased in the 

hesperidin-treated group (10.4 ± 0.52, P < 0.05), compared with the 

vehicle-treated controls at 21 DPI; this trend persisted throughout the 

experimental period (Figure 6).
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Figure 6. Locomotor outcomes as evaluated by Basso, Beattie, and Bresnahan 

(BBB) scoring (n = 5 per day). The BBB scores were very low in both 

groups until 3 days post-injury (DPI). The BBB score in the hesperidin-treated 

group was significantly higher than that in the vehicle-treated group at 21 

DPI. This difference persisted until 42 DPI. * P < 0.05 vs. vehicle-treated 

group.
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4.2. Neuropathological changes

In the sham operation control group, there were no neuropathological 

changes in the core region of the spinal cord (Figure 7A and 7D). The core 

region of the spinal cord in vehicle-treated rats showed severe edema, 

hemorrhage, and infiltration of inflammatory cells in longitudinal sections 

(Figure 7B and 7E). On the other hand, the neuropathological changes, 

including edema, hemorrhage, and inflammatory cell infiltration, were reduced 

in the hesperidin-treated group (Figure 7C and 7F).
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Figure 7. Neuropathological changes in the spinal cords of sham-operated 

control (A and D), vehicle-treated control (B and E), and hesperidin-treated 

groups (C and F) at 4 DPI. (A–C) Low magnification images of longitudinal 

sections. (D–F) High magnification images of the boxes in A–C, respectively. 

A–F, Hematoxylin and eosin staining. (A–C) scale bars = 100 μm; (D–F) 

scale bars = 50 μm.
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4.3. Hesperidin activated the Nrf-2/HO-1 signal pathway in the spinal cords

To evaluate activation of the Nrf-2/HO-1 signaling pathway, we 

performed western blotting analysis in the core region of the spinal cord at 4 

DPI (n = 3 per group). Hesperidin treatment significantly increased the protein 

levels of both cytoplasmic Nrf-2 (1.32 ± 0.04-fold, relative OD/mm2, P < 

0.05) and nuclear Nrf-2 (1.16 ± 0.01-fold, P < 0.05), compared to the 

vehicle-treated control group (1.00 ± 0.03-fold in the cytoplasm and 1.00 ± 

0.02-fold in the nucleus) (Figure 8A). Furthermore, the protein level of HO-1 

in the hesperidin-treated group was significantly higher (1.96 ± 0.16-fold, P < 

0.05) than that in the vehicle-treated control group (1.00 ± 0.12-fold, P < 

0.05) (Figure 8B). These results indicated the upregulation of Nrf-2 expression 

and translocation into the nucleus in the spinal cord of injured rats following 

hesperidin treatment.
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Figure 8. Western blotting to detect heme oxygenase (HO)-1 and nuclear 

factor erythroid 2-related factor (Nrf)-2 in the spinal cords of SCI rats. (A 

and B) Representative immunoblots of HO-1 (~32 kDa), Nrf-2 (~57 kDa), and 

β-actin (~45 kDa). Bar graphs: the levels of both Nrf-2 and HO-1 were 

increased significantly and Nrf-2 was translocated from the cytoplasm to the 

nucleus in the spinal cords of hesperidin-treated rats. Normalization was 

achieved by reprobing the membranes with anti-β-actin antibody. Means ± 

SEM (n = 3 per group) are shown. * P < 0.05 vs. vehicle-treated control 

group.
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4.4. Hesperidin ameliorates the inflammation oxidative stress in the spinal 

cords of injured rats

To determine the antiinflammatory effects of hesperidin treatment in 

SCI rats, we evaluated the expression of proinflammatory cytokines, including 

TNF-α and IL-1β. Quantitative real-time PCR indicated that the mRNA 

expression levels of the representative proinflammatory cytokines, TNF-α 

(Figure 9A) and IL-1β (Figure 9B) were significantly lower in the 

hesperidin-treated SCI rats compared to vehicle-treated control rats (relative 

fold changes, P < 0.01 vs. vehicle-treated SCI rats).
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Figure 9. Results of quantitative real-time PCR in the spinal cords of SCI rats 

(n = 5 per group). Hesperidin treatment suppressed proinflammatory 

mediator-related gene expression in SCI rats. The mRNA expression levels of 

tumor necrosis factor-alpha (TNF-α) (A) and interleukin-1 beta (IL-1β) were 

significantly decreased in the hesperidin-treated group compared to 

vehicle-treated controls. * P < 0.05 vs. vehicle-treated control group.
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We also analyzed superoxide dismutase (SOD) and catalase activities to 

evaluate the antioxidative effects of hesperidin treatment in SCI rats. The 

mRNA levels of SOD1 (Figure 10A), SOD2 (Figure 10B), SOD3 (Figure 

10C), and catalase (Figure 10D) in the hesperidin-treated group were 

significantly higher than those in the vehicle-treated control group (Figure 10A

–D).
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Figure 10. Results of quantitative real-time PCR for superoxide dismutase 

(SOD) and catalase in the spinal cords of SCI rats (n = 5 per group). The 

mRNA expression levels of SOD subtypes SOD1, SOD2, and SOD3, and 

catalase were significantly higher in the hesperidin-treated group than in the 

vehicle-treated controls. * P < 0.05 vs. vehicle-treated control group.
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4.5. Hesperidin enhances p-p38 expression in the spinal cords of injured rats

ERK (1.07 ± 0.01-fold) and JNK (0.95 ± 0.02-fold) protein levels in 

the hesperidin-treated group were not significantly different from those in 

vehicle-treated controls (1.00 ± 0.01-fold and 1.00 ± 0.02-fold, respectively). 

However, the p-p38 protein level was significantly higher in the 

hesperidin-treated group than in the vehicle-treated control group (2.96 ± 

0.17-fold vs. 1.00 ± 0.02-fold, respectively; P < 0.05) (Figure 11A–C).

4.6. Hesperidin enhances serum bilirubin and Fe2+ levels in the spinal cords 

of injured rats

Serum chemistry analysis indicated that bilirubin (Figure 11D) and 

Fe2+ (Figure 11E) levels were significantly increased in hesperidin-treated SCI 

rats compared to those in vehicle-treated control rats (relative mRNA 

expression level, P < 0.05 vs. vehicle-treated SCI rats).
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Figure 11. Western blotting analysis of mitogen-activated protein kinase 

(MAPK) in the spinal cord and chemical analysis of bilirubin and Fe2+in the 

sera of SCI rats. (A–E) Representative immunoblots of phosphorylated 

extracellular signal-regulated kinase (p-ERK; ~44 and 42 KDa) (A), c-Jun 

N-terminal kinase (p-JNK; ~54 and 46 KDa) (B), and p38 (p-p38; ~38 KDa) 

(C). Bar graphs: Gray bars represent the ratio of p-ERK-1/total ERK-1 and 

p-JNK-1/total JNK1 on densitometric analysis. Black bars represent the ratios of 

p-ERK-2/total ERK-2, p-JNK-2/total JNK2, and p-p38. There were no changes 

in p-ERK and p-JNK protein levels. On the other hand, p-p38 protein levels 

were significantly increased in the spinal cords of the hesperidin-treated group. 

Normalization was achieved by reprobing the membranes with anti-β-actin 

antibody. Both bilirubin (D) and Fe2+ (E) concentrations in the hesperidin-treated 

group were higher than those in vehicle-treated controls. Means ± SEM (n = 5 

per group) are shown. * P < 0.05 vs. vehicle-treated control group.
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5. Discussion

The results of the present study confirmed that hesperidin, a component 

of citrus fruits, exerts antiinflammatory effects in an animal model of SCI, 

which is characterized by edema, hemorrhage, inflammatory cell infiltration, 

and reactive gliosis in the affected spinal cord (Ahn et al., 2012;Kjell and 

Olson, 2016). 

Hesperidin has been shown to exert antiinflammatory effects via its 

antioxidative and radical scavenging activities (Parhiz et al., 2015), which are 

effective in the amelioration of a variety of inflammation models, including 

rheumatoid arthritis (Li et al., 2010), dextran sulfate sodium-induced ulcerative 

colitis (Xu et al., 2009), and lipopolysaccharide-induced acute lung 

inflammation (Yeh et al., 2007). Hesperidin was confirmed to suppress the 

production of inflammatory cytokines, including TNF-α, IL-1β, and IL-6 

(Parhiz et al., 2015; Xu et al., 2009; Yeh et al., 2007).

With regard to the involvement of flavonoids in neuroinflammation, it has 

been demonstrated that flavonoids mediate recovery of motor function through 

neuroprotective effects in SCI (Du et al., 2018;Jiang et al., 2016a;Ma et al., 

2018;Ozdemir et al., 2016), as demonstrated in treatment with St. John’s wort 

(Hypericum perforatum) (Ozdemir et al., 2016), quercetin (Jiang et al., 2016a), 

eugenol (Ma et al., 2018), and oxyresveratrol (Du et al., 2018), possibly by 

reducing the cytotoxic effects of radicals. Based on these previous studies, we 

postulated that the amelioration of SCI paralysis may be partly associated with 

the reduction of oxidative stress by hesperidin. 
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The molecular mechanism underlying the effects of hesperidin in the SCI 

model remains to be determined. In the present study, we showed that the 

upregulation of HO-1 and Nrf-2 nuclear translocation in hesperidin-treated SCI 

rats played a role in the amelioration of hindlimb paralysis. The ameliorative 

effects of upregulated HO-1 and Nrf-2 on neuroinflammation in SCI models 

have been widely reported following treatment with beta carotene (Zhou et al., 

2018), rosmarinic acid (Shang et al., 2017), asiatic acid (Jiang et al., 2016b), 

and lithium chloride (Kim et al., 2017). We postulated that upregulation of 

HO-1 and Nrf-2 protects neurons and axons in the same manner as 

antioxidative effects. 

In contrast to the cytoprotective effect of HO-1 in tissues, HO-1 has been 

reported to mediate cell death with concurrent increases in reactive oxygen 

species levels (Bansal et al., 2014). Similarly, ferrous iron is known to react 

with oxygen to produce superoxide, which affects the surrounding cells (Yama 

et al., 2016). HO-1 is also involved in the generation of hydrogen peroxide, a 

source of hydroxyl radicals (Yama et al., 2016), which are neutralized by 

SOD and catalase, finally reducing the accumulation of reactive oxygen 

species. Furthermore, increasing SOD and catalase levels contributed to the 

tissue protective activity against oxidative stress in an SCI model (Wang et 

al., 2017). With regard to oxidative stress in SCI models, it was postulated 

that upregulation of radical scavenging enzymes, including SOD and catalase, 

in the hesperidin-treated group is closely associated with a reduction in 

SCI-induced hindlimb paralysis. Therefore, the upregulation of HO-1 in 

accordance with increased levels of SOD and catalase in the present study 
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ameliorates the damage after SCI. 

Another mechanism of cytoprotection by HO-1 involves heme degradation 

products and their metabolic derivatives. Briefly, HO-1 has been shown to 

catalyze the degradation of heme to produce ferrous iron, carbon monoxide, 

and biliverdin, the latter of which is subsequently converted into bilirubin 

(Parhiz et al., 2015; Yama et al., 2016) (see schematic drawing in Fig. 7). 

Hesperidin enhances the potential antioxidant effects by increasing serum 

levels of both bilirubin and Fe2+, the product of heme decomposition by HO, 

in rats with SCI. Both bilirubin and Fe2+ are antioxidants with possible 

physiological importance (Stocker et al., 1987; Zhu et al., 2011), and 

HO-1-derived bilirubin has been shown to ameliorate postischemic myocardial 

dysfunction (Clark et al., 2000). The increased levels of bilirubin and Fe2+ in 

serum observed in the present study may contribute to the scavenging of 

peroxyl radicals, leading to cytoprotection in SCI lesions.

With regard to the involvement of MAPK in inflammation, carbon 

monoxide has been shown to be one of the intermediate molecules in the 

cascade from HO-1 to antiinflammatory activity (Otterbein et al., 2000). In the 

present study, we found that p-p38, but not ERK and JNK, was significantly 

upregulated, suggesting that HO-1, through carbon monoxide, activated p-p38, 

leading to antiinflammatory effects. These findings were further supported by 

reports that the production of HO-1 through degradation of heme inhibited the 

production of proinflammatory cytokines, including TNF-α and IL-1β 

(Otterbein et al., 2000; Zhu et al., 2011). 
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In conclusion, our findings suggest that hesperidin ameliorated paralysis 

caused by SCI in rats, and that the underlying molecular mechanism involved 

inhibition of inflammation in the spinal cord, with concurrent increases in 

nuclear translocation of Nrf-2 and subsequent upregulation of HO-1 (Figure 

12).
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Figure 12. Schematic illustration of the neuroprotective mechanism in the 

spinal cord associated with hesperidin treatment. Hesperidin ameliorated rat 

hindlimb paralysis caused by SCI via antioxidative effects, suppression of 

inflammatory cytokines, and increased nuclear translocation of Nrf-2 with 

subsequent upregulation of HO-1.
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Abstract in Korean

척수손상모델에서 헤스페리딘의 치료 효과 및 

그 기전에 대한 연구

(지도교수 : 신 태 균)

허 승 담
제주대학교 일반대학원 수의학과

척수손상(Spinal Cord Injury)은 일차적 기계적 손상과 이후 발생하는 
이차적 조직 손상을 특징으로 하며, 조직병리학적 검사에서 부종, 축삭 변성, 
염증세포침윤, Fibronectin의 삼출 등의 특징이 있다. 

 감귤 추출물의 주요 성분인 헤스페리딘(Hesperidin)은 최근 여러 연구에서 
신경 염증 및 항산화 손상 실험을 통해 항산화 및 항염증 작용을 갖는 것으로 
알려졌다.

본 연구에서는 강력한 항산화제의 하나인 헤스페리딘을 이용하여 랫트의 
압박성 척수손상모델에서 효능을 평가하였다. 그 기전연구로 산화적 손상을 
억제시켜 세포를 보호하는 것으로 알려져 있는 nuclear factor erythroid 
2-related factor-2 (Nrf-2) 및 그 표적 단백질인 heme oxygenase-1 (HO-1)와 
관련 기전을  확인하였다. 랫트 흉추 10번 수준에서 추궁 절제술을 시행하여 척수를 
노출시킨 후, 혈관 클립으로 1분간 척수를 압박하여 척수손상 모델을 제작하였고, 
행동검사를 통해 뒷다리 완전 마비가 유도된 랫트를 선별하여 대조군과 헤스페리딘 
투여군으로 나누어 행동검사, 조직학적 평가, 면역조직화학적 평가, 혈청검사, 
Western blot analysis, Quantitative real time-PCR을 진행하였다. 
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행동학적 평가에서는 Basso, Beattie, Bresnahan (BBB) score와 foot 
printing을 이용한 좌골 기능 검사 방법을 변형하여 보행정도를 평가하였고, 이를 
통해 손상 후 21일부터 대조군에 비해 헤스페리딘 투여군이 유의성 있게 행동학적 
차이를 보였으며, 손상 후 42일까지 유지되는 것을 확인하였다(p<0.05). 좌골기능 
검사에서 뒷다리 보행은 손상 직후에 발등을 끄는 형태를 나타내다가 헤스페리딘 
투여 후 14일째부터 발바닥 전체 보행에서 발가락 보행으로 변하는 것을 확인할 
수 있었다. 

조직학적 평가에서는 척수손상 후, 척수 조직 내 출혈, 염증세포의 침윤 및 
조직의 손실이 확인되었으나, 헤스페리딘 투여 그룹에서 이러한 증상이 
개선되었음을 확인하였다. 척수 조직 내 염증을 확인하기 위해 염증 매개 
사이토카인을 real time-PCR로 확인한 결과, 헤스페리딘을 투여한 경우에 
TNF-alpha와 IL-1 beta의 수치가 감소되었음을 확인하였다. 또한 헤스페리딘은 
척수 조직에서 Nrf-2의 세포질/핵내 발현을 증가시켰고, 표적단백질은 HO-1의 
발현도 증가시켰다. 산화적 손상의 지표 마커인 Superoxide dismutase와 
Catalase는 헤스페리딘 투여 그룹에서 유의성 있게 증가하였고, 혈청내 
빌리루빈과 철2가이온이 헤스페리딘 그룹에서 증가하였음을 확인하였다.  

 본 연구는 헤스페리딘이 척수손상이 유도된 랫트의 마비를 개선시켰고, 
척수손상에 의한 염증세포의 침윤 및 조직 내 출혈, 조직의 손실을 완화시켰으며, 
Nrf-2의 핵내 전이 증가로 인한 표적 단백질인 HO-1의 활성화를 통해 
신경세포를 산화적 손상으로부터 보호하는 효과가 있음을 확인하였다. 이 결과를 
바탕으로 헤스페리딘은 척수손상의 치료에 보조적인 역할을 할 것으로 기대된다.

                                                                           
주요어: 척수손상, 헤스페리딘, 행동장애, 헴산화효소.
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저를 아끼고 격려해주신 실험실 식구들에게도 감사의 마음을 전합니다.
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  마지막으로 제가 가장 사랑하는 가족들에게 감사의 말씀을 드립니다. 

홀로 3남매를 부족함 없이 보살펴주신 어머니와 하늘에서 보고 계실 

아버지께 감사를 올립니다. 항상 저를 아껴주시는 장인어른과 장모님께도 

감사를 드리며, 오래도록 건강하길 기원합니다. 끝으로 오늘이 있기까지 

저를 다독이고 힘이 되어준 영원한 동반자이며 사랑하는 아내 순주와 딸 

예빈, 정원에게 고마움을 전하며 좋은 남편과 훌륭한 아버지가 되도록 

노력하겠습니다.

2018. 12. 3.

허 승 담
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