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Adenosine triphosphate release inhibitors targeting pannexinl
improve recovery after spinal cord injury
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ABSTRACT

Traumatic spinal cord injury is characterized by immediate and irreversible tissue loss at the lesion site
and secondary tissue damage. Secondary injuries should, in principle, be preventable, although no effective
treatment options currently exist for patients with acute spinal cord injury. Traumatized tissues release
excessive amounts of adenosine triphosphate and activate the P2X purinoceptor 7/pannexinl complex,
which is associated with secondary injury. We investigated the neuroprotective effects of the blue dye
Brilliant Blue FCF, a selective inhibitor of P2X purinoceptor 7/pannexinl that is approved for use as a
food coloring, by comparing it with Brilliant Blue G, a P2X7 purinoceptor antagonist, and carbenoxolone,
which attenuates P2X purinoceptor 7/pannexinl function, in a rat spinal cord injury model. Brilliant Blue
FCF administered early after spinal cord injury reduced spinal cord anatomical damage and improved motor
recovery without apparent toxicity. Brilliant Blue G had the highest effect on this neurological recovery,
with Brilliant Blue FCF and carbenoxolone having comparable improvement. Furthermore, Brilliant Blue
FCF administration reduced local astrocytic and microglial activation and neutrophil infiltration, and no
differences in these histological effects were observed between compounds. Thus, Brilliant Blue FCF
protects spinal cord neurons after spinal cord injury and suppresses local inflammatory responses as well
as Brilliant Blue G and carbenoxolone.
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INTRODUCTION

Spinal cord injury (SCI) is a disorder that leaves patients with major disabilities, such as
tetraplegia and sensory impairment, which drastically reduces patients’ quality of life and is
a significant social problem. SCI is a major problem in terms of medical burden because it
continues to plague patients, their families, and medical professionals in charge of serious residual
disabilities.!? SCIs can be broadly classified into primary injuries, which cause direct damage to
the spinal cord, and secondary injuries, which are caused by subsequent inflammation.* Primary
injuries are unavoidable owing to their nature, whereas secondary injuries, in which the injured
area is aggravated by inflammation that occurs after the injury, are potentially avoidable.

Since the spinal cord itself is difficult to regenerate, it is important to inhibit neuronal cell
death associated with secondary SCI. Moreover, several clinical studies have investigated high-dose
steroid therapy, riluzole, and minocycline, but these have not yet become established treatments.'*>
The secondary injury cascade is a series of changes that begin within just a few hours due to
ischemia, edema, or inflammatory changes due to SCI. Inflammation is a key mechanism of
spinal cord damage,*” and adenosine triphosphate (ATP) release drives inflammation.®® Increased
ATP release from damaged cells during SCI activates various pathways to produce inflammatory
cytokines, which aggravate the injured site. The P2X purinoceptor 7/pannexinl (Panx1) complex
is an ATP release pathway.'"® Moreover, when excess ATP is released from injured tissues, the
interaction between P2X7 receptors and Panxl channels aggravates inflammation, providing a
theoretical basis for the observation that the blue dye Brilliant Blue G (BBG) acts as an inhibitor
of P2X7 to improve motor function'! (Fig. 1).

Furthermore, the regulation of the P2X7R/Panx1 complex is protective against tissue ischemia.
The enhanced ATP signaling during ischemia negatively affects oligodendrocytes and myelin and
reduces white matter function in brain ischemia; the ATP signaling during ischemia is mediated by
the P2X7R/Panx1 complex.'? In addition, this protective effect is recognized in cardio ischemia.
It has been reported that the P2X7R/Panx1 complex is responsible for the release of cardiopro-
tectants, induced by ischemic conditions.'* Thus, the regulation of the P2X7R/Panx1 complex has
been shown to be useful against ischemic changes in addition to its anti-inflammatory effects.

The blue dye Brilliant Blue FCF (BBFCF) is a selective inhibitor of Panx1 in the P2X7R/
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Fig. 1 Schema of Brilliant Blue G and Brilliant Blue FCF inhibiting adenosine triphosphate release
Brilliant Blue G inhibits P2X7R, ATP, and inflammation. Brilliant Blue FCF inhibits Panx1, inhibits ATP release,
and inhibits inflammation.

ATP: adenosine triphosphate

BBFCF: Brilliant Blue FCF

BBG: Brilliant Blue G

Panx1: P2X purinoceptor 7/pannexinl
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Panx1 complex that is approved for use as a food coloring in humans'* (Fig. 1). BBG is an
inhibitor of P2X7R, and it inhibits the inflammatory response. Carbenoxolone (CBX) disodium
salt attenuates Panxl and blocks gap junctions.”” BBG, BBFCF, and CBX are inhibitors of
P2X7R/Panx1 complex, although each has different additional targets and varying mechanisms
of action. Both BBG and CBX have been shown to be effective for SCI'®!"; however, these
substances are not used for systemic administration in humans. If BBFCF, which affects the
same P2X7R/Panx1 complex, is effective against SCI, its clinical applications can be quickly
implemented. Therefore, this study primarily aimed to evaluate the degree of efficacy of BBFCF
for SCI, compared with that of BBG and CBX. Our secondary objective was to assess the
histological impact of BBFCF on SCI to determine its efficacy. We investigated whether BBFCF
is also effective against inflammation.'®

MATERIALS AND METHODS

Adult female Sprague-Dawley rats (200-230 g) were used in all animal experiments. All rats
were housed in environmentally adequate cages with fewer than three animals. The temperature
was maintained at 22 °C, and the room was kept at a 12/12-h light/dark cycle.

Spinal cord injury model

Animals were anesthetized using a combination of medetomidine, midazolam, and butorphanol.
Th9 laminectomy was performed, and an SCI model was constructed using a commercially avail-
able SCI device (Infinite Horizon Impactor; Precision Systems and Instrumentation) at a force of
200 kDyn to provide a consistent degree of SCI. All injuries included the dorsal corticospinal
tract and dorsal gray matter.'” The animals were randomly divided into the following groups: BBG
(50 mg/kg of BBG administered intraperitoneally), BBFCF (50 mg/kg of BBFCF administered
intraperitoneally), CBX (50 mg/kg of CBX administered intraperitoneally), and vehicle (10 mL/
kg of 0.9% sodium chloride administered intraperitoneally) groups.!!?® In addition, we used Sham
operation models.

The drug was administered intraperitoneally 10-15 min after the SCI and once daily for the
next 3 days (four times in total). After drug administration, the rats were divided into two groups
with 5 and 15 rats, respectively. Five rats were examined as one group for immunohistochemical
staining on day 7, and 15 rats were treated as one group for tissue damage quantification and
immunohistochemical staining on day 42. Randomization and all drug treatments were performed
and administered by a blinded laboratory member who did not participate in the behavioral
analyses. In addition, 15 sham operation models were evaluated in the behavioral analyses.

Behavioral analyses using open-field Basso, Beattie, and Bresnahan score

The Basso, Beattie, and Bresnahan (BBB) score was measured on days 1, 4, and 7 and
then weekly until the end of the observation period (42 days). Two blinded observers scored
the animals according to the BBB guidelines.?** Animals with BBB scores > 1 on day 1 were
excluded from further evaluation. The data were quantified, aggregated and graphed as the average
values for the two hind limbs.

Sensory analyses using the von Frey test

To investigate the mechanical sensitivity in animals with neuropathic pain, we used the von
Frey filament protocol that is applied to the hind legs in the SCI program at Ohio State University
as a touch test. Animals meeting the body weight loading criteria were acclimated to the von
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Frey test box for at least 15 min. In addition, if the plantar placement was not possible, the
stimulation was performed with the plantar hanging from the basket, and a positive result was
obtained when a foot-withdrawing motion was observed. Therefore, all cases were included. The
center of the plantar surface was then stimulated with a monofilament. If the animal retracted
its hind paw, a positive reaction was recorded. Using the same hind limb, 10 trials performed
at 30-s intervals were conducted, starting with a monofilament of 5.18. If a positive reaction
was observed, the test was gradually changed to a smaller monofilament. Conversely, negative
responses prompted testing with progressively larger monofilaments until the monofilament was
6.10. The threshold was set at the lowest monofilament level at which at least 50% of the
tests resulted in positive withdrawals.”® All the animals were tested weekly until the end of the
observation period.

Immunohistochemistry of the spinal cord

The rats were deeply anesthetized and perfused-fixed transcardially with 4% paraformaldehyde
in 0.1 M phosphate buffer. The spinal cord was removed and fixed overnight, incubated with 30%
buffered sucrose overnight, and cryoprotected with an appropriate cutting temperature compound
(Tissue Freezing Medium, Leica Biosystems, Wetzler, Germany). The tissue was then sliced into
20-um sections using a cryostat and mounted on a glass slide. The sections were incubated in
a citric acid-phosphate-buffered saline solution for 30 min at 90 °C for antigen retrieval and
then incubated in 0.5% Triton X-100 in phosphate-buffered saline for permeabilization. The
sections were then blocked in phosphate-buffered saline containing 10% normal donkey serum
for immunohistochemistry.

Next, the sections were incubated with primary antibodies against ionized calcium-binding
adaptor molecule 1 antibody (019-19741, 1:500, FUJIFILM, Tokyo, Japan), glial fibrillary acidic
protein antibody (ab68428, 1:250, Abcam, Cambridge, UK), myeloperoxidase (HP9048-100UG,
1:50, Hycult Biotech, Uden, Netherlands), CD68 antibody (ab125212, 1:500, Abcam), and CD8a
(A02236-1 1:500, Boster Bio, Pleasanton, CA, USA). After washing with phosphate-buffered
saline, the sections were incubated with secondary antibodies, including Alexa Fluor 488 donkey
anti-rabbit immunoglobulin (1:500; Abcam) and Alexa Fluor 594 donkey anti-rabbit immuno-
globulin (1:500; Abcam), for 1 h at room temperature.

Finally, the sections were rinsed, mounted with FluorSave (Calbiochem, San Diego, CA, USA)
and observed under a fluorescence microscope using a 40x objective lens (BZ9000; Keyence,
Osaka, Japan). For ionized calcium-binding adaptor molecule 1 and glial fibrillary acidic protein,
the positive fiber area near the tip of the dorsal horn of the coronal sections of the spinal cord
was measured, and the percentage of the positive fiber area in the field of view taken with a 40x
objective was calculated using the BZ-9000 analyzer software (Keyence). Myeloperoxidase, CD68,
CDS8a, coronal sections of the spinal cord, and the positive signal near the tip of the anterior
horn of the sections were measured, and the percentage of positive signals in the field of view
taken with a 40x objective lens was calculated using the BZ-9000 analyzer software (Keyence).

Hematoxylin and eosin staining

The tissue was sliced into 20-um coronal sections using a cryostat and mounted on a glass
slide. Hematoxylin and eosin staining was performed on coronal spinal cord sections to determine
the area of tissue injury and atrophy.

The slides were observed under a microscope under bright field illumination using a 4x objec-
tive lens (BZ-9000, Keyence) to quantify the area 2 mm from the epicenter of the spinal cord
taken for sectioning using the BZ-9000 analyzer software (Keyence). All histological examinations
were performed in a blinded manner.
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Statistical analyses

Statistical analyses were performed using Prism software for Macintosh, version 9.3.0
(GraphPad Software, San Diego, CA, USA). The Kruskal-Wallis test was used to compare the
four groups. Dunn’s multiple comparisons test was used to compare BBB scores and touch test
results. Statistical significance was set at p < 0.05. The standard error of the mean is represented
by error bars.

Study approval

All animal experiments were performed in accordance with the University Animal Committee
Guidelines for the Care and Use of Laboratory Animals and approved by the Nagoya University
Institutional Animal Care and Use Committee. All possible efforts were made to minimize pain
and suffering.

RESULTS

To evaluate the neuroprotective effects of BBG and BBFCF, functional motor recovery after
SCI in the thoracic spinal cord of rats was assessed. The spinal cord was injured at the level
of the ninth thoracic vertebra of the rats with a force of 200 kDyn. This contusion model was
sufficiently severe to destroy the dorsal column of the spinal cord and the dorsal corticospinal
tract. The animals were randomly divided into four groups and systemically administered daily
intraperitoneal injections of BBG (50 mg/kg/day), BBFCF (50 mg/kg/day), CBX (50 mg/kg/day),
and saline as a control; the first dose was administered immediately after the injury and then
for 3 consecutive days for a total of four doses. After intraperitoneal administration of BBG and
BBEFCEF, the color tone of the body surface and eyes promptly changed to blue, confirming that
the drugs were transferred to the tissues by intraperitoneal administration.

Brilliant Blue FCF improves behavioral and sensory function recovery

Motor function. We investigated whether BBFCF could promote functional recovery after
SCI. Functional recovery was evaluated on days 1, 4, and 7 during the first week and every
7 days until day 42. All animals developed complete paraplegia after SCI, corresponding to a
BBB score of 0, although exhibited modest improvements in motor function as early as 2-3 days
after injury. The BBB scores in the BBG group showed continuous and significant improvement
compared with those in the vehicle group 4 days after SCI. At 21 days after SCI, the mean
BBB score in the BBFCF group was 6.53, which was significantly different from that in the
vehicle group (4.20; p<0.05, Kruskal-Wallis test). The BBFCF group had a higher mean BBB
score after SCI than that in the vehicle group, although no significant difference was observed
compared with that in the vehicle group except at 21 days after SCI. Regarding the CBX group,
the mean BBB score was higher than that of the vehicle group post-SCI, although no statistically
significant difference was observed compared with the vehicle group. BBB scores in the BBFCF
group were not significantly different from those in the vehicle group at the final assessment,
although a trend towards improvement was observed. BBB scores were significantly higher in the
BBG group than those in the BBFCF group only at 4 days after SCI, although no significant
differences were observed between BBFCF and BBG groups for the other periods. Furthermore,
the BBFCF and CBX groups showed no significant difference in BBB scores throughout the
entire period. Thus, BBFCF, although inferior to BBG, restored motor function to the same
degree as CBX (Fig. 2A).

Sensory function. At 7 days after SCI, sensory function was analyzed using touch testing
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with the following results: 300 g in the vehicle group, 260 g in the BBG group, 278.7 g in the
BBFCF group, and 292 g in the CBX group, with no significant differences observed. At 14 days
after SCI, the touch test result was 81.3 g in the BBG group, which was significantly improved
from that in the vehicle group (145 g). The results for the BBFCF and CBX groups were not
significantly different from those in the vehicle group. No significant differences were observed
among all groups at 21 days after SCI. At 28 and 35 days after SCI, only the results for the
BBFCF group were significantly different from those in the vehicle. At 42 days after SCI, the
results for the BBG, BBFCF, and CBX groups were significantly different from those for the
vehicle group. The results for the BBG, BBFCF, and CBX groups did not differ significantly
at any time period (Fig. 2B).

Fig. 2A:

Fig. 2B:
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Fig. 2 Functional recovery after spinal cord injury
The Basso, Beattie, and Bresnahan score after SCI. The results are presented as the mean + SEM.
Fifteen rats were used and analyzed in each group. Significant differences were observed in Basso,
Beattie, and Bresnahan scores between the BBG and vehicle groups at 4 days post-SCI, and the BBFCF
group showed significant differences when compared with the vehicle group after 21 days. Significant
differences were observed between the BBG and the BBFCF vehicle groups at 4 days post-SCIL.
" p<0.05 in the saline-treated and BBG groups.
#p<0.05 in the saline-treated and BBFCF groups.
" p<0.05 in BBG and BBFCF groups using Kruskal-Wallis and post hoc Dunn’s multiple comparison
tests.
Touch test results after SCI. The results are presented as the mean + SEM. Only the touch test results
for the BBG group were significantly different from those in the vehicle group 14 days after SCI. At
28 days post-SCI, the BBFCF group’s results were significantly different from those in the vehicle
group. At 42 days after SCI, the results for the BBG and CBX groups were significantly different
from those in the vehicle group.
" p<0.05 and “p<0.01 in the saline-treated and BBG groups.
#p<0.01 in the saline-treated and BBFCF groups.
¥ p<0.05 in the saline-treated and CBX groups using Kruskal-Wallis and post hoc Dunn’s multiple
comparison tests.

BBFCF: Brilliant Blue FCF
BBG: Brilliant Blue G

CBX: carbenoxolone

SCI: spinal cord injury

SEM: standard error of the mean
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Histological analysis of microglial activation, reactive gliosis, and neutrophil infiltration in the
injured spinal cord

Inflammatory cells. We performed myeloperoxidase staining using spinal cord sections of
rats 1 and 6 weeks after SCI to investigate myelomonocytic and neutrophil activation. The area
positive for myeloperoxidase staining, which reflects myelomonocytes and neutrophils, was sig-
nificantly smaller in all drug-treated groups than in the vehicle group 1 week post-SCI, but there
was no significant difference 6 weeks post-SCI. There were no significant differences among the
drug groups at 1 and 6 weeks post-SCI (Figs. 3A, B and 4A, B). We performed CD8a staining
using spinal cord sections of rats 1 and 6 weeks after SCI to investigate T-cell activation. The
CDS8a staining-positive area, which reflects T cells, was significantly smaller in all drug-treated
groups than in the vehicle group 1 week post-SCI, although no significant difference was observed
at 6 weeks post-SCI. The p-values for the BBG, BBFCF, and CBX groups were 0.061, 0.060,
and 0.058, respectively. The vehicle group indicated a trend, although not a statistical advantage
6 weeks after SCI. No significant differences were observed among the drug groups at 1 and 6
weeks post-SCI (Figs. 3C, D and 4C, D). We performed CD68 staining using spinal cord sections
of rats 1 and 6 weeks after SCI to investigate macrophage activation. The CD68 staining-positive
area, which reflects macrophages, was significantly smaller in all drug-treated groups than in the
vehicle group 1 week post-SCI, but there was no significant difference at 6 weeks post-SCI. The
p-values for the BBG, BBFCF, and CBX groups were 0.057, 0.087, and 0.060, respectively, for
the vehicle group, indicating a trend, though not a statistical advantage 6 weeks after SCI. No
significant differences were observed among the drug groups at 1 and 6 weeks post-SCI (Figs.
3E, F and 4E, F). Thus, inflammatory cells, including myelomonocytes, neutrophils, T cells,
and macrophages, were suppressed at 1 week post-SCI due to the administration of these three
drugs, which were not significantly different among drugs.

Macrophage and glial cells. We performed ionized calcium-binding adaptor molecule 1
staining using spinal cord sections of rats 1 and 6 weeks after SCI to investigate microglial
activation. The ionized calcium-binding adaptor molecule 1 staining-positive fiber area, which
reflects microglia, was significantly smaller in all drug-treated groups than in the vehicle group
at 1 and 6 weeks post-SCI. No significant differences were observed among the drug groups at
both 1 and 6 weeks post-SCI (Figs. 3G, H and 4G, H).

We performed glial fibrillary acidic protein staining using spinal cord sections of rats 1 and
6 weeks after SCI to investigate astrocytes and glial scarring. The glial fibrillary acidic protein
staining-positive area, which reflects astrocytes and glial scarring, was significantly smaller in all
drug-treated groups than in the vehicle group at 1 and 6 weeks post-SCI. There were no signifi-
cant differences among the drug groups at 1 and 6 weeks post-SCI. Thus, the immunohistological
expression of microglia and astrocytes was suppressed by all agents (Figs. 31, J and 41, J).
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Fig. 3 Immunohistochemical analysis of the injured spinal region 7 days after spinal cord injury

3A:

3B:

3C:

3D:

3E:

3F:

3G:

3H:

3I:

3J:

Immunohistochemical analysis of the myeloperoxidase (MPO)-positive area in the injured spinal region
7 days after SCL. Bar: 40 um.

Quantification of Fig. 3A. The results are presented as the mean + SEM. “p<0.01 by Student’s r-test.
Five rats were used and analyzed in each group.

Immunohistochemical analysis of the CD8a-positive area in the injured spinal region 7 days after SCI.
Bar: 40 pm.

Quantification of Fig. 3C. The results are presented as the mean + SEM. “p<0.01 by Student’s r-test.
Five rats were used and analyzed in each group.

Immunohistochemical analysis of the CD68-positive myeloperoxidase-positive area in the injured spinal
region 7 days after SCI. Bar: 40 pm.

Quantification of Fig. 3E. The results are presented as the mean + SEM. "“p<0.001 using Student’s
t-test. Five rats were used and analyzed in each group.

Immunohistochemical analysis of the ionized calcium-binding adaptor molecule 1 (Ibal)-positive area
in the injured spinal region 7 days after SCI. Bar: 40 pm.

Quantification of Fig. 3G. The results are presented as the mean = SEM.
t-test. Five rats were used and analyzed in each group.
Immunohistochemical analysis of the glial fibrillary acidic protein (GFAP)-positive area in the injured
spinal region 7 days after SCI. Bar: 40 um.

Quantification of Fig. 3I. The results are presented as the mean + SEM. ""'p<0.001 using Student’s
t-test. Five rats were used and analyzed in each group.
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Fig. 4 Immunohistochemical analysis of the injured spinal region 42 days after spinal cord injury

4A:

4B:

4C:

4D:

4E:

4F:

Immunohistochemical analysis of the myeloperoxidase (MPO)-positive area in the injured spinal region
42 days after SCI. Bar: 40 pm.

Quantification of Fig. 4A. The results are presented as the mean + SEM. Twelve rats were used and
analyzed in each group.

Immunohistochemical analysis of the CD8a-positive area in the injured spinal region 42 days after SCI.
Bar: 40 pm.

Quantification of Fig. 4C. The results are presented as the mean + SEM. Twelve rats were used and
analyzed in each group.

Immunohistochemical analysis of the CD68-positive area in the injured spinal region 42 days after SCI.
Bar: 40 pm.

Quantification of Fig. 4E. The results are presented as the mean + SEM. Twelve rats were used and
analyzed in each group.
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Fig. 4G: Immunohistochemical analysis of the ionized calcium-binding adaptor molecule 1 (Ibal)-positive area
in the injured spinal region 42 days after SCI. Bar: 40 pum.

Fig. 4H: Quantification of Fig. 4G. The results are presented as the mean + SEM. ""p<0.001 by Student’s r-test.
Twelve rats were used and analyzed in each group.

Fig. 4I: Immunohistochemical analysis of the glial fibrillary acidic protein (GFAP)-positive area in the injured
spinal region 42 days after SCI. Bar: 40 um.

Fig. 4J: Quantification of Fig. 4I. The results are presented as the mean + SEM. “"p<0.001 using Student’s
t-test. Twelve rats were used and analyzed in each group.

BBFCF: Brilliant Blue FCF

BBG: Brilliant Blue G

CBX: carbenoxolone

Panx1: P2X purinoceptor 7/pannexinl

N.S.: not significant according to Student’s z-test

SCI: spinal cord injury

SEM: standard error of the mean

BBFCF reduces the size of the spinal cord injury lesion

To evaluate tissue atrophy after SCI, we compared the area of the most proximal part of the
spinal cord and the area 2 mm proximal to the epicenter 6 weeks after SCI. The BBG, BBFCF,
and CBX-treated groups showed significantly less atrophy than the vehicle group (p<0.001,
analysis of variance). The ratio of the cross-sectional area of the injured site per proximal site
of the vehicle group was 60.9%, whereas those of the BBG, BBFCF, and CBX groups were
77.4%, 75.0%, and 75.0%, respectively. No significant differences were observed among the
three drugs (Fig. 5).
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Fig. 5 Hematoxylin and eosin staining analysis of the injured spinal region 42 days after spinal cord injury

Fig. 5A: Hematoxylin and eosin staining of the injured area 42 days after SCI. Bar: 500 pm.

Fig. 5B: Quantification of Fig. 5A. The results are presented as the mean + standard error of the mean. *“p<0.001
(n=15 rats in each group) using Student’s #-test.

Fig. 5C: Schema of a longitudinal section of the spinal cord showing tissue damage, atrophy, and vacuolation
after treatment with Brilliant Blue G and Brilliant Blue FCF.

SCI: spinal cord injury

BBFCF: Brilliant Blue FCF

BBG: Brilliant Blue G

CBX: carbenoxolone

Panx1: P2X purinoceptor 7/pannexinl
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DISCUSSION

In the current study, BBG was compared to a Panx1 inhibitor to verify the effect of BBFCF on
SCI, which is a similar blue food coloring with established safety and potential anti-inflammatory
effects mediated by ATP in humans. This study was conducted to determine a new drug that
is clinically applicable in terms of safety, is easily administered intravenously, and has potential
therapeutic effects in reducing secondary injuries after SCI. Notably, the effectiveness of thera-
peutic agents, such as steroids, is limited. Although therapies such as stem cell transplantation
may be effective, they are difficult to perform immediately after SCI, and even if stem cell
transplantation is established in the future, to improve SCI, safe and effective therapeutic agents
should be administered in emergency medicine. Therefore, we aimed to identify candidate drugs
that are closely related to clinical applications.

The blue dye BBFCF is a selective inhibitor of Panxl1, and its safety in humans has been
established.'* In the present study, we propose the use of BBFCF, a blue dye with established
safety as a food additive, as a possible treatment for the acute stage of SCI. We confirmed that
the use of BBFCF, which people consume daily, can reduce the acute severity of SCI.

SCI induces excessive release of ATP, which activates P2X7 receptors and releases inflam-
matory cytokines, such as interleukin-1, leading to inflammation. BBG can help in the acute
recovery from SCI by antagonizing P2X7 receptors and inhibiting the release of excess ATP.!
One of the ATP-mediated pathways is the P2X7 receptor/Panx1 complex, which is involved in
various inflammatory pathways.** Panx1 contributes to inflammation by regulating the release of
ATP from the inside of the cell to outside the cell. When tissues are injured, a large amount
of ATP is released through Panx1. This large amount of ATP further activates P2X7 receptors,
leading to the exacerbation of inflammation. Furthermore, CBX blocks 11beta-hydroxysteroid
dehydrogenase, thereby inhibiting the conversion of cortisone to cortisol. This may exhibit
anti-inflammatory effects.”

In an ischemic injury model, the P2X7 receptor/Panx1 complex had a role in the deleterious
signaling cascade, leading to neuronal and tissue demise; it has also been reported that the
blockade of the P2X7 receptor/Panxl complex plays a significant role in neuroprotection; in
particular, blocking Panx1 reduces neural loss.'>!3 In addition, in a traumatic brain injury
model, inhibiting the activity of P2X7R, Panx1, ASC, or caspase prevented inflammation-induced
neuronal cell death, and in a colitis model, activating the P2X7R, Panxl, ASC, and caspase
pathways caused cell death. The idea that the Panxl-mediated signaling pathway is important
in regulating cell death is thus supported.””?

In the SCI model used in the present study, Panxl inhibitors suppressed the accumulation
of inflammatory cells and reduced inflammation after SCI. Neutrophil invasion releases reactive
oxygen species, chemokines, and other determinants of secondary injury after SCI, which may
be important for the progressive collapse of the microvasculature and may contribute to atrophy
after SCL.%3! In the present study, we considered that the infiltration of neutrophils in the acute
phase after SCI was suppressed, thus preventing atrophy.

Microglial cell activation was strongly inhibited by BBG treatment. This suggests that the
blockade of P2X7R may have inhibited the ATP-mediated P2X7R/Panx1 complex and suppressed
astrocyte activity and reactive gliosis.*>** Similarly, we believe that BBFCF also blocks Panxl,
thereby inhibiting the excessive release of ATP, suppressing neuronal complexes containing Panx 1
and P2X7 receptors, inhibiting microglial cell activation, and suppressing reactive gliosis.®

In behavioral studies, BBG was associated with improved BBB scores compared with BBFCF.
BBG may have stronger anti-inflammatory effects than those of BBFCF because BBG has
P2X7R-mediated inhibition of Panx1 and connexin, whereas BBFCF inhibits Panx1 but does
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not inhibit connexin.** P2X7R is an ion channel activated by extracellular ATP. Its activation
triggers several inflammation-related responses, including the release of inflammatory cytokines,
induction of cell apoptosis, and activation of macrophages.'®?’ Additionally, P2X7R activation has
been proposed to open both Panxl and connexin channels. This could facilitate the release of
ATP into the extracellular space, further amplifying the inflammatory response. Connexins create
gap junctions, enabling the direct exchange of substances between cells.®® In contrast, Panxl
primarily functions as a channel that supports intercellular communication through ATP release.®
Within the context of inflammation, the activation of these channels might enhance the release of
cytokines and other inflammatory agents. Therefore, due to P2X7R’s pivotal role in inflammation,
inhibiting P2X7R could offer a more potent anti-inflammatory effect than targeting Panx1 alone.
This is because inhibiting P2X7R affects both Panx1 and connexin channels, thereby concurrently
suppressing two significant inflammatory pathways. This may be why the BBG showed better
functional recovery than the BBFCF. However, histology showed no difference. Furthermore,
BBFCF has been evaluated for safety in animal experiments and is used as a food dye. Its safety
in humans has been confirmed, making it an easy substance for clinical application.*

However, there are some limitations in applying the present results to human SCI. The
administered concentration of BBFCF in the current study might be excessive and further
investigation is needed for application in humans. The 50%Inhibitory concentration (IC50) of
BBFCF on Panx1 is 0.3 pM, while that of BBG is 3uM, and the Food and Drug Administration
established an acceptable daily intake of 12.5 mg/kg/day and the European Food and Safety
Authority established a value of 6 mg/kg/day. The same concentration of 50 mg/kg BBFCF as
for other compounds was used since the optimal intraperitoneal injection dose of BBFCF was
not known; however, further investigation is mandatory. The spinal cord is a difficult place for
drugs to reach due to the blood-brain barrier, and BBFCF was administered with the possibil-
ity of overdosing for SCI, which is a lethal disorder. No serious organ damage was observed
in the present study; however, when actually administering the drug to humans, the optimal
concentration should first be considered to determine an appropriate concentration. In addition,
the Food and Drug Administration has cautioned about statements indicating that BBFCF can
be administered orally and used to track aspiration from feeding tubes, because of its lethality.
Therefore, caution should be exercised when administering it to humans. BBB permeability has
been reported for BBG,!" although it is not evident for BBFCF. BBG and BBFCF have similar
structural formulas and may exhibit similar pharmacokinetics. However, in the case of SCI, since
the BBB is disrupted at the injured site, it cannot necessarily be said that the drug does not
reach the injured site because of the lack of BBB permeability.

In conclusion, early administration of BBFCF significantly improved functional recovery and
reduced the post-traumatic inflammatory response and tissue loss in a rat model of SCI. BBFCF,
which is approved for ingestion in humans, has sufficient potential to enhance early functional
recovery after traumatic SCI and is a promising substance for future clinical application in
humans.
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