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Background: Spinal cord injury (SCI) can induce secondary damage, such as inflammation, oxidative stress, and neuronal cell
death. These factors impede recovery. This study evaluated the therapeutic potential of tegoprazan (TEGO), a drug known to
act via a potassium-competitive acid blocker, in a SCI rat model.

Methods: We conducted SCI in female rats, and TEGO was administered intraperitoneally. Methylprednisolone (MP) was used
as a positive control. TEGO was dissolved in dimethyl sulfoxide (DMSO) and sonicated before injection. Toxicity was assessed
by body weight monitoring, and motor recovery was assessed by behavioral tests. We performed immunofluorescence and qRT-
PCR to investigate inflammatory markers. Western blot analyses were evaluated for mitogen-activated protein kinase (MAPK)
and nuclear factor kappa B (NF-«<B) signaling pathways.

Results: TEGO treatment had no systemic toxicity and improved motor recovery. TEGO (p < 0.05) and MP (p < 0.01) decreased
inducible nitric oxide synthase (iNOS) expression. CD206 expression was significantly increased in the MP group (p < 0.01) com-
pared with the Vehicle group, whereas the TEGO group showed a slight increase compared with the Vehicle group. Furthermore,
TEGO inhibited MAPK/NF-xB signaling, attenuating pro-inflammatory cytokine production.

Conclusions: TEGO, a representative potassium-competitive acid blocker (P-CABs), suppressed pro-inflammatory gene expres-
sion and might be applied as a novel treatment for SCI.
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Introduction fections, and gastric ulcers [9]. TEGO, a representative P-

CAB, is known not only to suppress gastric acid secretion

Spinal cord injury (SCI) causes marked neuropathol-
ogy, involving limited functional recovery [1]. In addition,
SCI is known to trigger secondary pathological responses
following the initial trauma, including inflammation, oxida-
tive stress, and neuronal apoptosis [2,3]. Many researchers
have tried to reduce secondary damage through inflamma-
tory responses following SCI [4].

Among therapeutic strategies, a high dose of methyl-
prednisolone (MP) has been used for its potent anti-
inflammatory effects [5-7]. However, such high-dose MP
treatments cause side effects such as headache and muscle
weakness [5,8].

Tegoprazan (TEGO), a potassium-competitive acid
blocker (P-CABs), is primarily applied to reduce gastric
acid secretion and has been approved in South Korea as a
treatment for gastroesophageal reflux disease (GERD), in-

but also to exhibit potential anti-inflammatory effects [10].

In one study, P-CABs were reported to regulate
inflammatory responses through the p38 and c-Jun N-
terminal kinase (JNK) pathways among the mitogen-
activated protein kinase (MAPK) signaling pathways [11].

In addition, voltage-gated potassium channel 1.3
(Kv1.3) overexpression induced pro-inflammatory cy-
tokine expression, the phosphorylation of extracellular
signal-regulated kinase (ERK), and nuclear factor kappa
B (NF-xB) in macrophages [12]. A Kvl1.3 blockade was
found to suppress inflammatory microglial activation and
cytokine secretion via the NF-xB signaling pathway [13].
These findings designate the ERK and NF-xB pathways as
downstream regulators of Kv1.3.

A study has also noted the anti-inflammatory ef-
fect of TEGO, evaluated using LPS (Lipopolysaccharide)-
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stimulated BMM (Bone Marrow-Derived Macrophages)
macrophages in vitro [11]. The present authors evaluated
the anti-inflammatory effects of TEGO in a SCI rat model.

Materials and Methods

Preparation and Characterization of TEGO and MP

TEGO was obtained from HK Inno. N Corpora-
tion (Seoul, Korea) and solubilized in dimethyl sulfoxide
(DMSO, Tokyo Chemical Industry Co., Tokyo, Japan). The
MP was obtained from Reyon Pharm in Seoul, Korea, and
was used without further modification.

In Vivo Toxicity Study

All animal-related procedures complied with the re-
quirements of the CHA University Institutional Animal
Care and Use Committee (IACUC240101) and followed the
NIH’s guidelines for the care and use of laboratory animals.
Housed in a facility at 55-65% humidity and a controlled
temperature of 24 + 3 °C with a light/dark cycle of 12 h, and
given free access to water and food [14]. Female Sprague-
Dawley (SD) rats (180-200 g, Raon Bio Co., Gyeonggi-do,
Korea) were divided into DMSO (n=5) and TEGO (n=5).
To assess acute toxicity, rats in the TEGO group received a
single intraperitoneal (i.p.) injection of TEGO (30 mg/kg)
dissolved in DMSO. The control group received a single i.p.
injection of an equivalent volume of DMSO alone [15,16].
To evaluate biodistribution and body weight changes, we
observed abnormal behavior, toxic symptoms, body weight,
and death for 14 consecutive days [17-19].

Surgical Procedures

Anesthesia was administered prior to surgery. Rats
were anesthetized via an intraperitoneal injection of a com-
bination of Zoletil® (50 mg/kg, Virbac Laboratories, Car-
ros, France) and Rompun® (10 mg/kg, Elanco Korea,
Seoul, Korea). The T8-T10 region was exposed, and a to-
tal laminectomy at T9 was performed to reveal the spinal
cord [20]. Contusion SCI was induced by applying a metal
weight (40 g, 2.5 mm diameter) for 5 s using an impactor
(RWD, CA, USA), thereby inducing a standardized contu-
sion injury [20]. A total of 27 rats underwent spinal cord
injury surgery and were randomly assigned to three groups
(Vehicle, MP, and TEGO; n = 9 per group). The vehicle,
MP, and TEGO groups received a single i.p. injection im-
mediately after injury (MP: 30 mg/kg, TEGO: 30 mg/kg).
We randomly divided all rats (n = 27) into three groups: the
Vehicle group (injury + Vehicle, n = 9), the MP group (in-
jury + MP, n = 9), and the TEGO group (injury + TEGO,
n =9). The experimental endpoint was set to 14 days post-
injury. All animals were euthanized simultaneously on day
14. Three rats per group on predetermined days were anes-
thetized. After cannulation of the left ventricle-ascending
aorta, rats were sacrificed by intracardiac perfusion with
saline for IF staining (n = 9). The other six rats per group

were euthanized by CO2 asphyxiation, and the spinal cords
were removed for qRT-PCR (n = 3) and Western blot assays
(m=3)[19,21].

Experimental Groups and Hindlimb Locomotor
Assessment

The vehicle, MP, and TEGO groups received a sin-
gle i.p. injection immediately after injury. Motor function
was assessed independently by two evaluators who were
unaware of the group assignments. The final score was
calculated as the mean of assessment results. To assess
hindlimb motor function, we assessed the Basso, Beattie,
and Bresnahan (BBB) score. The BBB motor rating scale
was previously described in our studies [22,23]. The rats
were evaluated on days 1, 3, 7, and 14 after injury.

IF Staining of GFAP, iNOS, and CD206

The spinal cords were embedded in paraffin and pre-
pared for IF staining. We stained the markers Glial fibril-
lary acidic protein (GFAP), inducible nitric oxide synthase
(INOS), and cluster of differentiation 206 (CD206) using
commercially available primary antibodies (GFAP, mouse,
Invitrogen; iNOS, rabbit, Abcam; CD206, goat, R&D Sys-
tems), as described in our previous study [24]. These pro-
cedures and methods were provided in the Supplementary
Material. For IF staining, longitudinal spinal cord sections
(5 pm thick) were collected from three rats per group along
the dorsoventral axis. We randomly and blindly selected
three square areas (33 x 33 um, for a total of twelve im-
ages/group) in the region of interest (ROL,270 x 270 pm)
under x 400 magnification. The ROI was quantified us-
ing the ImageJ software package (version 1.54g; National
Institutes of Health (NIH), Bethesda, MD, USA).

qRT-PCR

The spinal cord was collected 10 mm in length, includ-
ing the lesion center. The segments were homogenized us-
ing TRIzol reagent (Invitrogen, Cat # 15596018, Carlsbad,
USA) for RNA extraction. We synthesized Complementary
DNA (cDNA) as previously described [24]. We assessed
the relative expression levels of the inflammatory mark-
ers (Tumor necrosis factor-a (TNF-«), IL-143, IL-6, and
iNOS), the anti-inflammatory markers (CD206, arginase-1
(Arg-1), and IL-10), and normalized them to the expres-
sion level of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) [25]. Detailed primers and methods for the qRT-
PCR are explained in the Supplementary Material.

Western Blotting

Thirty pg of protein samples in equal volumes were
subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinyli-
dene difluoride (PVDF) membranes [26]. The western blot
procedures and methods were provided in the Supplemen-
tary Material. We used [-actin as an internal control. The
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phosphorylation levels of ERK, JNK, and p38 were com-
pared between groups by normalizing the p/t ratio to 1 in
the Vehicle group. The volumes of the phosphorylated and
total forms (p/t form) were quantified by ImagelJ.

Statistical Analyses

One-way analysis of variance (One-way ANOVA)
was used for multiple comparisons among groups. Tukey’s
multiple-comparison test was used as a post hoc analysis
method. Differences in p-values were considered statisti-
cally significant for which *p < 0.05, **p < 0.01, and ***p
< 0.001; ns, not significant. All statistical analyses and
graphing were performed using GraphPad Prism (version
9.5.0 (730); GraphPad Software, San Diego, CA, USA).

Results

Evaluation of Systemic Toxicity Following I.P.
Administration of TEGO

Following an I.P. administration of TEGO (30 mg/kg),
there were no mortality events or clinical signs of acute
toxicity in rats as determined by their consistent body
weight, unaltered behavioral patterns, and lack of abnor-
malities in the emesis, fecal output, and urinary excretion
(Fig. 1). Unaltered behavioral patterns and abnormalities
in the emesis, fecal output, and urinary excretion were not
observed. An autopsy revealed no abnormalities in the or-
gans (Supplementary Fig. 1).
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Fig. 1. Morphological evaluation of potential toxicity fol-

lowing intraperitoneal (i.p.) injection. Body weight changes
in Sprague-Dawley (SD) rats after administration of tegoprazan
(TEGO, 30 mg/kg, i.p., n=15). No apparent morphological abnor-
malities or organ damage were observed (Supplementary Fig. 1).

TEGO Enhanced Behavioral Recovery in the SCI
Rats

We evaluated motor function using the BBB hindlimb
locomotor rating scale on days 1, 3, 7, and 14 (Fig. 2).
On day 3, there were no differences in the motor function
among all groups, while the MP group showed improved
motor function compared to the vehicle group on day 7. On
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Fig. 2. A comparison of motor functional recovery was con-
ducted using Basso, Beattie, and Bresnahan (BBB) locomotor
scores among the Vehicle (n = 5), methylprednisolone (MP, n =
5), and TEGO (n =5) groups. The BBB scores were assessed for
14 days following spinal cord injury (SCI). A one-way ANOVA
followed by a Tukey test was used to determine the existence of
significant differences among groups. ns indicates no statistically
significant difference.

day 14, motor function in both the MP and TEGO groups
was improved compared to the Vehicle group. There were
no significant differences in motor function between the MP
and TEGO groups.

TEGO Inhibited the Expression of Inflammatory
Markers in the Histological Analysis

To determine the anti-inflammatory effect of TEGO
on tissues after SCI, we conducted an IF evaluation us-
ing inflammatory (iNOS) and anti-inflammatory (CD206)
macrophage markers. Fig. 3 presents differences in iNOS
expression levels at 14 days after SCI (Fig. 3a-1). In the
vehicle group, the iNOS/DAPI fluorescence intensity was
measured. The MP group was significantly reduced com-
pared to the vehicle group (MP: p < 0.01). The TEGO
group was also significantly decreased compared to the ve-
hicle group (TEGO: p < 0.05). However, there was no
significant difference between the MP and TEGO groups
(Fig. 3m). Fig. 4 shows the differences in CD206 expres-
sion levels between the groups 14 days after SCI (Fig. 4a—
1). In the vehicle group, the CD206/DAPI fluorescence in-
tensity was assessed. The expression of CD206 in the MP
group (p < 0.01) was significantly increased compared to
that in the vehicle group.

TEGO Reduced Inflammatory Cytokines Gene
Expressions

The gene expression levels of inflammatory cytokines
are shown in Fig. 5a—d. The expression levels of IL-6, IL-
18, iNOS, and TNF-a were highest in the Vehicle group.
IL-6 expression was significantly reduced in the MP and
TEGO groups (MP: p < 0.01; TEGO: p < 0.01). IL-17 ex-
pression was significantly suppressed in the MP and TEGO
groups (MP: p < 0.001; TEGO: p < 0.001). iNOS ex-
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Fig. 3. The immunofluorescence (IF) staining of anti-glial fibrillary acidic protein (GFAP, Green) and anti-inducible nitric oxide
synthase (iNOS, Red) in the spinal cord lesion area. Representative merged image for GFAP and iNOS of the Vehicle, MP, and TEGO
groups following SCI (a—c, Scale bar: 500 um). Three areas are the enlarged images of the area around the damage boundary in (d—f)
Vehicle (n = 3), (g—i) MP (n = 3), and (j-1) TEGO (n = 3) groups (Scale bar: 100 pum). (m) Quantitative analysis of the GFAP and
iNOS fluorescence intensity levels. Results are presented as the mean + SEM from triplicate experiments (*p <0.05, **p < 0.01).
ns indicates no statistically significant difference. The yellow arrows in Fig. 3 indicate fluorescent signals corresponding to adhesion

molecule expression.
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Fig. 4. The IF staining of GFAP (Green) and anti-cluster of differentiation 206 (CD206, Red). In the spinal cord lesion area.
Representative merged image for GFAP and CD206 of the Vehicle, MP, and TEGO groups following SCI in the rat (a—c, Scale bar: 500
um). Three areas are the enlarged images of the area around the damage boundary in (d—f) Vehicle (n = 3), (g—i) MP (n = 3), and (j-1)
TEGO (n = 3) groups (Scale bar: 100 um). (m) Quantitative analysis of the GFAP and CD206 fluorescence intensity levels. Results are
presented as the mean £ SEM from triplicate experiments (**p < 0.01). ns indicates no statistically significant difference. The yellow

arrows in Fig. 4 indicate fluorescent signals corresponding to adhesion molecule expression.
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Fig. 5. Representative quantitative real-time polymerase chain reaction (QRT-PCR) showed the analysis of mRNA expression
levels of the pro-inflammatory cytokine in injured spinal cord segments. Segments of the spinal cord (10 mm) were evaluated 14
days after injury. The relative expression levels of (a) interleukin-6 (IL-6), (b) IL-13, (c) iNOS, and (d) Tumor necrosis factor-a (TNF-«)
were evaluated in segments of the spinal cord with the lesion epicenter. The mRNA expression levels were normalized to the levels of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The results are presented as the mean & SEM from triplicate experiments (n =3,
**p < 0.01, and ***p < 0.001). ns indicates no statistically significant difference.
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Fig. 6. Representative qRT-PCR showed the analyzed mRNA expression levels of the anti-inflammatory cytokine in injured spinal
cord segments. The levels of relative expression of (a) CD206, (b) arginase-1 (Arg-1), and (c) IL-10 were normalized to GAPDH. The
results are presented as the mean + SEM from triplicate experiments (n =3, **p < 0.01, and ***p < 0.001). ns indicates no statistically

significant difference.
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Fig. 7. Representative images and quantitative analyses of phosphorylation activities of the mitogen-activated protein kinase

(MAPK) signaling pathway and voltage-gated potassium channel 1.3 (Kv1.3) in the Vehicle, MP, and TEGO groups. (a) Repre-

sentative images. Quantitative analyses of phosphorylated/total (p/t) forms of (b) extracellular signal-regulated kinase (ERK), (c) c-Jun
N-terminal Kinases (JNK), and (d) p38, (e) Kv1.3, (f) nuclear factor kappa B (NF-xB), and -actin. The volume of the p/t form in the
Vehicle group was set to one-fold and then quantified. The Kv1.3/8-actin and NF-xB/3-actin volumes in the vehicle group were set to

one-fold and quantified. The results are the mean & SEM of triplicate experiments (n = 3, *p < 0.05, and **p < 0.01). ns indicates no

statistically significant difference.

pression was also decreased in the MP and TEGO groups
(MP: p < 0.01; TEGO: p < 0.01). TNF-« expression levels
were similar (MP: p < 0.01; Vehicle + TEGO: p < 0.001).
The anti-inflammatory cytokine gene expression levels, in
this case CD206, Arg-1, and IL-10, are shown in Fig. 6a—c.
CD206 expression was significantly increased in the TEGO
group (p < 0.001) but not in the MP group. The observed
differences may be due to the fact that immunofluorescence
(IF) staining and qPCR assess different levels of expression
(protein localization versus mRNA expression). Arg-1 ex-
pression was significantly increased in the MP (p < 0.001)
and TEGO (p < 0.001) groups, and IL-10 expression was
significantly increased in the MP (p < 0.001) and TEGO (p
< 0.001) groups.

TEGO Suppressed Inflammation Through the MAPK
Signaling Pathway and Kvl.3 After SCI

The TEGO group showed a significant reduction in the
expression of Kv1.3, accompanied by decreased phospho-
rylation levels of MAPK pathway markers (Fig. 7a—f). The
MP treatment group showed no further activation compared
to the Vehicle group of p-ERK, p-JNK, p-p38, NF-xB, and
Kv 1.3 levels (Fig. 7b—f). Compared with the Vehicle and
MP groups, the TEGO group showed significantly reduced
expression levels of p-ERK (Vehicle: p < 0.01 and MP: p <

0.05), p-p38 (Vehicle: p < 0.01 and MP: p < 0.01), NF-xB
(Vehicle: p < 0.05 and MP: p < 0.05), and Kv 1.3 (Vehicle:
p < 0.01 and MP: p < 0.05), along with suppressed p-JNK
expression, while there was not significant reduction in the
p-JNK expression.

Discussion

We evaluated the therapeutic effects of TEGO, a P-
CAB, in a rat SCI model. TEGO was found to promote
functional recovery by suppressing inflammation and en-
hancing anti-inflammatory signaling. These effects were
similar to those of MP, a standard anti-inflammatory agent
used in SCI treatments. Although MAPK expression
showed a decreasing trend in the MP group, the differ-
ence did not reach statistical significance. Previous stud-
ies indicate that MP-induced modulation of MAPK signal-
ing is context-dependent, and the limited sample size in this
study may have reduced the statistical power to detect sub-
tle changes in MAPK signaling.

An analysis of BBB motor scores revealed that the
TEGO treatment improved motor recovery 14 days after
SCI (Fig. 2), consistent with modulation of inflammatory
markers [27]. Notably, both TEGO and MP decreased
GFAP and iNOS expressions and enhanced CD206 expres-
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sion (Figs. 3,4). This suggests that TEGO can promote a
shift toward an anti-inflammatory effect.

TEGO was shown to suppress the expression of in-
flammatory cytokines, in this case IL-13, TNF-«, IL-6,
and iNOS, while upregulating the expression of the anti-
inflammatory cytokines IL-10, Arg-1, and CD206. Effects
on microglia/macrophage polarization were also observed,
a finding consistent with previous reports that macrophage
phenotypes modulate SCI outcomes [28].

The consistency of the results of IF staining
(Figs. 3,4), qPCR (Figs. 5,6), and Western blot analy-
ses (Fig. 7) supports the conclusion that TEGO exerts
potent immunomodulatory effects after SCI.

Recent evidence suggests that P-CABs possess anti-
inflammatory properties and can thus modulate MAPK sig-
naling pathways [11]. A blockade of Kv1.3 channels exerts
its anti-inflammatory effects along the downstream MAPK
(p38, INK) and NF-xB signaling pathways. Consistent
with the suppression of MAPK signaling observed in this
study, the expression level of Kv1.3 was significantly de-
creased in the TEGO group compared to that in the Vehi-
cle and MP groups. To the best of our knowledge, this is
the first study to evaluate the anti-inflammatory effects of
TEGO after SCIL

Despite these findings, the direct involvement of the
Kv1.3 channel in the TEGO-mediated regulation of inflam-
matory cytokine production and MAPK signaling remains
to be fully elucidated and requires further experimental val-
idation [29]. In addition, further studies investigating the
long-term safety, pharmacokinetics, and detailed molecular
mechanisms of TEGO are necessary to establish its poten-
tial applicability as a novel therapeutic strategy for spinal
cord injury.

Conclusion

TEGO, a representative P-CAB, reduced the expres-
sion of major pro-inflammatory genes. Based on the re-
sults here, TEGO can be suggested as a potential anti-
inflammatory therapeutic agent for SCI. These results sug-
gest that TEGO has anti-inflammatory properties and might
be applied as a novel treatment for SCI.
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