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ABSTRACT

Objective(s): Traumatic brain injury (TBI) induces oxidative stress, cntributing to secondary neuronal
damage. This study aimed to elucidate the role of the stress-respor. ‘ve kinase HIPK2 in regulating
endogenous antioxidant defenses in neural tissue following TBI.

Materials and Methods: We employed complementary in vitro ana.  vive. models: an H,O,-induced
oxidative stress model in PC12 cells (with HIPK2 inhibited by t}ID) ad a controlled cortical impact
mouse model of TBI (with HIPK2 overexpressed via intre_ ver. ~entricular Ad-HIPK2 injection).
Analyses included assessments of cell viability, mRNA exy -ession, and protein levels of key
antioxidant factors (HO-1, UGT1AT, NQOT).

Results: In vitro, HIPK2 inhibition marked!; . -re =d oxidative stress-induced cell death and
significantly down-regulated UGT1A1 ex; =ssic 1. In +vo, endogenous HIPK2 expression was
significantly suppressed post-TBI. Converse « HIPKZ overexpression effectively rescued the
expression of antioxidant proteins UCT1AT and . ‘O0O1.

Conclusion: These results demonstrate 1. 2t HIPK2 s a critical modulator of the antioxidant response
after TBI, capable of orchestrating key de: nse genes and conferring neuroprotection. Our findings
identify HIPK2 as a promising mole ~ular (arget for therapeutic intervention against TBI-related
oxidative damage.

Zhu Q, Wang F, Zhang B, Pan Zh, Kang X, Hu W. HIPK2 g otece nzurons from oxidative stress and modulates central nervous system
responses following traumatic brain injury. Iran J Basic Med 5ci 2026; 29:

Introduction

Traumatic brain injury (TBI) is/ the ‘hird most
common neurological disorder, yet i~ pa hophysiological
mechanisms remain complex 22d ir comy letely understood
(1). Among traumatic injurizs, severe "RIcarries a mortality
rate of 30%-40% (2), and n ost survivors experience lasting
neurological impairments (>, contzibuting to an estimated
global economic burden of approximately $400 billion
annually (4). Despite the availability of multiple treatment
strategies, no markedly effective therapeutic interventions
have been established (1). Therefore, elucidating the
pathophysiological mechanisms of TBI and identifying
more effective therapeutic targets are essential for improving
acute TBI survival rates and reducing the associated societal
and economic burden.

Oxidative stress refers to a relative excess of reactive
oxygen species (ROS) resulting from either increased
ROS production or impaired ROS clearance (5), ROS are
highly reactive oxygen-containing molecules, including
oxygen-derived free radicals and reactive non-radical
species such as O,, hydrogen peroxide (H,O,), NO, and

ONOO™ (6). In mammalian cells, endogenous ROS are
primarily generated in organelles such as mitochondria
and the endoplasmic reticulum (7). The balance between
oxidative stress and antioxidant defenses is essential for
regulating the neuroinflammatory response following TBI
(8). Uridine diphosphate glucuronosyltransferase 1Al
(UGT1A1) can be up-regulated by transcription factors
such as nuclear factor erythroid 2-related factor 2 (Nrf2)
(9). Nrf2 plays a key role in detoxification and redox
homeostasis, contributing to the physiological expression of
multiple genes regulated by antioxidant response elements
(10). After TBI, cellular ischemia, hypoxia, mitochondrial
swelling, and elevated ROS production, combined with
excessive consumption of ROS scavengers, lead to the
inactivation of antioxidant systems. This disruption of the
balance between ROS generation and elimination results
in ROS accumulation and subsequent brain tissue damage,
ultimately contributing to neurological impairment (11, 12).
In response, the body activates antioxidative mechanisms,
inducing key antioxidant factors such as heme oxygenase-1
(HO-1), UGT1Al, and NAD(P)H quinone oxidoreductase
1 (NQO1) (13, 14,9).
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Homeodomain-interacting protein kinase 2 (HIPK2), a
member of the serine/threonine kinase family, is localized
in the cell nucleus and plays an essential role in cell-
cycle regulation. HIPK2 exerts its biological functions
through  multiple post-translational =~ modifications,
including ubiquitination, SUMOylation, acetylation, and
phosphorylation, which together regulate transcription,
as well as cell differentiation, proliferation, and apoptosis
(15-19). HIPK2 is also involved in cellular oxidative stress
responses and promotes cell survival under conditions of
elevated ROS (20). Previous studies have shown that HIPK2
overexpression in a rat spinal cord injury model improves
the inflammatory response, enhances functional recovery,
and reduces edema (21). However, the expression pattern
of HIPK2 in TBI and its role in oxidative stress regulation
within the nervous system remain poorly defined.

Highly differentiated PC12 cells serve as an important
model for studying neuronal function and disease
mechanisms. Upon NGF induction, PC12 cells acquire
neuronal properties, making them widely used in
neuroscience research (22). In this study, we established an
oxidative stress model in PC12 cells to investigate the role of
HIPK?2 in neuronal oxidative stress. In parallel, we developed
a mouse TBI model to examine HIPK2 expression in the
central nervous system following injury and to evaluate its
influence on the oxidative stress response.

Materials and Methods
Cell culture and treatment

The highly differentiated PC12 cells used in this study
were purchased from Shanghai Anwei Biotechnology
Co., Ltd. PCI12 cells are widely utilized in neurological
research because of their strong differentiation capacity,
which enables them to model neuronal responses to
injury (22). In this experiment, the cells were cultured in
complete medium consisting of RPMI-1640 (BasalMd.
China), 10% fetal bovine serum (FBS; Gibco, US.\); and
1% penicillin-streptomycin (P/S; Beyotime, China, " a
humidified incubator containing 95% air and 5% 9, at 37
°C. Subculturing was performed twice per we.". Cells used
in this study were between passages 4 and > nc. were fully
differentiated.

For cryopreservation, cells ‘vere first,cooled at 4 °C for
30 min, then transferred to —. > °C for 2 hr, followed by
overnight storage at —80 °C betu.< iong-term storage in
liquid nitrogen. For adherent cultures, cells were dissociated
using 0.25% trypsin (Beyotime, China) (suspension cells
were collected directly), and the resulting cell suspension
was cryopreserved using the same procedure. After
centrifugation at 1000 rpm for 5 min, the supernatant
was removed and the cell pellet was resuspended in
cryopreservation medium at a final concentration of
approximately 10° cells/ml. Aliquots of 1 ml were dispensed
into cryovials. The cryopreservation medium consisted of
55% basal medium, 40% FBS, and 5% dimethyl sulfoxide
(DMSO; Sigma, USA).

Cell viability

Cells were allocated into groups according to the
experimental design, and the cell concentration was
adjusted to 5 x 10* cells/ml. A total of 100 pl of the cell
suspension was seeded into each well of a 96-well plate,
with six replicates per group. The plates were then placed
in an incubator at 37 °C with 5% CO, and cultured for 24
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hr. After the required pretreatments were applied, 10 pl of
CCK-8 solution (Beyotime, China) was added to each well,
followed by incubation for 1.5 hr. Absorbance at 450 nm
was then measured using a microplate reader.

Three groups were included in the assay:

« Blank group: culture medium without cells or CCK-8.

« Control group: untreated cells with culture medium and
CCK-8.

« Experimental group: treated cells with toxicant-containing
medium and CCK-8.

Cell viability was calculated using the following formula:

Cell viability (%) = [(Aexp — A_biank) / (A_Contro1 — A
blank)] X 100%.

qPCR

Total RNA was extracted nsing RNAiso Plus reagent
(Takara, Cat. No. 9109) accoring to the manufacturer’s
instructions. RNA concentration ai. 1 purity were determined
at 260 nm using a microvolui.  sp¢.trophotometer. First-
strand cDNA was synthesiz d fro n the isolated RNA using
the PrimeScript™ RT ieay nu ait, following Sean Taylor’s
optimized reverse ‘rascriftion protocol to ensure high
efficiency (22} Thi resuiung cDNA served as the template
for subseq’ »nt « uant. ~tive real-time PCR (qPCR) analysis.

qPCR wa. oerformed using PerfectStart® Green qPCR
Supe. Mix (Qua. ~hijin, Cat. No. AQ601-02) on a qgTOWER
3G flu.rescence-based real-time PCR system (Analytik
Jena AG). “he amplification program consisted of an initial
dexatulon at 94 °C for 30 sec, followed by 40 cycles of
Jenatriration at 94 °C for 5 sec and annealing/extension at 60
°C, 1wur 30 sec. Relative gene expression levels were quantified
woing the comparative Ct method. For each sample, the Ct
value was defined as the arithmetic mean of three technical
replicates. Gene expression was normalized to the endogenous
control GAPDH using the ACt method [ACt = Ct(target
gene) — Ct(GAPDH)]. The relative fold change was calculated
using the AACt method [AACt = ACt(experimental group)
— mean ACt(control group)] and expressed as 2A(—AACt).
Primer sequences are listed in Table 1.

Establishment of the TBI model

All mice were housed under standard laboratory
conditions in a specific pathogen-free (SPF) facility with a
controlled environment (temperature: 22 + 2 °C; humidity:
50 + 10%; 12-hour light/dark cycle). Animals had ad libitum
access to autoclaved food and water. All animal procedures
were approved by the Animal Ethics Committee of the
Second Affiliated Hospital of Fujian Medical University
(Approval No. 2021533) and conducted in accordance with
the National Institutes of Health (NIH) Guide for the Care
and Use of Laboratory Animals.

For TBlinduction, mice were anesthetized with isoflurane
(3-5% for induction and 1-2% for maintenance) and placed
in a prone position on a stereotaxic cranial injury apparatus.
The scalp was disinfected with alcohol-soaked cotton, and
a midline incision was made to expose the right parietal
bone following periosteal detachment. A 5-mm craniotomy
was performed using a bone drill at coordinates 1.5 mm
posterior and 2.5 mm lateral to the coronal suture, while
ensuring the dura mater remained intact. An impact rod was
positioned onto the dura, and a steel ball was released from
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Table 1. Sequences of primers used for gPCR analysis in this study

Primer name Sequence

HIPK2-F 5-CATGACGCACCTACTGGATTTT-3
HIPK2-R 5-CGGGATTGGCTAAGGAAAGAG-3
HO-1-F 5-AGCGAAACAAGCAGAACCCA-3
HO-1-R 5-CCACCAGCAGCTCAGGATG-3
NQOI1-F 5-GCGTCTGGAGACTGTCTGGG-3
NQOI1-R 5-ATCTGGTTGTCGGCTGGAAT-3
UGT1AIL-F 5-GCTCGGAGTTATTCAGCAGC-3
UGT1AI-R 5-TCCACAAAAGCAGCTGTCAC-3
GAPDH-F 5'-GGCACAGTCAAGGCTGAGAATG-3
GAPDH-R 5-ATGGTGGTGAAGACGCCAGTA-3

a height of 30 cm to strike the rod, producing a controlled
cortical impact. The scalp incision was then sutured.
Sham-operated mice received craniotomy only, with all
other procedures identical to those of the TBI group. After
regaining consciousness and stabilization of vital signs, mice
were labeled according to group assignment and returned to
their cages for postoperative observation (24).

Humane endpoints

To minimize animal suffering, predefined humane
endpoints were strictly observed. Animals were immediately
euthanized if they exhibited:
o Severe clinical distress, such as prolonged lethargy,
inability to eat or drink, labored breathing, or neurolog ‘al
deficits (e.g., seizures or paralysis).
« Weight loss >20% of baseline body weight within 48-7? hr.

Euthanasia and death verification

Euthanasia was performed using orciual-nu CO,
inhalation (displacement rate: 20-30% / © chai. Yer volume
per minute), followed by a second=: - ol sical method—
cervical dislocation or bilatc:al thorac)tomy—to ensure
death. Death was confirmed by:

« Absence of heartbeat for .1 min

o Pupillary dilation with loss £ corneal reflex

« Cyanosis of mucous membranes.

Animals and grouping

A total of 24 male C57BL/6] mice (6-8 weeks old, 18-
22 g) were obtained from Beijing SPF Biotechnology Co.,
Ltd. (License No. SCXK (Beijing) 2019-0010). Fifteen mice
were randomly assigned to the Sham and TBI groups, with
the TBI group further subdivided into four time-point
subgroups (1, 3, 7, and 14 days post-injury), resulting in five
experimental groups (n = 3 per group). Brain tissues were
collected at the designated time points following euthanasia.

The remaining nine mice were randomly allocated to
the Sham, TBI, and TBI + Ad-HIPK2 groups (n = 3 per
group). Mice in the TBI + Ad-HIPK2 group received a
single intracerebroventricular (ICV) injection of Ad-HIPK2
adenovirus (5 x 10° PFU/ml, 1 ul; Shanghai Genechem Co.,
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Ltd.) three days prior to TBI induction. Prior to injection,
mice were anesthetized with isoflurane (3-5% for induction
and 1-2% for maintenance). The scalp was disinfected
with 75% ethanol, and a midline incision was made to
expose the skull. A burr hole was drilled 2 mm posterior
to the bregma and 1.5 mm lateral to the sagittal suture to
target the right lateral ventricle. Bone debris was removed
by rinsing with sterile 0.9% sodium chloride solution. A
microinjection syringe mounted on a stereotaxic apparatus
was then inserted 2 mm below the skull surface, and the
viral suspension was slowly infused (1 pl over 1 minute).
The needle was kept in place for an additional minute to
prevent reflux before withdrawal. The incision was closed
with absorbable sutures or surgical clips, and postoperative
monitoring was performed to assess potential complications.

TBI was induced three days after viral administration
using the previously described procedure. Sham controls
underwent craniotomy without impact. Mice were
euthanized, and tissues were harvested three days after TBI.

Tissue collection

Mice were euthanized ‘vy isoflurane overdose (5% in
oxygen for 3-5 min in an ‘mduction chamber). Following
confirmation of the absence  f respiration and heartbeat,
animals were decapitatea, anc. the brains were rapidly
removed on ice. Tissu s were then stored at —80 °C for
subsequent western bu. ¢ analysis.

Westers.'v t

Bia.» f.ssues were homogenized in RIPA buffer
(Meilunt. », MAO0151) supplemented with protease and
poosphatase  inhibitors (Meilunbio MB2678, MB12707,
PMCF) using a TISS-24 tissue grinder. Homogenates were
1>cubiied on ice for 30 min and centrifuged at 12,000 x g
for 20 min at 4 °C. Supernatants were collected for protein
-uantification. Protein concentrations were determined
using a BCA kit (Meilunbio, MA0082-2). Lysates were
diluted, mixed with working reagent, incubated at 60 °C for
20 min, and measured at 570 nm. All samples were adjusted
to 2 ug/ul with RIPA buffer. For western blotting, 20 pg of
protein per sample was denatured, separated on 10% SDS-
PAGE gels, and transferred to PVDF membranes (PALL,
BSP0160). Membranes were blocked with 5% skim milk
and incubated overnight at 4 °C with primary antibodies
against GAPDH (1:40,000), HIPK2 (1:10,000), HO-I,
NQO1, and UGT1A1 (1:8,000-1:10,000). HRP-conjugated
secondary antibodies (1:10,000) were applied for 1 hour
at room temperature. Protein bands were visualized using
ECL reagent and quantified with Image]J. Intensities were
background-subtracted and normalized to GAPDH. All
experiments were performed in triplicate.

Statistical analysis

Statistical analyses were performed using SPSS version
23.0 (IBM Corp., Armonk, NY, USA). Continuous variables
are presented as mean + standard deviation (SD). Data
normality was assessed using the Shapiro-Wilk test (P>0.05
indicating normal distribution), and homogeneity of
variance was evaluated with Levene’s test (P>0.05 indicating
equal variances). Between-group differences were analyzed
using unpaired Student’s t-tests for normally distributed data
or the Mann-Whitney U test for non-normal distributions.
For comparisons among multiple groups, one-way ANOVA
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was conducted. Tukey’s post hoc test was applied for gPCR
data when parametric assumptions were met, whereas
Fisher’s least significant difference (LSD) test was used for
western blot quantification. When parametric assumptions
were violated, the Kruskal-Wallis test followed by Dunn’s
post hoc correction was used. A two-tailed P-value<0.05 was
considered statistically significant.

Results

PCI12 cells were exposed to various concentrations of
H,0; (0, 50, 100, 300, and 500 uM) for 24 hr to induce
oxidative stress. Cell viability decreased in a concentration-
dependent manner, with all treatment groups showing
statistically significant reductions compared with the
control (P<0.05) (Figure 1). These results indicate that
H,0,-induced oxidative stress leads to cell death, with
higher concentrations producing more pronounced
cytotoxic effects. tBID, a selective inhibitor of HIPK2 with
an ICso of 0.33 uM, was used to examine the role of HIPK2
in oxidative stress. Accordingly, cells were assigned to three
groups: control, H,O,-treated, and tBID + H,O..

Based on preliminary experiments, 100 uM H,O, was
selected to establish an oxidative stress model in PC12 cells.
Cells in the H,O, group were treated with 100 uM H,O, for 24
hr, whereas those in the tBID + H,O, group were pretreated
with 1/4 ICs, tBID for 6 hr followed by co-incubation with
100 uM H,O,. Control cells received an equivalent volume
of saline. Gene expression was quantified by qPCR, and cell
viability was assessed using the CCK-8 assay.

As shown in Table 2, H,O, exposure significantly
increased the mRNA expression of HO-1, UGT1Al,
and NQOI1 compared with the control group (P<0.0Y,
confirming a robust oxidative stress response. Follow.ng
HIPK?2 inhibition by tBID, the tBID + H,O, group exh hited
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Figure 1. Hydrogen peroxide (H,O,) decreases cell viability in a dose-
dependent manner in PC12 cells

Cell viability was measured after treatment with increasing concentrations (50-500
uM) of hydrogen peroxide (H,O,). Data are presented as mean + standard deviation
(SD) (n = 8). Statistical significance was evaluated relative to the control group, with
significance defined as P<0.05. ***P<0.001.

significantly reduced HIPK2 and UGT1A1 mRNA levels
relative to the H,O, group (#£<0.05). Although HO-1 and
NQOL1 expression showed a ¢ ‘wnward trend, these changes
were not statistically significa. t (P>0.05; Figure 2a-d).
Moreover, HIPK2 inhibitioi.  significantly increased cell
death (P<0.05; Figure 2e,. Collectively, these results suggest
that HIPK2 regulates ce.'ular oxidative stress responses by
modulating UGL 1A »vpression and plays a protective role
against mew nal xidative stress.

Data 1. i the PC12 cell oxidative stress model, including
cell viabilit, (CCK-8) and gene expression (qQPCR), are
pro ided in Supplementary File 1. Oxidative stress is a major
ccntrictor to secondary neuronal injury following TBI (8).
To “artaer investigate the role of HIPK2 in TBI, a mouse
TBI model was established to evaluate HIPK2 expression in
T.ain tissue at 1, 3, 7, and 14 days post-injury. Western blot
analysis was performed to quantify HIPK2 protein levels.
Notably, contrary to expectations based on in vitro findings,

Table 2. Effects of H,O, and HIPK2 inhibition on mRNA ~xp ¢ssion of target genes

Group Mean At L SL it ANOVA Comparison P-value (Tukey's 1ISD)
(P-value) (P-value)
TIIPK2 Control 8838 0.175 5.091 0.030" vs I1L,O, 0.058
(0.051) vs (BID+I1,0. 0.921
1 9, 7.717 1 0.287 vs tBID4I1,0. 0.037"
tBID+1. 8.979 1 0.711 vs I1,O» 0.037
I10-1 Control 1.358 1 0.186 0.733 0.000*** vs IO 0.000%*
(0519) vs tBID4I1,0. 0.0017%
1L,0. 2.130 1 0.305 vs (BID+I1,0. 0.053
tBID+IL,0. 3.03110.228 vs I1,O 0.053
NQO1 Control 0.243 1 0.205 3.235 0.001" vs I1,O» 0.005%
(0.111)
vs tBID+11,0. 0.009"%
11,0, -0.960 1 0.127 vs tBID4I1,0. 0.791
tBID+I1,O. -0.808 1 0126 vs 11,0, 0.791
TGT1A1 Control 11.672 1 0.063 2291 0.025" vs I1,O 0.032%
(0.182)
vs tBID+11,0. 0.967
11,0, 10.382 1 0.459 vs tBID4I1,0. 0.011"
tBID+IL,0. 11.579 1 0.651 vs I1,O 0.011"

Data are presented as mean ACt + SD (n=3). *P<0.05, **P<0.01, ***P<0.001. ACt: delta cycle threshold; SD: standard deviation; ANOVA: analysis of variance; HSD: honestly

significant difference; H,O,: hydrogen peroxide

Iran J Basic Med Sci, 2026, Vol. 29, No.



HIPK2 in TBI oxidative stress

Zhu et al.

a HIPK2 b HO-1 C NQO1
ns
. & ——s s ns
<3 ns c 5 — e CTR
b S 2 T 1
H g4 s
= g g
g2 3 g )
3 F3 F
H z, £
st £ s 1
2 2 2
s g1 .
] s ®
© 0 '3 o 0
> \ o v v
9 v 314 12 12 o (&)
RN A SERCARS e
o & R X J 0
9 o ® S ¢ ©
& O Q@
R & R
d UGT1A1 e 150
.
1
4 - s o
§ — = —
o s
g, = 100
& 2
£ =
3 3 P
g2 s
= c
:, 3 50
k]
s
©
0
N 04
o 0% o
oé‘ ,3«9 ;2\9 Control  H,0, H,0,+BID
(9 S
A

Figure 2. (a—d) Effects of different treatments on the mRNA expression of HIPK2, HO-1, NQOI, and UGT1A1. The mRN~ “xpression levels of (a) HIPK2,
(b) HO-1, (c) NQO1, and (d) UGT1A1 were measured in control, hydrogen peroxide (H,O,)-treated, and tBID + H,O,-tre. =d groups of PC12 cells by

qPCR. Data are from three independent experiments with triplicate technical repeats per experiment, normalized to u

cor.rol group, and presented

as mean * standard deviation (SD). Statistical analysis was performed using one-way ANOVA followed by Tukey’. vost hc test. (e) Effects of different
treatments on cell viability. Cell viability was measured using the CCK-8 assay. Statistical analysis was performzu . ‘ng <..c-way ANOVA followed by LSD

post hoc test. Significance is denoted at P<0.05.

HIPK2: Homeodomain-interacting protein kinase 2; HO-1: heme oxygenase-1; NQO1: NAD(P)H Quinone Dehydrogenasc 1; U "1 A4: UDP-glucuronosyltransferase 1A1; tBID:

truncated BID; gPCR: quantitative real-time polymerase chain reaction; ANOVA: analysis of variance; CCK-8: Clu

HIPK2 expression was reduced rather than elevated
following TBI. Representative western blot images (Figure
3a) and corresponding densitometric analysis (Figure
3b) showed that HIPK2 protein levels were significantly
decreased at all post-injury time points compared with the
sham group (P<0.05). HIPK2 expression declined sharply
on day 1 and gradually recovered beginning on day 3,
although levels remained significantly lower than those i1
sham controls. All gel images were uniformly adjust:d tor,
brightness and contrast. These findings indicate. ‘nat TR’
dynamically regulates HIPK2 expression in neuZal v ssue.
Previous in vitro experiments indicated . hat FEJ[PK2
participates in the regulation of cellular cxida ive stress. To
determine whether HIPK2 similarly mc {ulatzs oxidative
stress following TBI, the 3-day | ost-injury time point was
selected. Mice were assigned to “ree groups: sham, TBI,
and TBI + Ad-HIPK2. The TBI + Aa-.11PK2 group received
an intracerebroventricular injection of recombinant
HIPK2 (Shanghai Genechem Co., Ltd.) to induce HIPK2

a

sham 1d 3d 7d 14d

HIPK2 Gelt | - e a0 ’ 100kDa
- > = ‘ 36kDa

GAPDH Gel2

Figure 3. Temporal changes in HIPK2 protein expression following mouse TBI
(a) Representative western blot bands of HIPK2 in the cerebral cortex of sham-operated rats and at indicated time points post-TBI. GAPDH served as the loading control. (b)
Quantitative analysis of HIPK2 protein expression. Data are presented as mean + standard deviation (SD) (n = 3). Statistical analysis was performed using one-way analysis of

variance (ANOVA) followed by LSD post hoc test.

witi. - Kit-8; LSD: least significant difference

overexvression. Nestern blotting was performed to assess
oxidativ_ stress-re.ated proteins, including HO-1, UGT1Al,
and NQO\ in brain tissue.

Poo,ceriative  western  blot images (Figure 4a)
ana’ ccrresponding densitometric analysis (Figure 4b)
dern. Lstrated that HIPK2 overexpression significantly
ii.veased UGT1A1 and NQOI1 expression compared
with the TBI group (P<0.05). Although HO-1 expression
exhibited a slight upward trend, the increase was not
statistically significant (P>0.05). All gel images were
uniformly adjusted for brightness and contrast. Collectively,
these results suggest that HIPK2 contributes to the oxidative
stress response in neural tissue following TBI and may serve
a neuroprotective role.

Data from the in vivo TBI mouse model, including
the temporal profile of HIPK2 protein expression and the
subsequent alterations in oxidative stress-related proteins
(HO-1, UGT1A1, NQO1) following HIPK2 overexpression as
assessed by western blot, are provided in Supplementary File 2.

Relative Protein

Sham

TBl-id TBI-3d TBI-7d TBIl-14d

HIPK2: Homeodomain-Interacting Protein Kinase 2; TBI: Traumatic brain injury; LSD: least significant difference; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase
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Sham T8I TBI+Ad-HIPK2

HO 1 Gel2 : :: l ’ ‘] 28kDa

Sham T8I TBI+Ad-HIPK2

UGTIAY Gol « | W T RN 5500

- El Sham
= T8I
& = TBl+ad-HIPK2

HIPK2 HO-1

NQO1 UGT1A1

Figure 4. Effects of HIPK2 overexpression on anti-oxidant pathway proteins following TBI in mice

(a) Representative western blot bands showing the expression levels of HIPK2, HO-1, NQO1, and UGT1A1 in each group, with GAPDI1 u ~d as the internal reference protein.
Mice in the TBI + adenovirus-mediated HIPK2 overexpression (Ad-HIPK2) group received intracerebroventricular injection of recom' " ~nt aa. »evirus encoding HIPK2. (b) Bar
graph of quantitative statistical analysis. Statistical analysis was performed using one-way ANOVA followed by LSD post hoc test.

HIPK2: Homeodomain-Interacting Protein Kinase 2; TBI: Traumatic brain injury; LSD: least significant difference; GAPDH: Glyce. 'dehyd:-3-phosphate dehydrogenase; HO-1:
Heme Oxygenase-1; NQO1: NAD(P)H Quinone Dehydrogenase 1; UGT1A1: UDP-glucuronosyltransferase 1A1 ; ANOVA: 4nai, = 01 vailance

Discussion

Secondary neuronal injury following TBI is a complex
pathophysiological process involving microglial activation,
inflammation, Ca®" overload, oxidative stress, and
mitochondrial dysfunction (8, 12, 25-27), Among these
factors, oxidative stress plays a central role in secondary
neuronal damage. It is activated during the acute phase
of TBI and can exacerbate primary injury, ultimately
contributing to neurological dysfunction (28).

The antioxidant defense system mitigates excessive
ROS and is divided into enzymatic and non-enzyma ‘c
components. Enzymatic antioxidants include superoxide
dismutase, glutathione peroxidase, and catalas¢, wioas
non-enzymatic antioxidants include glututh, ne and
NADPH (29,30). NQO1 is a widely disw.butea FAD-
dependent flavoprotein that catalyzes tu . re iuction of
quinones, quinone imines, nritroaro natic' compounds,
and azo dyes (31). NQOI r:sponds to oxidative stress
and exhibits direct antio. dant activity, including
partial scavenging of superoxi. wriadicals (13, 32-34),
In Alzheimer’s disease, increased NQO1 expression is
considered a protective response to neuronal oxidative
stress (35). HO-1is highly sensitive to pro-oxidative stimuli
(36) and functions as a cytoprotective protein (37). HO-1
helps maintain mitochondrial integrity and promotes cell
survival by reducing oxidative stress and inflammation (14).

HIPK2 is a stress-responsive kinase expressed at
significantly higher levels in the central nervous system
than in other tissues (38). Under basal, non-oxidative stress
conditions, HIPK2 undergoes SUMOylation and binds to
HDAC3, maintaining a deacetylated state (39). Excessive
ROS levels inhibit HIPK2 SUMOylation, reducing its
interaction with HDAC3 and leading to HIPK2 acetylation
(15). Acetylated HIPK2 has been reported to protect cells
and promote survival under conditions of elevated oxidative
stress (16).

In our in vitro experiments, oxidative stress markedly

increased H'"KZ mRNA expression, and inhibition of
HIPK2 re ucec cell -ability, indicating that HIPK2 may
contribute 1. the regulation of cell survival under stress
conc ‘tions. Th. -interpretation is supported by previous
findiny . showing elevated HIPK2 expression in neurons
with u th. perilesional cortex of a rat TBI model (40).
I corwst, our mouse model of TBI exhibited an overall
seduction in HIPK2 protein levels in whole-brain tissue
alie Injury.

This discrepancy may arise from differences in
experimental approaches and the spatial resolution of the
analyses. Earlier studies concentrated on the perilesional
cortex, a penumbral region adjacent to the injury core where
severe stress rapidly induces localized HIPK?2 activation and
accumulation during the acute phase. By comparison, our
measurements were based on whole-brain homogenates,
which include not only this region but also the injury core—
characterized by extensive cellular destruction—as well as the
contralateral hemisphere and distant areas that experience
minimal impact. As a result, the strong local up-regulation
of HIPK2 is diluted and offset by the predominantly low
expression in unaffected tissue and by protein degradation
in necrotic regions, leading to an overall decrease at the
whole-brain level. Additionally, HIPK2 has been reported
to undergo ubiquitin-mediated degradation under stress
conditions such as hypoxia (41), further supporting a
mechanistic explanation for the reduced protein levels
observed here. Collectively, these findings suggest that
the divergent patterns of HIPK2 expression at regional
versus whole-brain scales after TBI reflect the complex
spatiotemporal dynamics of its regulation following injury.
In vitro experiments demonstrated that HIPK2 inhibition
significantly down-regulated UGT1AL1 levels. A concurrent
downward trend in HO-1 expression was observed, though
not statistically significant (P=0.53), suggesting the need
for verification through studies with larger sample sizes.
Furthermore, HIPK2 conferred protective effects against
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H,0,-induced oxidative damage in PC12 cells.

Although HIPK2 regulation of NQOI1 expression
could not be definitively demonstrated in vitro, HIPK2
overexpression in vivo significantly increased NQOI1
levels. While HO-1 expression did not reach statistical
significance in vivo, a trend toward elevation was observed
(P>0.05). Collectively, these findings suggest that HIPK2
may contribute to the neuronal oxidative stress response
following TBI and enhance cellular resilience against
oxidative damage.

Limitations

This study has several limitations. First, in the in vitro
experiments, only the baseline mRNA expression levels
of HIPK2, HO-1, UGT1Al, and NQO1 were measured,
without assessment of the corresponding protein levels.
This limitation should be addressed in future studies.
Second, the mechanisms by which HIPK2 regulates HO-1,
UGT1A1, and NQO1 were not explored. Future research
should focus on elucidating the specific pathways through
which HIPK2 modulates neuronal tolerance to oxidative
stress following TBI.

Conclusion

HIPK2 regulates UGT1Al expression in PC12 cells
under oxidative stress, thereby modulating cellular oxidative
stress responses. Additionally, HIPK2 protects PC12 cells
against H,0O,-induced oxidative damage. In a murine TBI
model, HIPK2 expression is markedly down-regulated
in brain tissue. Notably, HIPK2 overexpression increases
UGT1A1l and NQOI expression, highlighting its critical
role in regulating the neuronal oxidative stress response
following TBI. These findings identify HIPK2 as a potential
therapeutic target for TBI.
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