
ARTICLE OPEN

Zipper-interacting protein kinase mediates neuronal cell death
and cognitive dysfunction in traumatic brain injury via
regulating DEDD
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Neuronal cell death is a causative process in traumatic brain injury (TBI)-induced structural and functional impairment of the central
nervous system. However, the upstream trigger of TBI-induced neuronal loss and the underlying molecular pathways remain
unclear. Zipper-interacting protein kinase (ZIPK) has been shown to be upregulated in Alzheimer’s disease and ischemic stroke and
to play a role in cellular apoptosis, while its pathological significance in TBI has not been reported. Herein, we discovered for the
first time that ZIPK expression was markedly elevated in neurons after TBI and that ZIPK caused massive neuronal apoptosis in peri-
contusional brain regions. Zipk haploinsufficiency antagonized neuronal cell death and reversed several typical neuropathological
changes induced by TBI. Mechanistically, we found that ZIPK affected neuronal viability by modulating death effector domain-
containing DNA binding protein (DEDD) and caspase-3 pathway. Specifically, ZIPK could bind to and phosphorylate DEDD at the S9
residue, thus enhancing the stability of DEDD, and leading to the activation of caspase-3-mediated apoptotic cascade in neurons.
The rescue of neuronal loss by ZIPK downregulation effectively alleviated TBI-induced behavioral deficits by preserving motor and
cognitive abilities in vivo, supporting the decisive role of ZIPK dysregulation in TBI-associated neuronal dysfunctions by modulating
neuronal survival. Furthermore, pharmacological suppression of ZIPK activity by a specific inhibitor prior to TBI protected neurons
from brain injury-induced cell death and neuronal degeneration in vitro and in vivo by preventing DEDD upregulation and caspase-
3 activation. In conclusion, our data reveal the essential contribution of ZIPK to TBI-induced neuronal cell death through the DEDD/
caspase-3 cascade, and suggest the potential of targeting ZIPK as an effective strategy for treating TBI-related neuropathologies.
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INTRODUCTION
Traumatic brain injury (TBI) is recognized as a leading cause of
disability and death among adults worldwide. The estimated
global incidence of TBI is ~56 million cases per year [1]. The high
incidence and prevalence of TBI relative to other neurological
diseases have made it a major public health burden. TBI involves
heterogeneous neuropathological changes at molecular, cellular,
and systemic levels that depend on the severity, site, and duration
of the injury and interventions [2]. In general, TBI causes primary
and secondary injuries, which are initiated by different mechan-
isms and lead to short-term and long-term neuropathological
consequences [3]. Neuronal cell death following TBI results in
structural and functional degeneration in both acute and chronic
phases, and is considered a driving force for the development of
various neuropsychiatric and neurodegenerative disorders [4].
Several types of cell death programs have been reported in the
pathogenesis of TBI-related neuronal damage, including apopto-
sis, necroptosis, and ferroptosis [5–7]. Neuronal cell death not only
leads to irreversible tissue damage in the injury area but also

negatively affects cells in distal regions through the generation of
toxic components, further causing extensive and lasting second-
ary injuries [4]. Limiting neuronal cell death has been shown to
exert protection on preclinical TBI models by reducing cellular
damage. Moreover, several anti-apoptotic compounds are under-
going clinical trials for TBI management, albeit with limited
progress [4]. However, the upstream regulators of TBI-induced
neuronal cell death remain elusive, and the molecular pathways
mediating the development of neurobehavioral deficits have not
been fully defined.
Zipper-interacting protein kinase (ZIPK), a member of the

death-associated protein kinase (DAPK) family, is a serine/
threonine (Ser/Thr) protein kinase with important roles in
regulating cellular apoptosis and smooth muscle contraction
[8]. ZIPK is ubiquitously expressed in different tissues including
the brain, and dysregulated ZIPK expression has been shown to
be associated with ischemia-induced brain damage and
Alzheimer’s disease (AD) [9, 10]. For example, ZIPK participates
in regulating blood–brain barrier (BBB) integrity by affecting the

Received: 12 September 2024 Revised: 7 February 2025 Accepted: 21 February 2025

1Fujian Key Laboratory of Translational Research in Cancer and Neurodegenerative Diseases, Institute of Basic Medicine, School of Basic Medical Sciences, Fujian Medical
University, Fuzhou, China. 2Laboratory of Molecular and Cellular Biology, Department of Life Science, Sogang University, Seoul, Korea. ✉email: taozh@fjmu.edu.cn;
tlee0813@fjmu.edu.cn
Edited by Mauro Piacentini

www.nature.com/cddis

Official journal of CDDpress

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-025-07474-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-025-07474-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-025-07474-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-025-07474-7&domain=pdf
http://orcid.org/0000-0002-8157-7674
http://orcid.org/0000-0002-8157-7674
http://orcid.org/0000-0002-8157-7674
http://orcid.org/0000-0002-8157-7674
http://orcid.org/0000-0002-8157-7674
http://orcid.org/0000-0001-5968-1478
http://orcid.org/0000-0001-5968-1478
http://orcid.org/0000-0001-5968-1478
http://orcid.org/0000-0001-5968-1478
http://orcid.org/0000-0001-5968-1478
https://doi.org/10.1038/s41419-025-07474-7
mailto:taozh@fjmu.edu.cn
mailto:tlee0813@fjmu.edu.cn
www.nature.com/cddis


permeability of endothelium in ischemia–reperfusion mouse
model. Endothelial ZIPK ablation decreases the brain infarct
volume and BBB disruption, and improves neuronal functions
after ischemia–reperfusion injury [9]. Besides, ZIPK inhibition
rescues endothelial senescence through the transcriptional
modulation of genes related to energy metabolism and cell
survival [11]. An AD patients-based study analyzed a panel of
apoptosis-related proteins, and reported higher levels of ZIPK
along with other pro-apoptotic proteins in the cortex of AD
patients than in age-matched controls [10]. These studies
highlight the crucial role of ZIPK dysregulation in the
pathogenesis of brain aging and neurological diseases such as
ischemia and AD. TBI is a common risk factor for neurodegen-
erative disorders [12], while whether ZIPK is dysregulated in TBI
has not been investigated. Furthermore, the function of ZIPK in
the neuropathology of TBI, and specifically in the regulation of
neuronal cell death, is incompletely studied.
In this study, we used cellular and animal TBI models to

investigate the role of ZIPK in TBI-induced neuronal cell death and
underlying mechanisms. We demonstrated that neural injury
upregulates the expression of ZIPK, leading to the activation of
death effector domain-containing protein (DEDD) and capsapse-3-
mediated apoptosis pathway in neurons by phosphorylating the
S9 residue of DEDD. ZIPK upregulation following brain injury
exacerbates neuronal loss, synaptic impairment, and BBB damage
in vivo, ultimately causing neurological impairment and neuro-
cognitive dysfunction. Zipk haploinsufficiency or pharmacological
inhibition of ZIPK activity efficiently counteracts neuronal cell
death and attenuates behavioral deficits in mice, thus providing a
potential therapeutic strategy for TBI.

MATERIALS AND METHODS
Chemicals and reagents
The details of antibodies used in the study are provided in Table S1. The
ZIPK inhibitor was described previously and was purchased from MCE
(Shanghai, China) [13]. Cycloheximide (CHX) was purchased from Cell
Signaling Technology (Danvers, MA, USA) to inhibit protein synthesis.
Hydrogen peroxide (H2O2) was bought from Ganshanhu (Nanchang,
China). Hoechst 33342, Evans blue dye, formamide, and paraformalde-
hyde powder were obtained from Sangon Biotech (Shanghai, China).
Protein A/G plus-agarose was provided by Santa Cruz (Dallas, TX, USA).
The protease inhibitor cocktail and phosphatase inhibitor were pur-
chased from Topscience (Shanghai, China). Cytosine-β-D-arabinofurano-
side (AraC) was provided by Sigma-Aldrich (Darmstadt, Germany).
Turbofect transfection reagent was bought from Thermo Fisher Scientific
(Waltham, MA, USA). Tribromoethanol was provided by Sigma-Aldrich.
FreeZol reagent was purchased from Vazyme (Nanjing, China). Anti-
fading medium was supplied by SouthernBiotech (Birmingham, AL, USA).
ZIPK and DEDD constructs were prepared by Dobiotech (Fuzhou, China)
and Fenghui Biotech (Changsha, China), respectively. Small interfering
RNAs (siRNAs) sequences for ZIPK and DEDD were synthesized by Hanbio
(Shanghai, China), and the specific sequence information is shown in
Table S2.

Animals
Male wild-type (WT) and Zipk haploinsufficiency (Zipk+/−) mice (all in
C57BL/6 background) aged 10–12 weeks were used in the present study.
The procedure for generating Zipk+/− mice via the CRIPSR/Cas9 is shown in
Fig. S1A. In brief, a CRISPR/Cas9 system targeting the primary RNA
transcript of Zipk (ENSMUST00000178422.8) was constructed and micro-
injected into the fertilized eggs of C57BL/6 mice to get the F0 mice. After
confirming the genotypes of F0 mice, the positive F0 mice were mated
with WT C57BL/6 mice to obtain F1 generation mice. Zipk+/− mice were
selected for further breeding and TBI modeling. The sequencing and
representative genotyping data are shown in Fig. S1A, B. All mice were
maintained at the animal center of Fujian Medical University, on a 12-h
light/dark cycle and provided continuous access to food and water. The
mouse experiments were approved by the Animal Welfare and Ethics
Committee of Fujian Medical University (IACUC FJMU2018-053) and were
performed in accordance with institutional guidelines. The sample size was

estimated by experience and mice were randomly assigned to each group
based on the genotypes.

TBI mouse model
We applied the controlled cortical impact (CCI) model to induce TBI in
mice. The procedure was performed according to previous publications,
with minor modifications [14, 15]. Briefly, each mouse was anesthetized
with isoflurane and fixed on a stereotaxic frame. The skull surface was
exposed, and a 4-mm diameter craniotomy was made in the right parietal
bone at −2mm anteroposterior and −2.5 mm mediolateral from bregma.
Afterward, the impact point was aligned perpendicular to the impactor,
and the mouse was subjected to CCI using a brain and spinal cord
impactor equipped with a flat 3-mm metal tip, which was provided by
RWD Life Science (Shenzhen, China). The parameters for CCI were as
follows: 3.5 m/s velocity, 0.2 ms dwell time, 2 mm depth. The sham mice
were subjected to the same procedure, except for the final impact on the
head. The incision was then sutured, and the mouse was placed back to
the home cage with a heating pad for recovery. For HS38 treatment
in vivo, mice were administrated HS38 (10mg/kg body weight) or vehicle
by intraperitoneal injection 30min prior to TBI modeling.

Cell culture and transfection
Human embryonic kidney 293 T (HEK293T) cells were obtained from the
Cell Bank/Stem Cell Core Facility (Shanghai, China), and was maintained in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco, New York, NY, USA)
supplemented with 10% fetal bovine serum (FBS, PAN-biotech, Aidenbach,
Germany). The human neuroblastoma cell line SH-SY5Y was purchased
from Procell (Wuhan, China) and cultured in MEM/F12 containing 15% FBS
(Procell). Plasmids or siRNAs transfection were performed following the
manufacturer’s guide. Mouse primary cortical neurons were isolated and
cultured as described previously [16]. The isolated neurons were seeded in
poly-D-lysine coated 6-well or 24-well plates in a neurobasal medium
containing 2% B-27 and GlutaMAX supplement (Gibco). AraC (10 μM) was
added at 3 days in vitro to obtain neuron-enriched cultures. Half of the
medium was replaced every 2 days. All media contained 100 U/mL
penicillin and 100 µg/mL streptomycin (Gibco). The cells were maintained
at 37 °C under 5% CO2. Primary neurons were used for experiments at
seven or 8 days in vitro.

In vitro TBI model
We employed two cellular models to mimic TBI-induced damage in vitro.
For the first model, scratches were made manually with pipette tips to
recreate pathological features of penetrating TBI, with minor modifications.
Briefly, a cross wound was made in culture well with a 200 μL tip in 6-well
plates when cells reached 60-80% confluence [5]. For the second model, to
induce oxidative damage, cells were cultured in a fresh cell medium
containing 50 or 100 μM H2O2 for 24 h [7]. Samples were collected at
indicated time points for further analysis. For in vitro HS38 treatment, the
compound was added to cells at a final concentration of 20 μM 2 h before
scratch injury or H2O2 treatment.

Quantitative real-time PCR
Total RNA was extracted from various samples according to the
manufacturer’s instructions. Quantitative real-time PCR (qRT-PCR) was
performed based on our previous protocol [17]. In brief, cDNA was
synthesized from total RNA using the HiScript® III RT SuperMix (Vazyme)
following the manual. The resulting cDNA was then amplified by qRT-PCR
via the ChamQ Universal SYBR qPCR Master Mix (Vazyme) through the
QuantStudio Real-time PCR System (Applied BioSystems, Waltham, MA, USA)
under the following temperature cycling conditions: 95 °C for 3min, then 40
cycles of 95 °C for 20 s, 60 °C for 30 s, and 72 °C for 30 s were performed.
Data were analyzed using the 2−ΔΔCt method, and ACTB was used as an
endogenous control [18]. The primers used are shown in Table S3.

Immunoblotting analysis
Total proteins were extracted from cells or brain tissues with radio-
immunoprecipitation assay (RIPA) buffer. The protein concentration was
determined with a BCA protein assay kit (Beyotime, Shanghai, China).
Protein samples (15–20 μg) were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to poly-
vinylidene difluoride membranes (Merck, Darmstadt, Germany) via semi-
dry transfer (Bio-Rad, Hercules, CA, USA). Membranes were then blocked
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with 5% bovine serum albumin or non-fat milk in TBST for 1 h at room
temperature and subsequently incubated with primary antibodies over-
night at 4 °C. After washing three times with TBST, HRP-conjugated
secondary antibodies were added to membranes, and incubated for 1 h at
room temperature. After being rinsed in TBST three times, all membranes
were developed using a Chemidoc imaging system (Bio-Rad). Protein levels
were quantified by densitometry analysis using β-actin as a loading control
in ImageJ software (version 1.51j8), and the protein level in each group was
normalized to that in the control group for further comparison.

Co-immunoprecipitation and in vitro kinase assay
Co-immunoprecipitation (Co-IP) and in vitro kinase analyses were
performed as described previously [19]. Total protein was extracted from
brain tissues or cells with NP-40 lysis buffer, and the extracted proteins
were incubated with primary antibodies at 4 °C for 2 h. The immune
complexes were pulled down with protein A/G plus-agarose at 4 °C for 1 h.
The agarose was collected and washed, and proteins were eluted by
boiling in 2× loading buffer before immunoblotting analysis. For in vitro
kinase assay, recombinant ZIPK (Thermo Fisher Scientific) was incubated
with His-DEDD or GST-MLC purified from bacterial expression in kinase
reaction buffer at room temperature for up to 30min [20]. Samples were
subjected to 32P-autoradiography as described previously [19]. Samples
after the kinase assay were also separated in SDS-PAGE, and the DEDD
bands were collected for mass spectrometry (Biotech-pack, Beijing, China)
or incubated with an anti-pan-phospho-Ser/Thr antibody (Abcam, Cam-
bridge, UK).

Immunostaining assay
Immunostaining measurement was conducted as described in previous
studies [21, 22]. Mice were anesthetized by intraperitoneal injection of
1.25% tribromoethanol (0.2 mL/10 g body weight), and brains were
immediately isolated and fixed in 4% paraformaldehyde (w/v in PBS)
overnight. Afterward, brain tissues were sequentially dehydrated in
ethanol solutions, and embedded in paraffin. Coronal sections (5 μm)
were cut serially using a microtome from Leica (Shanghai, China). After
deparaffinization, hydration, and antigen retrieval, sections were blocked
in goat serum (Solarbio, Beijing, China) for 1 h at room temperature.
Samples were incubated with primary antibodies at 4 °C overnight and
washed with PBS containing 0.1% Tween-20 three times. All samples were
then incubated with Alexa 488- or 546-conjugated secondary antibodies
(Thermo Fisher Scientific) and Hoechst 33342 (1:2000) for 1 h at room
temperature. Images were acquired with a fluorescence microscope (Axio
Imager 2, Zeiss, Oberkochen, Germany), and signals were analyzed using
ImageJ software. The expression of a certain protein was presented as the
relative level to that of the control.

TUNEL assay
TUNEL assay was performed via an in situ cell death detection kit (TMR
Red) obtained from Sigma-Aldrich. Cell samples or brain sections were
processed following the manufacturer’s instructions, and nuclei were
visualized by Hoechst 33342. Images were acquired in a fluorescence
microscope (Axio Imager 2, Zeiss), and the number of TUNEL-positive cells
in each sample was quantified with ImageJ.

Nissl staining
Neuronal damage was detected according to the instructions of Nissl
staining solution (Beyotime). Paraffin mouse brain sections were depar-
affinized and hydrated according to the procedures of immunostaining.
Nissl staining solution was added, and sections were incubated at 37 °C for
10min in the dark, washed twice with ddH2O, and incubated with 95%
ethanol and xylene for 5 min each. After drying, the sections were sealed
with neutral resin (Solarbio). All samples were imaged with a light
microscope (Primo Star, Zeiss). Cells with large, full soma and round nuclei
are recognized as intact neuron, while cells showing shrunken morphology
and condensed nuclear staining are defined as disorganized neuron [23].

Evans blue staining
BBB damage was evaluated by measuring Evans blue dye uptake [24, 25].
At 48 h after TBI, 2% Evans blue dye was injected through the tail vein of
mice (2 mL/kg) 2 h before brain isolation. Mice were anesthetized and
perfused with pre-cooled PBS solution. Brain tissues from the injured
hemisphere were harvested and weighed, cut into pieces, and placed in a

test tube containing 1mL formamide. All samples were incubated at 60 °C
for 24 h and centrifuged at 14,000 rpm for 30min to collect the
supernatants. Evans blue standard solutions were prepared. The absor-
bance values of the sample supernatants and standard solutions were
measured at 620 nm using a microplate reader (Thermo Fisher Scientific),
and the content of Evans blue in each sample was determined based on
the standard curve and normalized to the brain weight.

Modified neurological severity score (mNSS)
mNSS was determined as previously described to evaluate the neurolo-
gical deficits of mice [26]. Neurological deficits were evaluated 1, 2, 3, and
7 days after TBI. Scores ranged from 0 to 12, with higher scores indicating
more severe neurologic deficits in the mice (Table S4). The data were
evaluated in a blinded manner.

Open-field test (OFT)
OFT is used to measure the exploratory locomotor and anxiety-like
behavior of our mouse models [27]. Mice were brought to the test room at
least 30 min before the test. During the measurement, each mouse was
placed in the center of an open field (40 cm × 40 cm) and allowed to
explore for 15min. The movement was recorded and the trajectory of the
last 10 min of the test was analyzed to obtain the time and distance
traveled in central area and the number of entries into the central area.

Morris water maze (MWM) test
The spatial learning and memory abilities of mice were measured using the
MWM test. The method was described in our previous study [28]. In brief,
all mice were transferred to the test room 30min before the start of the
experiment. Titanium dioxide was used to enhance the contrast, and the
water temperature was maintained at 25 ± 1 °C. Mice were first subjected
to a visible platform test (day 1, platform 1 cm above water) and hidden
platform tests (days 2 to 5, platform 1 cm below water) in a water maze
equipped with a camera, with five trials per day (inter-trial intervals of
~20min). The cutoff time for each trial was set to 60 s. If the mouse
reached the platform within 60 s, it was allowed to remain on the platform
for 5 s. Otherwise, the mouse was led to the platform and allowed to stay
there for 20 s. The probe trial was performed on day 6, in which the
platform was removed and mice were allowed to swim freely in the water
for 60 s. Swimming path was recorded and analyzed by the Smart program
(version 3.0.06) provided by Panlab Harvard Apparatus (Barcelona, Spain).

Statistical analysis
GraphPad Prism software (San Diego, CA, USA) was used for data analysis.
All data are presented as means ± standard deviation (SD) from at least
three independent experiments. The normality of the data was first
evaluated via Shapiro–Wilk test. An unpaired two-tailed Student’s t test
was applied to analyze the difference between two groups, whereas one-
way analysis of variance (ANOVA) followed by Tukey’s multiple compar-
isons test was applied to compare multiple groups. Non-normal
distribution data were compared by nonparametric tests. The group size
and statistical methods were detailed in figure legends. P < 0.05 was
considered statistically significant.

RESULTS
TBI leads to upregulation of ZIPK expression in neurons
To determine whether ZIPK is involved in the neuropathology of
TBI, we evaluated the temporal changes in the expression of ZIPK
in peri-contusional regions after CCI-induced brain injury (Fig. 1A).
Immunofluorescence revealed a remarkable increase in ZIPK
protein level as well as the number of ZIPK-positive cells in peri-
contusional brain areas of mice 1 day following CCI. The induction
of ZIPK expression in peri-injury sites peaked at 2 days post TBI,
and sustained for one week based on our analysis (Fig. 1B–D). We
further confirmed that TBI upregulated ZIPK primarily in neurons,
as shown by the high colocalization of ZIPK with the neuronal cell
marker NeuN, but not with glial cell markers GFAP and Iba1
(Fig. 1E). Having discovered the upregulation of neuronal ZIPK
after TBI, we examined whether ZIPK expression was also
increased in in vitro TBI models by subjecting neurons to scratch
injury or H2O2-induced oxidative damage. Scratch injury
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Fig. 1 ZIPK expression is increased after TBI, scratch injury, and H2O2 exposure. A Schematic representation of the contusional region (red)
and the peri-contusional areas (blue) after TBI. Levels of all pathological markers were detected from the peri-contusional area (blue).
B Immunofluorescence analysis of ZIPK expression in peri-contusional brain areas of mice from sham and TBI groups at different time points
after injury. n= 3 mice/group. The scale bar is 20 μm. C, D Quantification of the ZIPK+ cell number and relative ZIPK signal intensity via ImageJ.
E Representative immunostaining of ZIPK and NeuN (neuronal marker), GFAP (astrocyte marker) or Iba1 (microglial marker) in peri-contusional
brain areas. The cells used for colocalization analysis are marked in red. The scale bar is 20 μm. F, G Representative immunoblots and
quantification of ZIPK expression in primary neurons and SH-SY5Y cells after scratch injury H, I Immunoblot analysis of ZIPK levels in primary
neurons and SH-SY5Y cells treated with different concentrations of H2O2. J–N qRT-PCR analysis of ZIPK mRNA levels in in vivo and in vitro TBI
models. *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant. One-way ANOVA was used for statistics in (C–I, K–N). Unpaired two-tailed
Student’s t test was used in (J).
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recapitulates the primary mechanical damage in open-head injury,
and can trigger various secondary injury mechanisms through the
release of harmful factors such as oxygen-free radicals from
damaged neurons [5, 29]. Furthermore, the increase in oxygen-
free radicals is an important pathological change in TBI [7, 29].
Consistent with the in vivo data, ZIPK protein levels in primary
neurons and SH-SY5Y cells were markedly increased after the
scratch injury or H2O2 exposure (Fig. 1F–I). Thus, the findings of
animal and cellular studies corroborate the dysregulation of
neuronal ZIPK expression after TBI. However, the ZIPK mRNA level
was not significantly altered in our TBI models (Fig. 1J–N). Taken
together, these results demonstrate that TBI leads to ZIPK
upregulation in neurons.

ZIPK dysregulation mediates TBI-induced neuronal cell death
Neuronal cell death is a pivotal pathological feature of TBI and
may occur in acute and chronic phases of brain injury due to
primary mechanical damage or secondary neurochemical
changes. ZIPK has been proven to be closely involved in
regulating cell apoptosis. Besides, a previous study reported the
upregulation of ZIPK and several pro-apoptotic proteins in the
cortices of AD patients [10], implicating a potential role of ZIPK in
regulating neuronal integrity in neurological disorders. To
elucidate whether ZIPK is a key regulator of TBI-induced neuronal
death, we first generated a Zipk+/− mouse model using the
CRISPR/Cas9 technique (Fig. S1A, B). While Zipk knockout is
embryonic lethal [9, 30], systemic Zipk haploinsufficiency had no
obvious effect on brain morphology and body size in either the
postnatal or adult stage (Fig. S1C–F). The expression of ZIPK was
reduced by about 50% in Zipk+/− mouse brain and primary
neurons compared with those in WT littermates (Fig. S1G–I).
Moreover, the upregulation of ZIPK in peri-injury sites of WT-TBI
mice was significantly mitigated in Zipk+/−-TBI mice (Fig. S2). We
first performed TUNEL assay to detect neuronal cell death in WT
and Zipk+/− mice after TBI. The significant increase in TUNEL-
positive signals in peri-contusional areas of WT-TBI mice indicated
the occurrence of massive cell death in the brain following TBI.
However, this increase was ameliorated in Zipk+/−-TBI mice
(Fig. 2A). The protection was further supported by results of Nissl
staining, showing that the number of damaged neurons in peri-
injury regions was much lower in Zipk+/−-TBI group than in WT-TBI
group (Fig. 2B). In line with the TUNEL assay and Nissl staining,
NeuN immunostaining also showed about 70% neuronal loss in
brains of WT-TBI mice (Fig. 2C). However, Zipk haploinsufficiency
attenuated TBI-induced neuronal loss as exhibited by an increase
in the number of NeuN-positive cells. The in vivo data clearly
confirmed the essential role of ZIPK in mediating TBI-induced
neuronal loss. To further clarify the effect of ZIPK on neuronal cell
death, primary neurons from WT and Zipk+/− mice were subjected
to scratch or H2O2 treatment, and cell death was quantified using
TUNEL assay. A partial deletion of ZIPK also considerably protected
neurons against scratch or H2O2-induced cell death (Fig. 2D, E).
Furthermore, we transfected SH-SY5Y cells with si-ZIPK or HA-ZIPK
constructs to silence or increase ZIPK expression, respectively.
ZIPK silencing by si-ZIPK treatment inhibited H2O2-induced cell
death (Fig. 2F), whereas ZIPK overexpression further aggravated
oxidative damage-induced cell apoptosis (Fig. 2G). Combined, the
above results show that ZIPK upregulation contributes to TBI-
induced neuronal cell death.

ZIPK induces neuronal cell death by regulating the DEDD/
caspase-3 pathway
To better understand the molecular pathways underlying ZIPK
dysregulation and neuronal cell death in TBI, we evaluated levels
of several key molecules responsible for cell apoptosis in cellular
TBI models. The hyperactivation of caspases has been noted in
both ZIPK-induced apoptosis and TBI-induced cell death [31, 32].
The activity of caspase-3, a major executor of cell apoptosis, is

tightly modulated by DEDD. DEDD participates in the regulation of
cell death via a caspase-3-dependent pathway [33, 34]. Besides,
the expression of DEDD is elevated in the cortices of AD patients
[35]. Moreover, several potential ZIPK phosphorylation motifs exist
in DEDD protein. This evidence suggests that DEDD may be a link
between ZIPK and TBI-induced neuronal death. We thus focused
on DEDD and caspase-3 as downstream molecules of ZIPK in
cellular TBI models. We observed that the protein levels of
cleaved-caspase-3 (cle-caspase-3) and DEDD were increased in WT
neurons after scratch injury or H2O2 exposure (Fig. 3A, B).
However, this increase was reversed in Zipk+/− neurons subjected
to scratch or H2O2 (Fig. 3A, B). In addition, SH-SY5Y cells
transfected with si-ZIPK or HA-ZIPK were treated with H2O2, and
we found that ZIPK knockdown prevented H2O2-induced increase
in cle-caspase-3 and DEDD expression (Fig. 3C), whereas ZIPK
overexpression promoted H2O2-induced upregulation of DEDD
and cle-caspase-3 (Fig. 3D). These results substantiate that ZIPK
modulates the DEDD/caspase-3 pathway in TBI.
To explore whether DEDD is the key molecule in ZIPK-mediated

cell death, we then examined whether silencing DEDD expression
with si-DEDD affects H2O2-triggered cell death in SH-SY5Y cells.
We found that H2O2-induced cle-caspase-3 formation was
diminished after DEDD knockdown (Fig. 3E). More importantly,
H2O2-induced aggravation of caspase-3 activation in ZIPK-
overexpressing SH-SY5Y cells was suppressed after DEDD knock-
down (Fig. 3E). Notably, DEDD knockdown not only protected
against H2O2-induced SH-SY5Y cell death, but also efficiently
restrained the ZIPK overexpression-induced apoptosis in the
TUNEL analysis (Fig. 3F), which was consistent with the
immunoblotting data. These results together indicate that ZIPK-
mediated cell death depends on DEDD.

ZIPK regulates the protein expression of DEDD by affecting its
stability
Having identified DEDD as a downstream target of ZIPK in
modulating TBI-induced neuronal cell death, we next aimed to
investigate whether and how ZIPK regulates DEDD expression.
First, we observed that DEDD expression was decreased by about
50% in Zipk+/− primary neurons compared with WT neurons
(Fig. 4A). Like in primary neurons, endogenous DEDD expression
was reduced by about 50% in SH-SY5Y cells with ZIPK knockdown
(Fig. 4B). In contrast, there was a noticeable increase in the protein
level of DEDD after ZIPK was overexpressed in SH-SY5Y cells
(Fig. 4C). Nevertheless, there was no significant change in the
DEDD mRNA level, regardless of the ZIPK expression level in these
cells (Fig. 4D–F). Moreover, DEDD mRNA levels remained constant
in our mouse and cellular TBI models (Fig. S3).
Since ZIPK does not affect DEDD transcription, we wanted to

study whether ZIPK affects DEDD protein levels through post-
transcriptional regulation. We assessed the protein stability of
DEDD in HEK293T cells following ZIPK and DEDD overexpression
via a CHX chase assay, in which the protein synthesis was
suppressed by CHX treatment. The results showed that ZIPK
overexpression decelerated the degradation of DEDD (Fig. 4G),
suggesting the stabilization of DEDD when ZIPK is upregulated.
Similarly, the half-life of endogenous DEDD in SH-SY5Y was
significantly prolonged after ZIPK overexpression (Fig. 4H). These
results indicate that ZIPK upregulation leads to DEDD accumula-
tion in TBI models by increasing DEDD protein stability.

ZIPK directly binds to and phosphorylates DEDD, thereby
affecting its stability
Our results revealed that ZIPK-mediated increase in DEDD protein
content is an important contributor to neuronal cell death and that
ZIPK upregulation leads to increased DEDD protein stability. We
further studied potential mechanisms by which ZIPK upregulates
DEDD protein stability in vitro. DEDD protein contains several
consensus ZIPK phosphorylation motifs, making it a potential
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Fig. 2 ZIPK modulates TBI-induced neuronal cell death in vivo and in vitro. A TUNEL assay was used to analyze neuronal death in the peri-
injury site in WT and Zipk+/− mice. The scale bar is 50 μm. B Nissl staining was used to compare the percentage of disorganized neurons at
peri-injury regions between WT and Zipk+/− mice after TBI. The scale bar is 20 μm. C NeuN immunostaining was used to measure the area of
cortical neurons in peri-injury regions. The scale bar is 20 μm. D, E TUNEL assay showing the death of WT or Zipk+/− primary neurons treated
with scratch (D) or H2O2 (E). The scale bar is 50 μm. F, G TUNEL assay showing the death of SH-SY5Y cells with ZIPK knockdown (F) or HA-ZIPK
overexpression (G) in the presence of H2O2 treatment. The scale bar is 100 μm. Blue staining indicates cell nuclei and magenta staining
represents TUNEL signal. n= 3–6 mice/group for (A–E). NC negative control. **P < 0.01, ***P < 0.001, ****P < 0.0001. One-way ANOVA was used
for comparison.
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Fig. 3 ZIPK induces neuronal cell death by regulating the DEDD/caspase-3 pathway. A, B Representative immunoblots and quantification
of DEDD and cle-caspase-3 levels in WT and Zipk+/− primary neurons treated with scratch (A) or H2O2 (B). C, D SH-SY5Y cells were transfected
with si-ZIPK (C) or HA-ZIPK (D), and treated with or without H2O2, after which immunoblotting analysis of DEDD and cle-caspase-3 was
performed. E Immunoblot images of cle-caspase-3, DEDD, and ZIPK in SH-SY5Y cells transfected with HA-ZIPK or si-DEDD alone or both.
The relative levels of cle-caspase-3 and DEDD were evaluated. F TUNEL assay showing the death of SH-SY5Y cells transfected with HA-ZIPK or
si-DEDD alone or both. The scale bar is 100 μm. NC negative control. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One-way ANOVA was
used for analysis.
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substrate of ZIPK [9, 11, 36]. We thus speculated that ZIPK may alter
the protein stability of DEDD by directly phosphorylating DEDD.
Therefore, we first analyzed whether there is an interaction
between ZIPK and DEDD. Co-IP assays using anti-ZIPK or -DEDD

antibodies were performed on mouse brain lysates. We could
detect a high abundance of DEDD in samples precipitated with
anti-ZIPK antibody (Fig. 5A), indicating an interaction between
these two proteins in the brain. The interaction was corroborated

Fig. 4 ZIPK regulates the expression of DEDD by affecting its stability. A–C Immunoblot analysis of DEDD expression in primary neurons
from WT and Zipk+/− mice (A), SH-SY5Y cells with ZIPK knockdown (B) or overexpression (C). D–F DEDD mRNA levels were analyzed by qRT-
PCR in WT and Zipk+/− primary neurons (D) and SH-SY5Y cells with ZIPK knockdown (E) or overexpression (F). G HEK293T cells were transiently
transfected with HA-vector or HA-ZIPK and Flag-DEDD constructs and subjected to a CHX assay. Representative immunoblot showing DEDD
levels at different time points after CHX addition was shown. H SH-SY5Y cells were transiently transfected with HA-vector or HA-ZIPK
constructs and then treated with CHX for the indicated duration, followed by immunoblot quantification of DEDD protein levels. NC, negative
control. *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant. Unpaired two-tailed Student’s t test was used for analysis.
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by the reciprocal immunoprecipitation using anti-DEDD antibody
(Fig. 5B). We further confirmed the binding in HEK293T cells and in
SH-SY5Y cells through the Co-IP assay (Fig. S4). To explore whether
ZIPK can directly phosphorylate DEDD, we purified recombinant
His-DEDD protein and conducted in vitro kinase assay using GST-
ZIPK and 32P-ATP. GST and GST-MLC were negative and positive
controls, respectively. Obvious phosphorylation was observed in
GST-MLC and His-DEDD samples (Fig. 5C), and the signal for
phospho-DEDD increased in a time-dependent manner (Fig. S5A),
indicating a direct phosphorylation of DEDD by ZIPK. Mass
spectrometry was used to identify the specific amino acid sites of
ZIPK-phosphorylated DEDD. The analysis reported three potential
phosphorylation sites in DEDD, namely S9, S132, and S182 (Fig. S5B,
C), all of which are in the consensus ZIPK phosphorylation motifs. To
determine the exact amino acid residue phosphorylated by ZIPK,

we mutated the three putative phosphorylation sites to alanine and
conducted 32P-autoradiography. We observed that only DEDD-S9A
but not the other two mutants showed diminished signal in the
kinase assay (Fig. 5D). The phosphorylation site was further
corroborated using a pan-phosphorylation antibody (Fig. 5E).
The results suggest that the ZIPK might directly phosphorylate
DEDD at S9.
Given the influence of ZIPK on DEDD degradation, we wanted

to illuminate whether ZIPK regulates the protein stability of DEDD
by specifically phosphorylating the S9. We co-transfected HA-ZIPK
with Flag-DEDD-WT or Flag-DEDD-S9A into HEK293T cells and
performed the CHX assay to compare protein stability. The
stability of DEDD-S9A mutant was lower than that of DEDD-WT, as
revealed by the accelerated degradation of S9A mutant after CHX
addition (Fig. 5F). Through the above data, we conclude that ZIPK

Fig. 5 ZIPK directly binds to and phosphorylates DEDD, thereby affecting its stability. A, B Endogenous binding of ZIPK and DEDD in
mouse brain tissues in the Co-IP assay using anti-ZIPK (A) or -DEDD (B) antibody, respectively. C Representative autoradiography data from the
in vitro kinase assay using 32P-ATP and purified recombinant proteins. GST-MLC and GST were positive and negative controls, respectively.
D 32P-autoradiography data for WT or alanine mutants of DEDD in in vitro kinase assay. E Phosphorylation of DEDD-WT or S9A mutant
detected by an anti-pan-phospho-antibody. F Immunoblot analysis of DEDD-WT and S9A mutant levels in HEK293T cells transiently
transfected with Flag-DEDD-WT or Flag-DEDD-S9A and HA-ZIPK constructs in the CHX assay. G, H TUNEL assay (G) and immunoblot analysis of
cle-caspase-3 (H) in SH-SY5Y cells expressing Flag-DEDD-WT or Flag-DEDD-S9A and treated with H2O2. The scale bar is 100 μm. I Expression
levels of cle-caspase-3 in SH-SY5Y cells after co-transfection of HA-ZIPK with Flag-DEDD-WT or Flag-DEDD-S9A and treated with H2O2.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Unpaired two-tailed Student’s t test was used in (F). One-way ANOVA was used in (G–I).
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upregulates DEDD protein stability likely by phosphorylating its S9
residue.
To further assess the functional relevance of ZIPK-induced

DEDD phosphorylation in TBI, we transfected DEDD-WT or DEDD-
S9A into SH-SY5Y cells and evaluated whether the S9A mutation

abolishes H2O2-induced cell death and caspase-3 activation. We
noticed a significant decline in TUNEL staining signals in DEDD-
S9A-transfected cells compared with the DEDD-WT cells (Fig. 5G).
Similarly, the S9A mutation normalized the level of cle-caspase-3
induced by DEDD overexpression (Fig. 5H). The suppression of
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caspase-3 activation by DEDD-S9A mutant was also detectable in
SH-SY5Y cells with ZIPK overexpression (Fig. 5I). Taken together,
these data indicate that the phosphorylation of DEDD at S9 plays a
critical role in ZIPK-induced cell death in TBI.

ZIPK downregulation alleviates TBI-induced
neuropathological changes
The beneficial effect of ZIPK knockdown on neuronal cell death in
cell and mouse TBI models prompted us to further check whether
reducing ZIPK expression protects against neuropathological
changes induced by TBI in vivo. The timeline for behavioral tests
and pathological examinations is exemplified in Fig. 6A. Modified
neurological severity scoring (mNSS) was first performed to
determine whether Zipk haploinsufficiency promotes the recovery
of neurological function after TBI. The mNSS values of WT-TBI mice
were significantly higher than those of WT-Sham mice at all tested
time points, suggesting impaired neuronal function after CCI.
However, mice in Zipk+/−-TBI group presented lower scores than
those in WT-TBI group throughout the test (Fig. 6B), indicating that
Zipk haploinsufficiency is able to attenuate TBI-induced neurolo-
gical dysfunction. Importantly, TBI significantly upregulated DEDD
and cle-caspase-3 expression in the peri-injury regions in WT mice,
and this change was ameliorated in Zipk +/− mice (Fig. 6C, D).
These findings reinforced the in vitro data (Fig. 3) and explained
the positive effects of Zipk haploinsufficiency on neuronal cell
death in vivo (Fig. 2). In addition to neuronal loss, TBI-induced brain
injury is also characterized by neurite abnormalities, neuroinflam-
mation, and BBB breakdown. Nerve microtubule disassembly is a
distinctive neuropathological change induced by TBI, in which
mechanical damage disrupts neurite structures, resulting in
dendritic and axonal impairments [37–40]. We thus studied the
expression of microtubule-associated protein 2 (MAP2) and
neurofilament light chain (NFL), markers of dendrites and axons,
respectively, to quantify neurite injuries in our models. TBI caused a
significant reduction in both MAP2 and NFL signals in the peri-
contusional areas in WT-TBI mouse brains. However, Zipk
haploinsufficiency reversed the decline in MAP2 and NFL caused
by TBI (Fig. 6E, F). These data hint that reducing ZIPK expression
can mitigate TBI-induced dendritic and axonal degeneration. The
activation of astrocytes and microglial cells is one of the reasons for
promoting the secondary injury of TBI [41]. Previous research
reported that ZIPK can regulate inflammation [42, 43]. We
measured the expression of GFAP and Iba1, markers for astrocytes
and reactive microglia, respectively, in mouse models. We
observed that TBI significantly stimulated GFAP and Iba1 expres-
sion in WT mouse brains, indicating the presence of a neuroin-
flammatory response after injury. There was a significant decrease
in the expression of GFAP in Zipk+/−-TBI mice, but the expression
of Iba1 did not change significantly between WT and Zipk+/− mice
exposed to TBI (Fig. 6G, H). BBB breakdown evoked by TBI was
shown by a rapid and extensive increase in the Evans blue content
in the brains of WT mice 2 days after TBI. However, the level of
Evans blue was significantly reduced in the brains of Zipk+/−-TBI
mice, which suggests that Zipk haploinsufficiency is capable of
mitigating BBB damage caused by TBI (Fig. 6I). The in vivo data
comprehensively validated that ZIPK upregulation results in
neurological impairments in TBI, and that downregulating ZIPK

expression protects against TBI-induced neuropathologies in
multiple aspects.

Zipk haploinsufficiency mitigates TBI-induced emotional and
cognitive impairments
TBI not only causes motor and sensory deficits but also
exacerbates the emotional and cognitive functions chronically.
As the mNSS analysis revealed the promising benefits of Zipk
haploinsufficiency, we further studied the effect of ZIPK down-
regulation in vivo through OFT and MWM tests. We first
measured the locomotor and anxiety-like behavior of mice in
OFT. The distance traveled in the central area, and the entries to
the central area were markedly lower in WT-TBI mice than in the
WT-Sham mice (Fig. 7A–D), suggesting the induction of anxiety-
like phenotype by CCI. Compared with WT-TBI group, the Zipk+/

−-TBI group manifested increased entries to the central zone of
the open field, while the distance in the center was comparable
between the two groups (Fig. 7A–D), indicating more exploratory
behavior in Zipk+/−-TBI mice. To determine whether Zipk
haploinsufficiency can improve the cognitive dysfunction caused
by TBI, MWM test was used to evaluate the spatial learning and
memory abilities of all mice. Mice showed comparable swim-
ming speeds in the visible platform test (Fig. S6). During the
training phase of MWM (day 2 to day 5), the escape latency of
WT-TBI group was longer than that of the sham mice, indicating
that CCI caused notable cognitive dysfunction in mice (Fig.
7E–G). Nevertheless, there was a measurable difference in the
escape latency on day 5 between Zipk+/− and WT mice exposed
to TBI (Fig. 7F). Besides, in the probe trial (day 6), there was a
consistent trend toward improved cognitive function in Zipk+/−

compared with WT mice after TBI, as indicated by a significant
decline in the time of first entry to the platform and a moderate
increase in the target crossing counts (Fig. 7H, I). These data
confirm that Zipk haploinsufficiency could moderately improve
TBI-induced cognitive impairment under current experimental
conditions. It should be mentioned that Zipk+/−-TBI mice had
longer total ambulatory distance than WT-TBI mice in the OFT
(Fig. 7B), while swimming speed in MWM was comparable
between groups (Fig. S6). We reasoned that different measuring
time point post TBI might account for the difference in motor
activity between WT and Zipk+/− mice in these two tests. Overall,
by performing a set of behavioral tests, we verified that Zipk
haploinsufficiency can mitigate TBI-induced cognitive and
emotional impairments.

ZIPK inhibition attenuates TBI-induced cell death by
suppressing DEDD
The encouraging data from Zipk+/− mice support ZIPK as an
interventional target for TBI-induced neurological damage. To
illustrate the potential of targeting ZIPK in the treatment of TBI-
related neuropathologies, we utilized a well-established ZIPK
inhibitor HS38 to suppress the kinase activity of ZIPK, and evaluated
the effect of ZIPK inhibition on cellular and mouse TBI models
[13, 44]. First, primary neurons were pretreated with or without HS38
for 2 h before exposure to scratch or H2O2. The results showed that
the increase of DEDD and cle-caspase-3 induced by scratch or H2O2

was effectively inhibited after HS38 treatment (Fig. 8A, B). Moreover,

Fig. 6 ZIPK downregulation alleviates TBI-induced neuropathological changes. A Schematic showing the timeline of the neurobehavioral
tests. B Neurological function was evaluated by mNSS analysis on days 1, 2, 3, and 7 post-TBI. n= 17–21 mice/group. C, D Representative
immunostaining of DEDD (C) and cle-caspase-3 (D) expression in peri-contusional areas in WT and Zipk+/− mice at 16 days after TBI. The scale
bar is 20 μm. E, F Representative immunofluorescence images of MAP2 (scale bar, 20 μm) and NFL (scale bar, 50 μm) in peri-contusional areas
in WT and Zipk+/− mice at 16 days after TBI. G, H Analysis of astrocyte or microglia activation by GFAP and Iba1 immunostaining in peri-
contusional regions in WT and Zipk+/− mice at 16 days after TBI. The scale bar is 50 μm. n= 3–6 mice/group for (C–H). The
immunofluorescence signals in (C–H) were expressed as relative levels to those of WT-Sham. I BBB damage in WT and Zipk+/− mice was
detected by Evans blue staining at 2 days post TBI, n= 4–5 mice/group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One-way ANOVA test
used for analysis.
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Fig. 7 Zipk haploinsufficiency mitigates TBI-induced cognitive and emotional impairments. A–D WT and Zipk+/− mice were subjected to
the OFT at 4 days post TBI. Representative trajectories of mice in four groups (A), the total distance traveled (B), the number of entries to
central zone, and the distance traveled in the central area (C, D) were measured and quantified. E–I Mice were tested in MWM to assess spatial
learning and memory abilities 10 days after TBI. The learning curve in the training phase (E), escape latency at day 5 (F), and representative
swimming trajectories (G) are presented. The time of the first entry to the platform (H) and the count of platform crossings (I) for all groups in
the probe trial (day 6) were shown. n= 8–12 mice/group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant. One-way ANOVA
was used for analysis.
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TUNEL-positive signals in primary neurons were substantially
decreased after the addition of HS38 (Fig. 8C, D). To explore
whether the protective effect of HS38 is also mediated by DEDD
regulation, we quantified the protein stability of endogenous DEDD
after HS38 addition. We found that endogenous DEDD level

remained stable within 8 h in the vehicle-treated cells, but the
DEDD content in HS38-treated cells reduced to about 50% at 8 h
(Fig. 8E). These results support our findings that ZIPK modulates the
expression of DEDD by affecting its protein stability in a kinase
activity-dependent manner.
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Furthermore, we wanted to explore whether HS38 has similar
protective effects in in vivo TBI model. We injected HS38 (10 mg/
kg body weight) intraperitoneally half an hour before TBI, and
then sacrificed all mice 2 days after TBI for pathological
examination. Immunostaining analyses demonstrated that pre-
treatment with HS38 not only suppressed TBI-induced DEDD
accumulation and caspase-3 activation in the brain (Fig. 8F, G) but
also limited neuronal cell death and structural damage, as shown
by TUNEL assay, Nissl staining and NeuN staining (Fig. 8H–J).
These results are in accordance with what we have observed in
the Zipk+/− mice, and provide solid evidence for the future
evaluation of ZIPK as a novel therapeutic target for TBI-related
neuropathologies.

DISCUSSION
As a member of the DAPK family, ZIPK was initially suggested to
mediate apoptosis, acting as a tumor suppressing-kinase to
prevent malignant phenotypes in cancer [45, 46]. Recent studies
uncovered a novel role for ZIPK in regulating ischemic stroke by
affecting the normal functioning of endothelium in the brain, as
ZIPK is abundantly expressed in endothelial cells [9, 47]. However,
little is known about the expression and biological relevance of
neuronal ZIPK. Here, we established that the expression of ZIPK is
strongly elevated in neurons following TBI, and that ZIPK is closely
involved in neuronal apoptosis through modulating the DEDD/
caspase-3 pathway. Specifically, we propose that the deregulated
DEDD function after TBI is likely due to ZIPK-induced DEDD
phosphorylation and the subsequent stabilization.
Brain trauma triggers the dysregulation of diverse protein

kinases in cells, resulting in the aberrant activity of signaling
pathways responsible for cell survival, repair, and neural plasticity
[48]. For example, TBI is known to activate stress-related protein
kinases such as the mitogen-activated protein kinase family,
thereby facilitating widespread cerebral damage through influen-
cing neuronal or glial cell functions [49, 50]. We and others
previously found that the expression of DAPK1, another member
of DAPK family, is increased in a plethora of neurological diseases,
including AD, ischemic stroke, and TBI [21, 51]. In particular, the
upregulation of DAPK1 after TBI enhances the accumulation of cis
P-tau, the main culprit of axonal injury in neurodegenerative
diseases [21]. Nevertheless, whether and how DAPK family
members contribute to neuronal loss in TBI have not been
elucidated, although these proteins are highly relevant to cell
apoptosis. Herein, we constructed in vivo and in vitro TBI models,
and showed that ZIPK protein expression but not its mRNA level
is rapidly upregulated in neurons after TBI (Fig. 1). Although
Zhang et al. previously reported that ZIPK is predominately
expressed in brain endothelial cells but not neurons [9], we were
able to detect neuronal ZIPK expression by both immunoblotting
and immunofluorescence, especially in peri-injury sites after TBI
(Fig. 1E). We speculate that cellular stress caused by mechanical
injury or oxidative damage could boost ZIPK expression in
neurons, similar to what occurs during chronological aging and
ionizing radiation treatment in human brain microvascular
endothelial cells [11]. However, in contrast with the transcrip-
tional upregulation of ZIPK in endothelial cells exposed to

ionizing radiation, we did not observe any change in the mRNA
level of ZIPK in neurons underwent TBI (Fig. 1J–N), indicating that
neuronal ZIPK is dysregulated post-transcriptionally. The exact
mechanism underlying ZIPK upregulation in TBI remains to be
elucidated, but this finding agrees with a previous study showing
that ZIPK expression is pronouncedly elevated in the frontal
cortices of AD patients [10].
Neuronal cell death is a prominent feature of TBI. Multiple cell

death pathways are dysregulated after brain trauma, making it
challenging to address neuronal loss and subsequent sequelae in
the clinical management of TBI [52]. However, several clinical
research has developed apoptotic markers such as caspase-3 to
indicate the short- or long-term outcomes of brain injury in patients
[4]. We were able to show the activation of caspase-3 in peri-
contusional regions of TBI mice at both 2 days (Fig. 8G) and 16 days
(Fig. 6D) after injury, as well as in cellular TBI models (Fig. 3). The
hyperactivation of caspase-3 is a direct initiator of neuronal
apoptosis, as evidenced by the marked increase in TUNEL-positive
signals and the loss of NeuN staining in the cortex of TBI mice
(Fig. 2A, C). Excessive neuronal apoptosis further leads to structural
damage shown by the formation of disorganized Nissl bodies
(Fig. 2B) and the disappearance of MAP2 and NFL (Fig. 6E, F),
indicating the degeneration of neurons after TBI. As a pro-apoptotic
protein, ZIPK induces cell death by involving caspase-dependent
apoptotic pathway or caspase-independent autophagic pathway
[8, 36]. The inhibition of neuronal cell death by Zipk haploinsuffi-
ciency or ZIPK inhibitor treatment in our TBI models was preceded
by a dramatic reduction in the expression of cle-caspase-3 (Figs. 6D
and 8G), emphasizing the importance of caspase-3-dependent
apoptotic pathway in mediating ZIPK upregulation-induced neuro-
nal loss in TBI. Moreover, the preservation of neuronal viability by
Zipk haploinsufficiency was accompanied by a notable recovery in
the expression of axonal and synaptic markers in vivo (Fig. 6E, F),
which could explain the attenuation of neurobehavioral deficits in
Zipk+/− mice underwent TBI. Interestingly, the upregulation of ZIPK
in the cortex of AD patients is associated with the dysregulation of
apoptosis-related proteins such as the Bcl-2 protein family members
and prostate apoptosis response-4 (Par-4) [10, 53], all of which are
important factors in the neuronal apoptosis cascade. These data
together strengthen our key findings that ZIPK is a principal
contributor to promoting neuronal cell death in neurological
disorders including TBI. However, given the complex pathophysiol-
ogy of TBI, ZIPK might also play a part in other types of cell death
such as autophagic cell death, ferroptosis and necrosis, which
warrants further investigation both in vivo and in vitro.
Kinase activity plays an indispensable role in modulating the

pathophysiological functions of ZIPK. For example, cellular stress
such as arsenic trioxide or interferon-gamma treatment can cause
apoptosis through ZIPK-mediated substrate phosphorylation
[31, 54, 55]. The phosphorylation of Par-4 by ZIPK at the T155
residue induces apoptosis in rat fibroblasts, which can be blocked
by T155A mutation or inactivation of ZIPK [54]. In addition, the
regulatory effect of ZIPK on cellular autophagy also relies on ZIPK-
mediated direct phosphorylation of Beclin1 or UNC-51-like kinase
1 [36, 56]. Thus, ZIPK-induced protein phosphorylation is proposed
to be a leading mechanism in cell death pathways. To identify
how ZIPK modulates the function of caspase-3 in neurons, we

Fig. 8 ZIPK inhibition attenuates TBI-induced cell death by suppressing DEDD. A, B Representative immunoblots of DEDD and cle-caspase-
3 in WT primary neurons treated with or without HS38 2 h before scratch injury (A) or H2O2 (B) exposure. C, D TUNEL assay showing cell death
in WT primary neurons treated with or without HS38 2 h before scratch (C) or H2O2 (D) exposure. The scale bar is 50 μm. E Primary neurons
were pretreated with or without HS38 for 2 h, and exposed to 100 μM H2O2 for 24 h. Then CHX was added for indicated time points. A
representative immunoblot of DEDD was shown. F, G Immunostaining of DEDD (F) and cle-caspase-3 (G) in peri-contusional brain areas of
mice with or without HS38 pretreatment at 2 days post TBI. The scale bar is 50 μm. H–J TUNEL assay (H) (scale bar, 50 μm), Nissl staining (I)
(scale bar, 20 μm) and NeuN staining (J) (scale bar, 50 μm) were performed to show the neuronal loss in peri-contusional brain areas of mice
with or without HS38 pretreatment at 2 days post TBI. n= 3–6 mice/group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One-way ANOVA
was used for analysis in (A–D, F–J), and unpaired two-tailed Student’s t test was performed in (E).
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focused on DEDD, a scaffold protein that directs active caspase-3
to its substrates during apoptosis [33]. We found that DEDD
expression in neurons is post-transcriptionally controlled by ZIPK
in cellular and animal TBI models (Figs. 4A–F and S3). In addition,
DEDD is a direct substrate of ZIPK and was found to be necessary
for ZIPK-induced neuronal loss in TBI models, as DEDD knockdown
abolished the influence of ZIPK on caspase-3 activation and
apoptosis (Fig. 3E, F). ZIPK-induced DEDD S9 phosphorylation
increased DEDD protein stability, as revealed by the decreased
DEDD degradation in the presence of ZIPK (Fig. 4G, H) and the
accelerated DEDD degradation caused by DEDD-S9A mutation
(Fig. 5F) or HS38 treatment (Fig. 8E). Moreover, the nonpho-
sphorylatable DEDD-S9A mutant efficiently alleviated neuronal cell
death irrespective of the presence of ZIPK (Fig. 5G–I), indicating
that DEDD phosphorylation at S9 may, in addition to stabilizing
DEDD protein, also downregulate its pro-apoptotic activity. These
results thus support that DEDD phosphorylation at S9 serves as an
upstream regulator of caspase-3-dependent apoptosis in TBI. The
detailed mechanisms by which DEDD phosphorylation at S9
affects its protein stability and activity have yet to be explored.
Protein phosphorylation can either activate or deactivate the
degron signal motifs, thereby affecting protein stability and
degradation [57]. It is possible that the phosphorylation of DEDD
at S9 stabilizes DEDD by producing an inactivated degron,
masking the original degron in DEDD, or altering the subcellular
localization of DEDD. Besides, the S9 residue is close to the nuclear
localization signals and the death effector domain of DEDD, two
essential components responsible for its regulation on caspase-3
activation. We speculate that S9 phosphorylation may negatively
impact the interplay between DEDD and caspase-3, therefore
affecting neuronal apoptosis. Although we proved that TBI-
induced DEDD accumulation could be reversed by Zipk haploin-
sufficiency or HS38 treatment in vivo, we could not detect the

phosphorylation of DEDD at S9 in mouse brain due to the lack of
phospho-specific antibody. Future studies are needed to validate
DEDD phosphorylation in TBI mouse models and potentially in TBI
patient samples.
The pathological significance of ZIPK in the brain is less studied

than that of DAPK1, likely due to differences in the expression
patterns. DAPK1 is highly expressed at neuronal synapses, while
ZIPK is mainly detected in brain endothelial cells according to
previous research [9, 58]. ZIPK modulates endothelial cell
contraction by phosphorylating the myosin light chain, thereby
affecting the endothelium permeability important for maintaining
BBB integrity [47]. The Evans blue assay demonstrated that
Zipk+/− mice had less BBB leakage compared with WT mice after
brain injury (Fig. 6I), which is consistent with the protection of
endothelial-induced deletion of ZIPK against ischemia–reperfusion
damage in mice [9]. Since ZIPK was globally downregulated in
Zipk+/− mice, we could not exclude the possibility that the
preservation of BBB integrity was caused by reduced expression of
ZIPK in the endothelium. Apart from characterizing neurite
markers directly linked to neuronal survival, we have also analyzed
the activation of glial cells in the mouse models, although there
was no evident colocalization between ZIPK and GFAP or Iba1
(Fig. 1E). Activation of astrocytes and microglia is an acute and
widespread response toward TBI-induced brain damage in the
injury area [59]. The breakdown of BBB also exacerbates glial
activation by recruiting neutrophils and other immune factors to
the injury site, all of which contribute to the focal inflammatory
response in TBI [60, 61]. We observed a considerable decrease in
GFAP levels (Fig. 6G), and a descending trend in Iba1 signals in
Zipk+/− mice after CCI injury. We hypothesize that the attenuation
of glial activation after ZIPK knockdown might be attributed to
indirect mechanisms such as reduced neuronal damage or BBB
breakdown in Zipk+/− mice.

Fig. 9 Schematic representation of the pathological role of ZIPK in TBI-induced neuronal cell death. The upregulation of ZIPK expression
caused by brain trauma promotes cell death by triggering neuronal damage through phosphorylating DEDD at S9, leading to the
accumulation of DEDD and the activation of caspase-3-mediated apoptosis, which ultimately impairs brain function and results in cognitive
deterioration. Zipk haploinsufficiency or inhibition of ZIPK activity by HS38 effectively promotes neuronal survival by inhibiting DEDD
phosphorylation and caspase-3 activity after TBI, thereby rescuing TBI-induced neuronal damage and behavioral impairments. Figure was
created using BioRender.
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TBI is known to cause short-term and long-lasting behavioral
impairments including motor and sensory deficits and neurocog-
nitive sequelae [62, 63]. Anxiety-like behavior and memory
dysfunction are two common phenotypes in rodent TBI models
[64]. Zipk haploinsufficiency ameliorated TBI-induced anxiety-like
phenotype by increasing the exploratory behavior in the open
field test (Fig. 7A–D). There was also a moderate but significant
improvement in spatial learning and memory behavior in
Zipk+/−-TBI mice (Fig. 7E–I). The cognitive recovery is accompa-
nied by a reduction in neuronal loss and the restoration of
dendritic and axonal integrity. The beneficial effect of Zipk
haploinsufficiency on CCI-induced behavioral impairments is
similar to the effect of DAPK1 knockout on long-term cognitive
dysfunction in a weight-drop TBI model [21]. We performed
analyses for up to 16 days after TBI in the present study, whereas
we assessed behavioral phenotypes at 3.5 and 5 months after TBI
in the previous study [21]. In the HS38 treatment experiment, we
pretreated the mice with ZIPK inhibitor once and determined the
efficacy in the acute phase after injury (2 days). HS38 is able to
suppress DAPK1 due to the highly homologous kinase domains in
DAPK family proteins. Besides, DAPK1 is upregulated after TBI.
Although the data from Zipk+/− mice and ZIPK knockdown cells
support that partial deletion of ZIPK effectively ameliorated
neuronal loss and cognitive impairment, we cannot exclude the
potential contribution of DAPK1 inhibition by HS38 in the inhibitor
treatment experiments. Further studies are needed to dissect the
distinct role of DAPK1 and ZIPK in the pathogenesis of TBI. The
long-term effects of ZIPK downregulation or kinase inhibition on
TBI-induced cognitive dysfunction warrants further analysis.
Notably, Zipk+/− mice performed identically to WT mice in all
the behavioral tests, indicating that Zipk haploinsufficiency is
unlikely to negatively affect the overall neurological function,
which aligns well with the comparable brain morphology and
body size between two genotypes. Thus, Zipk haploinsufficiency
or conditional knockout could be a viable approach for
investigating the pathophysiological role of ZIPK in neurological
disorders [30]. Besides, considering the vital function of ZIPK in
non-neuronal cells, strategies for the targeted delivery of highly
selective ZIPK inhibitors are needed for TBI treatment in the future.
Collectively, our results suggest a fundamental role for neuronal

ZIPK in regulating TBI-related cell apoptosis and neuropathology
(Fig. 9). In brief, the upregulation of ZIPK after TBI leads to
neuronal cell death by modulating the DEDD/caspase-3 cascade.
ZIPK phosphorylates and stabilizes DEDD, thereby facilitating the
activation of caspase-3-mediated apoptotic pathways in neurons,
further leading to synaptic degeneration, BBB breakdown, and
gliosis. Downregulating ZIPK expression or pharmacological
inhibition confers protections against neuronal loss by normal-
izing the DEDD/caspase-3 pathway, and improves the neurobe-
havioral outcomes in TBI models. These data provide a basis for
further investigations of ZIPK as a novel therapeutic target for the
treatment of brain trauma and neurological diseases.

DATA AVAILABILITY
Data supporting the conclusions in the paper are presented in the main text and the
Supplementary Materials. Additional data are available from the corresponding
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