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The enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFKFB) plays an essential role in 
glycolysis and in the antioxidant pathway associated with glutathione. Therefore, we investigated the 
effects of PFKFB3 on oxidative and ischemic damage. We synthesized a fusion protein of transactivator 
of transcription (Tat)-PFKFB3 to facilitate its passage into the intracellular space and examine its 
effects against oxidative stress induced by hydrogen peroxide (H2O2) treatment and ischemic damage 
caused by occlusion of the common carotid arteries for 5 min in gerbils. The Tat-PFKFB3 protein was 
efficiently delivered into HT22 cells in a concentration- and time-dependent manner, with higher 
levels observed 18 h after treatment. Furthermore, treatment with 6 µM Tat-PFKFB3 demonstrated 
intracellular delivery into HT22 cells, as analyzed through immunocytochemical staining. Moreover, it 
significantly ameliorated the reduction of cell viability induced by 200 µM H2O2 treatment. Tat-PFKFB3 
treatment also alleviated H2O2-induced DNA fragmentation and reactive oxygen species formation in 
HT22 cells. In gerbils, the intraperitoneal administration of 2 mg/kg Tat-PFKFB3 efficiently delivered 
the substance to all hippocampal areas, including the hippocampal CA1 region. This administration 
significantly mitigated ischemia-induced hyperlocomotion, long-term memory deficits, and ischemic 
neuronal death in the hippocampal CA1 region after ischemia. Additionally, treatment with 2 mg/kg 
Tat-PFKFB3 significantly ameliorated the translocation of Cdk5 from the cytosol to the nucleus in the 
hippocampal CA1 region 24 h after ischemia, but not in other regions. The treatment also significantly 
reduced reactive oxygen species formation in the CA1 region. These findings suggest that Tat-PFKFB3 
reduces neuronal damage in the hippocampal CA1 region after ischemia through the reduction of 
Cdk5 signaling and reactive oxygen species formation. Therefore, Tat-PFKFB3 may have potential 
applications in reducing ischemic damage.
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Transient forebrain ischemia is characterized by an insufficient supply of oxygen and glucose to the brain, which 
causes selective neuronal damage due to high oxygen consumption and low antioxidative potential1. The brain 
utilizes glucose as the main fuel source and synthesizes ATPs via glycolysis and oxidative phosphorylation1. Most 
of the energy is produced in the mitochondria via the cooperative activity of the respiratory chain and metabolic 
enzymes. However, in the ischemic state, temporary or permanent disruption of blood flow impairs energy 
metabolism in the brain2,3 and sharply decreases ATP production. In addition, the post-ischemic brain shows 
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reduced glucose oxidation4. Moreover, energy-dependent processes are closely related to the vulnerability of the 
brain to ischemic damage5. Reperfusion produces abundant reactive oxygen species (ROS) and subsequently 
activates neuroinflammatory cascades in several brain regions6. Mongolian gerbils (Meriones unguiculatus) are 
widely used as an animal model for forebrain ischemia because of their low mortality and technical convenience 
compared to rats or mice7. In addition, whole genome sequencing and clustered regularly interspaced short 
palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) technology facilitates the usage of gerbils 
as a model for cerebral ischemia8,9. Transient forebrain ischemia in Mongolian gerbils causes selective neuronal 
damage to the hippocampus, neocortex, and thalamus10–12. In particular, the recovery of the mitochondrial 
redox ratio is delayed in the hippocampal CA1 region in the early and late periods after ischemia in gerbils13.

The enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFKFB) is critical for glucose 
metabolism. The PFKFB family consists of four isozymes, PFKFB1–414, of which PFKFB3 is ubiquitously 
expressed in various tissues, including the brain15,16. In the normal brain, PFKFB3 is highly expressed in astrocytes 
but has very low expression in neurons16 because it is degraded by the E3 ubiquitin ligase anaphase-promoting 
complex/cyclosome (APC/C-Cdh1)17,18. Therefore, low levels of PFKFB3 facilitate the pentose–phosphate 
pathway (PPP)-mediated antioxidant pathway to maintain glutathione (GSH) and scavenge ROS by generating 
reduced nicotinamide adenine dinucleotide phosphate19. However, excitotoxic conditions, via the activation of 
glutamate receptors, stabilize PFKFB3 by inhibiting APC/C-Cdh1 via cyclin-dependent kinase-5 (Cdk5)-p2520, 
decreasing PPP, and eventually causing neuronal death21,22. Moreover, oxygen-glucose deprivation increases 
PFKFB3 expression in primary neurons 12 h after an insult23. Glycolysis is required for normal function in the 
hippocampus24 and is enhanced after cerebral ischemia25.

Recently, there have been controversial findings regarding the effects of PFKFB3 inhibition on various 
diseases. Both pharmacological and genetic inhibition of PFKFB3 have been found to protect neurons from 
ischemic damage26,27. In contrast, PFKFB3 inhibition has been found to aggravate spinal cord injury-induced 
neuronal damage28 and reduce the cardioprotective effects against ischemic myocardial injury29. However, 
activating PFKFB3 with meclizine has been shown to alleviate neurological impairments induced by spinal cord 
injury28. The expression of PFKFB3 in microvessels is markedly lower in the aged brain compared to younger 
ones30. Overexpression of PFKFB3 improves the reduction in contractile function and blood flow in the limb 
caused by ischemia31. Recent studies have demonstrated the protective effects of PFKFB3 against oxidative stress 
in diabetic animals and its ability to reduce ROS production in diabetic cardiomyocytes32. Therefore, it is worth 
investigating the effects of PFKFB3 on oxidative and ischemic damage.

The brain has a self-protective structure between the bloodstream and brain tissue known as the blood–brain 
barrier (BBB), which protects it from circulating ions, toxins, inflammation, and pathogens33. However, the BBB 
can hinder the treatment of brain diseases because drugs cannot cross it. Transactivator of transcription (Tat), a 
cell-penetrating peptide derived from the human immunodeficiency virus, can transport various cargos across 
the BBB34. In previous studies, the Tat-cargo fusion protein was successfully delivered to the hippocampus35,36 
after ischemia, even when the BBB was compromised37,38.

The focal ischemic model induced by the occlusion of the middle cerebral artery is believed to cause severe 
brain damage and oxygen-glucose deprivation and is considered to be a comparable in vitro model. In contrast, 
neuronal damage in transient forebrain ischemia is not as severe compared to a model in which focal ischemia 
and oxidative stress are induced by hydrogen peroxide (H2O2), which exhibits similar phenotypes to transient 
forebrain ischemia. Therefore, in the present study, we aimed to synthesize a Tat-PFKFB3 protein for efficient 
delivery into hippocampal neurons and examine its effects on PFKFB3 oxidative stress in HT22 cells and 
ischemia/reperfusion damage in the gerbil hippocampus.

Materials and methods
Synthesis of Tat-PFKFB3 and its control protein. The pET15b vector system was used to express the Tat-
PFKFB3 recombinant protein in Escherichia coli BL21 cells (Novagen), with the insertion of human PFKFB3 
cDNA, 6X histidine (His), and the Tat peptide, as previously described35,36. Briefly, transformed cells with Tat-
PFKFB3 or the control (PFKFB3) plasmids were cultivated, and the proteins were overexpressed. After elution, 
the proteins were purified using a Ni2+-nitrilotriacetic acid Sepharose affinity column (Qiagen, Valencia, CA, 
USA) and PD-10 column chromatography. The presence of the His-tag was confirmed by western blotting to 
detect the 6X His, as previously described35,36.

Confirmation of Tat-PFKFB3 delivery in HT22 cells. Western blotting and immunofluorescent staining for 
His-tags were performed to confirm the delivery of Tat-PFKFB3 protein into HT22 cells. The HT22 cells from the 
mouse hippocampus were grown as previously described35,36 and were incubated with various concentrations 
of Tat-PFKFB3 and PFKFB3 (0 to 8.0 µM) for 60 min. In addition, 6.0 µM protein was added to HT22 cells at 
various time points (0 to 60 min). To assess the degradation of Tat-PFKFB3 protein, the 6.0 µM protein was 
incubated for 42 h after protein treatment. The protein expressions were confirmed by western blotting with 
mouse anti-His-tag (1:1,000; Abcam, Cambridge, UK) or mouse anti-β-actin (1:5,000; Cell Signaling, Danvers, 
MA, USA), and peroxidase-conjugated anti-mouse IgG (1:1,000; Abcam), as previously described35,36.

To visualize the delivered proteins, HT22 cells were grown on coverslips and incubated with 6.0 µM Tat-
PFKFB3 and PFKFB3 for 60  min. Cells were fixed with 4% paraformaldehyde at 25ºC for 5  min and were 
sequentially incubated with mouse anti-His-tag (1:1,000; Abcam) and Alexa 488-conjugated anti-mouse IgG 
(1:500; Jackson ImmunoResearch Inc., West Grove, PA, USA) with 1  µg/mL 4′,6-diamidino-2-phenylindole 
(Roche Applied Science, Mannheim, Germany), as previously described35,36.

Neuroprotective effects of Tat-PFKFB3 against oxidative stress in HT22 cells. Various concentrations of 
Tat-PFKFB3 or PFKFB3 proteins were exposed to HT22 cells for 1 h, along with oxidative stress induced by 200 
µM hydrogen peroxide (H2O2). Thereafter, the cells were harvested to assess the cytotoxicity using a water-soluble 
tetrazolium salt (WST-1) assay kit, according to the manufacturer’s guidelines to find the optimal concentration, 

Scientific Reports |        (2024) 14:24694 2| https://doi.org/10.1038/s41598-024-75031-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


as previously described35,36. In addition, 6.0 µM PFKFB3 and Tat-PFKFB3 were incubated for 60 min with 200 
µM H2O2, followed by incubation with 1 µM 5-carboxyfluorescein diacetate acetoxymethyl ester (5-CFDA AM) 
(Invitrogen, Carlsbad, CA, USA) and 1 µg/mL DAPI (Roche Applied Science) for 15 min at 37 °C.

ROS formation and DNA fragmentation were assessed in coverslip-cultured HT22 cells 1 h after incubation 
with 6.0 µM PFKFB3 or Tat-PFKFB3 and 200 H2O2. ROS formation and DNA fragmentation were visualized by 
staining with 2,7-dichlorofluorescein diacetate (DCF-DA) and terminal deoxynucleotidyl transferase-mediated 
deoxyuridine triphosphate-biotin nick end labeling (TUNEL), combined with 1 µg/mL DAPI (Roche Applied 
Science), respectively, as previously described35,36.

Experimental animals and ischemic surgery. Mongolian gerbils (male, 6 weeks old) were purchased from 
Japan SLC Inc. (Shizuoka, Japan) and acclimatized for 2 weeks. All animal experiments were conducted in 
accordance with the ARRIVE guidelines, and the protocols were approved by the Institutional Animal Care 
and Use Committee of Seoul National University (Approval number: SNU-200313-2-5). The experiments were 
performed in accordance with relevant guidelines and regulations from the committee. Gerbils (male, 1 year old) 
were randomly divided into the following six groups: (1) control (normal gerbils), (2) vehicle (10% glycerol), (3) 
Tat peptide, (4) 2.0 mg/kg PFKFB3, (5) 0.5 mg/kg, and (6) 2.0 mg/kg Tat-PFKFB3.

Anesthesia was induced using 2.5% isoflurane (Baxter, Deerfield, IL, USA) mixed with nitrogen and oxygen. 
A 5-minute occlusion was performed using aneurysm clips to induce ischemic damage, and vehicle, Tat 
peptide, PFKFB3, or Tat-PFKFB3 were intraperitoneally administered only once to the gerbils immediately after 
reperfusion. The intraperitoneal route was chosen because it causes minimal stress in animals and is considered 
suitable for pharmacological and proof-of-concept studies39.

Behavioral assessment. One day after ischemia/reperfusion, spontaneous motor activity was recorded for 
60 min in a soundproof plexiglass cage (25 cm × 20 cm × 12 cm) using a digital camera (Basler, Ahrensburg, 
Germany). Motor activity was assessed based on the time consumed in the mobile phase and the total distance 
traveled using the XT14 software (Ethovision, Wageningen, The Netherlands).

Six days after ischemia, training trial was performed by placing each gerbil in the light compartment to 
explore the compartment after opening the sliding gate. Seven days after ischemia/reperfusion, the testing trial 
was performed to assess long-term memory in gerbils after ischemic damage. The animal was placed in the light 
compartment and the latent time period to enter the dark compartment was recorded.

Immunohistochemical staining. Two hours, four, or ten days after ischemia/reperfusion, animals were 
sacrificed with isoflurane anesthesia and perfused with 0.01  M phosphate-buffered saline (PBS) and 4% 
paraformaldehyde. The brain was removed immediately and fixed with the same fixative for 12 h and stored 
in 30% sucrose until it sank. Thirty micrometer tissue sections were made based on the gerbil brain atlas, 
1.4–2.0 mm caudal to the bregma40, using a sliding microtome with a freezing stage (HM430, Thermo Fisher 
Scientific, Waltham, MA, USA). Five Sect. (120 μm interval in each section) per animal were incubated with 
rabbit anti-His-tag (1:1000, Novus Biologicals, Centennial, CO, USA) and mouse anti-neuronal nuclei (NeuN) 
antibody (1:1000; EMD Millipore, Temecula, CA, USA) at 4  °C for 48  h to visualize the delivered PFKFB3 
proteins and surviving neurons, respectively. Sections were incubated with Cy3-conjugated goat anti-rabbit IgG 
(1:500, Jackson ImmunoResearch Inc.) or goat anti-mouse IgG (1:200; Vector Laboratories, Burlingame, CA, 
USA) and peroxidase-conjugated streptavidin (1:200; Vector Laboratories) at 25 °C for 2 h. Thereafter, sections 
were incubated with 0.05% 3,3-diaminobenzidine tetrahydrochloride (Sigma-Aldrich, St. Louis, MO, USA) in 
0.01 M PBS to develop the immunoreactive signals.

Double immunofluorescent staining. To examine the expression of transduced Tat-PFKFB3 proteins in 
astrocytes and microglia, double immunofluorescent staining was performed in the hippocampal CA1 region 
using His-tag and glial markers. Five sections per animal were incubated with rabbit anti-His-tag (1:1000, Novus 
Biologicals) and either mouse anti-glial fibrillary acidic protein (GFAP) antibody (1:1000; EMD Millipore) or 
goat anti-ionized calcium-binding adaptor molecule 1 (Iba1) antibody (1:500, Novus Biologicals) at 4 °C for 
3 days. Afterwards, the sections were incubated with Cy3-conjugated donkey anti-rabbit IgG (1:500, Jackson 
ImmunoResearch Inc.) and either FITC-conjugated donkey anti-rabbit IgG (1:500, Jackson ImmunoResearch 
Inc.) or FITC-conjugated donkey anti-goat IgG (1:500, Jackson ImmunoResearch Inc.) at 25 °C for 2 h.

Effects of Tat-PFKFB3 on Cdk5 expression against transient forebrain ischemia in gerbils. Cdk5 
expression was assessed 24 h after ischemia to address the neuroprotective mechanisms of Tat-PFKFB3 against 
ischemic damage in the hippocampus. Animals in each group were re-anesthetized with isoflurane immediately 
after measuring spontaneous motor activity, hippocampal tissues were collected with 30-µm coronal sections as 
described above, and immunohistochemical staining for Cdk5 was performed. Briefly, the following primary 
antibodies were used: mouse anti-Cdk5 antibody (1:200; Santa Cruz Biotechnology Inc., Santa Cruz, CA, 
USA), goat anti-mouse IgG (1:200; Vector Laboratories), and peroxidase-conjugated streptavidin (1:200; Vector 
Laboratories).

In addition, Cdk5 protein levels in the hippocampal CA1 region were assessed using western blotting. The 
animals in each group were re-anesthetized with isoflurane 24 h after ischemia and the hippocampal tissues 
were obtained with 500-µm coronal section using a vibratome (Leica, Wetzlar, Germany). The hippocampal CA1 
region was dissected, homogenized, and the nuclear fraction of proteins was obtained. The fractionated protein 
was then loaded onto an SDS-PAGE gel, transferred onto a nitrocellulose membrane (Pall Crop, East Hills, NY, 
USA), and incubated with the following antibodies: mouse anti-Cdk5 (1:1000; Santa Cruz Biotechnology Inc.), 
rabbit anti-laminin B (1:1,000; Abcam), mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 
1:5,000; Abcam), and mouse β-actin (1:5,000; Cell Signaling). Subsequently, the protein bands were developed 
using chemiluminescent reagents after incubation with peroxidase-conjugated anti-mouse IgG (1:1,000; Abcam) 
or anti-rabbit IgG (1:1,000; Abcam).

Visualization of ROS in the hippocampal CA1 region. Animals were sacrificed 24  h after ischemia to 
visualize the intracellular ROS in the hippocampal CA1 region. Briefly, animals were euthanized with isoflurane, 
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and the brain tissues were quickly dissected from the skull. Thirty-micrometer tissue sections were made based 
on the gerbil brain atlas, 1.4–2.0 mm caudal to the bregma40, using a vibratome (VT1000M, Leica) without any 
fixation. The sections were incubated with a 5 µM dihydroethidium (DHE) solution at 25 °C for 20 min, and then 
coverslipped with a DPX mounting medium after washing, as described in a previous study41.

Data analysis. Immunohistochemical results were quantified using the ImageJ software version 1.53f51 
(National Institutes of Health, Bethesda, MD, USA). Five sections per animal were stained with NeuN, and the 
number of NeuN-immunoreactive neurons was counted in the hippocampal CA1 region, while others were 
quantified as the optical density of the immunoreactive or DHE-stained structure (sum of pixel number × gray 
scale). The calculated values in each section were averaged per animal and normalized to the percentile values 
of the control group.

The percentile data are shown as the mean ± standard deviation, and the data were statistically analyzed using 
GraphPad Prism 5.01 software (GraphPad Software Inc., La Jolla, CA, USA). Between-group comparison was 
performed using Student’s t-test and one-way analysis of variance, followed by Tukey’s multiple comparison post 
hoc test. The statistical significance level was set at p < 0.05.

Results
Validation of synthesized Tat-PFKFB3 and PFKFB3 protein delivery in HT22 cells. Overexpressed and 
purified Tat-PFKFB3 and PFKFB3 proteins with 6X His were assessed using Coomassie brilliant blue staining 
and western blotting for His-tags. Coomassie brilliant blue staining revealed various protein bands. Strong bands 
were detected at approximately 58 and 60 kDa, which were identified as PFKFB3 and Tat-PFKFB3, respectively 
(Fig. 1A).

PFKFB3 and Tat-PFKFB3 proteins were incubated at various concentrations and time points to assess 
the protein delivery. As expected, the control and PFKFB3-treated groups did not show His-tag bands at any 
concentration or incubation time, whereas treatment with Tat-PFKFB3 significantly increased His-tag expression 
in a concentration- and time-dependent manner. The protein expression level was more than 10-fold for 4–8 µM 
Tat-PFKFB3 treatment for 1 h or incubation time longer than 45 min (Fig. 1B and C).

Degradation of the intracellularly delivered Tat-PFKFB3 protein was observed at 42 h after protein treatment. 
The protein expression level gradually decreased with time after treatment and demonstrated significantly 
higher levels 18 h after treatment; thereafter, there were no significant differences compared to the control group 
(Fig. 1D).

Intracellularly delivered protein localization was visualized via immunocytochemical staining for His-tag in 
HT22 cells. His-tag immunoreactivity was not detected in the control and PFKFB3-treated HT22 cells, whereas 
it was abundant in the cytoplasm of Tat-PFKFB3-treated cells (Fig. 1E).

Neuroprotective effects of Tat-PFKFB3 and PFKFB3 proteins on H2O2-induced oxidative damage in 
HT22 cells. HT22 cells were simultaneously exposed to 200 µM H2O2 and Tat-PFKFB3 or PFKFB3 for 1  h 
to detect the neuroprotective effects of the proteins at various concentrations using the WST-1 assay. Vehicle-
treated HT22 cells showed a significantly lower (51.8%) cell viability than the control group, and treatment with 
PFKFB3 did not result in significant changes in cell viability at any concentration. However, incubation with Tat-
PFKFB3 increased the viability of HT22 cells in a concentration-dependent manner and resulted in significantly 
higher cell viability levels (71.2 and 88.8% of the control, respectively) at 6 and 8 µM protein concentrations 
(Fig. 2A). We set the optimal concentration of Tat-PFKFB3 at 6 µM because it was the minimal concentration to 
show significant improvement in cell viability.

Surviving cells were visualized via staining for 5-CFDA AM in HT22 cells after simultaneous exposure to 200 
µM H2O2 and 6 µM Tat-PFKFB3 or PFKFB3 for 1 h. In the control group, several cells were stained with 5-CFDA 
AM. However, very few 5-CFDA AM-stained cells were observed in the vehicle- or PFKFB3-treated groups 
and demonstrated significantly lower fluorescence intensity (21.4% and 21.9%, respectively) than the control 
group. In the Tat-PFKFB3-treated group, numerous cells were stained with 5-CFDA AM, and the decrease in 
fluorescence intensity was significantly ameliorated (75.2% of the control) (Fig. 2B).

DCF-DA and TUNEL staining were performed to visualize the effects of 6 µM Tat-PFKFB3 or PFKFB3 against 
200 µM H2O2-induced ROS formation and DNA fragmentation in HT22 cells. In the control group, DCF and 
TUNEL fluorescence were nearly absent in HT22 cells. However, in vehicle- and PFKFB3-treated groups, DCF- 
and TUNEL-stained structures were abundantly found in the cells. In these groups, the fluorescence intensity of 
DCF and TUNEL was observed to be between 601.8% and 770.9% of that of the control group. In addition, in the 
Tat-PFKFB3-treated group, a few cells were stained with DCF and TUNEL and showed significantly lower levels 
(204.5% and 289.7%, respectively) of fluorescence intensity than their respective control groups (Fig. 2C and D).

Validation of synthesized Tat-PFKFB3 and PFKFB3 protein delivery in gerbil hippocampus. Two hours 
after ischemia/reperfusion, the delivered PFKFB3 was visualized via immunohistochemical staining for His-tag 
in the brain because 6X His was inserted in the pET15b vector system to detect the exogenous PFKFB3 protein. 
In the vehicle- and Tat peptide-treated groups, no His-tag immunoreactive structures were detected in the 
hippocampal CA1 region. In the 2.0 mg/kg PFKFB3-treated group, little His-tag immunoreactivity was found 
in the CA1 region, but did not show any significant changes between the control and 2.0 mg/kg PFKFB3-treated 
groups. In the 0.5 and 2.0 mg/kg Tat-PFKFB3-treated groups, His-tag immunoreactive structures were found in 
the CA1 region and His-tag immunoreactivity was significantly increased to 202.2% and 252.6% of the vehicle-
treated group, respectively (Fig. 3A). In the 2.0 mg/kg Tat-PFKFB3-treated group, His-tag immunoreactivity was 
observed in all hippocampal subregions, including the CA1-3 region and dentate gyrus (Fig. 3A).

Within the hippocampal CA1 region, His-tag immunoreactivity was abundantly found in the pyramidal 
cells in stratum pyramidale, while a small number of non-neuronal cells exhibited His-tag immunoreactivity. 
In order to examine the expression of His-tag in glial components, double fluorescent staining for His-tag and 
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GFAP or Iba-1 was conducted. Several GFAP-immunoreactive astrocytes and Iba1-immunoreactive microglia 
were found to colocalize with His-tag in the CA1 region (Fig. 3B).

Neuroprotective effects of Tat-PFKFB3 and PFKFB3 proteins on ischemia-induced neuronal damage 
in gerbils. One day after ischemia/reperfusion, spontaneous motor activity was observed to assess the distance 
traveled because ischemia-induced hyperactivity is caused by functional impairments in the hippocampus. 
Gerbils in the vehicle-treated group traveled significantly longer (268.0%) than those in the control group. In 
the Tat peptide- and 2.0 mg/kg PFKFB3-treated groups, the traveled distance was similar to that of the vehicle-
treated group. In the 0.5 and 2.0 mg/kg Tat-PFKFB3-treated groups, the gerbils traveled shorter distances in a 
concentration-dependent manner; however, a significant mitigation of distance traveled (121.1% of control) was 
only found in the 2.0 mg/kg Tat-PFKFB3-treated group compared to the vehicle-, Tat peptide-, and 2.0 mg/kg 
PFKFB3-treated groups (Fig. 4A).

Six and seven days after ischemia/reperfusion, memory deficits were assessed via training and test sessions of 
the passive avoidance test. In the vehicle- and Tat peptide-treated groups, the latency was significantly decreased 
to 31.6% and 25.8% of the control group, respectively. In the 2.0 mg/kg PFKFB3-treated group, the latency was 
similar to that in the vehicle-treated group. However, in the 0.5 and 2.0 mg/kg Tat-PFKFB3-treated groups, the 

Fig. 1. Validation of synthesized Tat-PFKFB3 and PFKFB3 protein delivery in HT22 cells. (A) Tat-PFKFB3 
and its control protein (PFKFB3) were designed based on the pET15b vector system with 6X His and 
PFKFB3 with/without the Tat expression vector, respectively. Transformation to cells, cultivation, induction, 
purification, and protein expression were validated by Coomassie brilliant blue staining and western blotting 
for His-tag. (B) Purified proteins were incubated for 60 min in HT22 cells to confirm the concentration-
dependent delivery of protein. (C) The proteins (6.0 µM) were added at various time points to assess the 
time-dependent delivery of protein. (D) The proteins (6.0 µM) were added for longer times to assess protein 
degradation. (B-D) The delivered proteins were validated via western blotting for His-tag, and all assays were 
performed in triplicate. Data are shown as mean ± standard deviation, and the differences were analyzed using 
Student’s t-test (B and C) and one-way analysis of variance followed by Tukey’s multiple comparison post hoc 
test (D) (n = 5, ap < 0.05, significantly different from the control group; bp < 0.05, significantly different from 
the 60 min group). (E) The proteins (6.0 µM) were added for 60 min and immunochemical staining for His-tag 
was performed to visualize the delivered proteins in HT22 cells. Scale bar = 20 μm.
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Fig. 2. Neuroprotective effects of Tat-PFKFB3 and PFKFB3 proteins on H2O2-induced oxidative damage in 
HT22 cells. (A) Purified proteins and 200 µM H2O2 were incubated for 60 min in HT22 cells to determine 
the optimal concentration showing neuroprotective effects of proteins. (B–D) The proteins (6.0 µM) and 
200 µM H2O2 were incubated for 60 min and 5-carboxyfluorescein diacetate acetoxymethyl ester (5-CFDA 
AM), 2,7-dichlorofluorescein diacetate (DCF-DA), and deoxynucleotidyl transferase-mediated deoxyuridine 
triphosphate-biotin nick end labeling (TUNEL) staining were performed to visualize the surviving cells, ROS 
formation, and DNA fragmentation, respectively. Scale bar = 50 μm. All assays were performed in triplicate. 
Fluorescence intensities of 5-CFDA AM, DCF-DA, and TUNEL-stained cells were measured with an ELISA 
reader, and the data obtained were calibrated into percentile values versus the control group. Data are shown as 
mean ± standard deviation, and the differences were analyzed using one-way analysis of variance followed by 
Tukey’s multiple comparison post hoc test (ap < 0.05, significantly different from the control group; bp < 0.05, 
significantly different from the vehicle group; cp < 0.05, significantly different from the PFKFB3 group).
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Fig. 3. Validation of synthesized Tat-PFKFB3 and PFKFB3 protein delivery in the gerbil hippocampus. (A) 
Immunohistochemical staining for His-tag was used to visualize intracellular delivery of PFKFB protein 
in the hippocampal CA1 region 2 h after ischemia. DG, dentate gyrus. (B) Double immunofluorescent 
histochemical staining for His-tag and GFAP or Iba1 was performed to visualize PFKFB delivery in astrocytes 
and microglia, respectively, 2 h after treatment with Tat-PFKFB3 and PFKFB3 protein. The images of the 
double immunostained cells are inserted as inset images. Scale bar = 50 μm and 400 (whole hippocampus). The 
fluorescence intensity of the His-tag was measured at the mid-point of the CA1 region. The obtained data were 
calibrated into percentile values compared to the control group. Data were analyzed using one-way analysis 
of variance followed by Tukey’s multiple comparison post hoc test (ap < 0.05, significantly different from the 
control group; bp < 0.05, significantly different from the vehicle-treated group; cp < 0.05, significantly different 
from the PFKFB3-treated group). Data are presented as mean ± standard deviation.
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Fig. 4. Neuroprotective effects of Tat-PFKFB3 and PFKFB3 proteins on ischemia-induced neuronal damage 
in gerbils. (A) Locomotor activity was recorded, and the distance traveled was analyzed 24 h after ischemia 
to assess ischemia-induced hyperlocomotive activity. In addition, long-term memory deficits induced by 
ischemia were observed 7 days after ischemia via passive avoidance test. (B) Immunohistochemical staining 
for NeuN was performed to visualize the surviving neurons in the hippocampus 4 and 10 days after ischemia. 
Scale bar = 400 μm. The mid-point of the CA1 region was selected, and the number of NeuN-immunoreactive 
neurons was counted. The data obtained were calibrated into percentile values versus control group. Data were 
analyzed using one-way analysis of variance followed by Tukey’s multiple comparison post hoc test (ap < 0.05, 
significantly different from the control group; bp < 0.05, significantly different from the vehicle-treated group; 
cp < 0.05, significantly different from the PFKFB3-treated group). Data are presented as mean ± standard 
deviation.
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latency was increased and significantly longer (79.9% of control) in the 2.0 mg/kg Tat-PFKFB3-treated group 
than that in the vehicle- or Tat peptide-treated groups (Fig. 4A).

Four and ten days after ischemia, surviving neurons were morphologically visualized via immunohistochemical 
staining for NeuN. In the control group, abundant NeuN-immunoreactive neurons were found in the hippocampal 
subregions, CA1-3, and the dentate gyrus. In the vehicle-, Tat peptide-, and 2.0 mg/kg PFKFB3-treated groups, 
NeuN-immunoreactive neurons were similarly detected in the hippocampus compared to that in the control 
group, except in the CA1 region, where a massive reduction of NeuN-immunoreactive neurons was observed. 
In these groups, the numbers of NeuN-immunoreactive neurons were 5.6%, 6.2%, and 4.7% in the CA1 region 
of the vehicle-, Tat peptide-, and 2.0 mg/kg PFKFB3-treated groups compared to those in the control group, 
respectively, 4 days after ischemia. Ten days after ischemia, the numbers decreased to 3.3%, 3.5%, and 3.5% in the 
CA1 region of the vehicle-, Tat peptide-, and 2.0 mg/kg PFKFB3-treated groups compared to those in the control 
group, respectively. In the 0.5 and 2.0 mg/kg Tat-PFKFB3-treated groups, more NeuN-immunoreactive neurons 
were found in the CA1 region, and their number significantly increased to 66.0% of that in the 2.0 mg/kg Tat-
PFKFB3-treated group 4 days after ischemia. Ten days after ischemia, the number of NeuN-immunoreactive 
neurons was similar to that found in the 0.5 mg/kg Tat-PFKFB3-treated group compared to those in the vehicle-, 
Tat peptide-, or 2.0 mg/kg PFKFB3-treated groups. However, the number of NeuN-immunoreactive neurons 
was similar to that observed in the 2.0 mg/kg Tat-PFKFB3-treated group 4 and 10 days after ischemia (Fig. 4B).

The effect of Tat-PFKFB3 and PFKFB3 proteins on ischemia-induced Cdk5 expression in gerbils. Since 
PFKFB3 is closely associated with Cdk5, gerbils were sacrificed 24 h after ischemia. In the control group, Cdk5 
immunoreactivity was observed in the cytoplasm of the CA1 and CA3 regions. In the vehicle-, Tat peptide-, and 
2.0 mg/kg PFKFB3-treated groups, Cdk5 immunoreactivity was found in the cytosol of the CA3 region, while 
in the CA1 region, Cdk5 immunoreactivity was mainly observed in the nucleus. In contrast, in the 2.0 mg/kg 
Tat-PFKFB3-treated group, Cdk5 immunoreactivity was detected in the cytoplasm in the CA3 region and found 
in both the cytoplasm and nucleus in the CA1 region (Fig. 5A). To elucidate the increase in Cdk5 in the nuclear 
fraction, western blotting was performed using the nuclear fraction of hippocampal CA1 homogenates. Laminin 
B1, a nuclear envelope marker, was clearly observed in all lanes, but GAPDH, a cytoplasmic marker, was not 
detected. In the well-established nuclear fraction of the hippocampus, Cdk5 protein levels were significantly 
increased in the vehicle-, Tat peptide-, and 2.0 mg/kg PFKFB3-treated groups to 423.7%, 406.2%, and 418.7% 
of the control group, respectively. However, the increase in Cdk5 protein level in the nuclear fraction was 
significantly ameliorated in the 2.0 mg/kg Tat-PFKFB3-treated group, and the protein level was 230.9% of the 
control group (Fig. 5B).

Effects of Tat-PFKFB3 and PFKFB3 proteins on ROS formation in the hippocampal CA1 region. One 
day after ischemia/reperfusion, ROS formation was visualized by staining with DHE in the hippocampal CA1 
region. In the control group, a very faint DHE fluorescence was observed in the hippocampal CA1 region. In 
the vehicle-, Tat peptide-, and 2.0 mg/kg PFKFB3-treated groups, DHE fluorescence was found in the stratum 
pyramidale of the CA1 region, and their optical densities were significantly increased to 310.3%, 317.8%, and 
335.7% of the control group, respectively. In the 2.0 mg/kg Tat-PFKFB3-treated group, DHE fluorescence was 
detectable in the CA1 region, but the optical density was significantly decreased to 159.2% of the control group 
compared to the vehicle-, Tat peptide-, and 2.0 mg/kg PFKFB3-treated groups (Fig. 5C).

Discussion
Glycolysis is a compensatory mechanism that meets the energy needs of cells under various stress conditions25,42–44. 
Increased glycolysis has diverse cellular effects, increasing energy supply and inhibiting the production of ROS 
in cells45–47. PFKFB3 is a critical regulator of glycolysis, and its expression increases 12  h after oxygen and 
glucose deprivation23. In this study, we synthesized Tat-PFKFB3 to facilitate the intracellular delivery of PFKFB3 
into HT22 cells, as the Tat peptide is considered a potential carrier of proteins and RNAs48–50. We observed an 
increase in Tat-PFKFB3 protein delivery in a concentration- and time-dependent manner based on western 
blotting and immunocytochemical staining for the His-tag; 6X His was added to the pET15b vector system. 
However, the control protein (PFKFB3) did not show a significant increase in the His-tag at any concentration 
or incubation time.

We investigated the effects of the Tat-PFKFB3 protein on H2O2-induced oxidative damage in HT22 cells and 
observed significant ameliorative effects on H2O2-induced neuronal death at concentrations of 6 µM and higher 
of Tat-PFKFB3 protein. We also observed a reduction in DNA fragmentation, ROS formation, and neuronal 
death in HT22 cells. This result is consistent with previous studies showing that pharmacological or genetic 
inhibition of PFKFB3 significantly alleviates pinocembrin-induced protective effects in cardiomyocytes29 and 
increases sensitivity to Aβ toxicity51. However, pharmacological inhibition of PFKFB3 activity has shown 
neuroprotective effects against excitotoxic damage induced by NMDA, glutamate receptor activation, and 
oxygen-glucose deprivation26. A more recent study demonstrated that the accumulation of PFKFB3 in the 
cytosol causes neuronal death52.

Thus, we expanded our observations to an in vivo ischemic model to assess the neuroprotective effects of 
Tat-PFKFB3 on hippocampal neurons. In previous studies, we noted the delivery of different Tat-fused proteins 
into the hippocampus36,53,54. In the present study, we assessed the delivery of PFKFB3 into the hippocampus 
through immunohistochemical staining for His-tag, and we observed intracellular localization of the His-
tag. The transduced protein was predominantly observed in the neurons in the stratum pyramidale, while the 
delivery of Tat-PFKFB3 was found in the astrocytes and microglia. This result suggests that Tat-fused proteins 
could primarily be delivered to neurons, with a partial delivery to astrocytes and microglia. To elucidate the 
neuroprotective effects of Tat-PFKFB3 against ischemic damage, we examined spontaneous motor activity in 
gerbils 24 h after ischemia. This is because hyperlocomotive activity was observed before neuronal damage in the 
hippocampal CA1 region following ischemia in gerbils55. In contrast, passive avoidance was performed in this 
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Fig. 5. Effect of Tat-PFKFB3 and PFKFB3 proteins on ischemia-induced Cdk5 expression and ROS formation 
in gerbils. (A) Immunohistochemical staining for Cdk5 was performed in the CA1 region 24 h after ischemia 
to assess the mechanisms of Tat-PFKFB3 and PFKFB3 against ischemia. Scale bar = 20 μm. (B) Western 
blotting for Cdk5 was conducted to change the protein levels in the nuclear fraction of hippocampal CA1 
homogenates 24 h after ischemia. (C) DHE staining was used to visualize ROS formation in the hippocampal 
CA1 region 24 h after ischemia. The mid-point of the CA1 region was selected, and the DHE fluorescence 
intensity was measured. The data obtained were calibrated into percentile values compared to the control 
group. Data were analyzed using one-way analysis of variance followed by Tukey’s multiple comparison post 
hoc test (ap < 0.05, significantly different from the control group; bp < 0.05, significantly different from the 
vehicle-treated group; cp < 0.05, significantly different from the PFKFB3-treated group). Data are presented as 
mean ± standard deviation.
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study to assess long-term memory impairment after neuronal death. Treatment with Tat-PFKFB3 significantly 
mitigated ischemia-induced hyperactivity and deficits in long-term memory 24 h and 7 days after ischemia. 
Additionally, we examined the surviving neurons in the hippocampus 4 and 10 days after ischemia to confirm 
whether Tat-PFKFB3 protects or delays neuronal death. Tat-PFKFB3 ameliorated neuronal death induced 
by ischemia within 10 days after ischemia. This finding is consistent with a previous study showing that the 
activation of PFKFB3 ameliorates neuronal damage induced by traumatic spinal cord injury, while PFKFB3 
knockdown aggravates neuronal and white matter damage28. Other studies have also demonstrated that the 
pharmacological and genetic inhibition of PFKFB3 alleviates ischemia-induced neuronal damage26,27 and 
hypoxia-induced pulmonary hypertension56.

To address these discrepancies in the effects of PFKFB3, we evaluated Cdk5 levels in the hippocampal CA1 
region post-ischemia. PFKFB3 is rapidly degraded in neurons via ubiquitylation by the APC/C-Cdh116, while 
PFKFB3 is stable in astrocytes due to low levels of APC/C-Cdh157. However, PFKFB3 is stabilized when APC/C-
Cdh1 is inhibited by Cdk5-p2520,58 following overactivation of the NMDA receptors in neurons. Accumulation 
of PFKFB3 promotes glucose consumption, suppresses the PPP, and ultimately leads to neuronal death21 due 
to the failure to maintain neuronal redox status through the PPP59–61. Moreover, Cdh1 overexpression has 
been shown to have neuroprotective effects against transient global cerebral ischemia and oxygen-glucose 
deprivation23,62. In this study, we observed Cdk5 immunoreactivity in the hippocampal CA1 region 24 h after 
ischemia, as it was significantly increased in the nuclear fraction at this time point63. Cdk5 immunoreactivity 
was detected in the nucleus 24  h after ischemia, when the protein level was significantly elevated in the 
hippocampal CA1 fraction. However, treatment with Tat-PFKFB3 significantly reduced Cdk5 protein levels 
in the nuclear fraction 24  h after ischemia. This suggests that treatment with Tat-PFKFB3 decreases Cdk5 
expression in the nucleus, which may increase APC/C-Cdh1 levels in the hippocampus and attenuate ischemia-
induced neuronal death. Nonetheless, this study had limitations. Several studies have proven that inhibiting 
Cdk5 either pharmacologically or genetically has potential neuroprotective effects against neuronal death in 
cases of focal cerebral ischemia64,65 and oxygen-glucose deprivation66. Additionally, the Tat-PFKFB3 treatment 
significantly reduced the ischemia-induced production of ROS in the hippocampal CA1 region, as observed 
through DHE staining. However, in this study, we were unable to explain the discrepancy in the results. A 
recent study demonstrated that overexpression of PFKFB3 leads to an increase in mitochondrial ROS and 
impairs mitochondrial bioenergetics67. The time window is considered one of the most critical points in which 
continuous activation of PFKFB3 or pharmacological activation may cause neuronal damage by reducing the 
redox ability of neurons. However, in this study, we used exogenous PFKFB3, which may have acted through 
different mechanisms. The distinct roles of endogenous and exogenous PFKFB3 remain unclear. Additionally, 
although we administered Tat-PFKFB3 immediately after ischemia, the potential clinical relevance of delayed 
Tat-PFKFB3 treatment in ischemia treatment needs further elucidation.

Our study revealed that cell-permeable Tat-PFKFB3 can protect neurons from oxidative stress in HT22 cells 
and ischemic damage in the gerbil hippocampus. These beneficial effects of Tat-PFKFB3 may be associated with 
its inhibitory effect on Cdk5 translocation into the nucleus and its ability to reduce ROS formation. Therefore, 
Tat-PFKFB3 may be applicable for reducing neurological disorders associated with Cdk5.

Data availability
The datasets and supporting materials generated and/or analyzed during the current study are available from the 
corresponding author upon reasonable request.
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