
NEURAL REGENERATION RESEARCH｜Vol 20｜No. 2｜February 2025｜533

NEURAL REGENERATION RESEARCH
www.nrronline.orgResearch Article

Gamma-glutamyl transferase 5 overexpression in 
cerebrovascular endothelial cells improves brain 
pathology, cognition, and behavior in APP/PS1 mice

Abstract  
In patients with Alzheimer’s disease, gamma-glutamyl transferase 5 (GGT5) expression has been observed to be downregulated in 
cerebrovascular endothelial cells. However, the functional role of GGT5 in the development of Alzheimer’s disease remains unclear. This 
study aimed to explore the effect of GGT5 on cognitive function and brain pathology in an APP/PS1 mouse model of Alzheimer’s disease, 
as well as the underlying mechanism. We observed a significant reduction in GGT5 expression in two in vitro models of Alzheimer’s disease 
(Aβ1–42–treated hCMEC/D3 and bEnd.3 cells), as well as in the APP/PS1 mouse model. Additionally, injection of APP/PS1 mice with an adeno-
associated virus encoding GGT5 enhanced hippocampal synaptic plasticity and mitigated cognitive deficits. Interestingly, increasing GGT5 
expression in cerebrovascular endothelial cells reduced levels of both soluble and insoluble amyloid-β in the brains of APP/PS1 mice. This 
effect may be attributable to inhibition of the expression of β-site APP cleaving enzyme 1, which is mediated by nuclear factor-kappa B. Our 
findings demonstrate that GGT5 expression in cerebrovascular endothelial cells is inversely associated with Alzheimer’s disease pathogenesis, 
and that GGT5 upregulation mitigates cognitive deficits in APP/PS1 mice. These findings suggest that GGT5 expression in cerebrovascular 
endothelial cells is a potential therapeutic target and biomarker for Alzheimer’s disease.
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Introduction 
Alzheimer ’s disease (AD) is  the most common chronic 
neurodegenerative disease in elderly individuals, and its 
main clinical symptoms are progressive cognitive decline, 
memory deficits, and behavioral disorders. AD is characterized 
by the deposit ion of  amyloid-β (Aβ)  in  the brain and 
hyperphosphorylation of tau protein, which leads to the 
formation of neurofibrillary tangles and neuronal loss (Serrano-

Pozo et al., 2021). Aβ production and accumulation in the 
brain parenchyma are considered to be the main cause of AD, 
according to the widely accepted AD amyloid hypothesis (Stakos 
et al., 2020; Mary et al., 2023; Abyadeh et al., 2024). Abnormal 
Aβ aggregation leads to tau protein hyperphosphorylation, 
synaptic dysfunction, neuroinflammation, neuronal death, and 
ultimately dementia (De Strooper and Karran, 2016; Stakos et 
al., 2020). Hence, abnormal Aβ generation and accumulation in 
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the brain are likely culprits in AD pathogenesis and inevitable 
consequences of AD progression, and targeting Aβ production 
is considered a potential strategy for treating AD (Stakos et al., 
2020; Lao et al., 2021; Unnisa et al., 2023). Amyloid precursor 
protein (APP) undergoes sequential cleavage by β-secretase 
and γ-secretase to produce Aβ. β-Site APP cleaving enzyme 1 
(BACE1) is the only β secretase and the rate-limiting step that 
initiates Aβ production (Lomoio et al., 2020; Lao et al., 2021). 
Patients with AD exhibit elevated BACE1 expression levels and 
enzymatic activity in the brain, and inhibiting BACE1 activity or 
deleting BACE1 in animal models of AD reduces pathological Aβ 
deposition, rescues memory deficits, and decreased defects in 
neurological function (Neumann et al., 2015; Das and Yan, 2017; 
Moussa-Pacha et al., 2020). These findings suggest that BACE1 
plays a casual role in AD progression; and indeed, it is considered 
to be a promising therapeutic target for treating patients with AD 
(Lomoio et al., 2020; Moussa-Pacha et al., 2020). Pharmacological 
inhibition of BACE1 combined with therapy to counterbalance 
BACE1 inhibitor–mediated synaptic deficits has been proposed 
as a treatment strategy for AD (Das and Yan, 2019; Das et al., 
2021). In addition, abnormal modulation of BACE1 expression at 
the transcriptional and translational levels may be involved in AD 
pathogenesis (Dobrowolska Zakaria and Vassar, 2018; Das and 
Yan, 2019). Increased levels of nuclear factor-kappa B (NF-κB) and 
BACE1 expression have been reported in patients with sporadic 
AD (Kim et al., 2019). The transcription factor NF-κB regulates the 
expression of many genes, including BACE1 (Chen et al., 2012; 
Tamagno et al., 2012; Kim et al., 2019). Studies have shown that 
NF-κB activates BACE1 transcription (Snow and Albensi, 2016; 
Hou et al., 2019; Kim et al., 2019), resulting in Aβ production and 
aggregation. Aβ oligomers, in turn, activate NF-κB in neurons 
(Kim et al., 2019). Therefore, inhibiting NF-κB–mediated BACE1 
transcription attenuates Aβ production and accumulation in the 
brains of patients with AD.

Both patients with AD and animal models of AD exhibit 
disruptions to the neurovascular system, including alterations 
in blood vessel density, number, and diameter, which decreases 
brain perfusion and compromises the integrity of the blood‒
brain barrier (Lau et al., 2020). Cerebrovascular endothelial cells 
mediate exchanges across the blood‒brain barrier to maintain the 
homeostasis of the neurovascular unit microenvironment, and 
are thus central to the neuropathological characteristics of AD (Shi 
et al., 2020; Zhang et al., 2022; Estudillo et al., 2023). Endothelial 
cell injury impairs neurovascular coupling and decreases cerebral 
oxygenation, which enhance BACE1 activity, resulting in increased 
amyloidogenic processing of APP and Aβ aggregation in the 
brain (Soto-Rojas et al., 2021; Fisher et al., 2022). Excessive 
Aβ production damages endothelial cell structure, impairs 
endothelial cell function, alters cerebral circulation, further 
aggravates neurovascular unit dysfunction, and drives AD 
progression (Liu et al., 2019; Su et al., 2021). Lau et al. (2020) 
showed that the expression of gamma-glutamyl transferase 
(GGT) 5 is downregulated in cerebrovascular endothelial cells in 
patients with AD. GGTs, glycosylated proteins that are partially 
embedded in the outer surface of the plasma membrane, are 
heavily expressed on the luminal side of capillary endothelial cells 
in the central nervous system (Varga et al., 1985; Heisterkamp et 
al., 2008). There are only two GGT genes in humans that encode 
functional proteins: GGT1 and GGT5 (Heisterkamp et al., 2008). 
GGTs break down extracellular glutathione (GSH) to release its 
constitutive amino acids, glutamate and cysteine-glycine, which 

are used for intracellular GSH resynthesis (Bachhawat and Yadav, 
2018; Bjørklund et al., 2021). As such, GGT proteins play critical 
role in the GSH cycle, also known as the γ-glutamyl pathway 
(Bachhawat and Yadav, 2018; Ho et al., 2022), and help maintain 
intracellular and extracellular GSH homeostasis (Bachhawat and 
Kaur, 2017; Suzuki et al., 2020). A recent study found that GSH 
directly inhibits several steps within the NF-κB signaling pathway 
(Fraternale et al., 2021). Thus, GGT5 might play a critical role in 
AD etiology and pathogenesis by repressing NF-κB–mediated 
activation of BACE1 expression. However, the effect of GGT5 
expression in cerebrovascular endothelial cells on AD onset and 
progression is unclear. In particular, it is unknown whether GGT5 
upregulation can attenuate amyloid pathology and cognitive 
deficits in AD. Therefore, in this study we assessed the effects 
of GGT5 overexpression in cerebrovascular endothelial cells 
on cognitive function in APP/PS1 mice using multiple behavior 
tests, in vivo electrophysiology, and pathological examinations. 
Furthermore, mRNA sequencing was performed to determine the 
molecular mechanism by which GGT5 potentially attenuates Aβ 
accumulation and exerts neuroprotective effects. 
 
Methods   
Animals
The B6C3-Tg APPswe/PS1dE9 (APP/PS1) double transgenic 
mice used in this study express mutant human presenilin1 
(DeltaE9) and human amyloid precursor protein with the Swedish 
mutation (APPswe). Male APP/PS1 mice (Stock# 004462, RRID: 
MMRRC_034829-JAX) (Jankowsky et al., 2001) and wild-type 
(WT) male littermates were purchased from Hangzhou Ziyuan 
Experimental Animal Technology Co., Ltd. (Zhejiang, China, 
license No. SCXK (Zhe) 2019-0004). We only used male APP/PS1 
mice, similar to an earlier study (Xu et al., 2021a), to avoid the 
effect of female mouse hormones on performance in behavioral 
experiments and potential sex-based differences in AD pathology. 
The genotypes of all of the mice were confirmed by polymerase 
chain reaction (PCR) of toe tissue. All mice were housed in a 
specific pathogen–free facility under standard conditions (room 
temperature: 25 ± 2°C, air humidity: 50%–60%, 12/12-hour light-
dark cycle) with ad libitum access to food and water. All animal 
experiments were approved by the Animal Ethics Committee of 
First Hospital of Shanxi Medical University (approval No. DWYJ-
2023-004; March 2, 2023) and performed in strict accordance 
with the National Institutes of Health Guide for the Care and Use 
of Laboratory Animals. 

Eight-month-old APP/PS1 mice (n = 20) and their WT littermates 
(n = 20) were randomly divided into four groups: the WT 
vehicle group (WT + Vector) (n = 10), WT GGT5 overexpression 
group (WT + GGT5) (n = 10), APP/PS1 vehicle group (APP/PS1 
+ Vector) (n = 10), and APP/PS1 GGT5 overexpression group 
(APP/PS1 + GGT5) (n = 10). An adeno-associated virus (AAV) 
encoding GGT5 driven by the endothelial-specific promoter TIE 
(HBAAV2/9-TIE-m-Ggt5-3xflag-zsgreen, 100 μL/mouse, virus 
titer 1.5 × 1012 vector genomes per mL (vg/mL)) and a negative 
control AAV vector (HBAAV2/9-TIE-zsgreen, 100 μL/mouse, 
virus titer 1.4 × 1012 vg/mL) were administered to APP/PS1 mice 
by tail vein injection (Wu et al., 2021). Recombinant AAVs were 
constructed by Hanbio Biotechnology Co., Ltd. (Shanghai, China). 
One month after injection, behavioral tests were conducted 
to compare the performance of APP/PS1 mice and their WT 
littermates (Figure 1).
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Spontaneous Y-maze test
The spontaneous Y-maze test was used to evaluate the spatial 
working memory of mice (Kraeuter et al., 2019). The Y-maze 
(RWD Life Science Co., Ltd., Shenzhen, China) consisted of three 
gray plastic closed arms of equal length, at an angle of 120° from 
each other. Mice were placed in the central triangular area of 
the Y-maze and allowed to explore all three arms freely for 8 
minutes. Entry into an arm was defined as the mouse placing all 
four of its paws completely inside one of the arms, and correct 
spontaneous alternation was defined as consecutive entry into 
each of the three different arms in sequence. Total arm entries 
and the percentage of correct spontaneous alternations (number 
of correct spontaneous alternations/(total number of arm entries 
– 2) × 100%) were recorded.

Morris water maze test
The Morris water maze test was used to assess long-term spatial 
learning and memory (Su et al., 2021). The water maze apparatus 
was a circular tank 120 cm in diameter and 50 cm in height 
filled with water (22 ± 2°C) that was opacified by the addition of 
nontoxic titanium dioxide to conceal anything under the water 
surface from the mice but allow video recording (Ethovision3.0, 
Noldus Information Technology, Wageningen, the Netherlands). 
The tank was divided into four virtual quadrants, with an escape 
platform (10 cm in diameter) hidden 1 cm beneath the water 
surface in the target quadrant. During the initial 5-day positioning 
navigation test, mice were placed in the water in different 
quadrants facing the wall of the tank and allowed to search for 
the hidden platform for 60 seconds. The escape latency was 
defined as the time that elapsed between entering the water 
and climbing onto the platform. When a mouse found and 
climbed onto the platform, it was allowed to stay on the platform 
for 5 seconds. If a mouse failed to find the platform within 60 
seconds, it was guided to the platform and allowed to stay on 
the platform for 20 seconds (the escape latency was recorded 
as 60 seconds). In the probe trial performed on the 6th day, the 
platform was removed and the mice were allowed to swim freely 
for 60 seconds. Each mouse’s swimming path, escape latency, 
percentage of time spent swimming in the target quadrant, and 
number of platform crossings were recorded and analyzed using 
Ethovision XT10 software (Noldus Information Technology).

In vivo hippocampal long-term potentiation recording 
After the behavioral tests were complete, the mice were 
anesthetized by intraperitoneal injection of 1% pentobarbital 
sodium solution (10 mL/kg; Lulong Biotechnology Co., Ltd. 
Shanghai, China) and fixed in a stereotaxic instrument (RWD 
Life Science, Shenzhen, China, 68016). As described previously 
(Li et al., 2022b), a 2-mm-diameter hole was made at 2 mm 
posterior to bregma and 1.5 mm lateral to the midline. A bound 
bipolar concentric stimulation/recording electrode (Alpha Omega 
Engineering Ltd., Shanghai, China) was implanted through 

the hole using stereotaxic coordinates and lowered by 20-µm 
increments to evoke field excitatory postsynaptic potentials 
(fEPSPs). fEPSPs recordings were taken from the stratum radiatum 
in the CA1 area of the hippocampus in response to stimulation 
of the ipsilateral Schaffer collateral pathway. Before each 
experiment, an input‒output curve was generated with different 
stimulus currents (0−0.2 mA) at a frequency of 0.033 Hz to 
determine the intensity of the current used during the long-term 
potentiation (LTP) experiment. The intensity of the test stimulus 
was set at a level that produced 30%−50% of the maximum 
fEPSP. Testing stimuli were applied at 30-second intervals over 
30 minutes to measure basal synaptic transmission. Afterwards, 
paired pulse facilitation was induced by paired pulse stimulation 
(three pulse series with an interseries interval of 30 seconds 
and an interstimulus interval of 50 ms) to determine whether a 
presynaptic mechanism was involved. Finally, LTP was induced 
using a high-frequency stimulation (HFS) protocol consisting of 
square pulses (three series of 20 pulses at 200 Hz separated by 
30 seconds) and recorded for 60 minutes.

Tissue processing 
After the electrophysiological tests were complete, some of the 
mice in each group were used for western blot experiments, 
while the remaining mice were used for immunofluorescence 
staining. For western blotting, mice were anesthetized by 
intraperitoneal injection of 1% pentobarbital sodium solution (10 
mL/kg), then transcardially perfused with normal saline (0.9%) 
and rapidly decapitated. The brains were removed quickly, and 
the cortical and hippocampal tissues were harvested on ice, 
frozen in liquid nitrogen, and stored at −80°C (Su et al., 2021). 
For immunofluorescence staining, mice were anesthetized by 
intraperitoneal injection of 1% pentobarbital sodium solution 
(10 mL/kg), transcardially perfused with normal saline (0.9%), 
and then perfused with 4% paraformaldehyde. Next, the brains 
were removed, fixed in 4% paraformaldehyde for 24 hours, and 
dehydrated in a 15% sucrose solution for 24 hours and a 30% 
sucrose solution for 48 hours (Su et al., 2021). Subsequently, 
continuous coronal sections (25-μm thick) were made with a 
cryostat (CM1950, Leica, Shanghai, China), and the sections were 
stored at −80°C.

Western blot assay
Hippocampal and cortical tissues and bEnd.3, hCMEC/D3, 
and HT22 cells were homogenized in precooled RIPA buffer 
containing protease inhibitor (Boster, Wuhan, China, AR1183) 
and phenylmethyl sulfonyl fluoride (AR1179, Boster) (10 mL 
radio immunoprecipitation assay buffer/1 g tissue) at a ratio 
of 100 RIPA:1 protease inhibitor: 1 PMSF. The homogenates 
were centrifuged at 4°C (13,800 × g) for 30 minutes, and the 
supernatants were collected. The protein concentration in the 
collected supernatants was detected using a bicinchoninic acid 
assay kit (AR0146, Boster), and the samples were diluted with 

Figure 1 ｜ Experimental flowchart.
AAV: Adeno-associated virus; IF: 
immunofluorescence; LTP: long-term 
potentiation; MWMT: Morris water maze 
test; qPCR: quantitative polymerase chain 
reaction; WB: Western blot; YMT: Y-maze 
test.



536  ｜NEURAL REGENERATION RESEARCH｜Vol 20｜No. 2｜February 2025

NEURAL REGENERATION RESEARCH
www.nrronline.org Research Article

sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) protein buffer (5×) (AR0131, Boster) to equivalent 
concentrations. The protein samples were then denatured at 
100°C for 5 minutes, electrophoresed on 12% or 15% SDS‒PAGE 
gels (AR0138, Boster) and transferred to polyvinylidene fluoride 
membranes (0.45 μm or 0.22 μm, Millipore, Shanghai, China). The 
membranes were blocked with skim milk for 2 hours at 22 ± 2°C 
and then incubated with primary antibodies at 4°C overnight. The 
next day, after rinsing with Tris-buffered saline containing Tween, 
the membranes were incubated with the appropriate secondary 
antibodies for 90 minutes and then treated with enhanced 
chemiluminescence luminescent solution (AR1171, Boster). 
Bands were imaged on an imaging system (Bio-Rad, Hercules, CA, 
USA) and the optical density (expressed as a ratio to β-actin) was 
analyzed using ImageJ software V1.8.0. The primary antibodies 
used were as follows: anti-GGT5 (human, mouse, 1:500, ABclone, 
Wuhan, China, Cat# A14374, RRID: AB_2761241), anti-agrin 
(AGRN; human, mouse, 1:500, Santa Cruz Biotechnology, Santa 
Cruz, CA, USA, Cat# sc-374117, RRID: AB_10947251), anti-LRP1 
(human, mouse, 1:5000, Abcam, Cambs, Cambridge, UK, Cat# 
ab92544, RRID: AB_2234877), anti-amyloid-β (D54D2) (mouse, 
1:1000, Cell Signaling, Boston, MA, USA, Cat# 8243, RRID: 
AB_2797642), anti-amyloid-β (1–42) (D9A3A) (mouse, 1:1000, Cell 
Signaling, Cat# 14974, RRID: AB_2798671), anti-APP C-terminal 
fragment (CTF; mouse, 1:1000, Sigma, Munich, Bayern, Germany, 
Cat# A8717, RRID: AB_258409), anti-BACE1 (D10E5) (mouse, 
1:1000, Cell Signaling, Cat# 5606, RRID: AB_1903900), anti-NF-κB 
p65 (F-6) (mouse, 1:200, Santa Cruz Biotechnology, Cat# sc8008, 
RRID: AB_628017), anti-phosphor-nuclear factor kappa B (p-NF-
κB) p65 (Ser468) (mouse, 1:1000, Cell Signaling, Cat# 3039, RRID: 
AB_330579), anti-inhibitor-kappaBα (IκBα) (H-4) (mouse, 1:100, 
Santa Cruz Biotechnology, Cat# sc-1643, RRID: AB_627772), 
anti-neuronal pentraxin II (NPTX2) (mouse, 1:5000, Abcam, 
Cat# ab277523, RRID: AB_3075509), and anti-β-actin (human, 
mouse, 1:5000, Boster, Cat# BM0627, RRID: AB_2814866). The 
secondary antibodies used were goat anti-mouse IgG-horseradish 
peroxidase (HRP) conjugate (1:5000, Boster, Cat# BA1050, RRID: 
AB_10892412) and goat anti-rabbit IgG-HRP conjugate (1:5000, 
Boster, Cat# BA1054, RRID: AB_10892383).

Immunofluorescence staining 
Brain sections were rinsed in phosphate-buffered saline (PBS) 
and blocked with 5% bovine serum albumin (AR1006, Boster) for 
1 hour at room temperature. The sections were then incubated 
with primary antibodies at 4°C overnight, after which they were 
rinsed in PBS containing Tween and incubated with appropriate 
fluorescence-conjugated secondary antibodies at 37°C in the 
dark. Next, the sections were washed in PBS containing Tween, 
incubated with 4,6-diamino-2-phenyl indole (AR1176, Boster) for 
6 minutes, and imaged using a fluorescence microscope (Olympus, 
Tokyo, Japan). The images were analyzed using ImageJ software. 
The primary antibodies used were anti-GGT5 (mouse, 1:250, 
Bioss, Beijing, China, Cat# bs-13349R, RRID: AB_3075527), anti-
CD31/platelet endothelial cell adhesion molecule-1 (PECAM-1; 
mouse, 1:100, Santa Cruz Biotechnology, Cat# sc-376764, 
RRID: AB_2801330), and anti-β-amyloid (6E10; mouse, 1:1000, 
Biolegend, Santiago, CA, USA, Cat# 803015, RRID: AB_2565328). 
The secondary antibodies included goat anti-mouse IgG-Cy3 
(1:100, Boster, Cat# BA1031, RRID: AB_10890402), goat anti-
rabbit IgG-Cy3 (1:300, Boster, Cat# BA1032, RRID: AB_2716305), 
goat anti-rabbit IgG-Cy3 (1:500, Invitrogen, Shanghai, China, 
A10520, RRID: AB_10563288), and goat anti-mouse IgG-488 
(1:300, Invitrogen, Cat# A32723, RRID: AB_2633275).

Cell culture and Aβ preparation
A murine cerebral microvascular endothelial cell line (bEnd.3; 
Cat# CL-0598; RRID: CVCL_0170) was purchased from Procell Life 
Science & Technology Co., Ltd. (Wuhan, China). An immortalized 
human cerebral microvascular endothelial cell line (hCMEC/
D3; Cat# ZQ0961; RRID: CVCL_1985) was purchased from 
Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd. (Shanghai, 
China). A murine hippocampal neuronal cell line (HT22; Cat# 
CX0146; RRID: CVCL_0321) was purchased from Wuhan Boshide 
Bioengineering Co., Ltd. (Wuhan, China). All cells were cultured 
at 37°C with a humidified atmosphere containing 5% CO2 in 
complete growth medium (90% Dulbecco’s modified Eagle 
medium (DMEM) + 5%−10% fetal bovine serum + 1% 100 U/mL  
penicillin and 100 μg/mL streptomycin). Cells were seeded 
into six-well plates at an appropriate density and cultured for 
subsequent experiments, such as plasmid transfection and 
protein extraction.

One mi l l ig ram of  recombinant  human Aβ 1−42 pept ide 
(ChinaPeptides, Shanghai, China) was dissolved in 60 μL of 
dimethyl sulfoxide (DMSO) (Li et al., 2022b) and then diluted 
to the final concentration (5 μM) with complete medium. After 
plasmid transfection, cells were cultured with Aβ1−42 for 48 hours.

Plasmid transfection and detection of GSH and oxidized 
glutathione contents
bEnd.3 cells were seeded into six-well plates at a density of 1 × 
105 cells per well, and 4 μg of GGT5 plasmid (pCDNA3.1-CMV-
GGT5-3flag-EF1-ZsGreen-T2A-Puro, NM_011820.5) or negative 
control vector plasmid DNA (pCDNA3.1-CMV-MCS-3flag-EF1-
ZsGreen-T2A-Puro; both from Hanbio Biotechnology Co., Ltd.) 
mixed with 6 μL of LipoFiter3.0 (Hanbio Biotechnology Co., Ltd.) 
was added to each well. 

After culturing for an appropriate amount of time, GGT5 
expression was detected by western blotting, as described above. 
The intracellular and extracellular GSH and oxidized glutathione 
(GSSG) contents in each group were detected 12, 24, and 48 
hours after transfection using GSH and GSSG detection kits 
(Beyotime Biotechnology, Shanghai, China), and the GSH/GSSG 
ratio was calculated.

Cell counting kit-8 assay
We used a cell counting kit-8 (CCK-8) (Boster) to measure HT22 
cell viability. First, 1 × 105 HT22 cells were added to each well of a 
six-well plate. After culturing for 24 hours, the cells were treated 
with 3 μL DMSO + 2 mL conditioned medium from bEnd.3 cells 
transfected with the vector plasmid and 3 μL DMSO + 2 mL 
conditioned medium from bEnd.3 cells transfected with the GGT5 
plasmid (vehicle group) or 3 μL Aβ1−42 + 2 mL conditioned medium 
from bEnd.3 cells transfected with the vector plasmid and 3 μL 
Aβ1−42 + 2 mL conditioned medium from bEnd.3 cells transfected 
with the GGT5 plasmid (Aβ1−42 intervention group). After 
incubating the cells for 24, 48, or 72 hours, 1 × 104 HT22 cells 
were added to each well of a 96-well plate. Three to five replicate 
wells were included for each group. 10  μL of CCK-8 reagent was 
added to 90 μL of DMEM, the mixture was added to each well, 
and the plates were reincubated for another 1−2 hours. The 
absorbance was then detected at 450 nm using an absorbance 
reader (BioTek, Burlington, VT, USA). The cell survival rate in each 
group was calculated as follows: (test well − blank well) optical 
density (OD) value/(vehicle well − blank well) OD value × 100%.
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mRNA sequencing
hCMEC/D3 cells were cultured in a six-well plate with 3 μL of 
DMSO + 2 mL of complete growth medium (vehicle group) or 3 μL 
of Aβ1−42 + 2 mL of complete growth medium (Aβ1−42 intervention 
group). After 48 hours, 1 mL of TRIzol (Invitrogen) was added 
to each well to extract total RNA. Mouse tissue samples were 
harvested and processed as previously described (Li et al., 
2022b), and total RNA was extracted from cortical tissues from 
the WT + Vector group, APP/PS1 + Vector group, and APP/PS1 + 
GGT5 group (n = 3/group) using TRIzol reagent according to the 
manufacturer’s instructions. RNA purity and concentration were 
assessed using a NanoPhotometer® spectrophotometer (Implen, 
Huntsville, AL, USA), and RNA integrity of was assessed using the 
RNA Nano 6000 analysis feature of the BioAnalyst 2100 system 
(Agilent Technologies, Santa Clara, CA, USA). Finally, mRNA 
sequencing (mRNA-seq), quantification, and differential gene 
expression analysis were performed by Novogene Biotechnology 
(Beijing, China).

Real-time polymerase chain reaction
Gene-specific primers for quantitative polymerase chain reaction 
(qPCR) were designed and synthesized by Sangon Biotech 
(Shanghai, China), and the sequences are shown in Tables 1 and 
2. Total RNA was extracted from hCMEC/D3 cells and cortical 
tissue as described above. RNA purity and concentration were 
assessed, genomic DNA was removed using 4× gDNA wiper Mix 
according to the manufacturer’s instructions (Vazyme, Shanghai, 
China), and 1 μg total RNA was reverse transcribed to synthesize 
single-stranded complementary DNA (cDNA) using HiScriptIII RT 
SuperMix according to the manufacturer’s instructions (Vazyme). 
Each 20-µL qPCR reaction mixture contained 2 µL of cDNA, 10 
µL of ChamQ Universal SYBR qPCR Master Mix (Vazyme), 0.4 
µL (10 µM) each of forward and reverse primers, and 7.2 µL 
ddH2O. Real-time qPCR was performed on a Roche LightCycler 
480IIreal-time PCR instrument (Roche, Basel, Switzerland). 
The reference genes used were glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) (cells) and β -actin (tissues). The 2−ΔΔCt  
method was applied to analyze relative changes in gene 
expression (Flanigan et al., 2023).

Statistical analysis
We used a resource equation approach and referred to previous 
studies (Arifin and Zahiruddin, 2017; Gong et al., 2023; Huang et 
al., 2023) to determine the appropriate sample size for the in vivo 
experiments, ultimately including 40 animals. The investigators 
were blinded to the group assignments while performing the 
experiments. The data were analyzed using SPSS Statistics 
for Windows, Version 26.0 (IBM Corp., Armonk, NY, USA) and 
GraphPad Prism version 8.0.0 for Windows (GraphPad Software, 
Boston, MA, USA, www.graphpad.com). All experimental data 
are expressed as mean ± standard error of the mean. The escape 
latency and swimming speed in the Morris water maze test were 
analyzed by two-way analysis of variance with repeated measures 
followed by post hoc Tukey’s multiple comparison tests, and other 
data were statistically analyzed by independent-samples t-test or 
one-way analysis of variance followed by Tukey’s post hoc test or 
least significant difference test. P < 0.05 indicated a statistically 
significant difference.

Results
GGT5 expression is decreased in AD mouse brains and AD 
model cells compared with controls
First, we performed mRNA-seq analysis of hCMEC/D3 cells treated 

with vehicle or Aβ1−42 and identified 178 differentially expressed 
genes (Figure 2A and Additional Table 1). Comparing this list 
with an existing AD single-cell sequencing database yielded a list 
of 11 differentially expressed genes that are potentially related to 
AD (Lau et al., 2020; Figure 2B and Additional Table 1). Nine of 
these genes were downregulated in Aβ1−42-treated cells compared 
with vehicle-treated cells, including GGT5, AGRN, LRP1, MCAM, 
EFHD2, TECR, PLOD1, MRC2, and ARHGEF17, while two were 
upregulated: NAMPT and RPS27A. qPCR analysis verified that, 
compared with the vehicle group, AGRN (P < 0.05), GGT5 (P < 
0.05), ARHGEF17 (P < 0.05), and MCAM (P < 0.05) expression 
levels in hCMEC/D3 cells treated with Aβ1−42 were significantly 
lower, while LRP1 (P < 0.05) expression was significantly higher 
(Figure 2C). Western blot confirmed that GGT5 (P < 0.05), AGRN 

Table 1 ｜ Primer sequences used for qPCR in hCMEC/D3 cells

Target genes Forward primer sequences Reverse primer sequences

GAPDH 5'-CAG GAG GCA TTG CTG 
ATG AT-3'

5'-GAA GGC TGG GGC TCA 
TTT-3'

AGRN 5'-CCG CCA GGA GAA TGT CTT 
CAA-3'

5'-TTT CGT AGG TGA CTC CGT 
CGT-3'

NAMPT 5'-AGC AGA ACA CAG TAC CAT 
AAC A-3'

5'-CCC ATA TTT TCT CAC ACG 
CAT T-3'

RPS27A 5'-GGA CGT ACT TTG TCT GAC 
TAC A-3'

5'-TAT TTC AGG ACA GCC AGC 
TTA A-3'

GGT5 5'-GTC AGC CTA GTC CTG CTG 
G-3'

5'-GGA TGG CTC GTC CAA TAT 
CCG-3'

ARHGEF17 5'-TCC CTG TCA AAT CCA GAT 
ATC G-3'

5'-GGA TGG GTA TGG GTT 
CAA GTT-3'

PLOD1 5'-AAG CCG GAG GAC AAC 
CTT TTA-3'

5'-GCG AAG AGA ATG ACC 
AGA TCC-3'

MRC2 5'-CGT AGG GTT CTC TTA CCA 
CAA T-3'

5'-GTG CTC AAA GAA CTT GTA 
CTC G-3'

TECR 5'-AAG ACC CAT CCG CAG TGG 
TA-3'

5'-CGT ACT CTG TTA GGA AGA 
CCG TC-3'

EFHD2 5'-GAT GTT CAA GCA GTA TGA 
TGC CGG-3'

5'-AGA TCA GGA GGA ACT 
CCC GG-3'

MCAM 5'-GTC AAT TTA ACC ACC CTC 
ACA C-3'

5'-GCT TGC CCT TCT TAT AGA 
GGA A-3'

LRP1 5'-GTC TAC CAT CAC ACC TAC 
GAG-3'

5'-CAG ACT GAG GGA GAT 
GTT GAT G-3'

AGRN: Agrin; ARHGEF17: Rho guanine nucleotide exchange factor (GEF) 
17; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GGT5: gamma-
glutamyltransferase 5; LRP1: low density lipoprotein receptor related 
protein 1; MCAM: melanoma cell adhesion molecule; MRC2: mannose 
receptor C type 2; PLOD1: procollagen lysine-1,2-oxoglutarate-5-dioxygenase 
1; qPCR: quantitative polymerase chain reaction; RPS27A: ribosomal protein 
S27A.

Table 2 ｜ Primer sequences used for qPCR in cortex tissues of mice

Target genes Forward primer sequences Reverse primer sequences

β-Actin 5'-GTG CTA TGT TGC TCT AGA 
CTT CG-3'

5'-ATG CCA CAG GAT TCC ATA 
CC-3'

Nptx2 5'-CAC GGT GGG AGG CAG 
ATT TGA TG-3'

5'-TGG AGC AGT TGG CGA 
TGT TGA TG-3'

Nfkbia 5'-CTG AAA GCT GGC TGT GAT 
CCT GAG-3'

5'-CTG CGT CAA GAC TGC TAC 
ACT GG-3'

GGT5 5'-TGC TGG GTG TAG GTC TAG 
GT-3'

5'-AAC ACC AGT ACA GAC 
CAG GG-3'

GGT5: Gamma-glutamyltransferase 5; Nfkbia: nuclear factor of kappa light 
polypeptide gene enhancer in B-cells inhibitorα; Nptx2: neuronal pentraxin II; 
qPCR: quantitative polymerase chain reaction.
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(P < 0.05), and LRP1 (P < 0.05) protein expression levels were 
lower in hCMEC/D3 cells treated with Aβ1−42 than in the vehicle 
group (Figure 2D and E). Similar results were obtained in bEnd.3 
cells: that is, GGT5 expression was downregulated in bEnd.3 cells 
treated with Aβ1−42 (Figure 2F and G). Notably, GGT5 expression 
in the cortex and hippocampus of APP/PS1 mice was significantly 
lower (P < 0.05) than that seen in WT control mice (Figure 2H−
K). These findings indicate that GGT5 downregulation may play a 
critical role in AD occurrence and development and suggest that 
increasing GGT5 expression in cerebrovascular endothelial cells 
could reduce pathology and improve cognitive ability in APP/PS1 
mice.

GGT5 overexpression improves the learning and memory in 
APP/PS1 mice
First, we used immunofluorescence staining to verify stable 
transfection of the AAV9 construct and GGT5 overexpression 
in the cerebrovascular endothelial cells of APP/PS1 mice. The 
immunofluorescence results revealed that CD31-positive 

cerebrovascular endothelial cells were also positive for GGT5 
staining in the brains of mice from all four experimental groups 
(Additional Figure 1A and B). Quantification showed that the 
mean GGT5 fluorescence intensity in the WT + GGT5 group was 
stronger than that in the WT + Vector group (P < 0.05; Additional 
Figure 1C). Similarly, the mean GGT5 fluorescence intensity was 
higher in the APP/PS1 + GGT5 group than that in the APP/PS1 + 
Vector group (P < 0.05; Additional Figure 1C). These observations 
indicated that transfection was successful and GGT5 was stably 
overexpressed in the cerebrovascular endothelial cells of APP/PS1 
mice.

To evaluate the effect of GGT5 overexpression on learning and 
memory in mice, we performed behavioral tests, including 
the spontaneous Y-maze and Morris water maze tests. In the 
spontaneous Y-maze test, there was no difference in total arm 
entry numbers among the groups (P > 0.05; Figure 3A). The 
percentage of correct spontaneous alternations in the APP/PS1 
+ Vector group was lower than that seen in the WT + Vector 

Figure 2 ｜ GGT5 expression is downregulated in Aβ1–42–treated hCMEC/D3 and bEnd.3 cells and in the brains of APP/PS1 mice. 
(A) mRNA-seq analysis of hCMEC/D3 cells identified 178 genes that were differentially expressed between the vehicle and Aβ1–42 intervention 
groups. (B) Nine downregulated genes and two upregulated genes were selected by comparing the 178 differentially expressed genes with 
an existing AD single-cell sequencing database. (C) qPCR verification of the expression levels of the 11 selected genes (n = 3 per group). (D, E) 
Representative western blots (D) and quantitative analysis (E) of AGRN, LRP1, and GGT5 expression in hCMEC/D3 cells treated with vehicle or 
Aβ1–42 (each row is an image from a different blot) (n = 3–4 per group). (F, G) Representative western blots (F) and quantitative analysis (G) of 
GGT5 expression in bEnd.3 cells treated with vehicle or Aβ1–42 (n = 4 per group). (H–K) Representative western blots of GGT5 and Aβ in the Ctx 
(H) and Hip (I) and quantitative analysis of GGT5 (J) and Aβ (K) expression in the Ctx and Hip of mice (n = 4 per group). Data are expressed as 
mean ± SEM. *P < 0.05, ***P < 0.001 (one-way analysis of variance followed by Tukey’s post hoc test [J and K], or independent-samples t-test 
[C, E and G]). AD: Alzheimer’s disease; AGRN: Agrin; ARHGEF17: Rho guanine nucleotide exchange factor (GEF) 17; Aβ: amyloid-β; Ctx: cortex; 
GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GGT5: gamma-glutamyltransferase 5; Hip: hippocampus; LRP1: low density lipoprotein 
receptor related protein 1; MCAM: melanoma cell adhesion molecule; MRC2: mannose receptor c type 2; PLOD1: procollagen lysine-1,2-
oxoglutarate-5-dioxygenase 1; RPS27A: ribosomal protein S27A; WT: wide type.
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group (P < 0.05), whereas the APP/PS1 + GGT5 group displayed 
a significantly greater percentage of correct spontaneous 
alternations than the APP/PS1 + Vector group (P < 0.01; Figure 
3B). These results suggest that GGT5 overexpression improved 
the short-term working memory of APP/PS1 mice. In the Morris 
water maze test, there were no differences in swimming speed 
among the four groups (P > 0.05; Figure 3C). In the positioning 
navigation test, the escape latency from the 3rd day to the 5th 
day was longer in the APP/PS1 + Vector group than in the WT 
+ Vector group (3rd day: P < 0.05; 4th day: P < 0.05; 5th day: P < 
0.01), while the escape latency in the APP/PS1 + GGT5 group 
(3rd day: P < 0.05; 4th day: P < 0.05; 5th day: P < 0.01) was shorter 
than that observed in the APP/PS1 + Vector group (Figure 3D). 
Representative swimming trajectories of mice from each group 
during the positioning navigation test performed on day 5 are 
shown in Figure 3E. In the probe trial performed on the 6th day, 
the percentage of time spent swimming in the target quadrant 
was lower in the APP/PS1 + Vector group than in the WT + 
Vector group (P < 0.001), and higher in the APP/PS1 + GGT5 
group than in the APP/PS1 + Vector group (P < 0.05; Figure 3F). 
Similarly, the number of platform crossings in the APP/PS1 + 
Vector group was significantly decreased compared with that in 
the WT + Vector group (P < 0.05), and significantly increased in 
the APP/PS1 + GGT5 group (P < 0.05; Figure 3G). Representative 
swimming trajectories of mice from each group in the probe trial 
are shown in Figure 3H. These observations indicate that GGT5 
overexpression improved spatial learning and memory in APP/PS1 
mice.

GGT5 overexpression reverses hippocampal LTP impairment in 
APP/PS1 mice
Hippocampal LTP is crucial for learning and memory formation 
(Tan et al., 2020; Li et al., 2022a). There is extensive evidence 
that LTP impairment is strongly correlated with cognitive deficits 
in AD (Du et al., 2020; Li and Stern, 2022; Li et al., 2022b). To 
determine whether the improvement in cognitive performance 
induced by GGT5 overexpression was associated with improved 
LTP, we recorded changes in fEPSPs in the hippocampal CA1 
region of mice (Figure 4A). The input‒output curves showed that 
fEPSP amplitude increased with stimulus intensity in each group, 
and there was no difference in fEPSP amplitude among groups 
at the same stimulation intensity (Figure 4B), suggesting that 
basal synaptic excitability was not affected by genotype or GGT5 
overexpression in cerebrovascular endothelial cells. In addition, 
there was no significant difference in paired pulse facilitation 
ratios (fEPSP2/fEPSEP1) among the groups (P > 0.05; Figure 
4C), indicating that presynaptic transmitter release was not 
affected by genotype or GGT5 overexpression in cerebrovascular 
endothelial cells. Furthermore, no significant difference was 
observed in fEPSP slopes during the 30 minutes before HFS, 
suggesting that basic hippocampal neuron synaptic transmission 
in the four groups was not impaired. Although the fEPSP slope 
increased immediately after HFS in all four groups, there was 
no significant difference among the groups, suggesting that LTP 
induction was not affected by genotype or GGT5 overexpression 
in cerebrovascular endothelial cells. However, 50–60 minutes 
after HFS, there were discernible variations in the fEPSP slope 
among the four groups. Compared with the WT + Vector group, 
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Figure 3 ｜ GGT5 overexpression in cerebrovascular endothelial cells improves learning and memory in APP/PS1 mice.  
(A, B) Histograms of total arm entries (A) and the percentage of correct spontaneous alternations (B) within 8 minutes in the Y-maze. (C, D) 
The average swimming speed (C) and escape latency (D) during the positioning navigation test for the mice in each group. (E) Representative 
swimming trajectories of mice from each group in the positioning navigation test on the 5th training day. (F, G) Histograms of the percentage of 
time spent swimming in the target quadrant (F) and the number of platform crossings (in 60 seconds) (G) in the probe trial. (H) Representative 
swimming trajectories of mice from each group in the probe trial. Data are expressed as mean ± SEM (n = 10 per group). *P < 0.05, **P < 0.01, 
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(one-way analysis of variance followed by Tukey’s post hoc test [A, B, F and G], two-way analysis of variance with repeated measures followed 
by Tukey’s post hoc test [C and D]). GGT5: Gamma-glutamyltransferase 5; WT: wide type.



540  ｜NEURAL REGENERATION RESEARCH｜Vol 20｜No. 2｜February 2025

NEURAL REGENERATION RESEARCH
www.nrronline.org Research Article

the fEPSP slope in the APP/PS1 + Vector group was significantly 
lower (P < 0.01), while that in the APP/PS1 + GGT5 group was 
significantly higher (P < 0.05; Figure 4D−F). These results showed 
that GGT5 overexpression in cerebrovascular endothelial cells 
mitigates synaptic plasticity deficits in APP/PS1 mice.

Neuronal pentraxin2 (NPTX2) mediates excitatory synaptic 
transmission and is a powerful prognostic biomarker of AD 
progression (Pelkey et al., 2015). mRNA-seq analysis of mouse 
cortical tissue showed that Nptx2, which is associated with 
synaptic plasticity, exhibited the greatest change in expression 
out of a total of 277 differentially expressed genes. qPCR analysis 
confirmed a reduction in Nptx2 expression in the cortex of mice 
from the APP/PS1 + Vector group compared with the WT + Vector 
group (P < 0.05). Conversely, increased Nptx2 expression was 
observed in the cortex of mice from the APP/PS1 + GGT5 group 
(P < 0.05; Additional Figure 2A). Similarly, western blot analysis 
revealed a decrease in Nptx2 expression in the hippocampus of 
mice from the APP/PS1 + Vector group compared with the WT + 
Vector group (P < 0.05), but an increased in NPTX2 expression in 
the APP/PS1 + GGT5 group (P < 0.05; Additional Figure 2B and 
C). These data suggested that GGT5 overexpression enhanced 
hippocampal synaptic plasticity in APP/PS1 mice by upregulating 
NPTX2 expression.

GGT5 overexpression in cerebrovascular endothelial cells 
alleviates Aβ pathology in APP/PS1 mice
As APP/PS1 mice exhibit robust Aβ accumulation and plaque 
deposition (Fang et al., 2019; Su et al., 2021), we next asked 
whether the improvement in cognition and synaptic plasticity 
resulting from GGT5 overexpression correlated with alterations in 

Aβ-related pathology by detecting insoluble Aβ plaque deposition 
in the cortex and hippocampus of mice via immunofluorescence 
staining with the 6E10 antibody. No Aβ plaque staining was 
observed in the WT + Vector group or the WT + GGT5 group, 
while abundant Aβ deposits were seen in the APP/PS1 + Vector 
group and the APP/PS1 + GGT5 group (Figure 5A). Importantly, 
the APP/PS1 + GGT5 group exhibited a noticeable reduction in 
both the area and quantity of insoluble Aβ plaques in the cortex 
and hippocampus compared with the APP/PS1 + Vector group 
(P < 0.05; Figure 5B and C). These findings suggest that GGT5 
overexpression in cerebrovascular endothelial cells effectively 
reduced amyloid deposition in the cortex and hippocampus of 
APP/PS1 mice.

GGT5 overexpression in cerebrovascular endothelial cells 
decreases Aβ-related pathology by suppressing BACE1 in the 
brains of APP/PS1 mice
Aβ is produced from the cleavage of APP by β-secretase (BACE1) 
and γ-secretase, and BACE1 is the rate-limiting enzyme in Aβ 
production (Lao et al., 2021). Therefore, to investigate the 
potential impact of GGT5 overexpression on Aβ production 
through APP processing in APP/PS1 mice, western blotting was 
performed to quantify full-length APP (flAPP) and its proteolytic 
products CTF, BACE1, total Aβ oligomer, and Aβ1−42 in mouse 
cortical tissue lysates (Figure 6A). As expected, flAPP was 
expressed at higher levels in the cortex of APP/PS1 mice than WT 
mice, but there was no difference between the APP/PS1 + Vector 
group and the APP/PS1 + GGT5 group (P > 0.05; Figure 6B). The 
findings indicate that GGT5 overexpression in cerebrovascular 
endothelial cells had no impact on APP expression. However, CTF 
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Figure 5 ｜ GGT5 overexpression in cerebrovascular endothelial cells alleviates Aβ-related pathology in APP/PS1 mice.  
(A) Representative immunofluorescence images of Aβ plaques in the mouse Ctx and Hip.No positive staining for Aβ plaques was observed in 
the Ctx and Hip of mice in the WT + Vector group and the WT + GGT5 group. However, there were abundant Aβ deposits in the brains of mice 
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(P < 0.001; Figure 6C) and BACE1 (P < 0.05; Figure 6D) expression 
levels were increased in the APP/PS1 + Vector group compared 
with the WT + Vector group, while CTF (P < 0.05; Figure 6C) and 
BACE1 (P = 0.08; Figure 6D) expression levels were decreased 
in the APP/PS1 + GGT5 group compared with the APP/PS1+ 
Vector group. Similarly, compared with the WT + Vector group, 
the levels of soluble total Aβ oligomer (P < 0.001; Figure 6E) 
and Aβ1−42 (P < 0.01; Figure 6F) were noticeably increased in the 
cortex of the APP/PS1 + Vector group, while total Aβ oligomer 
(P < 0.01; Figure 6E) and Aβ1−42 (P < 0.05; Figure 6F) levels were 
decreased in the APP/PS1 + GGT5 group compared with the APP/
PS1 + Vector group. Consistent with the results obtained from the 
cortex, BACE1 (P < 0.05; Figure 6G and H) and total Aβ (P < 0.001; 
Figure 6G and I) expression levels were markedly elevated in the 
hippocampus of mice from the APP/PS1 + Vector group compared 
with the WT + Vector group, but GGT5 overexpression decreased 
BACE1 (P < 0.05; Figure 6G and H) and total Aβ (P = 0.09; Figure 
6G and I) levels in APP/PS1 mice. Taken together, these results 
suggest that GGT5 overexpression in cerebrovascular endothelial 
cells restricted the APP amyloidogenic pathway and reduced Aβ 
production by inhibiting BACE1 expression.

GGT5 overexpression in cerebrovascular endothelial cells 
reduces Aβ production by inhibiting NF-κB–mediated BACE1 
expression
To gain a deeper understanding of the mechanisms by which GGT5 
overexpression in cerebrovascular endothelial cells suppresses 
BACE1 expression and subsequently reduces Aβ production, we 
first verified GGT5 expression levels in the mouse cortex by qPCR. 
As expected, GGT5 was expressed at lower levels in the APP/
PS1 + Vector group than in the WT + Vector group, and at higher 
levels in the APP/PS1 + GGT5 group (P < 0.05; Figure 7A). mRNA-
seq analysis of mouse cortical tissue showed that 133 genes were 
upregulated and 286 genes were downregulated in the APP/PS1 
+ Vector group compared with the WT + Vector group (Figure 
7B). Additionally, 210 genes were upregulated and 107 genes 

were downregulated in the APP/PS1 + GGT5 group compared 
with the APP/PS1 + Vector group (Figure 7C). Furthermore, 277 
differentially expressed genes were identified across the three 
groups (Figure 7D). Pathway analysis (Figure 7E) and a review of 
the literature showed that NF-κB binds to the BACE1 promoter 
to regulate its transcription (Snow and Albensi, 2016; Hou et 
al., 2019; Kim et al., 2019). Additionally, Nfkbia which encodes 
IκBα, a component of the NF-κB pathway, was one of the 277 
differentially expressed genes identified as described above 
(Figure 7F). qPCR analysis verified that Nfkbia was expressed 
at lower levels in the cortex of mice from the APP/PS1 + Vector 
group compared with the WT + Vector group, and at higher levels 
in the cortex of mice from the APP/PS1 + GGT5 group (P < 0.05; 
Figure 7G). Similarly, western blot analysis showed that IκBα was 
expressed at lower levels in the cortex of mice from the APP/PS1 
+ Vector group compared with the WT + Vector group (P = 0.07), 
and at significantly higher levels in the APP/PS1 + GGT5 group (P 
< 0.05; Figure 7H and I). Furthermore, compared with the WT + 
Vector group, p-NF-κB/NF-κB expression was increased in the APP/
PS1 + Vector group (P < 0.05), while p-NF-κB/NF-κB expression 
in the APP/PS1 + GGT5 group was decreased compared with the 
APP/PS1 + Vector group (P < 0.05; Figure 7H and J). Therefore, 
we concluded that GGT5 overexpression in cerebrovascular 
endothelial cells reduced cerebral Aβ production by suppressing 
NF-κB–mediated BACE1 expression.

GGT5 overexpression suppresses p-NF-κB expression by 
increasing GSH levels
GSH has been reported to hinder the classical NF-κB activation 
pathway (Fraternale et al., 2021), while GGT5 can increase 
intracellular GSH content by participating in the GSH cycle 
(Bachhawat and Yadav, 2018; Ho et al., 2022). Our in vitro 
experiments showed that GGT5 expression was significantly 
increased in bEnd.3 cells transfected with the GGT5 plasmid (P 
< 0.05; Additional Figure 3A and B), and that intracellular (P 
< 0.05) and extracellular (P < 0.01) GSH/GSSG ratios were also 
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increased 48 hours post-transfection (Additional Figure 3C 
and D). Coculturing HT22 cells with conditioned medium from 
bEnd.3 cells transfected with the GGT5 plasmid, the viability of 
HT22 cells was observed to be enhanced at 72 hours in both the 
vehicle-treated and Aβ1−42-treated groups (P < 0.05; Additional 
Figure 3E and F). In the Aβ1−42-treated group, NF-κB expression 
levels in HT22 cells cultured in conditioned medium from bEnd.3 
cells transfected with vector and GGT5 plasmid did not exhibit 
any notable difference (P > 0.05; Additional Figure 3G and H). 
However, p-NF-κB expression in HT22 cells treated with Aβ1−42 
decreased when they were cultured in conditioned medium 
from bEnd.3 cells transfected with the GGT5 plasmid (P < 0.05; 
Additional Figure 3G and I). These data suggest that GGT5 
overexpression in cerebrovascular endothelial cells inhibits NF-κB 
pathway activation in neurons by enhancing GSH levels.

Discussion
Impaired cerebrovascular endothelial cell function is a prominent 
and possibly initial pathological manifestation of AD preceding 
the clinical presentation of dementia (Sweeney et al., 2019). 
Ameliorating cerebrovascular endothelial cell function may help 
alleviate the pathological and cognitive impairment associated 
with AD (Zenaro et al., 2017; Deng et al., 2022). However, the 
underlying molecular mechanism contributing to cerebral 

endothelial cell dysfunction in AD is still unclear. In recent 
years, progress in multiomics technologies has provided a new 
approach for exploring the pathogenesis of multiple complex 
diseases. A single-cell sequencing study performed by Lau et 
al. (2020) identified genes that were differentially expressed 
in cerebrovascular endothelial cells from patients with AD and 
healthy individuals. In the current study, we established an in 
vitro model of AD by treating hCMEC/D3 cells with Aβ1−42 and 
performed mRNA-seq to identify differentially expressed genes, 
then compared our in vitro findings with the in vivo findings from 
Lau et al. (2020). Both studies identified GGT5 as a potentially 
AD-related gene, and we found that the expression of GGT5 
was downregulated in cerebrovascular endothelial cells from 
patients with AD and verified that the expression of GGT5 was 
downregulated in cerebrovascular endothelial cells (hCMEC/D3 
and bEnd.3) treated with Aβ1−42. This finding implies a potential 
correlation between GGT5 downregulation in cerebrovascular 
endothel ial  cel ls  and the progressive accumulation of 
pathological forms of Aβ in AD. Further verifying this hypothesis, 
we found that GGT5 expression levels were decreased in 
cerebrovascular endothelial cells from a classic mouse model of 
AD (APP/PS1 transgenic mice), as well as in the hippocampus and 
cortex of APP/PS1 mice. Hence, decreased GGT5 expression in 
cerebrovascular endothelial cells could potentially contribute to 
the initiation and progression of cognitive deficits in AD. 

Figure 6 ｜ GGT5 overexpression in cerebrovascular endothelial cells reduces the Aβ load in the brains of APP/PS1 mice by inhibiting 
BACE1.   
(A–F) Representative western blots (each row is an image from a different blot) (A) and quantitative analysis of flAPP (B), CTF (C), BACE1 (D), 
total Aβ (E), and Aβ1–42 (F) expression in the mouse cortex (n = 3–5 per group). (G–I) Representative western blots (each row is an image from 
a different blot) (G) and quantitative analysis of BACE1 (H) and total Aβ (I) expression in the mouse hippocampus (n = 4–5 per group). Data are 
expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (one-way analysis of variance followed by Tukey’s post hoc test). APP: Amyloid 
precursor protein; Aβ: amyloid-β; BACE1: β-site APP cleaving enzyme1; CTF: C-terminal fragment; Ctx: cortex; flAPP: full-length APP; GGT5: 
gamma-glutamyltransferase 5; Hip: hippocampus; WT: wide type.
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GGT is a membrane-bound glycoprotein consisting of two 
polypeptide chains that plays an important role in the GSH cycle, 
which is involved in GSH biosynthesis (Bachhawat and Kaur, 
2017; Fraternale et al., 2021; Ho et al., 2022). Specifically, GGT 
recovers GSH precursors from extracellular pools and returns 
these constituents to cells (Bachhawat and Kaur, 2017). GGT 
deficiency in humans contributes to disrupted GSH homeostasis 
and tends to result in retarded mental development (Iida et al., 
2005; Zhang and Forman, 2009). GGT-deficient mice manifest 
chronic mitochondrial GSH exhaustion, impaired oxidative 
phosphorylation, and disrupted adenosine triphosphate 
production, resulting in growth retardation and shortened 
lifespan (Will et al., 2000; Zhang and Forman, 2009). Abnormal 
GGT activity likely contributes to the pathology of diseases 

involving oxidative stress, such as AD (Zhang and Forman, 2009). 
The human GGT5 gene encodes a functional protein exhibiting 
GGT activity (Heisterkamp et al., 2008). However, the impact of 
GGT5 downregulation in cerebrovascular endothelial cells on 
AD pathogenesis remained unclear. Specifically, it was uncertain 
whether GGT5 upregulation could mitigate cognitive impairment 
and amyloid pathology in AD. Here, we overexpressed GGT5 from 
an endothelial cell–specific promoter in mouse cerebrovascular 
endothelial cells via injection with the adeno-associated virus 
AAV9. We found that CD31-positive vascular endothelial 
cells exhibited GGT5-specific staining, and that injection 
with the adenovirus increased GGT5 expression, indicating 
successful, stable GGT5 overexpression in the cerebrovascular 
endothelial cells of APP/PS1 mice. Then, we used the Y-maze 
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Figure 7 ｜ GGT5 overexpression in cerebrovascular endothelial cells suppresses the IκB/NF-κB signaling pathway. 
(A) Histogram of GGT5 expression levels in the mouse cortex, as determined by qPCR (n = 3 per group). (B, C) Volcano plots showing 
differential gene expression based on mRNA-seq analysis in the mouse cortex in the APP/PS1 + Vector group vs. the WT + Vector group (B) and 
the APP/PS1 + GGT5 group vs. the APP/PS1 + Vector group (C). (D) Venn diagram showing that there were 277 differentially expressed genes in 
the mouse cortex in common between the WT + Vector group vs. the APP/PS1 + Vector group and the APP/PS1 + GGT5 group vs. the APP/PS1 
+ Vector group, as determined by mRNA-seq. (E) Pathway enrichment analysis of genes that were differentially expressed between the APP/
PS1 + GGT5 group and the APP/PS1 + Vector group (the NF-κB pathway is highlighted). (F) Heatmap displaying the relative expression levels 
of differentially expressed genes involved in the NF-κB pathway. (G) Histogram of Nfkbia expression, as determined by qPCR, in the mouse 
cortex (n = 3 per group). (H–J) Representative western blots (each row is an image from a different blot) (H) and quantitative analysis of IκBα (I) 
and p-NF-κB/NF-κB (J) expression in the mouse cortex (n = 3–5 per group). Data are expressed as mean ± SEM. *P < 0.05 (one-way analysis of 
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and Morris water maze to confirm that GGT5 overexpression in 
cerebrovascular endothelial cells effectively improved short-term 
memory and long-term learning in APP/PS1 mice. Hippocampal 
synaptic plasticity is the crucial neural cytological foundation of 
learning, memory, and cognition (Palacios-Filardo and Mellor, 
2019). LTP is an important form of synaptic plasticity and the 
main indicator of long-term learning and memory function (Li et 
al., 2022b). Impaired synaptic plasticity is closely linked with the 
decline in cognitive abilities seen in AD (He et al., 2019; Xu et al., 
2021b). Therefore, hippocampal LTP recording was performed to 
explore the effects of GGT5 overexpression on synaptic plasticity 
in APP/PS1 mice. We demonstrated that GGT5 overexpression 
in cerebrovascular endothelial cells effectively rescued LTP 
suppression, thereby enhancing hippocampal synaptic plasticity 
in APP/PS1 mice. However, the mechanism by which GGT5 
overexpression facilitates hippocampal synaptic plasticity in APP/
PS1 mice remained unclear.

Interestingly, cortical tissue mRNA-seq analysis indicated that 
GGT5 overexpression in cerebrovascular endothelial cells 
enhances NPTX2 expression. NPTX2 serves as the hub molecule 
for synaptic remodeling. NPTX2 expression is downregulated 
in the brains of patients with AD, and its expression levels are 
strongly correlated with cognitive function and synaptic plasticity 
(Pelkey et al., 2015; Xiao et al., 2017). During the synaptic 
excitatory transmission process, pyramidal neurons express NPTX2 
and secrete it from their axonal terminals. Subsequently, NPTX2 
is released into the synaptic space via the presynaptic membrane 
and interacts with the AMPA-type glutamate receptor through 
its PTX domain (Lee et al., 2017). NPTX2 acts as a presynaptic 
factor and induces postsynaptic excitatory transmission (Pelkey 
et al., 2015; Libiger et al., 2021). Western blot analysis showed 
that GGT5 overexpression in cerebrovascular endothelial cells 
resulted in a significant increase in NPTX2 levels in the mouse 
hippocampus. Taken together with the LTP recording results, 
this observation suggests that GGT5 overexpression enhances 
synaptic plasticity in the hippocampal CA1 region by promoting 
NPTX2 expression. However, further research is needed to 
determine the mechanism by which endothelial cell GGT5 
influences NPTX2 expression in neurons, which could involve 
intercellular interactions within the neurovascular unit.

Abnormal Aβ production and accumulation have been proposed 
to be the initial causative events in AD occurrence and 
development (Kim et al., 2019; Stakos et al., 2020; Mary et al., 
2023). Aβ deposition is one of the primary features associated 
with progressive cognitive impairment in AD patients and mainly 
occurs in the cerebral cortex and hippocampus, regions that are 
intricately involved in cognition (Fisher et al., 2022; Liu, 2022; 
Tahami Monfared et al., 2022). The APP/PS1 transgenic mouse 
model simulates the pathological characteristics and cognitive 
behavior of patients with AD, and learning and memory in this 
model progressively deteriorate as cerebral Aβ accumulation 
occurs (Chen et al., 2021; Sasaguri et al., 2022). To test whether 
GGT5 overexpression in the cerebrovascular endothelial cells 
of APP/PS1 mice improved learning and memory by mitigating 
Aβ-related pathology, we fluorescently labeled Aβ plaques with 
an anti-6E10 antibody and found that GGT5 overexpression 
significantly reduced the number and size of insoluble Aβ 
plaques in the cortex and hippocampus. Furthermore, western 
blot analysis confirmed that GGT5 overexpression effectively 
decreased soluble Aβ1−42 levels in the cortex of APP/PS1 mice. APP 
is abnormally cleaved by BACE1, releasing the short extracellular 

domain Sappβ (N-terminal fragment) and retaining C99 (C-terminal 
fragment, CTF) on the membrane, where it is further cleaved 
by γ-secretase and hydrolyzed, releasing soluble Aβ peptides 
(Brothers et al., 2018; Tiwari et al., 2019). We found that flAPP 
expression in the mouse cortex was not affected by GGT5 
overexpression in cerebrovascular endothelial cells, while BACE1, 
CTF, and total Aβ expression levels decreased, suggesting that 
GGT5 overexpression affected APP hydrolysis. Similarly, BACE1 and 
total Aβ expression levels were decreased in hippocampal tissues 
of APP/PS1 mice. These results suggest that GGT5 overexpression 
inhibits APP cleavage–mediated Aβ production by suppressing 
BACE1 expression. BACE1 is believed to be a rate-limiting enzyme 
for APP cleavage into Aβ, thereby exerting a significant influence 
on Aβ production. Elevated BACE1 expression levels and enhanced 
BACE1 activity have been reported in the brains of patients 
with sporadic AD (Kim et al., 2019; Hampel et al., 2021) and 
transgenic mouse models of AD (Du et al., 2016). Furthermore, 
the BACE1 upregulation in vascular endothelial cells causes 
endothelial dysfunction by promoting excessive lysis of tight 
junction proteins, and endothelial NO synthase dysfunction, which 
lead to phosphorylation of the tau protein in neurons (Chacón-
Quintero et al., 2021). Disruption of cerebrovascular integrity 
and hyperphosphorylation of tau protein could lead to synaptic 
degeneration, neuron loss, and cognitive impairment (Zhou et 
al., 2022). Therefore, BACE1 inhibition is considered to be an 
attractive therapeutic strategy for alleviating Aβ-related pathology 
and improving cognitive function in patients with AD (Moussa-
Pacha et al., 2020; Hampel et al., 2021; Patel et al., 2022).

Despite these results,  the mechanism by which GGT5 
overexpression inhibits BACE1 expression remained unclear. 
Our mRNA-seq analysis results suggested that GGT5 is involved 
in NF-κB signaling pathway regulation. The NF-κB signaling 
pathway plays an essential role in gene regulation and is strongly 
correlated with inflammation, oxidative stress, and apoptosis 
(Hou et al., 2019). Members of the NF-κB protein family include 
NF-κB1, NF-κB2, RelA, RelB, and c-Rel, and the N-terminus of 
each of these proteins contains a Rel homology domain. NF-
κB1 encodes the precursor protein p105, which is processed 
by the ubiquitin proteasome pathway to produce the mature 
NF-κB subunit p50. The RelA gene encodes the p65 protein 
(Hayden and Ghosh, 2008; Yu et al., 2020). NF-κB forms both 
homologous and heterologous complexes, among which the 
P65/p50 heterodimer is the most common form (Sun et al., 
2022). In the classical activation pathway, the NF-κB dimer P65/
p50 binds to an IκB suppressor protein (IκBα is the most well 
studied) in the cytoplasm to form an inactive trimer. In response 
to external stimulation, IκB kinase rapidly activated IκB, IκB 
dissociates from the trimer complex, and undergoes proteasome-
mediated degradation. This allows phosphorylation of the NF-κB 
dimer, yielding p-NF-κB, which unmasks its nuclear localization 
sequence, enabling it to quickly translocate to the nucleus from 
the cytoplasm and bind to specific nuclear DNA sequences 
to promote the transcription of related genes, such as BACE1 
(Hayden and Ghosh, 2008; Morgan and Liu, 2011).

A previous study identified NF-κB binding elements within the 
BACE1 promoter (Buggia-Prevot et al., 2008), and abnormal Aβ 
aggregation has been shown to regulate BACE1 promoter activity 
through an NF-κB–dependent pathway (Chen et al., 2012; Kim et 
al., 2019). Indeed, increased NF-κB activity has been observed in 
autopsied brain tissue from patients with AD (Chen et al., 2012; 
Kim et al., 2019). There are four hypothetical NF-κB binding 
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elements in the human BACE1 gene promoter, two of which 
interact with NF-κB p65. Numerous studies have shown that 
the NF-κB signaling pathway promotes BACE1 promoter activity 
and BACE1 transcription, thereby enhancing APP processing and 
increasing Aβ production (Hayden and Ghosh, 2008; Kim et al., 
2019; Yu et al., 2020; Sun et al., 2022).

On the basis of our sequencing results, we speculated that GGT5 
overexpression in cerebrovascular endothelial cells mitigates Aβ 
generation by suppressing NF-κB–mediated BACE1 expression. 
To test this, we assessed the expression levels of IκBα, total NF-
κB, and p-NF-κB, all components of the classical NF-κB activation 
pathway. GGT5 overexpression in APP/PS1 mouse cerebrovascular 
endothelial cells did not affect the level of total NF-κB but 
increased the level of IκBα and decreased the level of p-NF-κB. 
These results support our initial hypothesis, suggesting that GGT5 
overexpression inhibits BACE1 expression by repressing activation 
of the NF-κB pathway.

GGT degrades extracellular GSH and supplies its precursor 
amino acids via the GSH cycle to promote intracellular GSH 
resynthesis (Bachhawat and Kaur, 2017; Corti et al., 2020; Suzuki 
et al., 2020). GGT overexpression increases the intracellular GSH 
content and promotes activation of the GSH cycle, which confers 
protection against oxidative stress (Ho et al., 2022). Fraternale 
et al. (Fraternale et al., 2021) demonstrated that GSH can inhibit 
the classical NF-κB activation pathway, not only by indirectly 
blocking NF-κB activation by scavenging oxidants but also by 
directly suppressing phosphorylation of the IκB/NF-κB complex. 
In addition, GSH can prevent NF-κB transport from the cytoplasm 
to the nucleus and impede its sequence-specific binding to 
promoter regions (Fraternale et al., 2021). Taken together, the 
findings from these studies suggest that GGT5 overexpression 
in cerebrovascular endothelial cells would increase GSH levels 
and suppress the NF-κB signaling pathway, ultimately decreasing 
BACE1 expression; indeed, we found that GGT5 overexpression 
in bEnd.3 cells increase the GSH content in the intracellular and 
extracellular microenvironment. Additionally, culturing HT22 
cells treated with Aβ1−42 in conditioned medium from bEnd.3 
cells transfected with the GGT5 plasmid enhanced their viability 
and inhibited p-NF-κB expression. Our results suggest that the 
mitigating effect of GGT5 overexpression on Aβ production is 
attributable to elevated GSH levels within the microenvironment, 
as well as inhibition of NF-κB–mediated BACE1 expression.

Despite these positive results, our study still had several 
limitations, and further research is needed to verify the effects 
and mechanisms of cerebrovascular endothelial cell GGT5 on 
cognitive function in APP/PS1 mice. First, the effects of GGT5 
knockdown in cerebrovascular endothelial cells on AD-like 
pathology and cognition in APP/PS1 mice should be evaluated. 
Second, whether NF-κB signaling pathway activation can reverse 
the effects of GGT5 overexpression on APP/PS1 mice should be 
explored. Finally, whether inhibiting the NF-κB signaling pathway 
alleviates Aβ pathology and cognitive deficits in APP/PS1 mice 
should be investigated.

In summary, the present study revealed that GGT5 overexpression 
in cerebrovascular endothelial cells in APP/PS1 mice effectively 
rescued cognitive impairment and alleviated AD-like brain 
pathology, possibly by inhibiting NF-κB–mediated BACE1 
expression, decreasing Aβ production, and alleviating Aβ-related 
pathology. These findings offer novel avenues for AD prevention 
and treatment.
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Additional Figure 1 Co-localization of GGT5 with cerebral vascular endothelial cells in the brains of mice.
(A, B) Representative immunofluorescence images of transverse sections (A) and longitudinal sections (B) of
cerebral vessels in four groups of mice. The mean fluorescence intensity of vascular endothelial cells GGT5 in the
mice of WT + GGT5 group was stronger than that in the WT + Vector group. And the mean fluorescence intensity
of vascular endothelial cells GGT5 was higher in the APP/PS1 + GGT5 group than that in the APP/PS1 + Vector
group. DAPI, blue; CD31 (green, marked by 488); GGT5 (red, marked by Cy3). Scale bars: 50 µm. (C)
Histograms showing the mean fluorescence intensity of GGT5 in vascular endothelial cells in the cortex of mice (n
= 4 per group). Data are expressed as mean ± SEM.*P < 0.05 (one-way analysis of variance followed by least
significant difference test). Ctx: Cortex; DAPI: 4,6-diamino-2-phenyl indole; GGT5: gamma-glutamyltransferase 5;
Hip: hippocampus; WT: wide type.
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Additional Figure 2 The expression of NPTX2 in the brains of mice.
(A) Histogram showing Nptx2 gene expression in the cortex of mice by qPCR (n = 3 per group). (B, C) The
representative Western blots (B) and quantitative analysis (C) for NPTX2 in the hippocampus of mice (n = 5 per
group). Data are expressed as mean ± SEM. *P < 0.05 (one-way analysis of variance followed by Tukey’s post
hoc test). Ctx: Cortex; GGT5: gamma-glutamyltransferase 5; Hip: hippocampus; NPTX2: neuronal pentraxin II;
qPCR: real-time polymerase chain reaction; WT: wide type.
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Additional Figure 3 Overexpression of GGT5 suppresses the expression of p-NF-κB by increasing GSH
levels.
(A, B) The representative Western blots (A) and quantitative analysis (B) for GGT5 in bEnd.3 cells transfected
with vector and GGT5 plasmid (n = 3 per group). (C, D) Histogram showing the level of intracelluar (C) and
extracelluar (D) GSH/GSSG in bEnd.3 cells transfected with vector and GGT5 plasmid (n = 3-4 per group). (E, F)
The cell viability of HT22 cells cocultured with medium derived from bEnd.3 cells transfected with Vector and
GGT5 plasmid in both the vehicle-treated (E) and Aβ1-42-treated (F) groups (n = 3 per group). (G-I) The
representative Western blots (G) and quantitative analysis for NF-κB (H) and p-NF-κB (I) in HT22 cells cultured
using the aforementioned methodology (n = 3-4 per group). Data are expressed as mean ± SEM. *P < 0.05, **P <
0.01 (one-way analysis of variance followed by Tukey’s post hoc test (H, I), or independent-samples t-test (B-F)).
Aβ: Amyloid-β; Ctx: cortex; GGT5: gamma-glutamyltransferase 5; GSH: glutathione; GSSG: oxidized glutathione;
Hip: hippocampus; NF-κB: nuclear factor‐kappa B; p-NF-κB: phosphor nuclear factor‐kappa B; WT: wide type.
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