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ABSTRACT 

Introduction:  

The accumulation of oxidative stress, neuroinflammation and abnormal aggregation of 

amyloid β-peptide (Aβ) have been shown to induce synaptic dysfunction and memory deficits 

in Alzheimer’s disease (AD). Cellular depletion of the major endogenous antioxidant 

Glutathione (GSH) has been linked to cognitive decline and the development of AD 

pathology. Supplementation with γ-glutamylcysteine (γ-GC), the immediate precursor and 

the limiting substrate for GSH biosynthesis, can transiently augment cellular GSH levels by 

bypassing the regulation of GSH homeostasis.  

 

Methods: 

In the present study, we investigated the effect of dietary supplementation of γ-GC on 

oxidative stress and Aβ pathology in the brains of APP/PS1 mice. The APP/PS1 mice were 

fed γ-GC from 3 months of age with biomarkers of apoptosis and cell death, oxidative stress, 

neuroinflammation and Aβ load being assessed at 6 months of age.  

 

Results: 

Our data showed that supplementation with γ-GC lowered the levels of brain lipid 

peroxidation, protein carbonyls and apoptosis, increased both total GSH and the 
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glutathione/glutathione disulphide (GSH/GSSG) ratio and replenished ATP and the activities 

of the antioxidant enzymes (superoxide dismutase (SOD), catalase, glutamine synthetase and 

glutathione peroxidase (GPX)), the latter being a key regulator of ferroptosis. Brain Aβ load 

was lower and acetylcholinesterase (AChE) activity was markedly improved compared to 

APP/PS1 mice fed a standard chow diet. Alteration in brain cytokine levels and matrix 

metalloproteinase enzymes MMP-2 and MMP-9 suggested that γ-GC may lower 

inflammation and enhance Aβ plaque clearance in vivo.  Spatial memory was also improved 

by γ-GC as determined using the Morris water maze.  

 

Conclusion: 

Our data collectively suggested that supplementation with γ-GC may represent a novel 

strategy for the treatment and/or prevention of cognitive impairment and neurodegeneration. 

 

 

1. INTRODUCTION 

Ageing is the major demographic change of this millennium and has important implications 

for disease, disability, handicap and health care practice and policy (2001). By the year 2030, 

the elderly (>65 years) in Australia will comprise 22% of the population, a quarter of whom 

will be over 80.  A conservative estimate is that 25% of all elderly, and 80% of the very old, 

will have significant neuropsychiatric syndromes (Sachdev, Brodaty et al. 2010). The major 

brain disorders of concern are neurodegenerative diseases, and Alzheimer’s disease (AD) in 

particular. It is estimated that there are over 50 million people worldwide living with 

dementia. There are 10 million new cases of dementia each year worldwide, suggesting that 

there is one diagnosis of AD every 3.2 seconds (International).  

AD is characterised by the progressive accumulation of extracellular plaques containing 

abnormal aggregates of amyloid β-peptide (Aβ) (Chen and Mobley 2019). Concomitant 

pathological features of AD such as neurofibrillary tangles containing hyperphosphorylated 

intraneuronal tau cannot be explained by Aβ alone. In addition to plaques and tangles, the AD 

brain is characterised by oxidative damage to proteins and lipids (Serrano-Pozo, Frosch et al. 

2011, Salas, Weerasekera et al. 2018). Although the exact mechanism(s) of neuronal loss 

remains unclear, experimental models have shown that Aβ can induce oxidative stress via 

Fenton chemistry, inflammation, NMDA-receptor-dependent Ca2+ influxes, mitochondrial 
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dysfunction, synaptic impairments, apoptosis and deficits in cognition and memory (Rival, 

Page et al. 2009, La Penna, Hureau et al. 2013, Singh, Kashyap et al. 2017, Rosini, Simoni et 

al. 2019). Furthermore, single target drugs against Aβ or tau have failed to show 

improvement in the condition of patients with AD. These failures encourage one to approach 

the AD epidemic from a very basic and well-recognised perspective, i.e. its strong association 

with ageing (Kametani and Hasegawa 2018). 

The age-related accumulation of oxidative damage to macromolecules can induce a multitude 

of functional consequences including inhibition of enzymatic activities, proteolysis and an 

altered immunogenicity (Luo, Mills et al. 2020). Since the brain is rich in lipids and protein, 

lipid peroxidation and protein carbonyl formation are the main markers of oxidative stress in 

the brain (Aytan, Jung et al. 2008). Impaired iron homeostasis occurs parallel to increased 

oxidative stress with the two processes being linked together in a newly reported cell death 

mechanism known as ferroptosis (Nakamura, Naguro et al. 2019). Ferroptosis is regulated by 

oxidative stress, endogenous glutathione (GSH) levels and glutathione dependent processes 

such as glutathione peroxidase (GPX); a selenoprotein that detoxifies in membrane lipids the 

hydroperoxides involved in the formation of 4-hydroxynonenal (4-HNE) (Cao and Dixon 

2016, Angeli, Shah et al. 2017, Lei, Bai et al. 2019, Liu, Li et al. 2020).  

GSH is an essential endogenous antioxidant present in millimolar concentrations in brain 

cells. Numerous studies have reported a decline in cellular GSH levels with ageing and in 

several age-related degenerative diseases and AD in particular (Harris, Treloar et al. 2015, 

Ilyas and Rehman 2015, Romero-Haro and Alonso-Alvarez 2015). GSH serves as the 

essential cofactor for enzymes such as GPX and protects against highly reactive oxygen and 

nitrosative species and toxic compounds. We and others have previously shown that Aβ 

oligomers can induce oxidative stress and play a prominent role in the oxidative damage, 

GSH depletion and ferroptosis in brain cells (Xu, Wang et al. 2014).  

Given the crucial antioxidant role of GSH in the treatment of AD, previous studies have 

focused on the GSH precursor N-acetyl-cysteine (NAC) (Adair, Knoefel et al. 2001, 

Cummings 2010, McCaddon and Hudson 2010, Robinson, Joshi et al. 2011, Hsiao, Kuo et al. 

2012, More, Galusso et al. 2018). NAC is an FDA approved drug for the treatment of 

acetaminophen-induced hepatotoxicity (Prescott, Park et al. 1977). NAC has been shown to 

exhibit potent antioxidant and anti-inflammatory properties in a several in vitro and in vivo 

models (Pocernich, La Fontaine et al. 2000, Butterfield, Drake et al. 2001, Pocernich, Cardin 

Jo
urn

al 
Pre-

pro
of



et al. 2001, Butterfield and Pocernich 2003, Pocernich and Butterfield 2003, Pocernich, 

Lange et al. 2011, Pocernich and Butterfield 2012). NAC has been previously shown to 

attenuate cognitive decline and enhance neuronal survival in age-accelerated SAMP8 mice 

(Farr, Poon et al. 2003). Treatment with NAC in drinking water has been shown to protect 

against Aβ-induced oxidative stress in the brain of human double-mutant APP/PS1 mice 

(Huang, Aluise et al. 2010). The study further demonstrated that NAC was more effective at 

reducing oxidative stress when administered prior to the development of Aβ plaques (Huang, 

Aluise et al. 2010). However, clinical evidence for the benefits of NAC in neurocognitive 

disorders is limited. As well, the precise dose applicable to humans remains to be established 

and vigilance is necessary. Some adverse effects have been reported, such as pulmonary 

hypertension, acidification, and neuronal toxicity in very high dose studies (Minarini, Ferrari 

et al. 2017, Naveed, Amray et al. 2017, Ooi, Green et al. 2018). 

 Oral GSH supplementation is not efficient due to the enzymatic degradation of ingested GSH 

within the intestine by γ-glutamyltransferase, but supplementation with γ-glutamylcysteine 

(γ-GC) can enhance tissue GSH and represent an alternative to NAC (Gould and Pazdro 

2019). GSH is synthesized in the cytosol of all cells in the body by the sequential action of 

two ATP dependent enzymes. The first, glutamate cysteine ligase (GCL) catalyses the 

formation of γ-GC from glutamate and cysteine and the second, glutathione synthetase, adds 

glycine to form the GSH tripeptide (Anderson and Meister 1983).  Cellular GSH homeostasis 

is regulated by non-allosteric feedback inhibition exerted by GSH on the activity of the GCL 

enzyme (Anderson 1998). For many diseases and disorders, GSH depletion is associated with 

the onset of dysfunctional GCL regulation that leads to insufficient γ-GC synthesis to 

maintain a healthy GSH homeostasis. (Lu 2009)) 

Administration of γ-GC was initially reported to increase cellular GSH levels above 

homeostasis in a mice model (Anderson and Meister 1983) and more recently in humans 

(Zarka and Bridge 2017).  Numerous in vitro studies have demonstrated that the addition of 

exogenous γ-GC can address cellular markers of oxidative stress  (Nakamura, Dubick et al. 

2012, Quintana-Cabrera, Fernandez-Fernandez et al. 2012). The γ-GC dipeptide  itself has 

also been shown to have potent antioxidant effects in several models (Lai, Hickey et al. 2008, 

Quintana-Cabrera, Fernandez-Fernandez et al. 2012). It has also been reported to have metal-

chelating properties, thereby reducing the production of free radicals from redox active 

metals (Salama, Arab et al. 2016).  
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In this study, we evaluated the neuroprotective effects of increasing cellular GSH levels by 

dietary supplementation with γ-GC against biomarkers of oxidative stress, inflammation, Aβ 

pathology and ferroptosis, and its outcome on spatial memory in APP/PS1 mice.  These mice 

are double transgenic rodents containing a chimeric mouse/human amyloid precursor protein 

(Mo/HuAPP695swe) and a mutant human presenilin 1 (PS1-dE9), both directed to CNS 

neurons. These mutations have been previously associated with early-onset AD. Our findings 

suggest that replenishing GSH levels using γ-GC may have beneficial effects in several 

neurodegenerative diseases, and particularly AD. 

 

2. METHODS 

2.1.Animal models 

Transgenic mice expressing a form of the amyloid precursor protein (APP) and presenilin 1 

that leads to early onset AD (APP/PS1) were purchased from Beijing HFK Bio-Technology 

Co Ltd (Beijing, China, certificate no. SCXK2002-0010). APP/PS1 mice homozygous for all 

two mutant alleles (APPswePS1; homozygous for the Psen1 mutation and homozygous for 

the co-injected APPSwe are viable, fertile and display no initial gross physical or behavioural 

abnormalities. Translation of the overexpressed transgenes appears to be restricted to the 

central nervous system, notably in Alzheimer's disease-relevant areas including the 

hippocampus and cerebral cortex. A progressive increase in amyloid beta peptide deposition 

is observed, with intracellular immunoreactivity being detected in some brain regions as early 

as 3 months of age. Synaptic transmission and long-term potentiation are demonstrably 

impaired in mice 6 months of age (Jankowsky, Slunt et al. 2001). To eliminate potential sex 

differences, only male mice were used (Ordonez-Gutierrez, Fernandez-Perez et al. 2016). For 

a conservative difference in median assuming two-tailed outcomes with α-error probability of 

0.05 and a power (1-β error probability) level of 0.8, we needed 8 mice  per group (critical 

z=1.96, actual power=0.803). Thirty-two male mice were required for this study in total, 

sixteen mice were transgenic, and sixteen mice were wild-type (non-transgenic) control 

littermates of the APP/PS1. The treatment groups containing eight mice each were: (1) wild 

type mice with standard chow; (2) APP/PS1 mice with standard chow; (3) wild type mice 

with 100 mg/kg γ-GC; and (4) APP/PS1 mice with 100 mg/kg γ-GC. These animals were free 

from pathogens and viruses. Male APP/PS1 mice and wild-type mice were housed in 

individual cages under a 12:12 h light-dark cycle (7 am light on) with ad libitum access to 
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standard chow (Harlan Teklad Laboratory Diets, Wisconsin, USA), and/or γ-GC and tap 

water. The study was approved by the Animal Care and Use Committee at Wenzhou 

University, China.  

 

2.2.γ-GC administration 

The γ-GC (CAS No. 636-58-8) administered in the study was provided by Biospecialties 

International Pty Ltd, Mayfield, NSW, Australia as a sodium salt (Glyteine®) with a 

minimum 95% purity γ-GC (90% reduced, 5% oxidized) (Chandler, Zarka et al. 2012). The 

APP/PS1 and WT mice received drinking water ad libitum containing γ-GC (100 mg/kg/day). 

The γ-GC feeding began at 3 months of age and continued for a further 3 months until the 

mice reached 6 months old. The γ-GC solution was made up weekly in small batches by 

dissolving γ-GC into autoclaved water at the desired concentrations and sterilised by 

filtration. Water bottles and cages were refreshed every two days. It was estimated that each 

mouse consumed 4-5 ml of water per day. This gave a cumulative dose of 100 mg/kg per 

mouse per day, not accounting for spills. We used an allometric scaling calculator 

(http://clymer.altervista.org/minor/allometry.html) to calculate the appropriate dosage using 

information from the clinic. The dose of γ-GC in humans was 2000mg/human (weighing 

70kg) (Zarka and Bridge 2017). For example, if the dosage for a 70 kg human is 2000 mg, 

then using an exponent of 0.85, the estimated dosage for a 0.025 kg mouse would be 2.5 mg.  

 

2.3.Tissue collection 

The day after completion of the behavioural tests, the animals were perfused with 10 ml PBS 

and the brains were carefully removed. Whole brains were homogenised in 9 volumes (1:9 

w/v) of cold saline. The homogenates were centrifuged and the supernatants containing the 

soluble fractions were stored at −80 °C until assayed. 

 

2.4.Determination of F2-isoprostanes 8-epi-PGF2α in brain tissues 

There is direct evidence for F2-isoprostane 8-epi-PGF2α as a marker for lipid peroxidation 

(Van't Erve, Lih et al. 2016). F2-isoprostane 8-epi-PGF2α  was quantified using a colorimetric 

enzyme immunoassay (detection limit: 2 pg/mL; Cayman Chemical, Ann Arbor, MI, U.S.A.), 

according to the manufacturer instructions.  

 

2.5. Measurement of protein carbonyl content 
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Protein carbonyls as a function of protein oxidation in brain cell homogenates were assayed 

as previously described (Levine, Wehr et al. 2000). Briefly, the protein homogenate was 

allowed to react with DNPH and then adsorb to the wells of an ELISA plate before probing 

using anti-DNPH antibody. The protein carbonyl content was read using a BMG Fluostar 

Optima multimode plate reader (NY, USA). 

 

Caspase-3 activity as a measurement for apoptosis 

Caspase-3 activity was quantified in brain tissue homogenates using a commercially available 

kit (R&D Systems) according to the manufacturer’s instructions. Briefly, an aliquot of cell 

homogenate was incubated with the labelled substrate DEVD-pNA (acetyl-Asp-Glu-Val-Asp 

p-nitroaniline). The latter was cleaved by the caspase-3 enzyme to release 

the chromophore pNA which was detected at 405 nm using a BMG Fluostar Optima 

multimode plate reader (NY, USA).  

 

Measurement of ATP 

The content of ATP in brain tissue was measured using the bioLuminescence method. 

Briefly, the assay involved the addition of a luciferase enzyme and luciferin to the brain 

tissue homogenate. The levels of ATP were quantified using the luminometer function 

available in the BMG Fluostar Optima multimode plate reader (NY, USA).  

 

Superoxide dismutase (SOD) activity assay 

SOD activity in brain tissues was assayed using a commercially available kit (Cayman 

Chemicals) according to the manufacturer’s guidelines. The SOD assay is based on the 

formation of a formazan dye when superoxide anions (generated by the hypoxanthine 

xanthine oxidase system) are dismutased by SOD. The levels of formazan were assessed at 

450 nm using a BMG Fluostar Optima multimode plate reader (NY, USA). 

 

Determination of GSH/GSSG ratio in brain tissues 

The GSH assay was adapted from the Rahman et al. method as previously described 

(Rahman, Kode et al. 2006). Briefly, the rate of chromogenic TNB (5-thio-2-nitrobenzoic 

acid) formation from the non-chromogenic substrate DTNB [5,5'-dithio-bis (2-nitrobenzoic 

acid)] correlates to the amount of GSH present and can be measured at 412 nm.  The 
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GSH/GSSG ratio was determined using a GSSG/GSH detection kit (Enzo Diagnostics, NY, 

USA) as described in the manufacturer’s guidelines. 

 

Catalase activity (CAT) assay 

CAT activity was measured using a commercially available kit (Cayman chemicals) 

according to the manufacturer’s guidelines. Briefly, 0.1 ml supernatant was added to a 

cuvette containing 1.9 ml 50 mmol/L phosphate buffer (pH 7.0). The reaction was started 

with the addition of 1 ml freshly prepared 30 mmol/L H2O2. The activity of catalase was 

calculated from the decomposition rate of H2O2 using a BMG Fluostar Optima multimode 

plate reader (NY, USA) at 240 nm. Results were expressed as units/mg protein. 

 

Glutamine synthetase activity assay 

Brain homogenates were centrifuged at 20,000 G at 4˚C for 10 min. Supernatants that contain 

glutamine synthetase and other cytosolic proteins were extracted.  Glutamine synthetase 

activity was determined as previously described by Meister (Meister, 1985; Rowe and 

Meister, 1973) as modified by Miller et al. (1978). The absorbance was recorded at 505 nm 

using a BMG Fluostar Optima multimode plate reader (NY, USA). 

 

Glutathione peroxidase (GPX) activity assay 

GPX activity was measured using a commercially available kit (Cayman chemicals) 

according to the manufacturer’s guidelines. Briefly, GPX activity was measured based on the 

reduction of H2O2 by GPX present in the brain tissue homogenate using GSH as a cofactor. 

The assay quantified the levels of NADPH at 340 nm using a BMG Fluostar Optima 

multimode plate reader (NY, USA). 

 

ELISA measurement of plasma Aβ (1–40) and Aβ (1–42)  

Total brain Aβ1–40 and Aβ1–42 levels were determined using two specific Sandwich ELISA 

kits, ABtest 40 and ABtest 42 (Araclon Biotech Ltd. Zaragoza, Spain) according to the 

manufacturer’s guidelines.  

 

Acetylcholinesterase (AChE) activity assay 

AChE activity was quantified in brain tissues using a commercially available kit (Cayman 

chemicals) according to the manufacturer’s guidelines, using the spectrophotometric method 

developed by Ellman et al. (1961).  
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2.6. Quantification of a panel of inflammatory cytokines 

The levels of the anti-inflammatory cytokine IL-10 and the pro-inflammatory cytokines TNF-

α, IL-6, and IL-1β in brain cell homogenates were quantified using commercially available 

kits (Ray Biotech, GA, USA). These assays use biotinylated antibodies and a streptavidin–

HRP conjugate and TMB (3, 3′, 5, 5′-tetramethylbenzidine)-based detection system.  

 

2.7. Matrix metalloproteinase activity (MMP-2 and MMP-9) assay 

MMP-2 and MMP-9 activities were quantified using commercially available kits (AnaSpec) 

according to the manufacturer’s guidelines. The MMP-2 and MMP-9 assays use a 5-FAM 

(fluorophore) and QXL520™ (quencher) labelled FRET peptide substrate to quantify MMP-2 

and MMP-9 activity in the sample. Cleavage of the FRET peptide by MMP-2 and MMP-9 

alters the fluorescence of 5-FAM which can be quantified at an excitation/emission of 490 

nm/520 nm using a BMG Fluostar Optima multimode plate reader (NY, USA). 

 

2.8. Bradford assay for the quantification of total protein 

All molecular assays were adjusted for variations in cell number using the Bradford protein 

assay (Bradford 1976). 

  

2.9. Morris water maze test 

To assess for alteration in spatial memory, the mice were subjected to the Morris water maze 

at the end of the treatment period. The apparatus consisted of a metal pool (170 cm in 

diameter × 58 cm tall) filled with tap water (25˚C, 40 cm deep) divided into four quadrants. 

In the centre of one quadrant was a removable escape platform positioned below the water 

level. For each mouse, the location of the invisible platform was placed at the centre of one 

quadrant and remained there throughout training. The Morris water maze examines spatial 

memory by testing the ability of mice to memorize the location of the platform in the pool. 

Each mouse  was gently placed in the water facing the wall of the pool from one of the four 

quadrants along the perimeter of the pool. Mice were allowed to swim until they found and 

successfully climbed on top of the platform. During the training session, the mouse subject 

was gently placed on the platform by an experienced investigator when it could not reach the 

platform in 60 s. The subject was left on the platform for 15 s and removed from the pool. 

The time for animals to climb onto the hidden platform was recorded as escape latency. In 
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order to determine the capability of the animals to retrieve and retain information, the 

platform was removed 24 h later and the mouse  was released into the quadrant diagonally 

opposite to that which contained the platform. After each trial, the mice were quickly dried 

with a towel before being returned to their cage.  

 

3. DATA ANALYSIS 

Data analysis was performed using the Graph pad Prism software. All values are presented as 

Mean ± SEM.  One-way analysis of variance (ANOVA) and post hoc Tukey’s multiple 

comparison tests were used to determine the statistical significance between treatment 

groups. Differences between treatment groups were considered significant if p was less than 

0.05 (p<0.05). 

 

 

4. RESULTS 

4.1.Effect of γ-GC on oxidative stress markers in the brains of AD model mice 

Lipid peroxidation has been reported to be significantly elevated in AD brains 

(Hajimohammadreza and Brammer 1990, Markesbery and Lovell 1998, Montine, 

Markesbery et al. 1999, DiCiero Miranda, de Bruin et al. 2000, Andorn and Pappolla 2001, 

Karelson, Bogdanovic et al. 2001, Butterfield, Castegna et al. 2002, Butterfield and 

Lauderback 2002, Dei, Takeda et al. 2002, Montine, Neely et al. 2002, Pratico, Yao et al. 

2004, Sultana and Butterfield 2004, Sultana, Perluigi et al. 2006, Williams, Lynn et al. 2006, 

Cenini, Sultana et al. 2008, Reed, Perluigi et al. 2008, Perluigi, Sultana et al. 2009, Oboh, 

Akinyemi et al. 2014, Raefsky, Furman et al. 2018). F2-isoprostane 8-epi-PGF2α  is a well-

established marker of lipid peroxidation (Van't Erve, Lih et al. 2016) . To determine the 

effect of γ-GC on lipid peroxidation in APP/PS1 mice, we quantified the levels of  F2-

isoprostane 8-epi-PGF2α APP/PS1 and WT mice. We found that the levels of F2-isoprostane 

8-epi-PGF2α  were significantly increased in the brains of untreated APP/PS1 mice compared 

to wild type mice (Figure 1A). Dietary supplementation with γ-GC markedly lowered lipid 

peroxidation in APP/PS1 mice and wild-type animals (p<0.05). 

 

Quantification of protein carbonyls represents a sound measure of protein oxidation and 

which is increased in the AD brain and during the ageing process(Balcz, Kirchner et al. 

2001). To determine the effect of GGC on brain protein carbonyls, we examined the levels of 
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protein carbonyls in brain homogenates from wild control and APP/PS1 mice treated 

with/without γ-GC. Brain protein carbonyl levels were significantly increased in un-treated 

APPsw/Tg2576 mice compared to brains from wild-type mice (p<0.05) (Figure 1B). 

However, dietary supplementation with γ-GC to APP/PS1 mice significantly lowered brain 

protein carbonyl levels (p< 0.05). Treatment with γ-GC lowered protein carbonyls in wild-

type mice compared to wild-type mice exposed to standard chow. 

 

4.2.Effect of γ-GC on caspase-3 activity as a marker for apoptosis in the brains of 

AD mice 

Several studies have demonstrated that increased oxidative stress induces mitochondria-

dependent intrinsic apoptosis which is mediated by excessive Ca2+ influx-induced 

mitochondrial membrane depolarization, leading to activation of caspase 3 (Akpinar, 

Naziroglu et al. 2016, Yazgan and Naziroglu 2017). To confirm that increased oxidative 

stress is associated with higher levels of apoptosis, we quantified the activity of caspase 3 in 

brain homogenates from AD mice exposed to γ-GC. Caspase 3 activity increased in the 

brains of APP/PS1 mice compared to wild type mice fed standard chow (p< 0.05). Continued 

treatment with γ-GC lowered the activity of caspase 3 in APP/PS1 mice compared to non-

treated APP/PS1 mice (p< 0.05) (Figure 2). 

 

4.3.Effect of γ-GC on ATP content in the brains of AD mice 

Increased oxidative stress has been associated with impaired glucose utilisation, 

mitochondrial dysfunction and impaired energy synthesis. As expected, we found that the 

total ATP content was significantly lowered in the brains of APP/PS1 mice compared to un-

treated wild type mice. This observed decrease was reversed after treatment with γ-GC 

(p<0.05) (Figure 3). This suggests that γ-GC may also improve cerebral energy anabolism in 

AD mice that are exposed to higher oxidative status due to presence of AD-associated 

mutations.  

 

4.4.Effect of γ-GC on endogenous antioxidant defence mechanisms in the brains of 

AD mice 

We and others previously proposed that the neurodegenerative phenotype may occur in 

response to the accumulation of oxidative stress and an imbalance in endogenous antioxidant 

defence mechanisms. To determine whether γ-GC can modulate endogenous antioxidant 
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defence mechanisms, we measured the activity of SOD, catalase, glutamine synthetase and 

glutathione peroxidase, and the levels of GSH and GSSG in the brains of APP/PS1 and WT 

mice.  The activity of SOD and catalase are significantly decreased in the brains of APP/PS1 

mice compared to wild type mice. Treatment with γ-GC significantly attenuated the decline 

in SOD and catalase activity compared to mice exposed to standard chow only (Figure 4). 

APP/PS1 mice also exhibited lower levels of GSH (Fig 4C) and a significant increase in the 

GSSG/GSH ratio (Fig 4D). Long-term treatment with γ-GC significantly increased the 

cellular levels of GSH and significantly lowered the GSSG/GSH ratio. This suggests that γ-

GC administration may protect against AD pathology by maintaining the activity of 

endogenous antioxidant enzymes and replenishing GSH levels in mouse  brain cells. 

 

Glutamine synthetase is an ATP dependant enzyme that produces glutamine from ammonia 

and glutamate and plays an essential role in the cellular metabolism of nitrogen. The activity 

of glutamine synthetase was significantly lower in APP/PS1 mice compared to wild type 

mice (p<0.05) (Figure 4E). Dietary supplementation with γ-GC led to a significant increase in 

GS activity in APP/PS1 mice groups compared to un-treated control mice (Figure 4E).  

 

Glutathione peroxidase (GPX) is a major regulator of ferroptosis in several cell types. 

Genetic knock-out of GPX has been reported to induce ferroptosis in adult mice neurons and 

lead to degeneration of spinal motor neurons (Hambright, Fonseca et al. 2017). The recent 

study demonstrated that genetic knock-out of GPX in forebrain neurons of mice promoted 

cognitive impairment and neurodegeneration in vivo (Hambright, Fonseca et al. 2017). Our 

current study shows that GPX activity was significantly lower in APP/PS1 mice compared to 

wild type mice (p<0.05) (Figure 4F). Dietary supplementation with γ-GC markedly increased 

the GPX activity in APP/PS1 mice groups compared to un-treated control wild type mice 

(Figure 4F). This suggests that γ-GC may potentially protect against neuronal cell loss by 

inhibiting processes that may contribute to ferroptosis. 

 

4.5.Effect of γ-GC on Aβ load in the brains of AD mice 

To determine whether γ-GC can influence Aβ deposition in an AD mouse model, we also 

measured the levels of Aβ1–40 and Aβ1–42 in brain tissue homogenates from wild type and 

APP/PS1 mice using two independent and specific ELISA assay kits. Brain Aβ1–40 and 

Aβ1–42 were detected at significantly higher levels in naïve APP/PS1 mice compared to 
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control wild type mice. Brain tissue levels of both Aβ1–40 and Aβ1–42 were significantly 

lowered in γ-GC-supplemented APP/PS1 mice after 3 months (Figure 5).  

 

4.6.Effect of γ-GC on brain AChE activity in the brains of AD mice  

In clinical AD, AChE activity is increased in the brain and is co-localized with Aβ 

plaques. AChE associated to extracellular plaques may contribute to increased oxidative 

stress and neuroinflammation associated with Aβ toxicity (Carvajal and Inestrosa 2011). To 

determine whether γ-GC can modulate brain AChE activity in APP/PS1 mice, we measured 

AChE activity using an established ELISA assay. In our model,  increases in the activity of 

brain AChE activity correlated with increased Aβ load in APP/PS1 mice compared to wild-

type controls (Figure 6). Dietary supplementation with γ-GC attenuated the increase in brain 

AChE activity in APP/PS1 mice (p < 0.05).  

 

4.7.Effect of γ-GC on the levels of cytokines in the brains of AD mice 

In line with increased oxidative stress and lower levels of endogenous antioxidant defence 

mechanisms, we observed a significant decrease in the levels of the anti-inflammatory 

cytokines IL-10, (Figure 7A), IL-6 (Figure 7C) and IL-1β (Figure 7D), and increased levels 

of the pro-inflammatory cytokine TNF-α in APP/PS1 mice compared to wild type mice 

(Figure 7). We found that γ-GC effectively modulated the observed changes in the levels of 

selected cytokines in vivo. We also observed a significant upregulation in IL-10, IL-6, and 

IL-1β,  and a significant downregulation in TNF-α in mice treated with γ-GC. This suggests 

that γ-GC can protect against neurodegeneration by altering the neuroinflammatory response 

in vivo. 

 

4.8.Effect of γ-GC on selected metalloproteinase activity in the brains of AD mice 

We previously demonstrated that γ-GC could attenuate the changes in metalloproteinase 

activity in oligomeric Aβ40-treated astrocytes in vitro (Braidy, Zarka et al. 2019). In the 

current study, we further show that treatment with γ-GC can maintain near-physiological 

metalloproteinase homeostasis. APP/PS1 mice showed higher MMP2 activity and decreased 

activity of MMP-9 compared to wild type mice (Figure 8A-B). Treatment with γ-GC 

attenuated the abnormal phenotypic changes in MMP-2 and MMP-9 activities. We observed 

a significant decrease in MMP-2 activity and a significant increase in MMP-9 activity in γ-

GC-treated APP/PS1 mice. Impaired MMP-9 activity has been reported to promote the 
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accumulation of abnormal Aβ peptides in amyloid plaques (Lim, Backstrom et al. 1996). 

Therefore, increased MMP-9 activity due to treatment with γ-GC may enhance clearance of 

Aβ.  

 

4.9.Effect of γ-GC on spatial memory 

Apart from examining the effects of γ-GC on  pathological changes in the brain of APP/PS1 

mice, we also determined the effect of supplementation with γ-GC on spatial memory in 

APP/PS1 mice. The cognitive ability of the APP/PS1 mice was assessed by applying the 

Morris water maze test. APP/PS1 and wild type mice treated with/without γ-GC for 3 months 

were given the task of learning how to find the hidden platform in the Morris water maze.  

APP/PS1 mice at 6 months of age demonstrated a significantly delayed latency to finding the 

hidden platform compared with wild type control mice (Figure 9A). In contrast, 

supplementation with γ-GC in the diet of APP/PS1 mice at 3 months, improved the escape 

latency in finding the platform. The escape latency in the γ-GC treated wild type mice was 

not significantly different to wild type mice exposed to standard chow only (Figure 9A). 

During spatial exploration, we also showed that wild type mice (in the absence/presence of γ-

GC) had similar performance for the times of crossing the original platform. However, 

APP/PS1 mice crossed the original platform significantly less frequently, which was 

indicative of significant memory deficits. Treatment with γ-GC increased the crossing 

frequency (Figure 9B). These data collectively suggest that supplementation with γ-GC can 

improve spatial memory in vulnerable APP/PS1 mice.  

 

5. DISCUSSION 

In this study, we investigated the effect of γ-GC on brain oxidative stress, neuroinflammation 

and amyloid burden using an established animal model of AD. Our findings collectively 

suggest that increased oxidative stress and inflammation may be associated with neuronal 

loss. The significant increases in GSH and increases in the GSH/GSSG ratio due to the 

administration of γ-GC were sufficient to protect against oxidative lipid/protein damage, 

maintain endogenous antioxidant defence processes, lower Aβ burden and prevent deficits in 

spatial memory.   

It is well understood that the brain has high oxygen consumption requirements, and its 

endogenous antioxidant capacity is lowered with age. There is considerable evidence to 
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suggest that the accumulation of free radicals can induce neuronal degeneration through the 

lipid peroxidation of the large amount of unsaturated fatty acids in the cell membrane. A 

study by Gsell et al further demonstrated that the accumulation of H2O2 in the AD brain can 

lead to lowered catalase (CAT) activity, although SOD activity was reportedly unchanged 

(Gsell, Conrad et al. 1995). These results are consistent with several post-mortem brain 

regions associated with AD pathology and affected cognitive domains. Another study 

reported a decline in mitochondrial SOD2 levels although the levels of SOD1 remained 

unchanged in patient serum relative to age and gender-matched controls (Youssef, Chami et 

al. 2018). Despite these discrepancies, the application of γ-GC to replenish depleted GSH 

levels is likely to play an important role in maintaining neuronal physiology. 

Previous work demonstrating the neuroprotective effects of NAC on oxidative stress and 

inflammation in the brain underlie the hypothesis of the current study. NAC is an indirect 

precursor for GSH by elevating the levels of cysteine which leads to GSH synthesis. It is well 

demonstrated that NAC is a GSH enhancing agent (Pocernich and Butterfield 2012). One 

study previously reported that treatment with NAC led to a significant increase in GSH levels 

in the cortical synaptosome cytosol and protected against hydroxyl free radical protein 

oxidation in the rat brain (Pocernich, La Fontaine et al. 2000). Another study demonstrated 

increased protection by NAC against acrolein-induced oxidative stress at pathophysiological 

levels reported in the AD brain (Pocernich, Cardin et al. 2001). Oral NAC also protected 

against Aβ-induced oxidative stress in the brain of APP/PS1 mice (Huang, Aluise et al. 

2010). These studies provide the basis for pharmacological strategies aimed raising 

endogenous GSH levels in neurocognitive disorders associated with chronic oxidative stress 

and neuroinflammation. 

The present study demonstrated that treatment with γ-GC improved spatial memory with a 

lowering of amyloid burden and markers for oxidative stress and neuroinflammation. γ-GC 

can potentially exert its neuroprotective potential via two main mechanisms (1) increasing 

intracellular GSH levels, and (2) direct free radical scavenging. The mechanism by which 

orally administered γ-GC can increase cellular GSH levels is expected to involve its passive 

uptake by cells following systemic distribution via the vascular system. The γ-GC 

concentration inside cells at homeostasis should be negligible as all endogenous γ-GC 

produced by the activity of GCL will be converted to GSH by the unregulated glutathione 

synthetase. This would create a positive osmotic gradient that should allow the diffusion of γ-

GC from the extracellular plasma into cells. Once inside cells, the exogenous γ-GC will be 
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converted to GSH by glutathione synthetase. The degree to which GSH can be elevated 

above homeostasis will be dependent on the exogenous γ-GC dosage amounts. How long 

GSH can be elevated will be dependent on the frequency of dosing. Once cellular GSH levels 

exceed homeostasis due to the availability of exogenous γ-GC, endogenous production of γ-

GC should cease due to the feedback inhibition exerted by GSH on the GCL enzyme. As the 

exogenous supply of γ-GC to cells progressively declines between doses, the cellular GSH 

levels will progressively fall back to homeostasis and endogenous γ-GC production will 

recommence as GSH is used up. GSH homeostasis will then be maintained until the next dose 

of γ-GC is administered (Ferguson and Bridge 2016). 

Treatment with γ-GC has been previously shown to protect against oligomeric Aβ  (Braidy, 

Zarka et al. 2019) and buthionine sulfoximine (BSO) induced GSH depletion (Drake, Kanski 

et al. 2002) in vitro. It is unlikely that γ-GC was delivered directly to the brain. Rather, it is 

likely that proteolytically obtained cysteine residues may have been delivered to the brain via 

amino acid transporters, and cysteine is the rate-limiting substrate for GSH synthesis in the 

brain.  Cysteine residues have demonstrated metal chelating activity as has been observed for 

N-acetylcysteine (NAC) (Sevgiler, Karaytug et al. 2011). Furthermore, glutamic acid has also 

been reported to have  metal chelating activity (Lumb and Martell 1953).  The observed 

antioxidant and anti-inflammatory effects of γ-GC could also, therefore, be attributed to both 

its cysteine and glutamic acid residues. Dipeptides have been traditionally reported to be 

unlikely to be effective drug candidates when administered orally, since they are vulnerable 

to hydrolysis by digestive proteases. However, the presence of a gamma-glutamyl bond in γ-

GC makes the molecule resilient to hydrolysis by endoproteases (Anderson and Meister 

1983). Additionally, the ethyl ester of γ-GC is hydrophobic enough to deliver the dipeptide to 

the brain and increase GSH levels in the CNS (Joshi, Hardas et al. 2007).  

Glutamate synthetase is the major route for glutamate removal via the glutamate ammonia 

ligase reaction. Smith et al (1991) demonstrated that glutamine synthetase activity was 

differentially lowered in the frontal lobe in AD and may be associated with specific brain 

vulnerability to age-related oxidation (Smith, Carney et al. 1991). The molecular 

abnormalities that lead to inactivation of glutamine synthetase in AD remain unclear, 

although oxidative stress is a major culprit. Butterfield et al (1997) demonstrated that a 

synthetic analogue of the Alzheimer's-associated Aβ peptide could alter the structural biology 

of the enzyme (Butterfield, Hensley et al. 1997). As well, glutamine synthetase was reported 

to be an oxidatively modified protein in AD in a proteomics study (Castegna, Aksenov et al. 
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2002, Castegna, Thongboonkerd et al. 2003). When the activity of glutamate synthetase is 

lowered due to increased levels of oxidative stress, glutamate accumulates at pathological 

concentrations, thereby reducing the cell’s protection against glutamate excitotoxicity 

(Robinson 2000). It has been previously reported that the activity of glutamine synthetase is 

lowered in the AD brain (Olabarria, Noristani et al. 2011), and insufficient glutamine 

synthetase activity can cause spatial memory impairment in adult mice similar to AD 

(Hambright, Fonseca et al. 2017). Several species of Aβ, including oligomeric Aβ (1–40) and 

Aβ (25–35) have been reported to inactivate glutamine synthetase in cell-free incubates as 

well as in cell culture, suggesting that Aβ-induced oxidative stress may promote the 

inactivation of glutamine synthetase  (Aksenov, Aksenova et al. 1996). The current study 

provides further benefits for the role of γ-GC for the maintenance of  glutamate synthetase 

activity and provides a potentially novel approach to reducing Aβ-induced excitotoxicity in 

the human brain. 

 

Other mechanisms may explain the potential neuroprotective effects of γ-GC in AD. Thus, 

we suggest multiple biological effects of γ-GC may potentially contribute to slowing down 

cognitive decline and Aβ neuropathology in APP/PS1 mice. For instance, γ-GC treatment 

modulated the activity of selected matrix metalloproteinases (MMPs). These proteolytic 

enzymes are required for maintaining the integrity of the extracellular matrix. MMP2 has 

been associated with disruption of tight junction proteins and enhance blood brain barrier 

(BBB) permeability, which is impaired in AD (Yang, Estrada et al. 2007). Consistent with 

these findings, our data show that MMP-2 activity was increased in the brains of APP/PS1 

mice and correlated with increased oxidative stress and inflammation. In addition, MMP-9 

has been shown to degrade Aβ deposits (Alvarez-Sabin, Delgado et al. 2004) and lowered 

MMP-9 activity has been observed in the brains of APP/PS1 mice. Treatment with γ-GC 

increased MMP-9 activity in vivo. This suggested that the effect of γ-GC on MMPs may slow 

down or prevent degeneration of the extracellular matrix and promote clearance of the Aβ 

peptide which is dependent on GSH status. 

 

As well, treatment with γ-GC increased intracellular GSH levels and lowered the GSSG/GSH 

ratio in vivo. Alterations in the levels of either reduced (GSH) or oxidised (GSSG) may affect 

the processing and degradation of both insulin and Aβ since GSH can regulate the activity of 

insulin degrading enzyme (CM;, G; et al. 2008). Further studies are warranted to determine 
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whether γ-GC can directly increase insulin degrading enzyme (IDE) activity or whether this 

effect is solely due to increased GSH levels.  

 

Replenishment of GSH levels through γ-GC administration could also optimise GPX activity 

in the AD brain. Conditional knock-out of GPX4 has been shown to promote lipid 

peroxidation and induce neurodegeneration and cognitive decline (Hambright, Fonseca et al. 

2017). The three main hallmarks of ferroptosis: GSH depletion, lipid peroxidation and 

neuroinflammation, represent major prodromal indices of AD and other dementias. 

Therefore, the effect of γ-GC on attenuating ferroptosis and increasing GPX activity may 

represent an important therapeutic strategy in neurological disorders such as AD. 

 

The major dietary protein source known to contain significant levels of γ-GC is the whey 

fraction of bovine milk (Bounous and Gold 1991, Parodi 2007). Whey protein isolates are 

composed of several cysteine-rich proteins including, serum albumin, lactoferrin, β- and α-

lactalbumin. Serum albumin and lactoferrin are especially rich in the disulfide-linked 

(oxidised form) of γ-GC. It has been estimated that there are six bound molecules of γ-GC for 

every serum albumin protein and four for every lactoferrin. Disulfide-linked cysteine 

molecules are also attached to the cysteine residues of the proteins. Elevations in GSH levels 

following oral supplementation with whey protein is most likely be due to the  γ-GC content 

rather than the cysteine content. However, the γ-GC bound to whey protein cannot be used to 

make GSH if it remains attached to the protein via disulfide linkage (Lands, Grey et al. 1999, 

Balbis, Patriarca et al. 2009). Supplementation with whey protein isolates has been 

implicated as a potential treatment for AD. A murine study by Garg and colleagues (2018) 

demonstrated that rats supplemented with whey protein concentrates (WPC) had significantly 

lower levels of oxidative stress and inflammatory markers such as TNFα, IL1β, and IL6 

(Garg, Singh et al. 2018). As such, WPC supplementation can lead to beneficial 

neuroprotective effects that slow down or attenuate the progression of age-related oxidative 

stress and inflammation within the CNS (Garg, Singh et al. 2018). However, while WPC are 

likely to be safe if used as part of a balanced lifestyle regimen, some proteins may have an 

inhibitory effect on normal cellular processes leading to cytotoxic effects (Samardzic and 

Rodgers 2019). Further research is warranted to validate the clinical relevance of 

supplements containing WPC. 
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We have previously demonstrated that orally dosed γ-GC (2 and 4 g) is bioavailable and can 

increase intracellular GSH levels in lymphocytes from healthy, non-fasting human subjects 

(Zarka and Bridge 2017). γ-GC is therefore likely to increase GSH levels in patients with 

age-related neurodegenerative disorders or other conditions linked to acute and/or chronic 

GSH depletion.  Orally administered γ-GC has been shown to be safe at limit acute and 

repeated doses in an animal study performed according to the Organisation for Economic 

Cooperation and Development (OECD) toxicology protocols (Chandler, Zarka et al. 2012) . 

The present study identifies for the first time γ-GC as a GSH-elevating strategy in an AD 

mouse model.  

6. CONCLUSION 

Our study has demonstrated that γ-GC can lessen oxidative stress, inflammation and Aβ 

burden in an AD mouse model. The beneficial effects in AD of increasing cellular GSH 

through the administration of γ-GC may not only result in protection against 

neurodegeneration but also improvement in cognitive function, which is currently not 

possible in the clinic. 
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FIGURE LEGENDS  

Figure 1. γ-GC protects against (A) Lipid peroxidation (F2-isoprostane 8-epi-PGF2α ) 

and (B) protein carbonyls in the brain of 6 month old APP/PS1 mice. (A) F2-isoprostane 

8-epi-PGF2α  were significantly increased in the brains of untreated APP/PS1 mice compared 

to wild type mice. Dietary supplementation with γ-GC markedly lowered lipid peroxidation 

in APP/PS1 mice and wild-type animals. Significance *p<0.05 compared to control non-

treated WT mice. #p<0.05 compared to non-treated APP/PS1 mice. (B) Brain protein 

carbonyl levels were significantly increased in un-treated APPsw/Tg2576 mice compared to 

brains from wild-type mice (p<0.05). Dietary supplementation with γ-GC to APP/PS1 mice 

significantly lowered brain protein carbonyl levels. Treatment with γ-GC lowered protein 

carbonyls in wild-type mice compared to wild-type mice exposed to standard chow. 

Significance *p<0.05 compared to control non-treated WT mice. #p<0.05 compared to 

non-treated APP/PS1 mice. 

 

Figure 2. γ-GC lowers apoptosis in the brain of 6 month old APP/PS1 mice. Caspase 3 

activity increased in the brains of APP/PS1 mice compared to wild type mice fed standard 

chow. Continued treatment with γ-GC lowered the activity of caspase 3 in APP/PS1 mice 

compared to non-treated APP/PS1 mice. Significance *p<0.05 compared to control non-

treated WT mice. #p<0.05 compared to non-treated APP/PS1 mice.  

 

Figure 3. γ-GC increases ATP levels in the brain of 6 month old APP/PS1 mice. The total 

ATP content was significantly lowered in the brains of APP/PS1 mice compared to un-treated 

wild type mice. This observed decrease was reversed after treatment with γ-GC. Significance 
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*p<0.05 compared to control non-treated WT mice. #p<0.05 compared to non-treated 

APP/PS1 mice.  

Figure 4. γ-GC modulates (A) SOD and (B) CAT activities, (C) increases GSH levels, 

(D) decreases the GSSG/GSH ratio, and increases (E) GS and (F) GPX activities in the 

brain of 6 month old APP/PS1 mice.  (A) The activity of SOD was significantly decreased 

in the brains of APP/PS1 mice compared to wild type mice. Treatment with γ-GC 

significantly attenuated the decline in SOD compared to mice exposed to standard chow only. 

Significance *p<0.05 compared to control non-treated WT mice. #p<0.05 compared to 

non-treated APP/PS1 mice. (B) The activity catalase was significantly decreased in the 

brains of APP/PS1 mice compared to wild type mice. Treatment with γ-GC significantly 

attenuated the decline in catalase activity compared to mice exposed to standard chow only. 

Significance *p<0.05 compared to control non-treated WT mice. #p<0.05 compared to 

non-treated APP/PS1 mice. (C) APP/PS1 mice also exhibited lower levels of GSH. Long-

term treatment with γ-GC significantly increased the cellular levels of GSH. Significance 

*p<0.05 compared to control non-treated WT mice. #p<0.05 compared to non-treated 

APP/PS1 mice. (D) APP/PS1 mice also exhibited significant increase in the GSSG/GSH 

ratio. Long-term treatment with γ-GC significantly lowered the GSSG/GSH ratio. 

Significance *p<0.05 compared to control non-treated WT mice. #p<0.05 compared to 

non-treated APP/PS1 mice. (E) The activity of glutamine synthetase was significantly lower 

in APP/PS1 mice compared to wild type mice (p<0.05). Dietary supplementation with γ-GC 

led to a significant increase in GS activity in APP/PS1 mice groups compared to un-treated 

control mice. Significance *p<0.05 compared to control non-treated WT mice. #p<0.05 

compared to non-treated APP/PS1 mice. (F) GPX activity was significantly lower in 

APP/PS1 mice compared to wild type mice. Dietary supplementation with γ-GC markedly 

increased the GPX activity in APP/PS1 mice groups compared to un-treated control wild type 

mice. Significance *p<0.05 compared to control non-treated WT mice. #p<0.05 compared 

to non-treated APP/PS1 mice. 

 

Figure 5. γ-GC lowers (A) Aβ1-40 and (B) Aβ1-42 load in the brain of 6 month old 

APP/PS1 mice. (A) Brain Aβ1–40 was detected at significantly higher levels in naïve 

APP/PS1 mice compared to control wild type mice. Brain tissue levels of Aβ1–40 was 

significantly lowered in γ-GC-supplemented APP/PS1 mice after 3 months. Significance 
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*p<0.05 compared to control non-treated WT mice. #p<0.05 compared to non-treated 

APP/PS1 mice. (B) Brain Aβ1–42 was detected at significantly higher levels in naïve 

APP/PS1 mice compared to control wild type mice. Brain tissue levels of Aβ1–42 was 

significantly lowered in γ-GC-supplemented APP/PS1 mice after 3 months. Significance 

*p<0.05 compared to control non-treated WT mice. #p<0.05 compared to non-treated 

APP/PS1 mice. 

 

Figure 6. γ-GC increases AChE activity in the brain of 6 month old APP/PS1 mice. 

Increases in the activity of brain AChE activity correlated with increased Aβ load in 

APP/PS1 mice compared to wild-type controls. γ-GC attenuated the increase in brain AChE 

activity in APP/PS1 mice. Significance *p<0.05 compared to control non-treated WT 

mice. #p<0.05 compared to non-treated APP/PS1 mice. 

 

Figure 7. γ-GC increases the levels of the anti-inflammatory cytokines IL-10, IL-6 and 

(D) IL-1β   and decreases the levels of the pro-inflammatory cytokine TNF-α, in the 

brain of 6 month old APP/PS1 mice. (A) IL-10, (B) TNF-α, (C) IL-6, (D) IL-1 β     

Significance *p<0.05 compared to control non-treated WT mice. #p<0.05 compared to 

non-treated APP/PS1 mice.  

 

Figure 8. γ-GC lowers (A) MMP-2 and (B) MMP-9 activities the brain of 6 month old 

APP/PS1 mice. Significance *p<0.05 compared to control non-treated WT mice. #p<0.05 

compared to non-treated APP/PS1 mice. 

 

Figure 9. γ-GC treatment improves learning and memory in 6 month old APP/PS1 mice. 

(A) Time latencies in locating the hidden platform in Morris water-maze with repeated 

training. (B) Times of crossing the original platform during the exploration task. (A) 

APP/PS1 mice at 6 months of age demonstrated a significantly delayed latency to finding the 

hidden platform compared with wild type control mice. γ-GC in the diet of APP/PS1 mice at 

3 months, improved the escape latency in finding the platform. The escape latency in the γ-
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GC treated wild type mice was not significantly different to wild type mice exposed to 

standard chow only. Significance *p<0.05 compared to control non-treated WT mice. 

#p<0.05 compared to non-treated APP/PS1 mice. (B) During spatial exploration, we also 

showed that wild type mice (in the absence/presence of γ-GC) had similar performance for 

the times of crossing the original platform. APP/PS1 mice crossed the original platform 

significantly less frequently, which was indicative of significant memory deficits. Treatment 

with γ-GC increased the crossing frequency. Significance *p<0.05 compared to control 

non-treated WT mice. #p<0.05 compared to non-treated APP/PS1 mice. 
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Figure 1A 
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Figure 2 
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Figure 3 
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Figure 4A 
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Figure 4C 
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Figure 4E 
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0

5

10

15

20

25

30

35

WT WT + GGC APP/PS1 APP/PS1 + GGC

G
S

 a
ct

iv
it

y
 (

µ
M

/m
in

/m
g

 p
ro

te
in

)

0

5

10

15

20

25

WT WT + GGC APP/PS1 APP/PS1 + GGC

G
P

X
 a

ct
iv

it
y

 (
µ

M
/m

in
/m

g
 p

ro
te

in
)

# 

# 

* 

* Jo
urn

al 
Pre-

pro
of



Figure 5A 

 

 

Figure 5B 
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Highlights 

• Glutathione (GSH) depletion has been linked to cognitive decline and the 

development of Alzheimer’s disease (AD) pathology.  

• γ-glutamylcysteine (γ-GC), is the immediate precursor and the limiting substrate for 

GSH biosynthesis. 

• γ-GC can maintain cellular GSH levels by bypassing the regulation of GSH 

homeostasis.  

• Supplementation with γ-GC can reduce brain oxidative stress and neuroinflammation 

and maintain antioxidant status in an AD mouse model. 

• Supplementation with γ-GC can reduce amyloid pathology and improve learning and 

memory deficits in an AD mouse model. 
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