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Abstract

Reports from Alzheimer’s disease (AD) biomarker work have shown a strong link between 

oxidative stress and AD neuropathology. The nonenzymatic antioxidant, glutathione (GSH), plays 

a crucial role in defense against reactive oxygen species and maintenance of GSH redox 

homeostasis. In particular, our previous studies on GSH redox imbalance have implicated 

oxidative stress induced by excessive reactive oxygen species as a major mediator of AD-like 

events, with the presence of S-glutathionylated proteins (Pr-SSG) appearing prior to overt AD 

neuropathology. Furthermore, evidence suggests that oxidative stress may be associated with 

dysfunction of the hypothalamic-pituitary-adrenal axis, leading to activation of inflammatory 

pathways and increased production of corticotropin-releasing factor (CRF). Therefore, to 

investigate whether oxidative insults can be attenuated by reduction of central CRF signaling, we 

administered the type-1 CRF receptor (CRFR1) selective antagonist, R121919, to AD-transgenic 

mice beginning in the preclinical/prepathologic period (30-day-old) for 150 days, a timepoint 

where behavioral impairments and pathologic progression should be measureable. Our results 

indicate that R121919 treatment can significantly reduce Pr-SSG levels and increase glutathione 

peroxide activity, suggesting that interference of CRFR1 signaling may be useful as a preventative 

therapy for combating oxidative stress in AD.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common form of dementia and is characterized by 

progressive cognitive impairment and two neuropathological hallmarks, amyloid-β plaques 

(Aβ) and neurofibrillary tangles. Reactive oxygen species (ROS) are important metabolic 

products involved in the stimulation of cellular signaling pathways in mammalian cells, and 

are thought to accumulate under imbalanced redox conditions and can trigger oxidative 

stress [1]. Respiratory chain reactions are responsible for generating the majority of cellular 

ROS in mitochondria where electron transport chains are active. With progressive imbalance 

between ROS and antioxidant systems, oxidative stress and cell damage are thought to occur 

[2]. Evidence from AD biomarker studies has shown a strong link between oxidative stress 

and AD neuropathology, with greatly decreased antioxidant levels found in the AD brain 

[3]. In particular, elevated DNA lesions (8-hydroxy-2′-deoxyguanosine, 8-OHdG) [4, 5], 

increased oxidized proteins (S-glutathionylated proteins, Pr-SSG [6, 7], S-nitronsylated 

proteins [8], and carbonylated proteins [9]), and high levels of lipid peroxidation have been 

found to be positively correlated with oxidative stress in the AD brain [10]. Moreover, 

increased levels of metals may also be associated with stimulating free radicals in the AD 

brain [11].

Glutathione (GSH) consists of three amino acid residues (glutamic acid, cysteine, and 

glycine) and plays a crucial role in cellular defense against ROS and maintenance of GSH 

redox homeostasis, which is generally known as a non-enzymatic scavenger of oxidative 

stress in mammalian cells [12]. In the GSH redox cycle, GSH can be oxidized by oxidative 

stress in the presence of glutathione peroxidase (GPx) to form oxidized GSH (GSSG), which 

can be reduced back to GSH in the presence of glutathione reductase (GR) [13]. Our 

previous studies of GSH redox homeostasis have demonstrated that oxidative stress may 

have a significant contribution to AD neuropathology, because excessive ROS may induce 

oxidative stress as a disturbance of GSH redox balance in the AD brain [14]. Moreover, 

increased levels of hippocampal and cortical Pr-SSG have been reported in AD transgenic 

(Tg) mouse models compared to age-matched wild type (Wt) counterparts, suggesting the 

specific response of oxidative stress can be observed in AD-relevant brain regions [14].

Reports have suggested that hippocampal oxidative stress can induce dysfunction/

dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis, which may lead to an 

increase in circulating levels of stress steroids (cortisol in humans; glucocorticoid in 

rodents), resulting in oxidative neural damage [15]. In particular, corticotropin-releasing 

factor (CRF) and its receptors are involved in stress-signaling in the periphery, but are also 

implicated in central neuromodulation, as this signaling system is widely distributed 

throughout brain areas susceptible to AD neuropathology [16, 17]. Alerations in CRF 

peptides are evident early in disease progression [18], with reduction in cortical CRF 

immunoreactivity (in the face of increased hypothalamic levels) is a noticeable change in 

early AD progression [19]. Furthermore, epidemiologic studies demonstrate that AD 

patients are predisposed to psychological distress compared to age-matched controls [20].
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To investigate whether oxidative insults in an Tg mouse model could be attenuated by 

CRFR1 blockade, a CRFR1 selective antagonist (R121919) [21–23] was tested on a well-

characterized Tg mouse model of AD (PSAPP) in the present study. This Tg mouse model 

develops AD-like Aβ pathology and cognitive impairment in an age-dependent manner [24], 

while cognitive impairment and Aβ aggregates in the hippocampus and cortex can be 

detected in Tg mice as early as 4 month of age [25]. We treated 30-day-old Tg mice and 

age-matched Wt littermates with daily subcutaneous administration of R121919 for 5 

months (150 days) continuously. Biochemical assays were conducted to evaluate GSH redox 

balance, Pr-SSG levels, and enzymatic activities.

MATERIALS AND METHODS

Animals

Mice were housed (2 to 4 mice/cage) in a temperature controlled room (22°C) with a 12-h 

light-dark cycle. Tg mice reliably accumulate Aβ plaques in the cortex and hippocampus 

starting at 6 months of age. A total of 40 6-month-old mice were investigated in this study. 

All biological samples were collected between the hours of 8:00 to 10:00. The University of 

California at San Diego’s Institutional Animal Care and Use Committee approved all 

experimental protocols.

CRFR1 antagonist (R121919) treatment

For pharmacologic blockade of CRFR1, we used the well characterized, orally potent, small 

molecule CRFR1-selective antagonist, R121919 (gift of Dr. K. Rice, NIH) [21, 26]. Mice 

were given subcutaneous injections of vehicle or drug (R121919, 20 mg/kg/d) for 150 days 

based on daily body weight measurements. The dose of 20 mg/kg/d was adopted from our 

previous studies of R121919 treatment and stress-induced tau phosphorylation [23, 27]. 

R121919 was dissolved in 0.3% tartaric acid and 5% v/v polyethoxylated castor oil. Both 

R121919 and vehicle solution were vortexed and sonicated immediately before use. Wt and 

Tg animals were treated with vehicle or drug starting at 30 days of age. Five mice per 

condition (a total of 8 conditions) were used in this project, including 2 treatments (vehicle 

versus drug) × 2 genotypes (Wt versus Tg) × 2 genders (male versus female).

Sample preparation

After animals were transcardially perfused with cold PBS, brain and plasma samples were 

collected and stored at −80°C until use. Sample preparation for each assay was described 

below.

Measurement of GSH and GSSG levels in the brain and plasma samples

GSH, total GSH, protein thiol groups (Pr-SH), and total Pr-SH levels in the brain and 

plasma samples were assayed using GSH assay kits (Cayman Chemical Company, Ann 

Arbor, MI) according to the manufacturer’s instructions as described previously [14]. Plates 

were read using an iMark Microplate Reader (Bio-Rad Laboratories Inc., Hercules, CA) at 

412 nm (spectrophotometry) with the kinetic method (see Cayman protocols). The 

concentration of GSSG was calculated by determining the difference between total GSH and 
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native GSH. Data on GSH and GSSG contents are expressed as nanomole (nmol) per 

milligram (mg) of protein.

Measurement of total protein S-glutathionylation levels in the brain

To determine the relative levels of Pr-SSG, western blot analysis was employed. After 

adding the reducing agent, dithiothreitol (DTT), Pr-SSG reactive target bands disappear. 

Parallel experiments without DTT treatment were also studied. Hippocampal and cortical 

tissues were homogenized with 2 μl/mg in detergent-free RAB buffer, containing 100 mM 

2-(N-morpholino) ethanesulphonic acid (MES; pH 7.0), 1 mM EGTA, 0.5 mM MgSO4, 750 

mM NaCl, 20 mM NaF, 1 mM Na3VO4, 1 mM PMSF, and protease and phosphatase 

inhibitor cocktail EDTA-free for measuring Pr-SSG levels. 10 μg of protein of each samples 

was loaded and then separated on a 10–20% gradient gel. S-glutathionylated proteins were 

detected with an anti-GSH monoclonal antibody (1:5000), and Enhanced 

Chemiluminescence (ECL) detection was performed using the Gel Doc XR+ Imager (Bio-

Rad Laboratories Inc., Hercules, CA). A polyclonal anti-β-actin antibody (1:1000) was used 

as a loading control. All samples were normalized using β-actin levels.

Determination of enzymatic activity in the brain

GPx activity and GR activity (nmol/min/ml) were assayed using commercially available 

GPx and GR assay kits (Cayman Chemical Company, Ann Arbor, MI) according to the 

manufacturer’s protocols. Each absorbance reading was collected, 1 cycle/min at 340 nm for 

a total of 10 cycles using the kinetic method of calculation.

Protein concentration determination in the brain

Protein concentrations were determined by a BCA assay kit (Thermo Fisher Scientific, 

Waltham, MA) based on manufacturer’s manual. The absorbance of each protein sample at 

595 nm was detected with an iMark plate reader (Bio-Rad Laboratories Inc., Hercules, CA).

Statistical analyses

Statistical analyses between groups were conducted with two-way ANOVA with Tukey’s 

Multiple Comparison post-hoc test using Graphpad Prism 6.02 software (La Jolla, CA). A 

value of p < 0.05 was accepted as statistically significant. All values are expressed as Mean 

± SEM.

RESULTS

GSH and GSSG contents in the brain

To obtain a better understanding of the GSH redox cycle, GSH and GSSG levels as a 

function of R121919 treatment in AD mice, well characterized ELISA kits were used (see 

Methods). In terms of genotype effects on GSH contents, we observed a significant increase 

in GSH levels (+p < 0.05) in vehicle-treated male Tg mice compared to male Wt 

counterparts (Fig. 1A); whereas no statistical difference was found in female groups (Fig. 

1B). Moreover, for gender effects on GSH levels, increased GSH levels was found in male 

Tg mice compared to female Tg counterparts treated with vehicle (†p < 0.05, Fig. 1D). 
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However, no treatment effects were detected regardless of genotype and gender (Fig. 1A–

D). As for genotype effects on GSSG levels, no significant changes were found in either 

male or female mice regardless of treatment condition (Fig. 1E, F). Additionally, based on 

gender effects on GSSG contents, male mice receiving vehicle had dramatically reduced 

GSSG levels (††p < 0.01, Fig. 1G) compared to female counterparts, while male mice treated 

with drug also had significantly decreased GSSG levels than their female littermates (†p < 

0.05). Again, no alterations in GSSG levels were observed with the treatment effect (Fig. 

1E–H). In summary, we found R121919 treatment may not have an impact on tissue GSH 

redox system.

Pr-SSG levels in the brain

To determine oxidative Pr-SSG levels in specific brain regions, RAB extracts from the 

hippocampus and cortex of Tg mice treated with vehicle or R121919 were analyzed using 

western blot. We found levels of Pr-SSG to be significantly reduced (49%) in the 

hippocampus of male Tg mice treated with R121919 (**p < 0.01) compared to vehicle 

counterparts (Fig. 2A). Similar effects were seen in female cohorts, with decreased Pr-SSG 

levels (38%) shown in the hippocampus of Tg mice treated with drug (**p < 0.01) compared 

to vehicle-treated mice. In terms of the cortex, a 24% decline of cortical Pr-SSG levels was 

found in male Tg mice treated with drug (*p < 0.05) compared to vehicle counterparts, while 

there was a reduction of 18% in cortical Pr-SSG contents of female Tg mice receiving drug 

(*p < 0.05) compared to their littermates receiving vehicle (Fig. 2B).

In addition, a 32% reduction in hippocampal Pr-SSG levels in male Wt mice was observed, 

whereas no change in hippocampal Pr-SSG in female Wt mice was found (Supplementary 

Figure 1A). Also, cortical Pr-SSG contents were reduced by 34% in male Wt mice and 43% 

in female Wt mice, respectively (Supplementary Figure 1B). Thus, a significant decline in 

hippocampal and cortical Pr-SSG was found in both male and female Tg mice treated with 

R121919, suggesting that interfering with CRFR1 signaling can be beneficial for attenuating 

oxidative stress.

GPx activity in the brain

Because GPx activity is known to be a sensitive indicator of free radicals, brain GPx activity 

was analyzed using enzymatic activity kits (see Methods). In terms of genotype effects in 

male mice receiving vehicle, we observed a significant increase in GPx activity of Wt mice 

compared to Tg counterparts (+p < 0.05, Fig. 3A). Moreover, according to gender effects, 

we found elevated GPx activity in Wt female mice receiving R121919 mice compared to 

male counterparts (†p < 0.05, Fig. 3C), which was also seen in Tg mice receiving drug (†††p 

< 0.005, Fig. 3D). Additionally, significantly increased GPx activity was found in female Tg 

receiving R121919 compared to vehicle treated counterparts (*p < 0.05, Fig. 3B). 

Collectively, female Tg mice treated with R121919 had increased levels of GPx activity 

compared to vehicle or male littermates, indicating that female Tg mice may be more 

sensitive to CRFR1 antagonist treatment.
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GR activity in the brain

GR activity was measured to provide insight into R121919 effects on the GSH redox cycle 

in the brain. In terms of genotype effects, we found no significant differences in GR activity 

in either male or female mice (Fig. 4A, B). However, when genders were analyzed 

separately, R121919-treated female Wt mice had increased GR activity compared to 

R121919-treated male Wt counterparts. Additionally, based on treatment effects in female 

Wt mice, drug-treated mice had elevated GR activity than their vehicle littermates (*p < 

0.05, Fig. 4B). Overall, increased GR activity was found in drug-treated female Wt mice 

compared to vehicle and male counterparts.

GSH and GSSG contents in plasma as a function of R121919 treatment

Levels of GSH, GSSG, and total GSH in plasma samples from each group were detected 

using ELISA kits (see Methods). As for GSH levels, we found no significant genotype 

differences in either male or female mice treated with vehicle or drug, respectively, as 

shown in Fig. 5A and B. However, in terms of gender effects, male Wt mice receiving 

vehicle had higher GSH contents than their female Wt counterparts treated with vehicle (††p 

< 0.01, Fig. 5C), whereas no changes were observed in plasma GSH levels of Tg mice (Fig. 

5D). Additionally, no effects were observed in plasma GSH levels in either gender or 

genotype as a function of R121919 treatment (Fig. 5A–D).

Moreover, for GSSG contents, no changes were seen as a function of genotype on GSSG 

levels in vehicle or drug-treated male and female mice (Fig. 5E, F), nor were significant 

differences seen in plasma GSSG levels regardless of treatment or gender (Fig. 5E-H). 

Notably, GSH and GSSG contents were much higher in plasma than in the brain, though no 

drug effects were observed.

Pr-SH and Pr-SSG contents in plasma

Pr-SH and Pr-SSG levels in plasma samples from each group were detected with ELISA kits 

(see Methods). As for genotype effects, in plasma Pr-SH levels, no differences were 

observed in either male or female mice at this stage (Fig. 6A, B). However, in terms of 

gender effects, female mice treated with vehicle had elevated Pr-SH levels compared to their 

male counterparts (†p < 0.05, Fig. 6D). As shown in Fig. 6A–D, we did not observe any 

treatment effect on plasma Pr-SH.

In addition, similar Pr-SSG levels (no genotype effects) were identified in male and female 

mice shown in Fig. 6E and F. Also, we observed no changes in plasma Pr-SSG due to 

gender (Fig. 6G, H) or treatment effects (Fig. 6E–H). Overall, no significant differences 

were seen in plasma Pr-SH and Pr-SSG levels regardless of treatment, genotype, or gender, 

though a gender difference was found in Pr-SH levels. Our results likely indicate the lack of 

direct relationship of Pr-SSG and Pr-SH levels between plasma and brain.
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DISCUSSION

The relationship between oxidative stress and the CRF system

The HPA axis is responsible for releasing CRF and stimulating the release of 

adrenocorticotropic hormone (ACTH) from the anterior pituitary gland. Stress steroids are 

then released from the adrenal cortex upon stimulation by ACTH [28]. Because oxidative 

stress can induce HPA axis dysfunction with aging, it may lead to over-excretion of 

glucocorticoids that can further inhibit the activity of the HPA axis and result in neuronal 

damage in vulnerable structures, such as the hippocampus [15]. Consequently, impairment 

in HPA axis function can further induce more oxidative stress in the hippocampus and 

adrenal cortex [29]. Increases in oxidative damage are also seen as a form of chronic stress, 

and studies also have shown that elevated hippocampal Aβ levels may be associated with 

corticosterone increases in rodent AD brains [30]. Moreover, lysosomal activation induced 

by oxidative stress has been reported in AD, which may be mechanistically involved in 

neurodegeneration, as results suggest that lysosomal integrity damage, lysosomal capacity 

increase, and induction of autophagy are common in AD [31]. Based on these observations 

and more recent data demonstrating a link between the CRF system and AD pathological 

processes (e.g., [23, 27, 32]), we hypothesize that CRFR1 antagonism may attenuate 

oxidative stress through regulating of central CRF signaling and the HPA axis, leading to a 

reduction in levels of oxidative biomarkers (S-glutathionylated proteins).

GSH redox status and protein S-glutathionylation in the brain

Tissue GSH and GSSG are sensitive and specific intermediates in the oxidative stress 

cascade that may be mechanistically involved in AD neurodegeneration. For example, 

Calabrese et al. have reported that decreased GSH contents and increased GSSG levels were 

observed in AD peripheral lymphocytes [33]. Furthermore, our previous work indicates that 

oxidative stress may play an important role in AD pathology, with age-dependent changes in 

GSH status and Pr-SSG levels seen in both brain and blood samples in Tg mice [14].

Stress has been suggested to be involved in AD development and progression [34–36]. 

Indeed, our results show that female Tg mice treated with vehicle have a decrease in tissue 

GSH content compared to male Tg counterparts (Fig. 1D), whereas no differences of GSSG 

levels are found in the brain among these mice (Fig. 1H), indicating that female Tg mice are 

more susceptible to oxidative stress at this age stage. Interestingly, female Wt mice show 

similar brain GSH levels (Fig. 1C) and elevated tissue GSSG contents than male 

counterparts (Fig. 1G), suggesting that female Wt mice might have a higher baseline level 

compared to male Wt mice. Also, similar GSSG levels (Fig. 1E) and increased amount of 

tissue GSH contents (Fig. 1A) are observed in male Tg treated with vehicle compared to 

their male Wt or female Tg counterparts, which may be a result of the fact that tissue GSH 

or GSSG contents in Tg mice may have reached an equilibrium of GSH redox cycle at this 

time point [14].

Additionally, as for genotype effects, tissue GSH or GSSG levels in female mice regardless 

of treatment indicate that no changes of the GSH redox cycle in female mice are present at 

this age (Fig. 1B, F). Our future studies aim to characterize optimal timepoints for chronic 
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treatment of oxidative stress in Tg mice, because Tg brains are noticeably compromised by 

oxidative insults in an age-dependent manner. S-glutathionylation is known to modify 

intracellular Pr-SH to form protein disulfide (Pr-SSG) under oxidative conditions, which is 

considered as a reliable index of ROS [37] associated with changes in enzymatic activities, 

energy metabolism, and signaling pathways [38]. Recent studies have implicated S-

glutathionylated proteins may be related to neurodegeneration, as increased levels of 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and α-enolase have been reported in 

AD [39]. Both GAPDH and α-enolase enzymes are involved in the glycolytic pathway for 

energy production; compromised enzymatic activities induced by oxidative stress is 

correlated with a progressive decline in glucose metabolism during AD progression [39–41]. 

Moreover, p53 protein is known as a tumor suppressor that stabilizes and prevents genomic 

mutation [42] and the inactivation of p53 through S-glutathionylation protect cells from 

apoptosis [43–45]. p53 protein S-glutathionylation has been observed in human cancer cells 

[46] and increases of S-glutathionylated p53 monomer and dimer have been found in the 

inferior parietal lobule of AD patients [47]. In this study, although no treatment effects are 

shown in the GSH redox system at this timepoint, a significant reduction in oxidized 

proteins through S-glutathionylation is present (Fig. 2). The hippocampus and cortex are 

AD-vulnerable brain regions, which are exceedingly sensitive to ROS insults [27]. Our data 

demonstrate total Pr-SSG levels in both hippocampi and cortices are reduced in Tg mice 

treated with drug regardless of gender, indicating that CRFR1 antagonist may reduce 

oxidative stress and potentially rescue proteins from damage.

Enzymatic activities in the brain

GPx plays an essential role in reducing lipid and hydrogen peroxide in GSH redox cycling in 

mammalian cells. Its activity is recognized as a neuroprotective antioxidant intermediate 

involved in Huntington’s disease [48]. Reduced GPx activity may lead to elevated levels of 

hydrogen peroxide, resulting in inflammatory activation and tissue damage [49]. 

Furthermore, significantly reduced levels and activity of GPx have been reported in the 

brains of aged Tg and Wt mice [50]. Likewise, in human studies, aged cohorts have reduced 

GPx activity and increased levels of hydrogen peroxide compared to younger subjects [51]. 

Additionally, significant decreases of GPx activity have been reported in both mitochondria 

and synaptosomes of mild AD and AD subjects compared to their age-matched non-

demented groups [52]. In the present study, GPx activity is increased in female Tg mice 

treated with R121919 compared to untreated female Tg cohorts or treated male Tg 

counterparts (Fig. 3B, D), which suggests that female Tg mice have increased antioxidant 

enzymatic activity with CRFR1 blockade. Additionally, vehicle treated male Wt mice had 

higher levels of GPx activity compared to male Tg-vehicle counterparts (Fig. 3A), 

suggesting that male Wt animals have high baseline levels of GPx activity. GPx is an 

antioxidant enzyme that counteracts hydroperoxide and ROS to maintain the antioxidative 

mechanisms, so cells utilize GPx to eliminate increased ROS. Because no change in GSH 

redox status and GR activity was observed in male mice, the decrease we identified in GPx 

activity may not be directly associated with the GSH redox system, whereas it may be 

regulated by changes in sex hormones. Alterations in stress, sex hormones, and other aspects 

of the neuroendocrine system are the subject of our current investigations and will likely be 

crucial for understanding sex-dependent differences in AD [53]. As for the GR activity, we 
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found no differences in Tg mice regardless of treatment or gender (Fig. 4C, D), 

demonstrating that no abnormal GR activity can be detected at this age. Interestingly, 

because the female Wt-drug group has elevated levels in both GPx activity (Fig. 3C) and GR 

activity (Fig. 4A, B), female Wt mice treated with R121919 may be more sensitive to the 

changes in central CRF signaling and oxidative stress.

GSH redox status in plasma

Our data demonstrate that GSH and GSSG contents can be readily measured in blood 

samples, as reported previously [14]. However, no treatment or genotype differences are 

presented in plasma GSH, GSSG, and Pr-SSG levels (Figs. 5 and 6), which indicates that 

plasma samples may not accurately reflect the GSH redox status in the brain at this age 

stage.

Future studies

To better understand the relationship of oxidative damage and AD neuropathology, we will 

investigate the changes in oxidative DNA lesion [4], mitochondrial impairment [3], and 

cognitive deficit [54, 55] with AD progression.

CONCLUSIONS

In summary, our findings reveal that CRFR1 antagonism can reduce oxidized protein levels 

and improve the activity of antioxidant enzymes in the Tg mouse brain. These data suggest 

that modulation of the central CRF system may be an important approach to combat 

oxidative stress in neurodegenerative diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Brain GSH and GSSG levels as a function of R121919 treatment. A) GSH levels in the 

brains of male mice; B) GSH levels in the brains of female mice; C) GSH levels in the 

brains of Wt mice; D) GSH levels in the brains of Tg mice; E) GSSG levels in the brains of 

male mice; F) GSSG levels in the brains of female mice; G) GSSG levels in the brains of Wt 

mice; H) GSSG levels in the brains of Tg mice. All values are expressed as nmol/mg 

protein, and presented as Mean ± SEM, n = 5 mice/group. Statistical analyses were 

conducted via 2-way ANOVA with Tukey’s Multiple Comparison post-hoc test. Genotype 

effect: Wt versus Tg. +p < 0.05. Gender effect: Male versus Female. †p < 0.05, ††p < 

0.01, †††p < 0.005. Treatment effect: Vehicle versus Drug. *p < 0.05, ***p < 0.005.

Zhang et al. Page 13

J Alzheimers Dis. Author manuscript; available in PMC 2015 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Quantification of brain Pr-SSG levels in male and female Tg animals as a function of 

R121919 treatment. Representative immunoblots showing reduced Pr-SSG levels in the 

hippocampus (A) and cortex (B) of both male and female mice treated with drug. All data 

are expressed as Mean ± SEM, n = 3 mice/group. Statistical analyses were conducted via 2-

way ANOVA with Tukey’s Multiple Comparison post-hoc test. V, vehicle; D, drug. 

Treatment effect: vehicle versus drug. *p < 0.05, **p < 0.01.
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Fig. 3. 
GPx activity in mouse brain with drug treatment. A) GPx activity in male mice under 

treatment and genotype conditions. B) GPx activity in female mice under treatment and 

genotype conditions. C) GPx activity in Wt mice under treatment and gender effects. D) 

GPx activity of Tg mice under treatment and gender effects. All data are expressed as Mean 

± SEM, n = 5 mice/group. Statistical analyses were conducted via 2-way ANOVA with 

Tukey’s Multiple Comparison post-hoc test. Genotype effect: Wt versus Tg. +p < 0.05. 

Gender effect: Male versus Female. †p < 0.05, †††p < 0.005. Treatment effect: Vehicle 

versus Drug. *p < 0.05, ***p < 0.005.
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Fig. 4. 
Comparison of GR activity in mouse brain as a function of drug treatment. A) GR activity of 

male mice under treatment and genotype conditions. B) GR activity of female mice under 

treatment and genotype conditions. C) GR activity of Wt mice under treatment and gender 

effects. D) GR activity of Tg mice under treatment and gender effects. All data are 

expressed as Mean SEM, n = 5 mice/group. Statistical analyses were conducted via 2-way 

ANOVA with Tukey’s Multiple Comparison post-hoc test. Gender effect: ± Male versus 

Female. ††p < 0.01. Treatment effect: Vehicle versus Drug. *p < 0.05, **p < 0.01.
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Fig. 5. 
Plasma GSH and GSSG levels with drug treatment. A) GSH levels in plasma of male 

groups; B) GSH levels in plasma of female groups; C) GSH levels in plasma of Wt groups; 

D) GSH levels in plasma of Tg groups; E) GSSG levels in plasma of male groups; F) GSSG 

levels in plasma of female groups; G) GSSG levels in plasma of Wt groups; H) GSSG levels 

in plasma of Tg groups. All values are expressed as nmol/mg protein, and presented as Mean 

± SEM, n = 5 mice/group. Statistical analyses were conducted via 2-way ANOVA with 

Tukey’s Multiple Comparison post-hoc test. The gender effect: Male versus Female. ††p < 

0.01. The treatment effect: Vehicle versus Drug: **p < 0.01.
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Fig. 6. 
Plasma Pr-SH and Pr-SSG levels as a function of drug treatment. A) Pr-SH levels in plasma 

of male groups; B) Pr-SH levels in plasma of female groups; C) Pr-SH levels in plasma of 

Wt groups; D) Pr-SH levels in plasma of Tg groups; E) Pr-SSG levels in plasma of male 

groups; F) Pr-SSG levels in plasma of female groups; G) Pr-SSG levels in plasma of Wt 

groups; H) Pr-SSG levels in plasma of Tg groups. All values are expressed as nmol/mg 

protein, and presented as Mean ± SEM, n = 5 mice/group. Statistical analyses were 

conducted via 2-way ANOVA with Tukey’s Multiple Comparison post-hoc test. Gender 

effect: Male versus Female. †p < 0.05.
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