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ABSTRACT
The glutathione (GSH) antioxidant system governs cellular protection against oxidative
stress, which is characterized by depletion of GSH and subsequent accumulation of the dimer
glutathione disulfide (GSSG). Previous research indicates a negative effect of a high-fat diet on
GSH redox status (GSH/GSSG) and a possible protective effect of certain flavonoids such as
anthocyanins. Although tissue levels of GSH, GSSG, and GSH/GSSG are also heritable, it is
unclear whether genetic background and diet interact to regulate the GSH system. The current
work tested the hypothesis that a high-fat diet regulates GSH homeostasis in a manner dependent
on genetic background. Additionally, it tested the hypothesis that anthocyanin-induced
alterations in GSH homeostasis are genetically determined. Both hypotheses were confirmed,
indicating that a high-fat diet and anthocyanin supplementation interact with genetic background
to regulate the GSH system and subsequent chronic disease risk.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
Purpose of the Study
This work seeks to understand whether diet and genetic background interact to control
the endogenous glutathione (GSH) antioxidant system. It is known that GSH levels and redox
status are influenced by certain dietary components such as a high-fat diet. Additionally, it is
known that GSH levels and redox status are genetically determined. Taken together, the present
work tested the hypothesis that diet and genetic background interact to modulate GSH
homeostasis. Due to the essential role of the GSH system in reducing oxidative stress and
preventing disease, the findings of the studies included within this thesis improve understanding
of mechanisms by which chronic diseases are inherited.
GSH Biochemistry and Its Role in Health and Oxidative Stress
GSH is a ubiquitous, thiol tripeptide that governs cellular defense against oxidative stress. The
protective capacity of this molecule is attributable to its capacities to directly neutralize reactive
oxygen species (ROS) and to serve as a cofactor for ROS metabolizing enzymes [1]. The body
produces ROS, such as peroxides, as a normal byproduct of cellular metabolism. While ROS are
important for cell signaling, excessive ROS production can cause cellular damage to lipids,
membranes, proteins, and DNA [2, 3]. Processes that generate ROS are typically kept in balance
by antioxidant systems such as GSH when a cell is under normal physiological conditions and
not stressed [1]. However, if ROS are overproduced, they can overwhelm the endogenous

antioxidant defense system and thereby induce cellular damage. This damage occurs either



through direct physical damage to the cell or an interruption of intracellular signaling pathways
[1]. Thus, prolonged exposure to oxidative stress can subsequently lead to many degenerative
diseases. Elevated ROS levels are a key finding in inflammation, cardiovascular disease,
neurodegenerative diseases, cancer, and diabetes mellitus [1, 4].

GSH concentrations within the cell are a function of the balance between depletion,
regeneration, and de novo synthesis [5]. De novo synthesis of GSH is a two-step process. The
first and rate-limiting step combines glutamate and cysteine to yield y-glutamylcysteine through
action of the enzyme glutamate cysteine ligase (GCL) [1]. GCL is a heterodimer with two
subunits: a catalytic subunit (GCLC) and a modifier subunit (GCLM). The catalytic subunit
contains all the enzymatic activity and substrate binding sites of the enzyme, while the modifier
subunit modulates the activity of the catalytic subunit [5]. Both subunits are highly inducible,
and the relative levels of the subunits are a major determinant of cellular GCL activity and GSH
biosynthetic capacity [6]. In the second and last step of GSH synthesis, y-glutamylcysteine is
combined with glycine to yield GSH through action of the enzyme glutathione synthetase [5].

GSH is a very stable electrophile that is able to donate its extra electron to ROS in order
to stabilize them. GSH is also able to stabilize ROS through the activity of certain enzymes. For
example, GSH acts as a cofactor for the enzyme glutathione peroxidase (GPx), which catalyzes
the reduction of many peroxides within the cell including hydrogen peroxide (H,0O,) [1]. GPx
enzymes are also involved in the removal of lipid hydroperoxides, thereby terminating lipid
peroxidation chain reactions and protecting biological membranes [1]. In the process of
stabilizing ROS, whether directly or through the action of an enzyme, GSH becomes oxidized to
glutathione disulfide (GSSG). Once GSH has been oxidized to GSSG, it can then be reduced

back to GSH by the enzyme glutathione reductase (GR) [1]. Failure to replenish depleted GSH



stores, however, compromises cellular redox balance and cell viability. As GSH oxidation is
coupled to the generation of the dimer GSSG, the subsequent decrease in GSH/GSSG serves as a

quantitative measure of oxidative stress.
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Figure 1.1 GSH Biosynthetic Pathways and Redox Cycling

Dietary Effects on the GSH System
Due to the integral role of GSH in health and disease, many researchers have investigated the

potential of various dietary components to influence the GSH system. Such data indicate that a



high-fat diet and subsequent obesity have a negative effect on GSH redox status, while
anthocyanins exhibit a possible protective effect.
The Effects of a High-Fat Diet on GSH
More than one third of adults in the United States are now obese. The medical costs of obesity
continue to climb, having reached $147 billion in the U.S. in 2008. The pathogenesis of
comorbidities associated with obesity, such as metabolic syndrome [7, 8], cardiovascular disease
[9-12], renal disease [11, 13], and certain types of cancer [14] are promoted by oxidative stress.
Importantly, alleviation of oxidative stress protects against many of these outcomes. For
example, the drug epalrestat protects against diabetic peripheral neuropathy by alleviating
oxidative stress in obese animals [15], and similar effects have been observed for insulin
resistance [16] and liver tumorigenesis [17] using other treatments. As the worldwide obesity
epidemic continues to grow, it is important to clarify the mechanisms that drive obesity-
associated oxidative stress.

Epidemiological studies indicate the primary role of a high-fat diet in promoting obesity
[18], so evaluation of the effects of a high-fat diet on the GSH antioxidant defense system is
highly important. Studies have generally shown that diet-induced obesity perturbs GSH
homeostasis, as illustrated by a decrease in GSH/GSSG and altered activity of GSH-related
enzymes [19-24]. For example, Li et al. reported that a high-fat diet increases hepatic GSSG
levels and decreases GSH/GSSG ratios in mice [25]. These alterations in GSH were also
associated with an increased risk of nonalcoholic fatty liver disease. Jarukamjorn et al. similarly
reported that high-fat induced imbalances in GSH redox status and enzyme capacity were
associated with increased risk and progression of nonalcoholic liver disease [19]. Interestingly,

compromised GSH/GSSG in response to a high-fat diet appear to be rescued by supplementation



with certain plant compounds such as rosemary extract [26]. Thus, many biomedical researchers
suggest the potential to use supplementation of these molecules as therapeutic medical
treatments.

The Effects of Anthocyanins on GSH

In the search for therapeutic strategies for obesity and its related comorbidities, anthocyanins
have been a topic of particular interest. Anthocyanins are flavonoids that contribute to the blue,
purple, and red color of many fruits and vegetables, such as blueberries, blackberries, and purple
corn [27]. Inclusion of foods rich in these compounds appears to modulate chronic disease risk.
In models of diabetes [13], obesity [28, 29], cancer [30, 31], and metabolic syndrome [32],
anthocyanins decrease markers of oxidative stress. This effect is attributable, in part, to their
strong antioxidant activity and ability to scavenge free radicals [33-37]. In 2005, Moskaug et al.
reported that flavonoids might also concurrently increase cellular levels of GSH by increasing
expression of y-glutamylcysteine synthetase in vitro [38]. This effect has now been shown in
vivo; cyanidin-3-O-B-glucoside (C3G), a commonly consumed anthocyanin, increased hepatic
GSH levels nearly threefold in a mouse model of type 2 diabetes [13]. In the study, db/db mice
were supplemented with 100 mg/kg C3G for 8 weeks. With C3G supplementation, significantly
higher concentrations of GSH were found in the liver in comparison to controls. Additionally,
levels of oxidative stress determined by lipid peroxidation, neutrophil infiltration, and hepatic
steatosis were significantly attenuated in the C3G supplemented group. This paper provides
valuable insight into some of the potential mechanisms through which anthocyanins impact
health, but this study only assessed changes in GSH levels in the liver. Additionally, while
GSH/GSSG redox ratios were significantly improved with C3G treatment in vitro, GSH/GSSG

ratios in vivo were not reported in this study. Although GSH/GSSG redox data in response to



anthocyanin intake has not commonly been reported in vivo, many other studies support the
findings of Zhu et al. in regard to the GSH biosynthetic capacity of anthocyanins. For example, a
study conducted by Jiang et al. demonstrated that anthocyanin pretreatment inhibits alcohol-
induced GSH depletion in the liver concurrent with decreased oxidative stress and liver injury
[39]. Similarly, Hou et al. reported that anthocyanin treatment restores GSH levels in alcohol-
treated rats as well as activity of antioxidant enzymes such as GPx [40].

Genetic Effects on GSH

In addition to diet, genetic background is a critical determinant of tissue GSH levels and
GSH/GSSG [41, 42]. In a panel of 30 mouse strains, Zhou et al. demonstrated that genetic
background induces about a threefold difference in hepatic and renal GSH/GSSG in the most
divergent strains [41]. Additionally, GSH antioxidant responses to various challenges have been
shown to vary with genetic background. For example, Tsuchiya et al. reported that GSH levels
and GSH/GSSG differed across strains in response to alcohol-induced liver injury [42], and
Ahotupa et al. reported strain differences in altered GSH enzyme functions in response to
phenobarbital [43].

Several studies have utilized knockout mice to assess the role of certain genes on GSH
homeostasis and subsequent chronic disease risk. For example, nuclear factor erythroid 2-related
factor 2 (Nrf2) knockout rats exhibit decreased expression of GSH and Gr in cardiac fibroblasts
compared to wild type controls [44], reflecting reduced antioxidant capacity of these mice.
Furthermore, double-knockout mice (GPx-1(-/-) and ApoE(-/-)) have been shown to develop
increased oxidative stress and exacerbated atherosclerosis compared to apolipoprotein E-
deficient controls [45]. Importantly, it has also been shown that red blood cell GSH/GSSG may

be heritable in humans [46], and polymorphisms in GSH-related genes are associated with the



development of certain diseases in human populations as well. For example, Ruperez et al. found
an association between Gpx variants and obesity in Spanish children [47]. Additionally, Gpx
variants were associated with an increased risk of type 2 diabetes in a South Indian population
[48]. Overall, these findings indicate the ability of genetic variation to drive divergent GSH-
related phenotypes and resultant chronic disease risk.

Conclusions

Protection from obesity-associated chronic diseases may be provided by the alleviation of
oxidative stress. Oxidative stress is attenuated by GSH, a potent antioxidant, but most research
shows that GSH redox status is compromised by obesity and a high-fat diet. Potential therapeutic
strategies for the comorbidities of obesity have been extensively researched, and one area of
particular interest is anthocyanin supplementation. Anthocyanins reduce oxidative stress in many
animal models of disease, and it has been suggested that these protective effects are partially due
to increased GSH production.

In addition to diet, genetic background is known to regulate tissue GSH levels and
GSH/GSSG. There is a lack of knowledge, however, about potential interaction between diet and
genetic background in regulation of the GSH system. Thus, the current work sought to
investigate this relationship. We predict that dietary components, such as high fat and
anthocyanin supplementation, modulate GSH antioxidant defenses and subsequent disease risk,
but that the effects are dependent on genetic background. This hypothesis is divided into two
chapters within this thesis. Chapter 2 addresses interactions of genetic background with high-
dietary fat on the GSH system, while chapter 3 addresses interactions of genetic background with
anthocyanin supplementation on the GSH system. Lastly, chapter 4 provides overall conclusions

of our work.



CHAPTER 2
A HIGH-FAT DIET DIFFERENTIALLY REGULATES HEPATIC GLUTATHIONE
HOMEOSTASIS IN THE OBESITY-PRONE MOUSE STRAINS DBA/2J, C57BL/6J, AND

AKR/J!

1Norris, K.M., W. Okie, W.K. Kim, R. Adhikari, S. King, and R. Pazdro. Submitted to Nutrition
Research, 05/13/16.



Abstract

Obesity is a major risk factor for chronic diseases such as cardiovascular disease and cancer.

The mechanisms that couple obesity and chronic disease have not been entirely elucidated, but
oxidative stress appears to be integral to the relationship. Oxidative stress is characterized by
depletion of the ubiquitous antioxidant, glutathione (GSH), and subsequent accumulation of the
dimer GSSG. Tissue levels of GSH, GSSG, as well as GSH/GSSG are heritable, but it is unclear
whether genetic background and obesity interact to regulate the GSH system. The current study
tested the hypothesis that diet-induced obesity regulates GSH homeostasis in a manner
dependent on genetic background. Mice representing three obesity-prone inbred strains —
C57BL/6J (B6), DBA/2J (D2), and AKR/J (AKR) — were randomly assigned to consume a
control (10% energy from fat) or high-fat (60% energy from fat) diet for ten weeks. Tissue GSH
levels, GSSG levels, and GSH/GSSG were quantified, and hepatic expression of GSH-related
enzymes was evaluated by qPCR. The high-fat diet caused a decrease in hepatic GSH/GSSG in
D2 mice. In contrast, B6 mice exhibited a decrease in GSSG levels in liver and kidney, as well
as a resultant increase in renal GSH/GSSG. GSH levels and GSH/GSSG were unaffected by diet
in AKR mice. Finally, the high-fat diet induced a divergent gene expression response in D2
mice compared to B6 and AKR. These data indicate that high dietary fat regulates the GSH
system in a strain-dependent manner and that D2 mice are an appropriate model for diet-induced
hepatic redox disruption.

Keywords: Obesity, high-fat diet, oxidative stress, glutathione, antioxidant, redox status
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Introduction

Oxidative stress contributes to the pathogenesis of comorbidities associated with obesity, such as
metabolic syndrome [7, 8], cardiovascular disease [9-12], renal disease [11, 13], and certain
types of cancer [14]. Alleviation of oxidative stress protects against many of these outcomes.
For example, the carotenoid astaxanthin prevents liver tumorigenesis [17] in obese animals, and
reducing oxidative stress also modulates symptoms of diabetic peripheral neuropathy [15] and
insulin resistance [16]. Oxidative stress mediates many of the deleterious effects associated with
obesity, and the knowledge of oxidative stress regulation will become increasingly critical as the
global obesity epidemic grows.

Cellular defenses against oxidative stress are governed by the ubiquitous thiol tripeptide,
glutathione (GSH). The protective capacity of this molecule is attributable to its abilities to
directly neutralize reactive oxygen species (ROS) and to serve as a cofactor for ROS
metabolizing enzymes [1]. GSH oxidation is coupled to the generation of the glutathione dimer
(GSSG), and the subsequent decrease in GSH/GSSG serves as a quantitative measure of
oxidative stress. A high-fat diet has been shown to increase hepatic GSSG levels and decrease
GSH/GSSG ratios, and the effects are associated with the onset of nonalcoholic fatty liver
disease in mice [25]. These findings align with the data from other studies, which have generally
shown that diet-induced obesity perturbs GSH homeostasis, illustrated by a decline in
GSH/GSSG and altered activity of GSH-related enzymes [19-24].

In addition to diet, genetic background is a critical determinant of tissue GSH levels and
GSH/GSSG [41, 42]. However, it is unclear whether genetic background and diet-induced
obesity intersect to regulate GSH homeostasis. Our hypothesis predicted that the effects of a

high-fat diet on the GSH system vary by genetic background. To test this hypothesis, we
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designed a study involving three mouse strains that develop obesity on a high-fat diet: C57BL/6J
(B6), DBA/2J (D2), and AKR/J (AKR). The strains have been thoroughly characterized with
regard to obesity-related physiology [49-55], which supports their inclusion in this study. B6,
D2, and AKR mice were fed a control or high-fat diet for 10 weeks. GSH levels and GSH/GSSG
were quantified in livers and kidneys, and expression of hepatic GSH-related enzymes was
determined by qPCR. D2 mice fed a high-fat diet exhibited lower hepatic GSH/GSSG than
controls. In contrast, B6 mice exhibited a decrease in GSSG levels on the high-fat diet; a similar
effect was observed in the kidney, which caused an increase in renal GSH/GSSG. Diet-induced
obesity did not alter GSH levels of AKR mice in either tissue. B6 and AKR mice exhibited
increased hepatic expression of Gpx-1 on the high-fat diet, while D2 mice exhibited a divergent
pattern of gene expression. In all, these data indicate that high dietary fat regulates GSH
homeostasis in a strain-dependent manner. Future studies will clarify the mechanisms by which
genotype and a high-fat diet interact to control the GSH antioxidant system.

Methods

Animals

Female C57BL/6J (B6; JAX #000664), DBA/2J (D2; JAX #000671), and AKR/J (AKR; JAX
#000648) mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). Five mice
from each strain were randomly assigned to consume a control diet and an additional five mice
were assigned to a high-fat diet. Mice were housed in an animal room on a 12 h light/dark cycle.
At the conclusion of the study, mice were humanely euthanized by cervical dislocation, and
tissues were collected for analyses. All methods and experimental procedures for this study were
approved by the University of Georgia Institutional Animal Care and Use Committee (A2013-

08-011).
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Diet

Mice were fed diets containing either 10% energy from fat (control; TestDiet 58Y2) or 60%
energy from fat (high-fat; TestDiet 58Y 1), which contains extra fat from lard. The composition
of the experimental diets is described in Table 2.1. Dietary interventions were initiated when
mice reached four months of age and were sustained for ten weeks. During the study period,
mice were fed ad libitum and given unrestricted access to water. Food intake and weights of the
mice were measured on a weekly basis.

Assessment of Total Glutathione, GSH, GSSG, and GSH/GSSG

Livers and kidneys were removed, rinsed in ice-cold phosphate-buffered saline (PBS), and flash-
frozen in liquid nitrogen. Within 24 hours after collection, tissues were homogenized in PBS
containing 10 mM diethylenetriaminepentaacetic acid (Sigma-Aldrich, St. Louis, MO),
immediately acidified with perchloric acid (Sigma-Aldrich), and centrifuged. After
centrifugation, supernatants were flash-frozen in liquid nitrogen and stored at -80°C until
analysis. Concentrations of GSH and GSSG were measured by high performance liquid
chromatography (HPLC) coupled with electrochemical detection (flow rate: 0.5 ml/min; Dionex
UltiMate 3000, Thermo Scientific, Waltham, MA). Cells were set at 1600 mV with an additional
cleaning potential of 1900 mV occurring between samples. The mobile phase consisted of 4.0%
acetonitrile, 0.1% pentafluoropropionic acid, and 0.02% ammonium hydroxide. An injection
volume of 2.0 uLL was used for all samples. Data were quantified by the Chromeleon
Chromatography Data System Software (Dionex Version 7.2, Thermo Scientific) after
electrochemical detection. Total glutathione was calculated by the formula GSH + 2GSSG, and
glutathione redox status was assessed by the ratio GSH/GSSG. Concentrations of GSH and

GSSG were standardized to total protein, which was quantified by Pierce BCA Protein Assay
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(Thermo Fisher Scientific, Rockford, IL).

Assessment of Endogenous Antioxidant Enzyme Expression

TRIzol reagent (Thermo Scientific) was used to extract mRNA from flash-frozen liver according
to manufacturer’s instructions. Synthesis of cDNA was completed using a High-Capacity cDNA
Reverse Transcription Kit (Thermo Scientific). Primers were obtained from Integrated DNA
Technologies (Coralville, IA). Relative gene expression levels of glutamate-cysteine ligase
modifier subunit (Gelm), glutamate-cysteine ligase catalytic subunit (Gcelc), glutathione
peroxidase-1 (Gpx-1), and glutathione reductase (Gr) were determined using SYBR Green
MasterMix (BIO-RAD Life Science Research, Hercules, CA). Target gene expression was
normalized using -actin as a reference, and all samples were run in triplicate. Primer sequences
that were used for RT-qPCR are listed in Table 2.2. SYBR green fluorescence was detected by a
LightCycler 480 II (Roche Life Science). The AACt method was used to calculate quantitative
fold-changes, which are presented as the fold-change comparative to the B6 control.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism (Version 6.0, GraphPad Software
Inc., La Jolla, CA, USA). Analyses of body weight (percent initial and end point) were
completed using two-way ANOVA with Bonferroni adjustments. Food intake analyses were
completed using one-way ANOVA with Bonferroni adjustments. Independent t-tests were used
to detect differences in total glutathione levels, GSH and GSSG concentrations, GSH/GSSG
ratios, and expression of GSH-related enzymes in response to high-fat dietary treatment. The
level of statistical significance was defined at P < 0.05. Data are reported as means + standard

error of mean (SEM). GraphPad’s Grubb’s test was used to identify one significant outlier in the
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PCR data using a 95% confidence interval, as previously reported [56-60]. The outlier existed in
the D2 control group for expression of Gr, and it was subsequently removed from data analysis.
Results

Food Intake and Body Weight

B6 mice consumed the high-fat diet in a manner that generated excessive waste, as signified by
food remnants scattered throughout the cage. A similar effect has recently been observed in
NONcNZO10/Lt]) mice [61], which prevented accurate measurement of food consumption.
Therefore, intake of high-fat food by B6 mice was not quantified, but all other experimental
groups were assessed. High-fat fed AKR and D2 mice consumed the same amount of food as
their respective controls (Table 2.3). As expected, B6 and AKR strains gained significantly more
weight than their respective controls on a high-fat diet, but the high-fat diet did not induce
significant weight gain in D2 mice until the last week of the study (Figure 2.1A). This difference
only emerged when weight gain was expressed as a percentage of initial body weight. The true
body weights, expressed in grams, did not demonstrate the same effect (Figure 2.1B). High-fat
fed D2 mice also weighed significantly less than high-fat fed B6 and AKR mice at study
termination (Figure 2.1B).

GSH and GSSG Levels, Total Glutathione, and Redox Status

No differences in total glutathione were found in response to a high-fat diet in B6, D2, or AKR
mice (Figure 2.2A, 2.3A). Similarly, no differences were observed in GSH concentrations in any
of the strains (Figure 2.2B, 2.3B). However, obese B6 mice exhibited significantly lower
concentrations of GSSG in both livers (P = 0.0133; Figure 2.2C) and kidneys (P = 0.0429;
Figure 2.3C) compared to controls. Additionally, the high-fat diet induced an approximate 49%

increase in mean renal GSH/GSSG in B6 mice (P = 0.0390; Figure 2.3D). In contrast, the mean
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hepatic GSH/GSSG was approximately 33% lower in D2 mice administered a high-fat diet
versus control diet (P = 0.0348; Figure 2.2D). The AKR strain exhibited no diet-induced
alterations of GSH levels or GSH/GSSG (Figures 2.2 and 2.3).

Hepatic Expression of GSH-Related Enzymes

In response to a high-fat diet, expression of Gpx-1 increased approximately two-fold in B6 (P =
0.003) and AKR (P =0.026) mice (Figure 2.4A). The high-fat diet did not alter Gpx-1 levels in
D2 mice. High-fat fed D2 mice exhibited decreased expression of Gr (P = 0.012) and increased
expression of Gelm (P = 0.027) (Figure 2.4, panels B and C). The difference in Gelm expression
between AKR mice fed control and high-fat diets approached significance, but did not achieve it
(P =0.06; Figure 2.4C). Hepatic expression of Gclc was unaffected by diet in B6, D2, and AKR
mice (Figure 2.4D).

Discussion

Mice are an established model organism for dissecting the underlying genetic architecture of
obesity, and strains such as B6, D2, and AKR are susceptible to the obesity-promoting effects of
a high-fat diet [49-55]. These three strains gain significant amounts of weight on a high-fat diet,
but their obese phenotypes are distinct. For example, obese D2 mice display hyperleptinemia
while B6 mice do not [54]. Also, obese B6 mice develop hyperglycemia and impaired glucose
tolerance, while AKR mice exhibit higher plasma insulin and more severe insulin resistance [62].
Overall, previous studies indicate that genetic background determines susceptibility to obesity
and its associated physiology. In this study, we used a high-fat diet to induce obesity in the B6,
D2, and AKR strains. Although all three strains gained more weight than their respective
controls on the high-fat diet, B6 and AKR had a significantly higher body weight than D2 at

study termination. These data deviated from previous findings by Andrikopoulos et al., which
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showed that D2 mice gain more weight than B6 on a high-fat diet [63]. The conflict may have
originated because Andrikopoulos et al. used male mice, which tend to exhibit more severe
phenotypes related to obesity and insulin resistance. However, it was critical that the current
study focus on female mice to ensure that the GSH data could be put into context of previous
studies related to GSH heritability [41].

Because genetic background plays a prominent role in determining obesity risk and
physiology, we predicted that genetic background would also determine the effects of obesity on
GSH homeostasis. After B6, AKR, and D2 mice were fed a control or high-fat diet for ten
weeks, we assessed total glutathione, levels of GSH and GSSG, and GSH/GSSG. We also
evaluated expression levels of GSH-related enzymes. D2 was the only strain to exhibit a decline
in hepatic GSH/GSSG in response to high-fat diet, despite the fact that these mice gained
minimal weight compared to B6 and AKR. These data suggest that the effects of a high-fat diet
on GSH homeostasis may be partly independent of obesity.

Previous studies have established that hepatic GSH/GSSG decreases in response to
obesity and a high-fat diet [19, 21, 22]. However, the relationship between GSH/GSSG and
obesity has not been entirely consistent. For example, Park et al reported that genetically obese
ob/ob mice do not exhibit altered GSH/GSSG compared to their lean littermates [64], which
reflects the results of the current study. Importantly, both projects share several experimental
characteristics, including the particular HPLC method and the B6 genetic background.
Specifically, the ob/ob mice contain a mutation in the leptin gene, which arose spontaneously
and was backcrossed onto the B6 background, while we used diet to induce obesity in B6 mice.
The current study also tested whether the relationship between a high-fat diet and GSH

homeostasis is tissue-specific. Renal GSH homeostasis was assessed, and GSH/GSSG ratios



17

were found to be higher in obese B6 mice than controls. This finding does not completely
coincide with results from Zhu et al., in which renal GSH homeostasis of B6 mice was
unaffected by a high-fat diet [65]. B6 mice are resistant to high-fat diet-induced renal injury
compared to other strains [66], so our discovery of renal GSH/GSSG increases may propose a
mechanism that mediates renal protection under these conditions.

The overall impact of a high-fat diet on GSH-related enzymes is unclear. Some studies
have highlighted that high-fat interventions upregulate hepatic GSH-peroxidase (Gpx) activity
[19, 67], while others have shown decreased [20, 68] or unchanged [69] enzyme activity. The
current study discovered Gpx-1 upregulation in obese AKR and B6 mice compared to their
respective controls, and these findings are consistent with previously published data [67]. D2
mice exhibited a unique gene expression profile, including downregulation of Gr, which could
explain the diet-induced decrease in GSH/GSSG. High-fat fed D2 mice also showed
upregulation of Gelm and no effect on Gpx-1 levels. The biological relevance of these gene
expression profiles should be carefully considered, especially with regard to Gpx-1.
Upregulation of Gpx-1 is associated with insulin resistance and obesity [70, 71], while Gpx-1
deficiency enhances insulin sensitivity [71] and protects against diet-induced hepatic steatosis
[72]. One may therefore predict that stability of Gpx-1 levels is essential for resistance to these
deleterious effects in D2 mice. The rationale is supported by previous results showing that
hepatic steatosis is more severe in the B6 strain compared to D2 [73], but conclusions cannot be
drawn because constitutive Gpx-1 levels are higher in D2 mice compared to the other strains.
The relative importance of basal versus upregulated levels of Gpx-1 is currently unknown.

Overall, this study demonstrates that a high-fat diet regulates the GSH system in a strain-

and tissue- dependent manner. These findings propose a novel mechanism by which the risks for
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comorbidities associated with obesity are inherited, and these relationships should be further
explored. Our findings also suggest that the D2 strain is a suitable model for diet-induced hepatic
redox disruption. Future studies will clarify the mechanisms by which genotype and dietary fat
intersect to control the GSH system.
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Figure 1. Percent initial body weight and end body weights of mice fed a control or high-fat
diet for 10 wk. (A) Percent initial body weight (B) Body weights of mice after ten weeks of
control or high fat feeding. Data are reported as means =+ standard error of mean (SEM). Two-
way ANOVA with Bonferroni adjustments were used to determine significant differences across
all groups at each time point. For clarity, statistical differences are only noted between the
control and high-fat group for each strain in panel A, * P <0.05 for AKR, { P <0.05 for B6, and
§ P <0.05 for D2. In panel B, means without a common letter differ, P < 0.05. Abbreviations:

HF, high-fat.



20

A B Il control
60 - 60 T High-Fat
o = =
S © )
o = T -
£ 2 401 - T o 404 —_ T T
s o T o
S o n o
o E O E
= o 204 o 2071
o E IS
= £ £
0- T T T 0- T T T
© & a9 © @ 9
Q Q ) Q
o &
Strain Strain
C * D
1.5 80
< T .
2 O 60
° 404 T n T
8 o T (%)) T
o O 404
o 2 = 0 T
© < 057 »
= O 20-
c
0.0- T T T 0- T T T
© @ a9 © < 9
7 Q 2 Q
o &
Strain Strain

Figure 2.2. Hepatic glutathione homeostasis in mice fed a control or high-fat diet for 10 wk.
(A) Liver total glutathione standardized to total protein (B) Liver GSH levels standardized to
total protein (C) Liver GSSG levels standardized to total protein (D) Liver GSH/GSSG Ratio.
Data are reported as means + standard error of mean (SEM). Independent t-tests were conducted
to determine significance within each strain in response to C3G treatment, * P <0.05, ** P <

0.01.
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Figure 2.3. Renal glutathione homeostasis in mice fed a control or high-fat diet for 10 wk.
(A) Kidney total glutathione standardized to total protein (B) Kidney GSH levels standardized to
total protein (C) Kidney GSSG levels standardized to total protein (D) Kidney GSH/GSSG
Ratio. Data are reported as means + standard error of mean (SEM). Independent t-tests were

conducted to determine significance within each strain in response to C3G treatment, * P <0.05.
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Figure 2.4. Hepatic expression of glutathione enzymes in mice fed a control or high-fat diet

for 10 wk. (A) Gpx-1 mRNA (B) Gr mRNA (C) Gelm mRNA (D) Gcle mRNA. Data represent

fold expression relative to the B6 control group and are reported as means =+ standard error of

mean (SEM). Independent t-tests were conducted to determine significance within each strain in

response to C3G treatment, * P < 0.05.
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Table 2.1. Composition of experimental diets. Values are reported as percent of ration, except

where otherwise noted. Diets were purchased from TestDiet.

Ingredients (Values reported as % of ration) Control High-fat
Sucrose 33.129 8.847
Dextrin 29.856 -
Casein 18.956 25.845
Powdered Cellulose 4.739 6.461
Maltodextrin 3.317 16.153
Soybean Oil 2.37 3.231
Lard 1.896 31.66
Potassium Citrate, Tribasic Monohydrate 1.564 2.132
Calcium Phosphate 1.232 1.68
DIO Mineral Mix 0.948 1.292
AIN-76A Vitamin Mix 0.948 1.292
Calcium Carbonate 0.521 0.711
L-Cystine 0.284 0.388
Choline Bitartrate 0.19 0.258
Lipid Profile

Saturated Fatty Acid 1.14 13.68
Monounsaturated Fatty Acid 1.3 14
Polyunsaturated Fatty Acid 1.77 5.54
Energy (kcal/g diet) 3.76 5.1
% Energy from Fat 10.2 61.6
% Energy from Carbohydrate 71.8 20.3
% Energy from Protein 18 18.1




Table 2.2. Primers used for real-time qPCR.
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Gene Forward Primer Sequence Reverse Primer Sequence

Gcelm CACAATGACCCGAAAGAACTG AGACTTGATGATTCCCCTGCT
Gcle CCTCCTCCTCCAAACTCAGATA CCACAAATACCACATAGGCAGA
Gpx-1 CCCGTGCAATCAGTTC TTCGCACTTCTC AAACAA

Gr GGTGGTGGAGAGTCACAAGC ATCGTGCATGAATTCCGAGT
B-actin AGCCATGTACGTAGCCATCC CTCTCAGCTGTGGTGGTGAA
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Table 2.3. Food intake of mice fed a control or high-fat diet for 10 wk. Data are reported as
means =+ standard error of mean (SEM). One-way ANOV A with Bonferroni adjustments were
used to determine significant differences across all groups. Means without a common letter are

statistically different, P < 0.05. Abbreviations: HF, high-fat.

Food Intake B6 Control B6 HF D2 Control D2 HF AKR Control AKR HF

(grams/mouse/day) 2.21+0.229° Irregular Food Behavior 2.41 £0.0588™ 2.10 £ 0.0529° 2.91+£0.113" 3.02 +0.252°
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Abstract

Anthocyanins are phytochemicals that have generated considerable interest due to their reported
health benefits. It has been proposed that commonly consumed anthocyanins, such as cyandin-3-
O-B-glucoside (C3G), confer cellular protection by stimulating biosynthesis of glutathione
(GSH), an endogenous antioxidant. It is unknown whether anthocyanin-induced health effects
are subject to genetic differences. Thus, we tested the hypothesis that anthocyanin-induced
alterations in GSH homeostasis vary by genetic background. Mice representing five genetically
diverse inbred strains (A/J, 129S1/SvimJ, CAST/EiJ, C57BL/6J, and NOD/ShiLtJ) were
assigned to a control or 100 mg/kg C3G diet (n=5/diet/strain) for six weeks. GSH and GSSG
levels were quantified in liver, kidney, heart, pancreas, and brain using HPLC. The C3G diet
promoted an increase in renal GSH concentrations, hepatic GSH/GSSG, and cardiac GSH/GSSG
in CAST/EiJ mice. C3G treatment also induced an increase in pancreatic GSH/GSSG in
C57BL/6J mice. In contrast, C3G did not affect GSH homeostasis in NOD/ShilLtJ mice.
Surprisingly, the C3G-diet caused a decrease in hepatic GSH/GSSG in A/J and 129S1/SvimJ
mice compared to controls. C3G-treated 129S1/SvimJ mice also exhibited lower total
glutathione in the heart. To our knowledge, this study is the first to show that the biochemical
effects of anthocyanins are determined by genetic background.

Keywords: Oxidative stress, anthocyanins, cyandin-3-O--glucoside, polyphenols,

phytochemicals, antioxidants, glutathione, glutathione disulfide, redox status
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Introduction

Anthocyanidins and their glycosides, anthocyanins, are flavonoids that contribute to the blue,
purple, and red color of many fruits and vegetables, such as blueberries, blackberries, and purple
corn [27]. Integration of foods rich in these compounds appears to modulate chronic disease risk
in humans. High dietary anthocyanidin intakes have been associated with lower levels of C-
reactive protein (CRP), a circulating predictor of cardiovascular disease (CVD) [74], as well as
decreased risk of CVD-related mortality [75, 76]. However, evidence suggests that the
relationship between anthocyanidin intake and health outcomes is not entirely consistent. For
example, Mursu, et al., found no relationship between anthocyanidin intake and CVD mortality
in a cohort of Finnish men [77]. To improve understanding of the relationships between
anthocyanidins, related anthocyanins, and health, factors that contribute to inconsistent
epidemiological data must be clarified.

Important insight regarding the relationship between anthocyanin intake and health has
been gained from various disease models. In models of diabetes [13], obesity [28, 29], cancer
[30, 31], and metabolic syndrome [32], anthocyanins decrease markers of oxidative stress. This
effect is attributable, in part, to their strong antioxidant activity. These compounds are potent free
radical scavengers [33-37] and concurrently increase cellular levels of glutathione (GSH), the
most abundant endogenous thiol antioxidant. For example, cyanidin-3-O-B-glucoside (C3G), a
commonly consumed anthocyanin, increases hepatic GSH levels nearly threefold in a mouse
model of type 2 diabetes (T2D) [13]. Recent studies have demonstrated that, in addition to diet,
genetic background regulates tissue GSH levels and redox status (GSH/GSSG) [41, 42]. We

predict that the genetic and dietary regulation of the GSH system intersect, and specifically, that
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the effects of C3G on the GSH system are genetically determined. Furthermore, this hypothesis
implies that genetic variation confounds the results from previous epidemiological studies.

The current study tested whether anthocyanin effects on GSH redox status are influenced
by genetic background. We predicted that C3G-induced increases in GSH levels and GSH/GSSG
would vary by mouse strain, and furthermore, that that these redox effects would be concentrated
to organs that metabolize and excrete C3G, notably liver and kidney. Mice representing five
inbred strains (C57BL/6J, A/J, 129S1/SvimlJ, NOD/ShiLtJ, and CAST/EiJ) were fed either
control or 100 mg/kg C3G diets for six weeks. These five strains were chosen because of their
relative genetic diversity, a characteristic that has been utilized in previous studies and during the
generation of novel genetic reference populations [78]. Tissue concentrations of GSH and GSSG
were quantified by HPLC, and expression of hepatic GSH-related enzymes was determined by
gPCR. We discovered that C3G modulates the GSH system in a strain- and tissue-specific
manner. We observed divergent responses to C3G; two strains exhibited increases in GSH levels
while two others exhibited GSH depletion. Our findings demonstrate that genetic background is
a critical determinant of redox effects related to anthocyanin-rich diets. Future studies will clarify
the genetic mechanisms that mediate anthocyanin effects, which may inform differential
responses to these compounds.

Methods

Animals

Female C57BL/6J (B6), A/J (A), 129S1/Svim]J (129), NOD/ShiLt] (NOD), and CAST/EiJ
(CAST) mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). Five mice
from each strain were assigned to the control diet, and an additional five mice were assigned to

the C3G diet (100 mg/kg). Mice were housed in an animal room on a 12 h light/dark cycle. At
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approximately 18 weeks of age, the mice were humanely euthanized by cervical dislocation, and
tissues were harvested for analyses. Prior to euthanasia, all mice were fasted for four hours. The
University of Georgia Institutional Animal Care and Use Committee approved all methods and

experimental procedures for this study (AUP # A2013 08-011).

Diet

Mice were fed a standard purified AIN-93M mouse diet (control) or AIN-93M plus C3G
(100mg/kg). The C3G diet was generated as described previously [13]. Briefly, C3G was
obtained from Polyphenols Laboratories AS (Sandnes, Norway), and provided to TestDiet (St.
Louis, MO) for diet formulation. Control and C3G diets were pelleted. Dietary interventions
were initiated when mice reached three months of age and were sustained for six weeks. During
the study period, mice were fed ad libitum and given unrestricted access to water. Diets were
stored at -20°C, and fresh food was provided weekly to maintain optimal stability of dietary
C3G. Food intake and weights of the mice were also measured on a weekly basis.

Assessment of Total Glutathione, GSH, GSSG, and GSH/GSSG Ratios

Liver, kidneys, heart, pancreas, and whole brain were removed, rinsed in ice-cold phosphate-
buffered saline (PBS), and flash-frozen in liquid nitrogen. Within 24 hours after collection,
tissues were homogenized and immediately acidified. Following centrifugation, acidified
supernatants were flash-frozen in liquid nitrogen and stored at -80°C until analysis. GSH and
GSSG were quantified by high performance liquid chromatography (HPLC) coupled with
electrochemical detection (Dionex UltiMate 3000, Thermo Scientific, Waltham, MA). The cells
were set at 1600 mV with a cleaning potential of 1900 mV between samples. The mobile phase
was composed of 4.0% acetonitrile, 0.1% pentafluoropropionic acid, and 0.02% ammonium

hydroxide; a flow rate of 0.5 ml/min was set. An injection volume of 2.0 uLL was used for liver
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and kidney samples, while 3.0 uLL was used for heart, pancreas, and brain samples. After
electrochemical detection, data were quantified by the Chromeleon Chromatography Data
System Software (Dionex Version 7.2, Thermo Scientific). Total glutathione was calculated as
GSH + 2GSSG, and glutathione redox status was assessed by the ratio GSH/GSSG. GSH and
GSSG concentrations were standardized to total protein, which was quantified by Pierce BCA
Protein Assay (Thermo Fisher Scientific, Rockford, IL).

Assessment of Endogenous Antioxidant Enzyme Expression

Total RNA was extracted from flash-frozen liver using TRIzol reagent (Thermo Scientific), and
cDNA was synthesized using a High-Capacity cDNA Reverse Transcription Kit (Thermo
Scientific) according to the manufacturer’s instructions. SYBR Green MasterMix (BIO-RAD
Life Science Research, Hercules, CA) was used to determine relative gene expression of
glutamate-cysteine ligase modifier subunit (Gclm; Forward:
CACAATGACCCGAAAGAACTG; Reverse: AGACTTGATGATTCCCCTGCT), glutamate-
cysteine ligase catalytic subunit (Gclc; Forward: CCTCCTCCTCCAAACTCAGATA; Reverse:
CCACAAATACCACATAGGCAGA), glutathione peroxidase-1 (Gpx-1; Forward:
CCCGTGCAATCAGTTC; Reverse: TTCGCACTTCTC AAACAA), and glutathione reductase
(Gr; Forward: GGTGGTGGAGAGTCACAAGC; Reverse: ATCGTGCATGAATTCCGAGT)
using RT-PCR. SYBR green fluorescence was detected by a LightCycler 480 II (Roche Life
Science). Target gene expression was normalized using 3-actin (Forward:
AGCCATGTACGTAGCCATCC; Reverse: CTCTCAGCTGTGGTGGTGAA) as a reference,
and all samples were run in triplicate. Quantitative fold-changes were derived using the AACt
method and are presented as the fold-change relative to the B6 control group.

Statistical Analysis
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Statistical analyses were performed using GraphPad Prism (Version 6.0, GraphPad Software
Inc., La Jolla, CA, USA). Body weight and food intake analyses were completed using two-way
ANOVA with Bonferroni adjustments. Independent t-tests were used to identify which strains
exhibited altered total glutathione levels, GSH and GSSG concentrations, GSH/GSSG ratios, and
expression of GSH-related enzymes in response to C3G treatment. The level of statistical
significance was defined at P < 0.05. Data are reported as means + standard error of mean
(SEM).

Results

Food Intake and Body Weight

Throughout the six-week duration of the study, there was no significant difference in food intake
between C3G-fed mice and their respective controls (Figure 3.1). However, a strain effect was
observed. NOD mice consumed significantly more food than all other strains, but the NOD
treatment groups were not significantly different from one another. Additionally, no differences
in body weight changes were observed between groups assigned to the control and C3G diets
(Table 3.1). CAST mice exhibited lower true body weights than the other strains (data not
shown). These effects were expected, as CAST mice are wild-derived and are known to be
smaller than classical inbred strains.

GSH and GSSG Levels, Total Glutathione, and Redox Status

In response to C3G treatment, CAST mice showed a twofold increase in hepatic GSH/GSSG (P
=0.041; Figure 3.2D) and a nearly fourfold increase in cardiac GSH/GSSG (P = 0.028; Figure
3D). Renal total glutathione (P = 0.014) and GSH concentrations (P = 0.010) increased in C3G-
treated CAST mice (Figure 3.4A,B), and pancreatic levels of oxidized glutathione, GSSG, were

lower in the C3G group compared to control CAST mice (P =0.021) (Figure 3.5C). The
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difference in cardiac GSH concentrations between control and C3G-treated CAST mice
approached statistical significance (P = 0.056), but did not achieve it.

B6 mice were largely unresponsive to C3G treatment. The exception was B6 pancreas
samples, where C3G-fed mice had higher GSH/GSSG than controls (P = 0.042; Figure 3.5D).
However, this effect was modest, only accounting for a 12.5% increase in GSH/GSSG. NOD
mice exhibited no phenotypic differences due to C3G treatment, and no significant differences in
GSH levels were found within the brains of any of the five strains (Figure 3.6).

Surprisingly, the C3G diet caused a 40% decrease in hepatic GSH/GSSG in A mice (P =
0.017) and a 43% decrease in 129 mice (P = 0.0066) (Figure 3.2D). These effects appear to be
driven by distinct mechanisms. In A mice, the C3G diet caused a decline in hepatic GSH
concentrations (P = 0.044) while GSSG levels remained stable (Figure 3.2B,C). In contrast,
C3G-fed 129 mice displayed increased hepatic GSSG levels (P = 0.020) while GSH levels were
unaffected (Figure 3.2B,C). 129 mice also contained lower cardiac GSH concentrations (P =
0.033) and approximately 25% less total glutathione (P = 0.034) following the C3G dietary
intervention (Figure 3.4A,B).

Hepatic Expression of GSH-Related Enzymes

Hepatic expression of Gcele, Gelm, and Gr was not significantly different in response to C3G
treatment in any of the five strains (Figure 3.7A,B,C). A, CAST, B6, and NOD did not exhibit
altered expression of Gpx-1 in response to C3G supplementation (Figure 3.7D). C3G-treated 129
mice did exhibit a twofold increase in Gpx-1 expression compared to controls (P = 0.023)
(Figure 3.7D), which was the only significant change in antioxidant gene expression discovered

in this study.
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Discussion
Rationale for the current study was informed by conflicting evidence surrounding chronic
disease risk and its relationship with phytochemical intake. For example, total flavonoid intake
was found to exhibit an inverse association with stroke incidence [79] and mortality [76], while
in other studies, flavonoid intake has exhibited no correlation with risk [80, 81] or mortality [82].
The effect of flavonoid intake on cancer risk has also shown disparate findings. No association
was discovered between anthocyanidin consumption and gastric cancer risk in a Korean
population [83], but a significant inverse correlation was found in European women [84]. The
relationship between T2D and anthocyanidin/anthocyanin intake is similarly uncertain. One
study on U.S. adults found an inverse correlation between T2D risk and anthocyanin
consumption [85], while a European case-cohort study found no correlation with T2D risk and
anthocyanidin intake [86]. Importantly, the inconsistencies highlighted in these studies have been
captured in clinical intervention studies as well [87-98]. In both chronic and acute intervention
trials, the effects of anthocyanin consumption on endogenous antioxidant enzyme activity,
plasma antioxidant capacity, and DNA damage have been inconsistent [99]. We predict that
genetic variation in part drives the variable responses to dietary anthocyanins, and we tested our
hypothesis in the current study. We fed mice representing five genetically diverse strains a
control or 100 mg/kg C3G diet. Overall food intake did not differ between controls and C3G-fed
animals. Furthermore, NOD consumed the largest amounts of C3G diet, yet these mice did not
respond in any of the assessments we measured. We therefore concluded that results from the
current study were not confounded by strain-dependent differences in food intake.

We tested whether genetic background determines the extent to which C3G regulates

GSH levels and redox status. The C3G diet increased pancreatic GSH/GSSG in B6 mice, but this
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difference represented a relatively minor alteration. The C3G diet exerted no other effects on the
GSH system of this strain. Upon initial review, our results appear to conflict with work by Zhu
and colleagues, who showed that the same C3G diet increases hepatic GSH synthesis nearly
threefold in the same genetic background [13]. However, it must be noted that Zhu, et al.,
employed db/db mice, which contain a spontaneous mutation on the B6 or C57BLKS/J
background that drives a diabetic phenotype. In that study, GSH levels were compared between
db/db mice fed control and C3G diets; unstressed wild-type B6 control mice were not included in
the design. If unstressed, wild-type B6 mice had been evaluated, as in this study, we predict that
a similar lack of effect would have been observed. Taken together, these results suggest that the
C3G diet does not alter GSH levels in unstressed B6 mice, and may only rescue GSH levels in
stressed, mutant B6 mice. Similarly, the relationship between flavonoid intake and disease risk in
some human populations may require a stressor. Cutler, et al., found that flavanone intake was
inversely correlated with lung cancer incidence among current and past smokers, but the
relationship was not observed among individuals who had never smoked [100].

The effects of stress on the C3G-GSH paradigm must be further evaluated in the context
of genetic background. Although C3G rescues GSH levels in diabetic B6 mice, the current study
showed no effect of this diet on NOD mice, an established model of type 1 diabetes. In contrast,
the most potent GSH-inducing effects were observed in CAST mice. CAST is not a model of a
specific disease, but these mice appear to exhibit deficiencies within the GSH redox system. Our
previous reports identified CAST as having among the lowest GSH levels and GSH/GSSG in a
large panel of inbred strains [41]. C3G appears capable of rescuing redox deficiencies in B6 and
CAST backgrounds, but it has no effect on the diabetic NOD mice. We predict that genetic

background provides a platform on which stress and diet modulate GSH levels (Figure 3.8). We
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also predict that these effects are independent of gene expression due to the minimal changes in
hepatic GSH-related enzyme expression observed here.

This study demonstrated that GSH levels and GSH/GSSG can decrease in response to an
established C3G-rich diet [13]. The C3G diet caused apparent disruptions in GSH homeostasis in
129 and A mice, and the effect was most apparent in the liver, suggesting oxidative stress and
hepatotoxicity [101-104]. Several polyphenols are known to exert toxicity at high levels [105-
107], and in the case of epigallocatechin gallate (EGCGQG), a polyphenol present in green tea,
toxicity is determined by genetic background [107]. As use of dietary supplements continues to
grow considerably in the United States, it will be critical to further characterize the genetic
mechanisms that drive hepatotoxicity attributable to polyphenols such as EGCG and C3G. It will
also be important to elucidate whether distinct mechanisms direct toxicity of each compound.

We tested the hypothesis that the redox effects of C3G would be limited to the liver and
kidney due to the primary role of these organs in phytochemical metabolism and clearance. Our
hypothesis was partially confirmed because the most significant effects were discovered in liver.
The kidney, as well as the heart and pancreas, showed fewer and less pronounced effects on GSH
homeostasis. The brain exhibited no effects, and we predicted this outcome based on the function
of the blood-brain barrier. Overall, our data support a tissue-specific effect of anthocyanins on
GSH homeostasis. To our knowledge, this is the first study to show that the biochemical effects
of anthocyanins are determined by genetic background. Our long-term hypothesis predicts that
anthocyanins differentially affect humans based on their genetics. If that hypothesis is correct, it
may highlight the underlying reason for inconsistent findings in previous epidemiological and
clinical studies. Furthermore, such findings would indicate that anthocyanin supplementation

may cause toxicity in a highly susceptible subpopulation. Overall, our data will inform future
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efforts to clarify genetic mechanisms that regulate differential responses to ingested
anthocyanins.
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Figure 3.1. Food intake of mice fed a control or high-C3G diet for 6 wk. Data are reported as
means =+ standard error of mean (SEM). Two-way ANOV A with Bonferroni adjustments were
used to determine significant differences across all groups. Means without a common letter are

statistically different, P < 0.05.
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Figure 3.2. Hepatic glutathione homeostasis in mice fed a control or high-C3G diet for 6

wk. (A) Liver total glutathione standardized to total protein (B) Liver GSH levels standardized to

total protein (C) Liver GSSG levels standardized to total protein (D) Liver GSH/GSSG Ratio.

Data are reported as means + standard error of mean (SEM). Independent t-tests were conducted

to determine significance within each strain in response to C3G treatment, * P <0.05, ** P <

0.01.
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Figure 3.3. Glutathione homeostasis in hearts from mice fed a control or high-C3G diet for
6 wk. (A) Heart total glutathione standardized to total protein (B) Heart GSH levels standardized
to total protein (C) Heart GSSG levels standardized to total protein (D) Heart GSH/GSSG Ratio.
Data are reported as means + standard error of mean (SEM). Independent t-tests were conducted

to determine significance within each strain in response to C3G treatment, * P <0.05.
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Figure 3.4. Renal glutathione homeostasis in mice fed a control or high-C3G diet for 6 wk.

(A) Kidney total glutathione standardized to total protein (B) Kidney GSH levels standardized to

total protein (C) Kidney GSSG levels standardized to total protein (D) Kidney GSH/GSSG

Ratio. Data are reported as means + standard error of mean (SEM). Independent t-tests were

conducted to determine significance within each strain in response to C3G treatment, * P <0.05.
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Figure 3.5. Pancreas glutathione homeostasis in mice fed a control or high-C3G diet for 6
wk. (A) Pancreas total glutathione standardized to total protein (B) Pancreas GSH levels
standardized to total protein (C) Pancreas GSSG levels standardized to total protein (D) Pancreas
GSH/GSSG Ratio. Data are reported as means =+ standard error of mean (SEM). Independent t-
tests were conducted to determine significance within each strain in response to C3G treatment,

* P <0.05.
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Figure 3.6. Whole brain glutathione homeostasis in mice fed a control or high-C3G diet for
6 wk. (A) Whole brain total glutathione standardized to total protein (B) Whole brain GSH levels
standardized to total protein (C) Whole brain GSSG levels standardized to total protein (D)
Whole brain GSH/GSSG ratio. Data are reported as means + standard error of mean (SEM).
Independent t-tests were conducted to determine significance within each strain in response to

C3G treatment, * P < 0.05.
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Figure 3.7. Hepatic expression of glutathione enzymes in mice fed a control or high-C3G
diet for 6 wk. (A) Gclc mRNA (B) Gelm mRNA (C) Gr mRNA (D) Gpx-1 mRNA. Data
represent fold expression relative to the B6 control group and are reported as means + standard
error of mean (SEM). Independent t-tests were conducted to determine significance within each

strain in response to C3G treatment, * P <0.05.
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Figure 3.8. Model of genetic regulation of GSH. Genetic background directly regulates GSH
homeostasis and determines the relative effects of diet and physiological stress on this system.

Together, these interactions influence disease risk.
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Table 3.1. Percent initial body weight of mice fed a control or high-C3G diet for 6 weeks.
Data are reported as means + standard error of mean (SEM). Two-way ANOV A with Bonferroni
adjustments were used to determine significant differences across all groups at each time point.

Means without a common letter are statistically different, P < 0.05.

% Initial Body Weight

Group Week 1 Week 2 Week 3 Week 4 Week 5 Week 6
B6 Control 96.0 + 1.4% 96.9+1.2% 96.7 £ 0.8% 96.5+2.1%° 96.8 + 1.6° 99.6 +0.7°
B6 C3G 97.0+1.9° 96.8 +2.0° 97.3+1.5° 97.7+2.2%® 99.5 + 3.2° 99.6 + 1.6°
AJ Control 101.0 £ 2.6 101.9 £ 2.4° 104.4 £ 2.6° 108.4 + 3.2°7 106.9 + 3.7° 106.8 + 3.0%
AJ C3G 101.6 £ 4.0° 103.1 £4.5% 106.8 + 4.5% 106.1 +4.7%® 107.2 +4.3° 105.9 £4.12
129 Control 96.8 + 5.9° 98.8 + 6.0° 103.2 £5.0° 102.1 £+ 5.6% 105.4 +5.5° 108.2 £ 5.6
129 C3G 93.9+5.3% 98.1+5.7% 99.3+6.0% 99.5 + 5.8%° 101.2+6.1°7 105.7 £6.3%
NOD Control 91.9+2.6% 96.8 +2.8% 99.7 £+ 2.5% 95.5 + 4.2%° 95.8 +6.2° 89.5+8.1°
NOD C3G 96.0 + 2.6° 100.9 + 4.2°2 98.8 +5.2% 96.3 + 7.4 93.4 +9.4° 91.4 +10.0°
CAST Control 92.0+0.6% 91.6 £ 0.4% 91.3+0.6% 94.8 +1.1%° 97.9+1.4° 102.8 £1.72

CAST C3G 90.2+0.9° 87.8+1.0° 89.3+1.2° 87.7+2.2° 92.9+2.1° 100.2 + 2.3°
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CHAPTER 4
CONCLUSIONS

GSH plays a prominent role in attenuating oxidative stress and reducing risk of chronic
disease. Although the effects of genetic background, a high-fat diet, and anthocyanin intake on
GSH levels and redox status (GSH/GSSG) have been independently established, there is a lack
of knowledge about potential interaction between diet and genetic background in regulation of
the GSH system. Thus, the current work tested the hypothesis that diet and genetic background
interact to modulate GSH homeostasis.

Both chapters of this thesis support the hypothesis that interactions between diet and
genetic background determine modulation of the GSH redox system. Furthermore, our data
demonstrate that for both a high-fat diet and anthocyanin supplementation, these effects are
tissue-specific. We conclude that genetic background directly regulates GSH homeostasis and
determines the relative effects of diet and physiological stress on this system in a tissue specific
manner. Together, these interactions thereby influence disease risk. We believe our findings
highlight the need to strongly consider genetic background in study design. Additionally, we
predict that a high fat diet and anthocyanin intake affect humans differently based on their
genetics.

One limitation of our findings is the inability to compare the effects of a high-fat diet and
anthocyanin supplementation across strains, as mostly different strains were used for the two
studies. While it would have been insightful for the same strains to be used in both studies, the

mouse strains were chosen to best fit each study design. For example, in the high-fat study, it
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was important to compare mouse strains that are known to be susceptible to diet-induced obesity.
Alternatively, in the anthocyanin study, it was crucial to compare mouse strains that are more
genetically diverse. In future research, however, it may be advantageous to observe D2 and AKR
mice on a high anthocyanin diet and to observe 129 and A mice on a high-fat diet. Additionally,
a combined study in which different mouse strains received both a high-fat diet and anthocyanin
supplementation would be insightful. Ultimately, however, a major goal would be to establish if
the interaction of diet and genetic background in regulation of the GSH system translates to
humans.

Future work will first seek to identify the genes and alleles that drive divergent GSH
responses to dietary components. This can be done using a forward genetics approach, in which
mice with variant phenotypes are intercrossed and genetically mapped. Knowing the responsible
genes for variable phenotypes can clarify their biological basis. In turn, this information could
then be useful for identification of individuals at risk for developing certain diseases and for the
development of therapeutic treatments.

In conclusion, our findings demonstrate that interactions between diet and genetic
background determine modulation of the GSH redox system in a tissue specific manner. Due to
the essential role of the GSH antioxidant system in reducing oxidative stress and augmenting
health, our findings improve understanding of how chronic diseases are inherited and provide
rationale for further research. Future work will seek to clarify genetic mechanisms that regulate
differential responses of the GSH system to diet and may have important implications for chronic

disease prevention.
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