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Abstract

The Muoio lab studies the interplay between lipid whole body energy balance,
mitochondrial function and insulin action in skeletal muscle. Data from our lab suggests
that lipid-induced insulin resistance in skeletal muscle may stem from excessive
incomplete oxidation of fatty acids, which occurs when high rates of B-oxidation exceed
TCA cycle flux (Koves et al., 2005; Koves et al., 2008). Most notably, we have shown that
mice with a genetically engineered decrease in mitochondrial uptake and oxidation of
fatty acids are protected against diet-induced insulin resistance (Koves et al., 2008). This
suggests that an excessive and/or inappropriate metabolic burden on muscle
mitochondria provokes insulin resistance. Our working model predicts that: 1) high
rates of incomplete p-oxidation reflect a state of “mitochondrial stress,” and 2) that
energy-overloaded mitochondria generate a yet unidentified signal that mediates insulin
resistance. One possibility is that this putative “mitochondrial-derived signal” stems
from redox imbalance and disruptions in redox sensitive signaling cascades. Therefore,
we are interested in identifying molecules that link redox balance, mitochondrial
function and insulin action in skeletal muscle. The work described herein identifies
thioredoxin-interacting protein (TXNIP) as an attractive candidate that regulates both

glucose homeostasis and mitochondrial fuel selection,
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TXNIP is a redox sensitive, a-arrestin protein that has been implicated as a
negative regulator of glucose control. Mounting evidence suggested that TXNIP might
play a key role in regulating mitochondrial function; however, the molecular nature of
this relationship was poorly defined. Previous studies in TXNIP knockout mice
reported that deficiency of this protein compromises oxidative metabolism, increases
glycolytic activity and promotes production of reactive oxygen species (ROS), while also
affording protection against insulin resistance. Therefore, we hypothesized that TXNIP
might serve as a nutrient sensor that couples cellular redox status to the adjustments in
mitochondrial function. We tested this hypothesis by exploiting loss of function models
to evaluate the effects of TXNIP deficiency on mitochondrial metabolism and respiratory
function.

In chapter 3, we comprehensively evaluated oxidative metabolism, substrate
selection, respiratory kinetics and redox balance in mice with total body and skeletal
muscle-specific TXNIP deficiency. Targeted metabolomics, comprehensive
bioenergetics analysis, whole-body respirometry and conventional biochemistry showed
that TXNIP deficiency results in reduced exercise tolerance with marked impairments in
skeletal muscle oxidative metabolism. The deficits in substrate oxidation were not
secondary to decreased mitochondrial mass or increased H20: emitting potential from
the electron transport chain. Instead, the activities of several mitochondrial

dehydrogenases involved in branched-chain amino acid and ketone catabolism, the



tricarboxylic acid (TCA) cycle and fatty acid B-oxidation were significantly diminished
in TXNIP null muscles. These deficits in mitochondrial enzyme activities were
accompanied by decreased protein abundance without changes in mRNA expression.
Taken together, these results suggest that in skeletal muscle TXNIP plays an essential
role in maintaining protein synthesis and/or stability of a subset of mitochondrial
dehydrogenase enzymes that permit muscle use of alternate fuels under conditions of
glucose deprivation.

Based on these conclusions, we questioned whether additional regulatory
mechanisms could contribute to the reduced oxidative metabolism in the absence of
TXNIP. Several metabolic enzymes of the TCA cycle have been shown to be redox-
sensitive protein targets regulated by the thioredoxin (TRX1/TRX2) and glutathione
(GSH) redox-mediated circuits. TXNIP has been shown to respond to oxidative stress by
shuttling to the mitochondria where it binds to TRX2 and/or other proteins, thus
affecting downstream signaling pathways, such as the apoptotic cascade. Therefore, we
speculated whether there was a role for redox imbalance in mediating the mitochondrial
phenotype of the TXNIP knockout (TKO) mice. In chapter 4, we present preliminary
evidence that increased glucose uptake promotes non-mitochondrial ROS production,
causing a shift in redox balance, decreased GSH/GSSG, and S-glutathionylation of -
ketoglutarate dehydrogenase (a-KGD). This post-translational modification protects the

protein from permanent oxidative damage, but at the cost of reversible loss of activity
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and subsequent disruption of TCA cycle flux that contributes, in part, to the diminished
oxidative metabolism observed in the TXNIP deficient mice.

In aggregate, this work sheds new light onto the physiological role of TXNIP in
skeletal muscle as it pertains to substrate metabolism and fuel switching in response to
nutrient availability. This work has important implications for metabolic diseases such
as obesity and type 2 diabetes, which are characterized by marked disruptions in fuel

selection.
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1. Introduction

Herein, I provide a general background and rationale for this thesis project
followed by a comprehensive review of TXNIP. Details are provided about oxidative
stress and the thioredoxin and glutathione redox-regulating circuits. The structure,
transcriptional regulation and function of TXNIP in the pathogenesis of various diseases
are also discussed. There is a particular emphasis on metabolism and insulin resistance,
including the known redox-dependent and -independent ways by which TXNIP may
modulate these disease states. Finally, this section concludes with what is currently

known about TXNIP regulation followed by a project summary and goals statement.

1.1 Background and Rationale

Mitochondrial dysfunction is a hallmark in nearly all pathological and
toxicological conditions (Pieczenik and Neustadt, 2007). Conditions range from exercise
intolerance to sarcopenia, neurodegenerative diseases including Alzheimer’s and
Parkinson’s, inherited diseases such as from Kearns-Sayre syndrome and MERRF
(myoclonic epilepsy and ragged-red fibers) and acquired diseases including cancer,
cardiovascular disease and diabetes, the latter of which is a focal point of the Muoio lab.
A major symptom of metabolic disorders such as diabetes and obesity is peripheral
insulin resistance, which occurs when there are impairments in insulin-stimulated

uptake, storage and disposal of glucose, particularly in skeletal muscle.



The etiology of insulin resistance has been linked to metabolic insults such as
overnutrition, dyslipidemia and mitochondrial malfunction. One theory of lipid-
induced skeletal muscle insulin resistance proposes that increased systemic lipid
delivery, coupled with reduced mitochondrial fat oxidation due to “mitochondrial
respiratory dysfunction,” leads to rising intracellular fatty acid metabolites, such as
long-chain acyl-CoAs (LCFA-CoAs), diacylglygerol (DAG) and ceramides. These
cytosolic lipids are though to activate serine/threonine kinases, such as protein kinase C
(PKC), resulting in constitutive serine phosphorylation of the insulin receptor (IR) and
insulin receptor substrate-1 (IRS-1) proteins, and thus inhibition of PI3K-Akt activity and
GLUT4 translocation (Itani et al., 2002; Morino et al., 2006; Petersen and Shulman, 2002).
However, other lines of evidence suggest that mitochondrial dysfunction might occur as
a late-stage consequence of overnutrition and/or insulin resistance rather than a root
cause. Data from our lab suggests that diet-induced and genetic forms of insulin
resistance stem from high rates of incomplete fat oxidation, which occurs when high
rates of B-oxidation exceeds TCA cycle flux, as evidenced by high intramuscular levels
of LCFA-carnitine esters and reduced TCA cycle intermediates (Koves et al., 2005; Koves
et al.,, 2008). Moreover, two genetically engineered models of reduced mitochondrial
metabolism actually enhance insulin action. For example, malonyl-CoA decarboxylase
knockout (mcd’) mice have reduced B-oxidation, due to high levels of malonyl-CoA and

are protected against high fat-induced glucose intolerance (Koves et al., 2008). In a
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second model, ablation of apoptosis-inducing factor (AIF), the primary physiological
role of which is the maintenance of a fully functional electron transport chain, results in
decreased mitochondrial oxidative phosphorylation (OXPHOS), but protection from
obesity and insulin resistance (Pospisilik et al., 2007). Therefore, one would hypothesize
that an excessive and/or inappropriate metabolic load on muscle mitochondria, rather
than oxidative potential, would provoke insulin resistance. The current working
hypothesis of the Muoio lab is two-fold: 1) high rates of incomplete B-oxidation reflect a
state of “mitochondrial stress,” and 2) that energy-overloaded mitochondria generate a
yet unidentified signal that mediates insulin resistance. This proposed “mitochondrial-
derived signal” could stem from disturbances in substrate selection, anaplerotic and/or
cataplerotic carbon flux, production of reactive oxygen species (ROS), redox imbalance
or possibly, disruptions in redox sensitive signaling cascades (Muoio and Neufer, 2012).
Therefore, we are interested in identifying molecules that link redox balance,
mitochondprial function and insulin action in skeletal muscle.

TXNIP is an a-arrestin protein involved in redox sensing and metabolic control,
which is described in depth in subsequent sections. Briefly, TXNIP is an endogenous
negative regulator of thioredoxin (TXN) activity and sensitizes the cell to oxidative stress
(Nishiyama et al., 1999). Moreover, the few mouse strains with natural or targeted
deletions of TXNIP have hypertriglyceridemia, hypercholesterolemia and increased

secretion of liver lipoproteins (Oka et al., 2006b). In addition to lipid metabolism, TXNIP
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is also involved in glucose homeostasis. A role for TXNIP as a negative regulator of
glucose metabolism is supported by reports showing that TXNIP mRNA expression is
elevated in muscle of insulin resistant and diabetic humans (Parikh et al., 2007).
Moreover, silencing TXNIP expression in human adipocytes and skeletal muscle
myocytes enhanced glucose uptake, whereas TXNIP overexpression inhibited glucose
uptake. Revealed to be reciprocally regulated by insulin and glucose, TXNIP is
proposed to function as a homeostatic switch that regulates glucose uptake in peripheral
tissue (Parikh et al., 2007). Emerging evidence has suggested a link between TXNIP and
mitochondrial function. For instance, TXNIP knockout mice have an increased
dependence on glycolysis, with high levels of circulating free fatty acids and ketones,
thus suggesting decreased oxidation of these substrates and compromised TCA cycle
and respiratory function (Bodnar et al., 2002; Donnelly et al., 2004; Hui et al., 2004; Sheth
et al., 2005). Although speculation as to the complex molecular mechanisms underlying
the regulatory capacity of TXNIP in mitochondrial function has been widespread,
rigorous experimental evaluation has been lacking.

Since TXNIP, with its connection to redox biology, metabolic control and insulin
action, appeared to be one of the aforementioned molecules of interest occupying a
crucial position for mitochondrial regulation, we chose to investigate its physiological
role in regulating skeletal muscle mitochondrial metabolism. We hypothesized that

TXNIP would directly regulate mitochondrial function at the level of bioenergetics,
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oxidative metabolism, redox balance and substrate selection. In this work, we share our

results in undertaking this challenge.

1.2 Oxidative Stress and Redox Signaling

Reactive oxygen species (ROS) are produced by all aerobic organisms. Levels of
ROS generated in excessive quantities can result in oxidative stress (Nordberg and
Arner, 2001). Within physiological concentrations, however, ROS are involved in
intracellular signaling and redox regulation, functioning as secondary messengers
(Thannickal and Fanburg, 2000) or altering control of transcription factors (Dalton et al.,
1999; Morel and Barouki, 1999). Primary sources of intracellular ROS are: 1)
mitochondrial-derived through leakage from the electron transport chain (ETC) or 2)
cytosol-derived through excessive stimulation of NADPH oxidases (Valko et al., 2007).
When endogenous antioxidant networks are unable to compensate for increased
concentrations of ROS, redox systems become imbalanced leading to tissue and cellular
damage, such as mutations in DNA, lipid peroxidation and formation of disulfide bonds
in proteins (Melov, 2000; Nordberg and Arner, 2001). Ultimately, this may lead to
oxidative stress-related disorders such as diabetes mellitus, cancer, cardiovascular
disease, neurodegenerative disease and inflammation (Evans et al., 2002; Kovacic and

Somanathan, 2012; Madamanchi and Runge, 2013; Popolo et al., 2013; Valko et al., 2007).



1.3 The Thioredoxin (TXN) and Glutathione (GSH) Redox-
Mediated Networks

The TXN and GSH redox-mediated networks are responsible for monitoring and
controlling cellular redox balance. Both depend on NADPH and utilize reversible
redox-active disulfide/thiol (free sulfhydryl) exchange reactions known as sulfur
switches (Jones, 2008; Nordberg and Arner, 2001). In its reduced form, TXN utilizes
cysteine residues (Cys-Gly-Pro-Cys) at redox active sites to reduce oxidized disulfide
substrates. Thioredoxin reductase then catalyzes the reduction of TXN utilizing an
electron transferred by NADPH. In the homologous GSH system, GSH functions as a
critical antioxidant by detoxifying H2O: via glutathione peroxidase. The resulting
oxidized glutathione (GSSG) is reduced back to GSH via glutathione reductase with the
electron/H* donated by NADPH (Fig. 1-1). Additionally, GSSG can react with protein

thiols, which can subsequently be reduced by glutaredoxin (not shown).
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Figure 1-1: The Glutathione / Thioredoxin Regulatory Networks
The GSH/TXN redox regulatory networks both use the reducing power of NADPH, which is
provided from the pentose phosphate pathway (PPP) and/or from pyruvate cycling, to either
form reduced glutathione (GSH) or reduced thioredoxin (TXN), antioxidants which are involved
in downstream pathways as shown.

The exact number of redox-sensitive protein targets regulated by these networks
is unknown, but the current list encompasses proteins that function in mitochondrial
protein import (Koehler et al., 2006), several metabolic enzymes of the tricarboxylic acid
(TCA) cycle and the p-oxidation pathways, and several phosphatases involved in insulin

signaling (Jones, 2006).

1.4 Thioredoxin Interacting Protein (TXNIP)
1.4.1 Description, Structure and Tissue Distribution of TXNIP

TXNIP was first reported as an upregulated gene in HL-60 leukemia cells
stimulated with 1,25-dihydroxyvitamin Ds (Chen and DelLuca, 1994). It was later
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isolated in a yeast two-hybrid screen to identify TXN-binding proteins (Nishiyama et al.,
1999; Yamanaka et al., 2000) and has since been shown to bind to the redox-active site
cysteine residues of TXN1 and TXN2 (Patwari et al, 2006), thus serving as an
endogenous negative regulator of TXN activity and sensitizing the cell to oxidative
stress (Nishiyama et al., 1999).

Structurally, TXNIP has seven conserved domains that it shares with the a-
arrestin scaffold family, (Alvarez, 2008). Spindel et al. (2012) identified critical residues
and domains that are exposed to mediate protein-protein interactions. The NH2 domain
contains two SH3-binding domains, and the COOH domain contains two PPxY motifs
and three SH3 domains (Fig. 1-2). The authors propose the SH3 domains mediate
scaffold functions, while the PPxY motifs mediate TXNIP ubiquitination via the E3-
ubiquitin ligase Itch (Zhang et al., 2010). Two other redox-sensitive residues are Tyr279,
which facilitates interaction with phosphotyrosine phosphatases, such as PTEN and
SHP-2 (Spindel et al., 2012), and Cys247, which is used to form the mixed disulfide bond
with TXN (Patwari et al., 2006). Taken together, this demonstrates the importance of
TXNIP for regulating multiple biological processes in both a redox-dependent and

redox-independent manner.
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Figure 1-2: Structure of the N-terminal domain of human TXNIP.
The two antiparallel f-sheets (orange and blue), the Cys63 residue for binding to TXN and the
SH3 domains are shown as stick structures (Polekhina et al., 2013). PDB Reference: TXNIP, 4gei.

TXNIP protein is ubiquitously expressed in all major metabolic tissues (Junn et
al., 2000), however, mRNA levels are highly expressed in oxidative tissues, such as the
heart and skeletal muscle, with lesser expression in lipogenic tissues, such as the liver
and brain, which may hint at varying functions in different tissues (Fig. 1-3).
Additionally, TXNIP protein has been localized to multiple cellular locations, including
the cytosol, nucleus and mitochondria (Ago et al., 2008; Junn et al., 2000; Nishiyama et

al., 2001; Saxena et al., 2010; World et al., 2011; Zhou et al., 2011).
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Figure 1-3: TXNIP mRNA expression tissue distribution.

TXNIP mRNA expression measured by qPCR in tissues from wild type mice normalized to 185
mRNA control (n = 4).

1.4.2 TXNIP in Disease Pathogenesis

TXNIP has been implicated in several disease processes, including Type 2
diabetes mellitus (T2DM) (Cha-Molstad et al., 2009; Masson et al., 2009; Minn et al.,
2005b; Yoshihara et al., 2010), cancer (Butler et al., 2002; Dutta et al., 2005; Han et al.,
2003), apoptosis (Saxena et al., 2010), ROS (Bodnar et al., 2002; Hui et al., 2004; Patwari et
al., 2006), inflammation (Davis and Ting, 2010; Lane et al., 2013; Zhou et al., 2010),
nonalcoholic steatohepatitis (NASH) (Ahsan et al., 2009), neurodegenerative disorders
(Perrone et al., 2012), vascular dysfunction (Schulze et al., 2002; Wang et al., 2004; Xu et
al., 2006; Yamawaki et al., 2005) and cardiac hypertrophy (Wang et al., 2002; Yoshioka et
al.,, 2007). With the exception of some of the functions of TXNIP in metabolism, many of
these pathologies are redox-dependent and can be partly explained by the negative

regulation of TXN by TXNIP. For example, TXNIP has shown to be primarily localized
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to the nucleus of pancreatic p-cells under physiological conditions. However, under
conditions of oxidative stress, TXNIP shuttles into the mitochondria where it competes
with ASK-1 for binding to TXN2, thus allowing for the phosphorylation/activation of
ASK-1 and the initiation of the apoptotic cascade (Saxena et al., 2010). Similarly, chronic
hyperglycemia or inflammasome activators can lead to oxidative stress, under which the
NLR protein 3 (NLRP3) inflammasome binds to TXNIP following its release from TXN.
Once bound to TXNIP, the NLRP inflammasome causes procaspase-1 cleavage and
interleukin-1f (IL-1p) secretion, which is implicated in islet cell dysfunction and the
pathogenesis of T2DM (Davis and Ting, 2010; Zhou et al., 2010). However, TXNIP’s
regulatory functions in metabolism may be both redox-dependent and redox-
independent, as a function of its a-arrestin domains, and will be discussed in later

chapters.

1.4.3 Transcriptional Regulation of TXNIP

Further clues as to the functions of TXNIP in various tissues and processes
involve its diverse transcriptional regulation. TXNIP is upregulated by glucose, which
is at least partly mediated by a carbohydrate-response element (ChoRE) in its promoter.
ChoRE associates with the MondoA:MIx transcription factor complex, which is activated
by glycolytic intermediates such as glucose-6-phosphate (Stoltzman et al., 2008).
Further, TXNIP mRNA expression is elevated in muscle of insulin resistant and diabetic

humans (Parikh et al.,, 2007). Expression has shown to be additionally enhanced by
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extracellular adenosine-containing molecules that amplify the glucose-signaling
pathway (Yu et al, 2009). Other conditions that upregulate TXNIP expression are
various stressors, including ROS and paraquat (Joguchi et al., 2002; Junn et al., 2000),
ultraviolet light (UV) (Cheng et al., 2004), heat shock factor 1 (HSF1) (Kim et al., 2004),
and the HDAC inhibitor suberoylanilide hydoxamic acid (SAHA) (Butler et al., 2002);
pharmaceuticals, such as etoposide (Chen et al., 2008a), 5-fluorouracil (Takahashi et al.,
2002) and PPARy agonist (GW929) (Billiet et al.,, 2008). In addition, metabolites
including ceramides (Chen et al.,, 2008a), glucocorticoids (Wang et al., 2006), and
lipopolysaccharide (Oka et al., 2010) induce TXNIP expression. In juxtaposition, TXNIP
is strongly downregulated by insulin (Rani et al., 2010; Shaked et al., 2009). In
cardiomyocytes, platelet-derived growth factor (PDGF), biomechanical strain and
calcium channel blockers suppress TXNIP (Schulze et al.,, 2002; Shaked et al., 2009;
Yoshioka et al.,, 2007). Pharmaceuticals and metabolites, such as the anti-diabetic
exenatide (Chen et al., 2006), trans-Resveratrol (Nivet-Antoine et al., 2010), glutamine
(Kaadige et al., 2009) and inhibitors of oxidative phosphorylation (OXPHOS) including
the anti-diabetic drug metformin, an ETC Complex I inhibitor (Chai et al., 2012; Yu et al.,
2010), also downregulate TXNIP transcriptional expression. This regulation is

summarized below (Fig. 1-4).

12



UPREGULATION

Glucose \
Vitamin D,

uv

Heat Shock
HDAC Inhibitor, SAHA

DOWNREGULATION
Insulin
OXPHOS inhibitors

Transcriptional
Regulation
a-arrestin Scaffold Complex & Binding
TXNIP - TRX Complex Signaling

TXNIP - Other Protein Complex Signaling

, Physiological
) \US / Growin Eff t
Apoptosis W ec

lar Dy < Diseases
“ardiac Hypertrophy

Angiogenesis

Figure 1-4: Summary of TXNIP Transcriptional Regulation and Function
TXNIP is transcriptionally regulated by diverse factors. As a result TXNIP functions in several
ways, including as an inhibitor of TRX, a scaffold and binding complex and a signaling complex
with TRX and/or other proteins. These functions are proposed to be the underlying
mechanism(s) for the physiological effects of TXNIP and its contribution to disease pathogenesis.
Adapted from Spindel et al. (2012).

1.5 TXNIP in Metabolic Regulation

1.5.1 Peripheral Glucose and Lipid Metabolism and the Fasting
Phenotype in Mouse Models of TXNIP Ablation

TXNIP was first shown to play a critical role in metabolic control when a mutant
mouse strain, HcB-19/Dem (HcB-19) with a nonsense mutation in the TXNIP gene

causing a lack of TXNIP expression, resulted in features of familial combined
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hyperlipidemia (FCHL) including hypertriglyceridemia, hypercholesterolemia, elevated
plasma apolipoprotein B and increased secretion of triglyceride-rich lipoproteins
(Bodnar et al., 2002). It was later shown that no association was found between FCHL
families and the TXNIP gene (Coon et al., 2004), but the impact of the deficiency of
TXNIP on lipid metabolism was clear. In addition to hypertriglyceridemia, HcB-19 mice
in the prolonged fasted state (218h) have elevated plasma free fatty acids, ketones and
lactate with lower pyruvate levels in comparison to wild type controls (Bodnar et al.,
2002; Donnelly et al., 2004; Hui et al., 2004; Sheth et al., 2005). Moreover, decreased TCA
cycle flux as measured by CO: production from isolated liver slices was significantly
decreased suggesting mitochondrial dysfunction with TXNIP deficiency (Bodnar et al.,
2002).

Subsequently, mice generated with a targeted inactivation of TXNIP (TBP-27)
displayed a similar phenotype with even more pronounced abnormalities, such as liver
steatosis, severe gastrointestinal bleeding and hepatic-renal dysfunction after 24h
fasting, and a predisposition to death under extreme fasting conditions >48h (Oka et al.,
2006a). The phenotypic presentation in both of these mouse models of TXNIP deficiency
points toward impairment in liver fatty acid flux through the TCA cycle, possibly
sparing those fatty acids for incorporation into triglycerides and ketones (Bodnar et al.,

2002; Donnelly et al., 2004; Oka et al., 2006a; Sheth et al., 2005).
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In addition to its function in lipid metabolism, TXNIP is a key regulator in
glucose homeostasis. TXNIP is transcriptionally upregulated by glucose (Stoltzman et
al., 2008) and its mRNA expression is elevated in muscle of insulin resistant and diabetic
humans (Parikh et al., 2007). Moreover, silencing TXNIP expression in human
adipocytes and skeletal muscle myocytes enhances glucose uptake, whereas TXNIP
overexpression inhibits glucose uptake. Under prolonged fasted conditions, both the
HcB-19 and TBP-27 mouse models of TXNIP deficiency display higher insulin with
lower blood glucose levels in comparison to wild type controls (Bodnar et al., 2002;
Donnelly et al., 2004; Hui et al., 2004; Sheth et al., 2005), which was shown to be due to a
defect in hepatocyte glucose production (Chutkow et al., 2008) and increased insulin
secretion and sensitivity (Hui et al., 2004).

A third and fourth model of TXNIP ablation generated through a Cre-loxP-
mediated gene recombination (TKO) and targeted gene deletion (TXNIP-null),
respectively, share similar phenotypes to the previous two models (HcB-19 and TBP-27)
with the exception of normal insulin levels (Chutkow et al., 2010; Chutkow et al., 2008;
Hui et al., 2008). The reason for the varied fasting insulin levels between the models is
unknown, but Chutkow et al. (2008) suggest that it could be caused by experimental
conditions for fasting and susceptibility or modifier gene effects resulting from strain
differences. Nonetheless, in all models in which TXNIP is disrupted, there is consistent

enhancement of glucose tolerance, insulin sensitivity and augmented glucose transport
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in some peripheral tissues (Chutkow et al., 2010; Chutkow et al., 2008; Hui et al., 2008;
Oka et al.,, 2006a). For instance, TXNIP null mice challenged on a 4-week high fat diet
were insulin sensitive and demonstrated augmented glucose uptake into skeletal muscle
and white adipose tissue by 30 and 40%, respectively, relative to WT controls (Chutkow
et al., 2010). These conditions occured in spite of a 2-fold increase in adiposity due to
hyperphagia. TXNIP deficiency similarly improved glucose intolerance and insulin
resistance in the skeletal muscle of diabetic ob/ob mice crossed with TBP-27 mice
(ob/obeTBP-27), without amelioration of obesity or obesity-induced adipocytokines
(Yoshihara et al., 2010).

Interestingly, the peripheral tissue phenotypes as a result of TXNIP ablation
vary. TKO (total body knock-out) mice created by Hui et al. (2008) exhibited increased
insulin signaling, insulin sensitivity and glycolysis in oxidative tissues (skeletal
muDeBalsi.Thesis.9.5.13scle and hearts), but not in lipogenic tissues (adipose and liver).
This is in contrast to the enhanced glucose uptake reported by Chutkow et al. (2010) in
both skeletal muscle and liver of TXNIP null mice, which may be due to strain
differences or specific aspects of the gene-targeting approaches. Also in the TKO mice,
oxidative tissues displayed impaired mitochondrial glucose and fatty acid oxidation and
were predicted to have disrupted mitochondrial respiration, while no comparable
studies were conducted with the TXNIP null mice of Chutkow et al (2010). Conversely,

in other studies mitochondrial fatty acid oxidation was not impaired in the hearts of
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HcB-19 mice, although the TXNIP-deficient hearts preferentially used fatty acids as a
substrate over glucose as measured by percentage of acetyl-CoA originated from fats or
glucose for the TCA cycle (Sheth et al., 2005). More interestingly, in this same study
fatty acid oxidation in skeletal muscle was dramatically increased by 35% in the TXNIP
deficient mice as compared to controls, but only in a prolonged fasted state.

In summary, although TXNIP is ubiquitously expressed in all tissues (Junn et al.,
2000), existing data suggests that the precise metabolic function of TXNIP varies among
tissues and possibly under different physiological conditions (i.e. extreme
fasting/starvation). ~ Further, genetic ablation of TXNIP appears to compromise
mitochondrial oxidative function across multiple catabolic pathways and impair
respiratory/ETC function in some peripheral tissues but systematic comparisons of
mitochondrial function in disparate tissues under various physiological states have not

been addressed. These studies will be described in chapter 3.

1.5.2 TXNIP in Metabolic Syndrome and the Pathogenesis of Type 2
Diabetes Mellitus (T2DM)

Metabolic syndrome is a cluster of metabolic risk factors, which increase an
individual’s chances of developing T2DM, cardiovascular disease (CVD) and stroke.
Risk factors include impaired glucose tolerance and insulin sensitivity/signaling,
hypertension, dyslipidemia, obesity and physical inactivity, and it is estimated that 35%

of the US population that is > 20 years of age has some degree of metabolic syndrome
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(Alberti et al., 2009). Moreover, TXNIP has been implicated in many aspects of the
pathogenesis of this disease.

As previously discussed, all models of TXNIP deficiency have improved glucose
tolerance and insulin sensitivity (Chutkow et al., 2010; Chutkow et al., 2008; Hui et al.,
2008; Oka et al., 2006a). Insulin signaling through the PI3K/Akt pathway is also
augmented. TKO mice demonstrated enhanced insulin signaling in oxidative tissue
(skeletal muscle and heart), but not lipogenic tissue (liver and adipose), through
constitutively active Akt (Hui et al., 2008). The authors attributed this phosphorylation
of Akt to the accumulation of oxidized (inactive) PTEN secondary to impaired TXN
NADPH-reductive activation of PTEN caused by the accumulation of the competitive
inhibitor NADH. This enhanced extrahepatic insulin sensitivity/signaling was
maintained even after mice consumed a high fat diet for 12 weeks. Similarly, several
insulin signaling-related genes in skeletal muscle, such as Igfl, Igf2bp2, Igf2bp4, Irs-1,
Pik3r1, Pi3k3r5, were upregulated at the mRNA and protein expression levels by TXNIP
deficiency in TBP-27- and ob/obeTBP-27- (Yoshihara et al., 2010). Phosphorylation of Akt
in response to insulin was shown in the skeletal muscle and heart, but not liver, of these
same mice. In agreement with Hui et al. (2008), this suggests TXNIP deficiency,
regardless of increased adiposity, results in enhanced insulin signaling/sensitivity in

oxidative, but not lipogenic, tissue. In disagreement, however, the enhancement of the
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insulin signaling cascade begins upstream of Akt, but the mechanism described by Hui
et al. (2008) could synergistically augment the activation of Akt.

Impaired early glucose stimulated insulin secretion (GSIS) in pancreatic B-cells
contributes to declining glucose tolerance and the pathogenesis of insulin resistance
(Pratley and Weyer, 2001). In vitro, insulin negatively regulates TXNIP in human
myocytes and adipocytes (Parikh et al., 2007). In vivo, both HcB-19 and TBP-27 mice in a
prolonged fasted state have increased serum insulin and C-peptide levels, which were
attributed to an exaggeration of prolonged insulin secretion (Hui et al., 2004; Oka et al.,
2009). Hui et al. (2004) also hypothesized that the increased insulin secretion could
partly be due to an increase in f3-cell mass, but experimental evidence was not provided.
In a subsequent study, HcB-19 mice were protected from streptozotocin-induced (STZ)
hyperglycemia in part due to a 1.6-fold higher p-cell mass over controls (Masson et al.,
2009). Conversely, no significant changes in islet mass were found between TBP-27 and
WT mice or between ob/obeTBP-27- and ob/ob mice, although glucose stimulated serum
insulin levels were heightened with TXNIP deficiency (Yoshihara et al., 2010). Based on
ex vivo studies in pancreatic islets, the authors attributed the higher insulin levels to
enhanced GSIS at high glucose concentrations (16.7mM) compared with basal conditions
(2.8mM). In aggregate, these data point to the involvement of TXNIP deficiency in

enhanced GSIS and possible protection from diabetes.
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Aggravating the pathogenesis of T2DM is the induction of B-cell apoptosis,
which also appears to be regulated by TXNIP. In vitro incubation of INS-1 cells resulted
in an 18-fold increase in TXNIP protein expression and a 12-fold induction of caspase-3
under conditions of glucotoxicity (25mM glucose for 24h) (Chen et al., 2008c). When
human TXNIP was overexpressed in an INS-1 cell line, a significant increase in B-cell
apoptosis, as measured by mRNA expression of the Bax/Bcl2 ratio and caspase-3 and
increased protein expression of activated caspase-9 was reported (Minn et al., 2005a). In
a subsequent study by this group, pathway analysis of Affymetrix Gene Chip data in
these same cells showed significant upregulation of cell death pathways and down-
regulated of pathways involved in proliferation and inhibition of apoptosis, thus
consistent with previous findings (Minn et al., 2005b). In a pharmacological assessment,
Exenatide (Ex-4), an agonist of glucagon-like peptide-1 receptor and anti-diabetic drug,
reduced the mRNA expression of TXNIP in INS-1 cells, thus protecting them from H20:-
induced apoptosis (Chen et al., 2006). The authors reported these same observations in
primary mouse and human islets. Thus, upregulation of TXNIP does appear to result in
the induction of B-cell apoptosis.

In vivo, TXNIP expression was increased in pancreatic islets isolated from 8-week
old obese, diabetic BTBR.ob mice as compared to BTBR.lean controls, which correlated
with an 8-fold increase in caspase 3 cleavage (Chen et al., 2008c). HcB-19 TXNIP

deficient mice were shown to have increased B-cell mass and are resistant to STZ-
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induced diabetes (Chen et al., 2008b). Double mutant mice created by crossing the HcB-
19 mice with obese, diabetic BTBR.ob mice, resulted in a 3-fold increase in p-cell mass
and protection from apoptosis induced through Akt/BcL-xL signaling. These results
were confirmed in a f-cell specific knockout (3TKO) mouse model, which had enhanced
p-cell mass and a 50-fold reduction in apoptosis when treated with STZ (Chen et al,,
2008b). In sum, TXNIP ablation appears to protect mice from diabetes secondary to
prevention of -cell apoptosis.

Another factor contributing to the loss of f-cell mass in diabetes is the prolonged
activation of endoplasmic reticulum (ER) stress pathways, which leads to apoptosis
(Corbett, 2008). Initially, overexpression of TXNIP in INS-1 cells did not result in the
upregulation of either Bip (immunoglobulin heavy-chain binding protein) or Chop
(C/EBP homologous protein), two markers of ER stress, which seemed to negate a
regulatory role for TXNIP (Chen et al., 2008c). Conversely, it was simultaneously
reported that TXNIP links ER stress, inflammation and f-cell death. The mechanism
described involved the upregulation of TXNIP by ER stress through PERK (protein
kinase RNA-like endoplasmic reticulum kinase) and IRE-1 (inositol-requiring enzyme 1),
two unfolded protein response (UPR) sensors. Activation of this pathway induces
transcription of IL-1f3, which activates the NLRP3 inflammasome (Lerner et al., 2012;

Oslowski et al., 2012).
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In aggregate, these animal model studies suggest that TXNIP may be a critical
regulatory factor in the progression of metabolic syndrome to T2DM in humans.
Clinically, TXNIP expression is upregulated in the skeletal muscle of patients with
insulin resistance and T2DM (Parikh et al., 2007) and diabetic patients have higher
triacylglyceride concentrations and increased diastolic blood pressure (van
Greevenbroek et al., 2007). Evidence also suggests that TXNIP may also contribute to
the downstream T2DM-complications seen in these patients. For example, TXNIP
expression represents an early change in diabetic neuropathy (Price et al., 2006), diabetic
retinopathy (Advani et al., 2009; Devi et al., 2013; Perrone et al., 2009; Perrone et al.,

2010) and diabetic nephropathy (Tan et al., 2011).

1.6 Metabolic Regulation by TXNIP is both Redox-Dependent
and Redox-Independent

1.6.1 Redox-Dependent Regulation

Previous chapter sections have discussed TXNIP as a metabolic regulator
involved in glucose homeostasis, lipid metabolism and possibly mitochondrial function
through several catabolic pathways. Additionally, TXNIP forms a redox-sensitive
disulfide bond with TXN (Patwari et al., 2006), thus inhibiting TXN and sensitizing the
cell to oxidative stress (Nishiyama et al., 2001). Given this, it has been suggested that

TXNIP may couple oxidative stress and/or redox imbalance, glucose uptake, insulin
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signaling and mitochondrial function in peripheral tissues (Chutkow et al., 2008; Hui et
al., 2008; Hui et al., 2004; Muoio, 2007; Schulze et al., 2004; Sheth et al., 2005).

In vitro, overexpression of TXNIP has led to at least a 50% decrease in TXN
activity (Nishiyama et al., 2001). When cells were exposed to various stress stimuli, such
as H20», ultraviolet (UV) light, y-rays, ionomycin and heat shock, TXNIP was
significantly induced and the activity of TXN was inhibited as a direct result of its
interaction/binding to TXNIP at its catalytically active center (Junn et al.,, 2000).
Application of increasing glucose concentrations to human aortic smooth muscle cells
resulted in concentration-dependent decreases in TXN activity, which promoted the
formation of ROS that was directly linked to the induction of TXNIP (Schulze et al.,
2004). Furthermore, selective silencing of TXNIP via RNAi was able to restore TXN
activity even in the presence of hyperglycemia, and in vivo, diabetic animals with
increased vascular expression of TXNIP and reduced TXN activity could be rescued
with insulin treatment. Surprisingly with this exception, no additional evidence has
been reported directly connecting the increase in oxidative stress under nutritional
overload to inhibition of TXN activity by TXNIP. Conversely, TXN activity and protein
levels were unchanged between TXNIP deficient mice and WT controls in liver
(Chutkow et al., 2008; Sheth et al., 2005) and heart (Yoshioka et al., 2007). These findings
suggest that redox-dependent metabolic regulation by TXNIP may be mediated by

interactions and events other than, or in addition to, inhibition of TXN.
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In support of this idea, changes in redox state such as imbalances in redox
potential, as reflected in changes in the NADH/NAD*, NADPH/NADP* and GSH/GSSG
ratios, have been suggested to affect glucose uptake and insulin signaling (Evans et al.,
2002; Muoio and Newgard, 2006) and could involve TXNIP (Muoio, 2007). In animal
models of TXNIP deficiency, redox state has been altered, albeit inconsistently. Based
upon the increase in the lactate to pyruvate ratio in TXNIP deficient mice, it was
predicted that this would mirror an increased NADH/NAD* ratio (Bodnar et al., 2002)
resulting in decreased flux through the TCA cycle and the promotion of triglyceride
synthesis. This was later shown to be the case in the livers of TXNIP deficient mice in
the fed state, where the NADH/NAD* ratio was 2-fold higher as compared to the WT
controls. However, no differences were observed between the genotypes while in a
prolonged fasted state, although lactate concentrations remained high (Sheth et al.,
2005). In contrast, Hui et al. (2008) predicted an accumulation of NADH in the oxidative
tissue of TXNIP KO mice secondary to diminished mitochondrial respiration. However,
NADH was not measured experimentally. Attempts to accurately determine the
NADPH/NADP* ratios have proven technically challenging (Sheth et al., 2005).
Sulfhydryl status in the livers of TXNIP deficient mice as measured by the GSH/GSSG
ratio has also been inconsistent. Following prolonged fasting, the hepatic GSH/GSSG
ratio was increased by 30% as compared to WT controls in one study (Hui et al., 2004),

while found to be unchanged in another (Chutkow et al., 2008).
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Due to inconsistencies and lack of experimental evidence on the changes in redox
state and sequelae in the absence of TXNIP, particularly in skeletal muscle, we address
this in a succeeding chapter. The increased glycolytic activity and decreased flux
through the TCA cycle in TXNIP deficient mice, could easily contribute to changes in
redox potential and redox status. Further, understanding the redox status is of critical
importance, since several mitochondrial enzymes such as the 2-oxoacid dehydrogenases,
have shown to be redox-sensitive (Bunik, 2003). Changes in redox status also present
opportunities for secondary regulatory mechanisms, such as reversible
glutathionylation, which has been shown to occur with TCA cycle enzymes, such as a-
ketoglutarate dehydrogenase (a-KGD) (Applegate et al.,, 2008; Nulton-Persson et al.,

2003).

1.6.2 Redox-Independent Regulation

Evidence for redox-independent metabolic regulation by TXNIP is secondary to
its role as a member of the arrestin superfamily of proteins. This superfamily consists of
the photoreceptor-specific visual arrestins, the structurally similar B-arrestins and the
phylogenetically older a-arrestins (Alvarez, 2008; Patwari and Lee, 2012). The f-
arrestins function as endocytic adaptors and mediate trafficking of seven-
transmembrane receptors (7TMRs), also known as G protein-coupled receptors (GPCRs),
through desensitization and degradation (DeWire et al., 2007; Shenoy and Lefkowitz,

2011). p-arrestins also serve as signal transduction scaffolds for various complexes, such
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as the mitogen activated protein kinases (MAPKSs), the extracellular signal related kinase
(ERK), c-Jun N-terminal kinase 3 (JNK3), apoptosis signaling kinase 1 (ASK1) and Akt
(DeWire et al., 2007). The a-arrestins or arrestin domain containing proteins (ARRDC)
consist of six members in humans, TXNIP and ARRDC1 - 5. In addition to arrestin
domains, all contain conserved PPxY motifs, which allow for protein-protein
interactions through WW domains (Alvarez, 2008; Spindel et al., 2012). Individual
functions differ based upon their varied cellular distribution (Masutani et al., 2012).

Both a- and B-arrestins have been implicated in metabolic regulation. p-arrestin-
1 is able to associate with the insulin receptor (IR) and promote receptor endocytosis
(Zhao and Pei, 2013), regulate long-term insulin signaling by preventing the degradation
of IRS-1 (Usui et al., 2004), mediate GPCR insulin secretion signaling in islets (Dalle et
al., 2011) and foster endothelin type A (ETA)-stimulated, but not insulin-stimulated,
GLUT4 translocation (Imamura et al., 2001). Most interestingly, f-arrestin-1 knock out
(Parrl-ko) mice are susceptible to increased adipose, TAGs and NEFA accumulation
with decreased glucose tolerance and insulin sensitivity when fed a high fat diet for 14
weeks (Zhuang et al.,, 2011b). Under the same diet conditions, transgenic overexpression
of B-arrestin-1 in mice resulted in reduced obesity with improved glucose tolerance and
insulin sensitivity as compared with WT controls (Zhuang et al., 2011b). In a follow-up

study, this same group showed that the diet-induced obesity and adipogenesis was due
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to the regulation of B-arrestin-1 by peroxisome-activated receptor-y (PPARy) (Zhuang et
al., 2011a).

Although p-arrestin-1 is able to interact with the IR, only B-arrestin-2 directly
interacts with downstream factors of insulin signaling cascade (Zhao and Pei, 2013). As
with the Parrl-ko mice, Parr2-ko mice demonstrated insulin resistance and glucose
intolerance after high fat feeding, however the parr2-ko mice exhibited impaired insulin
sensitivity under re-fed conditions while fed a standard chow diet (Luan et al., 2009).
Furthermore, adenoviral administration of p-arrestin-2 was able to rescue insulin
sensitivity. The authors also found that insulin triggered the formation of a new
p-arrestin-2 signaling complex involving the scaffolding of Akt/Src to the IR, which was
deteriorated under B-arrestin-2 deficiency or dysfunction, thus contributing to the
insulin resistant phenotype. Lastly, B-arrestin-2 can also mediate glucose uptake and
inhibition in soleus muscle via the p:-adrenoreceptor when exposed to the fe-
adrenoreceptor agonists, BRL37344 and clenbuterol (Ngala et al., 2008; Ngala et al.,
2009). This contradictory effect is due to different ligand-directed signaling (Ngala et al.,
2013).

The a-arrestin protein ARRDCS3, also known as thioredoxin-binding protein-2-
like inducible membrane protein (TLIMP) was the first to be functionally characterized
(Masutani et al., 2012) and linked to cellular growth regulation and PPARy activation

(Oka et al., 2006b). In vivo, it was later revealed that ARRDC3 deficient male mice were
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protected from age-induced obesity due to increased energy expenditure through
increased activity levels and thermogenesis of brown and white adipose tissue (Patwari
et al., 2011). Interestingly another a-arrestin protein, ARRDC4, was identified when
quantitative trait loci (QTL) were mapped that contribute to the biological control of
voluntary exercise-related traits in an intercrossed line of mice originally generated from
a reciprocal cross between mice with a genetic propensity for voluntary exercise and
C57BL/6] (Kelly et al., 2012; Kelly et al., 2010). ARRDC4 abundance was significant for
running duration, which involves regulation of energy expenditure as with ARRDC3.
Inhibition of glucose uptake and lactate output are common hallmakers of both
TXNIP and ARRDC4 deficiency (Patwari et al.,, 2009; Patwari and Lee, 2012), These
paralogs share 63% similarity over their entire open reading frames and are both
transcriptionally regulated through carbohydrate response elements (ChoREs)
(Stoltzman et al., 2008); however, only TXNIP is able to bind TXN, thus indicating that
glucose uptake by TXNIP does not require binding to TXN (Patwari et al., 2009). This
idea was experimentally tested by overexpressing the TXNIP mutant (C247S), which is
unable to bind to TXN but maintains inhibition of glucose uptake. ~Moreover, this
function is inherent to the arrestin domains and not due to protein-protein interaction
through the PPxY motifs in the C-terminal tail domain. Also, although functionally
intrinsic to the arrestin domains, regulation of glucose uptake is not shared by ARRDC3.

Still unknown was the molecular mechanism by which the arrestin domains regulate
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glucose uptake. However, very recent evidence has shown that TXNIP binds directly to
the glucose transporter GLUT1 and induces its internalization through clathrin-coated
pits (Wu et al., 2013), thus providing evidence for how TXNIP regulates glucose uptake,
but contrary evidence has also been reported suggesting TXNIP does not affect GLUT4

localization to the plasma membrane in muscle (Andres et al., 2011).

1.7 Known and Candidate TXNIP Binding Proteins

With the evidence that TXNIP is an a-arrestin protein comes the possibility of
regulatory functions secondary to direct protein binding at both its active redox-
sensitive cysteine residues and at its a-arrestin domains and/or PPxY motifs. Previous
chapters have covered the inhibitory redox-sensitive binding of TXNIP to TXN, but
other binding partners have also been uncovered. For instance, TXNIP suppresses
promoter activity of cyclin Az and II-3 in transiently transfected 293 cells by forming a
transcriptional repressor complex with promyelocytic leukemia zinc-finger (PLZF),
Fanconi anemia zinc-finger (FAZF) and histone deacetylase 1 (HDAC1) (Han et al.,
2003). What remains unclear is where the co-repressors are binding on TXNIP and if
TXN was involved.

The reduced expression of several cyclin-dependent kinase inhibitors, such as
p27%p, is found in many types of tumors. The low expression of p274r is regulated
through translocation from the nucleus to the cytoplasm where it undergoes

proteasome-mediated degradation. The translocation of p274r is regulated by the Jun

29



activating binding protein (JAB1), thus promoting tumor progression (Tomoda et al.,
1999). In another transcriptional repressor complex, TXNIP binds to JAB1 to restore the
JAB1l-induced suppression of the stability of p27'r (Jeon et al., 2005; Yamaguchi et al,,
2008). In another scenario, TXNIP decreases the stability of HIF1a by binding to the f-
domain of von Hippel-Lindau protein (pVHL), thus enhancing the nuclear export of
pVHL/HIF1la. In the cytoplasm, the TXNIP/pVHL/HIFla complex adds ubiquitin ligase
to complete the degradation of HIFla (Shin et al., 2008). In a third scenario, TXNIP
inhibits the mammalian target of rapamycin (mTOR), a conserved serine-threonine
kinase involved in coordinating cell growth and proliferation, by binding to and
stabilizing Redd1 protein (Jin et al., 2011). In a fourth scenario in islet cells in vivo,
TXNIP was shown to bind to Mybbpl, a protein known to inhibit peroxisome
proliferator-activated receptor gamma coactivator 1l-alpha (PGC-la) function and
transcription of PGC-la target genes (Yoshihara et al., 2010). Finally, TXNIP has
recently been revealed to bind to GLUTI in HepG2 cells, consequently facilitating
GLUT1 endocytosis through clathrin-coated pits to partially regulate glucose uptake
(Wu et al., 2013). Interestingly, TXNIP also suppressed GLUT1 mRNA levels by an
unknown mechanism resulting in extended suppression of GLUT1 protein and glucose
uptake. In all cases, it remains unclear if there is any involvement of TXN and/or the

redox-sensitive cysteine residues of TXNIP.
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The binding of TXNIP to the NLRP3 inflammasome and Dnajb5-HDAC4, a heat
shock protein and class II histone deacetylase complex, is redox-dependent and involves
TXN. Conditions of oxidative stress are critical for the activation of the NLRP3
inflammasome because this milieu results in the oxidation of TXN and the release of
TXNIP. Upon release, the C-terminal arrestin domain of TXNIP binds to the leucine-rich
repeats (LRRs) and nucleotide-binding NACHT domain of NLRP3 (Zhou et al., 2011).
Remaining unknown is whether there is a ROS-induced conformational change in
NLRP3 that allows for TXNIP binding. Ultimately, TXNIP binding causes procaspase-1
activation and IL-1f secretion, which is implicated in islet cell dysfunction and the
pathogenesis of T2DM (Davis and Ting, 2010; Zhou et al., 2010). A key experiment
missing from the study was to determine if the binding of NLRP3 could occur with
TXNIP mutants that are unable to bind to TXN, thus confirming that the TXNIP-TXN
state is required. During oxidative stress in the heart, HDAC4 is oxidized and exported
into the cytosol where it is unable to suppress positive mediators of cardiac
hypertrophy. To prevent hypertrophy, TXN facilitates the reduction and subsequent
binding of DnaJb5 and HDAC4. Lastly, the reduced TXN-DnaJb5-HDAC4 complex
binds to TXNIP and importin o1, which is required for translocation of the complex into
the nucleus (Ago et al., 2008).

Given the association of TXNIP deficiency and lactate production, Yoshioka et al.

(2012) measured the quantity and enzymatic activity of pyruvate dehydrogenase, E1
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component, subunit o (PDHEla) in TKO hearts and WT controls. Although no
difference in quantity was found, there was a 54% decrease in PDH activity in the TKO
hearts. In a protein interaction immunoprecipitation assay, an interaction between
TXNIP and PDHEla was identified suggesting that TXNIP directly interacts with
PDHEla to regulate its activity. However, no mechanism of action was confirmed
experimentally. In a proteomic analysis, 21 protein spots were differently expressed
between TKO hearts and WT controls. Of these, 13 were identified by mass
spectrometry, including p-enolase isoform 1, ATP synthase and NADH dehydrogenase

flavoprotein 1 (complex I), suggesting additional TXNIP binding proteins.

1.8 Regulation of TXNIP

Previous chapters have described how TXNIP regulates the functions of many
proteins involved in processes from metabolism to cancer. The transcriptional
regulation of TXNIP has also been covered, but TXNIP is also subject to regulation at the
protein level. Prior reports suggest that TXNIP translocates from the cytoplasm to the
nucleus, but no classic nuclear localization signal (NLS) in the TXNIP sequence has been
identified. Instead, it appears that importin a-1 (Rchl), a member of the importin
system, binds to TXNIP to allow for this nuclear translocation (Nishinaka et al., 2004).
The interaction was specific for Rchl, as shRchl was able to suppress nuclear

accumulation of TXNIP. The authors identified that amino acids 1-227 of TXNIP were
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required for binding to Rchl, which they hypothesize might require a conformational
structure or multiple NLS-like sequences and does not involve TXN.

Other proteins not only regulate TXNIP but also are regulated by TXNIP. For
example, one of the conserved functions of the a-arrestin proteins, including TXNIP,
and the arrestin-like trafficking adaptors (ARTs) in yeast is the targeting of plasma
membrane proteins for endocytosis (Alvarez, 2008). In conjunction with the HECT
ubiquitin ligases (Lin et al., 2008) and the ESCRT (endosomal sorting complex)
machinery (Rauch and Martin-Serrano, 2011), proteins are targeted for internalization
and degradation. All of the a-arrestin proteins, including TXNIP, have been shown to
interact with all of the HECT ubiquitin ligases, but to varying degrees (Rauch and
Martin-Serrano, 2011). TXNIP has strong binding affinity for Nedd4 and WWP1, with
less affinity for WWP2, Itch, Tsg101, ALIX and ubiquitin; but all require the PPxY motifs
of TXNIP. Interestingly, the oa-arrestin proteins are not only involved in targeting
proteins for ubiquitination, but they themselves are also substrates for the HECT
ubiquitin ligases. For example, ARRDC3/TLIMP and ARRDC4 recruit Nedd4 E3
ubiquitin ligase to mediate ubiquitination of the B2 adrenergic receptor and p4 integrin
(Draheim et al., 2010; Nabhan et al., 2010; Shea et al., 2012) similar to the B-arrestins
(Shenoy and Lefkowitz, 2011). This does not occur with TXNIP, but TXNIP has been
shown to undergo Itch E3 ubiquitin ligase-dependent degradation in cancer cells, the

function of which is to modulate ROS-mediated apoptosis (Zhang et al., 2010).
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TXNIP has also been shown to be regulated by the AMP-activated protein kinase
(AMPK), a protein involved in cellular energy homeostasis sensitive to changes in the
AMP/ATP ratio. A decrease in the ratio, indicating a low energy state, causes the
activation (phosphorylation) of AMPK and the subsequent phosphorylation of proteins
by AMPK in order to activate catabolic pathways to restore ATP levels and energy
homeostasis. Reduced phosphorylation at Thr-172 of AMPK and reduced cellular AMP
levels were found in the heart and soleus muscle, but not gastrocnemius muscle, of
TXNIP KO mice following prolonged (18h) fasting (Andres et al, 2011).
Phosphorylation at Ser-485/491 was unaffected. Additionally, no changes were seen in
phosphorylated (all sites) AMPK and AMP levels in a fed state. Because these mice have
increased glucose uptake and glycolysis (Hui et al., 2008), the expression of glucose
transporters, GLUT1 and GLUT4 were examined (Andres et al., 2011). Although GLUT4
protein levels were unchanged at the plasma membrane, GLUT1 protein levels in heart,
soleus and gastrocnemius in prolonged fasted mice were decreased. GLUT1 expression
was unchanged during the fed state. Because GLUT1 mRNA levels were also
diminished in the fasted state, the authors concluded that reduction of GLUT1 protein
levels was transcriptionally dependent and independent of AMPK signaling. On the
contrary, in rat hepatocytes TXNIP curbed glucose uptake directly by binding and
targeting GLUT1 for endocytosis and indirectly by reducing mRNA levels of GLUT1

(Wu et al., 2013). How then does this regulate TXNIP? Well, ultimately this feedback
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loop is activated by acute glucose withdrawal, resulting in AMPK activation and Ser-308
phosphorylation on TXNIP. This phosphorylation induces a conformational change that
exposes the PPxY motifs of the protein, thus allowing for the binding to an unidentified
E3 ubiquitin ligase, which results in the degradation of TXNIP. The degradation of
TXNIP relieves the suppression of GLUTI, thereby activating glucose uptake. The two
contrary studies (Andres et al.,, 2011; Wu et al., 2013) may have different results because
of the use of different models systems (in vivo vs. in vitro) and different tissues.
Hepatocytes express GLUT1, where muscles primarily express GLUT4, and each appear
to be regulated differently by TXNIP.

Another suggested feedback loop is the reciprocal regulation between TXN and
TXNIP. In this newly proposed hypothesis, TXNIP partially functions by binding to the
reduced form of TXN at its redox-sensitive cysteine residues, and in turn, TXN stabilizes
TXNIP by regulating some of its a-arrestin functions (Patwari and Lee, 2012). For
example, it was reported that adipogenesis is promoted by the dissociation of TXN from
TXNIP and subsequent degradation of TXNIP through interaction with an E3 ubiquitin
ligase at its PPxY motifs, as described earlier (Chutkow and Lee, 2011). To test this
experimentally the authors used a TXNIP mutant, which suppresses glucose uptake yet
does not bind to TXN, to examine the effects on adipogenesis. The mutant was less
stable and had reduced ability to inhibit adipogenesis, while the TXNIP-TXN complex

with the catalytically active TXN promoted TXNIP stability by preventing its
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degradation. This regulation is only afforded to TXNIP and not all a-arrestin proteins
because only TXNIP is able to bind to TXN, rendering TXNIP unique among the a-
arrestin protein family.

Lastly, TXNIP can be regulated post-transcriptionally by the microRNA, miR-17-
5p, which directly interacts with the 3’-untranslated region (UTR) of the TXNIP
promotor to destabilize its mRNA and down-regulate TXNIP protein expression in
senescent fibroblasts (Zhuo de et al., 2010). MicroRNA, miR-17 post-transcriptionally
regulates TXNIP in the endoplasmic reticulum (ER). During the unfolded protein
response (UPR), IREla reduces levels of miRNA-17, thus increasing TXNIP mRNA
stability and protein translation, which in turn activates the NLRP3 inflammasome
(Lerner et al., 2012). Other microRNAs and/or other pathways affected by miR-17 await

discovery.

1.9 Project Summary and Goals

Thus far, I have provided an in-depth review of TXNIP in redox sensing and
metabolic control. Although some evidence has suggested a link between TXNIP and
mitochondrial function, the molecular nature of this relationship remains unclear and
experimental evidence lacking. Therefore, we hypothesized that TXNIP had a direct
role in regulating mitochondrial function. Contained in this work is the empirical

evidence to evaluate this hypothesis.
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Our overarching goal was to determine whether TXNIP deficiency causes
mitochondrial dysfunction in skeletal muscle, and if so, discover the molecular nature of
this dysfunction and pinpoint the molecular lesions in mitochondrial metabolism.
Therefore, in chapter 3 using mouse models of total body and muscle-specific TXNIP
deficiency we performed systematic analyses of oxidative metabolism and respiratory
function in whole animals, isolated muscles, permeabilized myofibers and isolated
skeletal muscle mitochondria to determine if TXNIP deficiency leads to global
disruptions in oxidative fuel metabolism and bioenergetics. Once substrate oxidative
deficiencies were identified, we used targeted metabolomics and conventional
biochemical assays to pinpoint specific enzymes disrupting flux through these catabolic
pathways. We also asked whether the metabolic and mitochondrial abnormalities
correlated with decreased mitochondrial content, major lesions in the electron transport
chain (ETC) and/or disrupted redox balance. Ultimately, we were able to identify
muscle-specific deficits in multiple dehydrogenase enzymes resulting in the reduced
capacity for oxidative metabolism and elevated circulating level of fatty acids, ketones
and branched-chain amino acids. The loss of enzymatic activity of these select
dehydrogenases was accompanied by and correlated to insufficiencies in protein
abundance, without concomitant changes in mRNA expression. Thus, we demonstrate
that TXNIP is mandatory for maintaining protein synthesis and/or stability of these

enzymes. This implies a novel role of TXNIP in coordinating mitochondrial fuel
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switching in response to nutrient availability adding to its physiological relevance as a
key metabolic regulator.

In chapter 4, we address the topic of redox imbalance in skeletal muscle in the
absence of TXNIP. We hypothesized that due to its multifunctional role in redox
metabolism and mitochondrial function, there would be additional regulatory
mechanisms contributing to the reduced oxidative metabolism of TXNIP deficient
skeletal muscle. To address this hypothesis, we characterized the oxidative milieu by
measuring a series of metabolites that provide information on cellular energy charge
and oxidative stress. We then sought to determine if and how this imbalance
contributed to the diminished oxidative metabolism observed in TXNIP deficient mice
through in vitro and in vivo studies. We conclude with evidence supporting S-
glutathionylation as a secondary regulatory mechanism for the protection of the TCA
cycle enzyme, a-ketoglutarate dehydrogenase, under oxidative conditions.

In summary, we provide novel evidence for the physiological role of TXNIP in
skeletal muscle as it pertains to mitochondrial regulation. We conclude with identifying
remaining questions regarding the regulation and physiological role of TXNIP and

presenting an experimental plan to address these gaps in the literature.
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2. Materials and Methods

This chapter contains the detailed methods for all procedures relative to this
dissertation. Versions of some protocols had been previously used in this lab or
available in the literature, but all were modified according to my research needs and

availability of reagents.

2.1 Reagents

All reagents were purchased from Sigma-Aldrich Chemical Company (St. Louis,

MO), unless otherwise noted.

2.2 Animals

Duke University Institutional Animal Care and Use Committee approved all
animal studies. Generation of the total body Txnip knockout (TKO) and TXNIP#! mice
has been previously described (Hui et al., 2008). To generate skeletal muscle specific
knockout mice (TXNIPS¥™+), TXNIP homozygous floxed mice were bred with transgenic
mice expressing cre recobminase under control of the mouse myogenin promoter and
MEF2C (myo-Cre's?), which express Cre recombinase exclusively in skeletal muscle but
not heart. TXNIPY+eef and TXNIP¥+*# mice from the first cross were interbred to
generate the homozygous floxed, myo-cre skeletal muscle specific knock out mice
(TXNIPSM) and the homozygous WT floxed mice (TXNIP#%). All lines have been
back-crossed >6 times to the C57B/6] background. Either male TKO mice and WT

littermates or male skeletal muscle-specific knockout (TXNIP$M/) mice and flox/flox
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(TXNIP#%) littermates were used for all experiments as indicated. Animals were housed
in a temperature-controlled environment with a 12-hour light:12-hour dark cycle and
allowed ad libitum access to standard chow (Purina Rodent Chow no. 5015, Purina Mills,
St. Louis, MO, USA) and water. On the day of sacrifice, food was pulled 5-6 h prior to

harvesting tissues and blood.

2.3 Metabolic Phenotype Parameters
2.3.1 Glucose Tolerance Test (GTT)

Mice were fasted for 6 h prior to an intraperitoneal injection of 1.75g/kg of
glucose. Blood glucose was measured from the tail at 0, 15, 30, 60 and 120 min using a

glucometer (BD Medical, Franklin Lakes, NJ).

2.3.2 Serum Metabolic Substrates

EDTA blood was collected after a 6 h food withdrawal at 9, 12 and 18 weeks-of-
age and at the time of sacrifice. Samples were centrifuged (4000 x g, 10min, 4°C), plasma

collected and stored at -20°C.

2.3.2.1 Triacylglycerides (TAG)

Plasma samples were analyzed for TAGs using the Serum Triglyceride
Determination kit (Sigma TR0100), which involves the hydrolysis of triglycerides to
glycerol and free fatty acids followed by the enzymatic measurement of the glycerol
released. Briefly, a 250mg/dL stock solution of Free Glycerol Reagent (Sigma F6428) was
serially diluted 1:1 to prepare a standard curve (125.0000, 62.5000, 31.2500, 7.8125,
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3.9063, 1.9531, Omg/dL) with ddH20 serving as the blank. Free glycerol readings were
obtained on a Spectromax spectrophotometer (Molecular Devices, Silicon Valley, CA) at
540nm by adding 2uL of the blank, standard or sample and 160uL of Free Glycerol
Reagent to each well in a 96-well plate. To each well, 40uL of Total Triglyceride Reagent
was added followed by gentle agitation, incubation at 37°C for 5 min then reading the
plate at 540nm. True triglycerides values were calculated by subtracting “Free Glycerol”

from “Total Glycerol” readings.

2.3.2.2 Non-Esterified Fatty Acids (NEFA)

Plasma samples were analyzed for NEFAs using the NEFA C assay kit (Wako
Chemicals, Richmond, VA), which involves the measurement of the H202 by-product of
the oxidation of acyl-CoAs, formed from NEFAs in the sample and acyl-CoA synthetase
(ACS), coupled to an enzymatic colorimetric reaction. Dilutions (1.00, 0.80, 0.50, 0.20,
0.10, 0.05, 0mM) of the TmM stock NEFA standard solution (Wako 276-76491) with 0.9%
saline were used for the standard curve. Serum samples were diluted 1:2 in saline and
10uL, along with 150uL of Reagent A (Wako 999-34691 & 995-34791), were added to each
well of a 96-well plate. The plate was gently agitated and incubated for 10min at 37°C
before reading spectrophotometrically at 550nm to obtain the pre-read absorbance. For
the final absorbance, this last step was repeated with 50uL of Reagent B (Wako 991-
34891 & 993-35191). Subtracting the pre-read absorbance from the final absorbance and

correcting for the 1:1 dilution determined the actual NEFA values in mM.
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2.3.2.3 B-Hydroxybutyrate (BHB)

The Sarah W. Stedman Nutrition and Metabolism Center Metabolomics Core
Facilities at Duke University analyzed plasma samples for ketone bodies (acetone,

acetoacetate, f-hydroxybutyrate) using a Hitachi 911 clinical chemistry analyzer.

2.3.3 Blood Glucose and Blood Lactate

At the start of the light cycle (7:00am), mouse cages were changed and food
removed. Blood glucose and blood lactate were measured from the tail at 0, 2, 4 and 6 h
post food removal using a glucometer (BD Medical, Franklin Lakes, NJ) and the Lactate

Plus analyzer (Nova Biomedical, Waltham, MA).

2.3.4 Lactate Dehydrogenase (LDH) Assay

This assay was optimized from previously described methods (Wolterbeek and
van der Meer, 2005) to detect lactate produced as a metabolic by-product of glucose
oxidation. Therefore, following glucose oxidation in whole muscle, the incubation
media (~500uL) was collected in 1.7mL microcentrifuge tubes and stored at -20°C. For
one 96-well plate, 150mg of NAD* (Sigma N-3014) was added to 20mL of lactate buffer
(175mM hydrazine sulfate, 68mM glycine, 2.9mM EDTA, pH 9.5) for a final
concentration of 11.3mM NAD*. A 12mM solution of L-lactic acid was prepared and
serially diluted 1:1 in media for 6, 3, 1.5, 0.75, 0.375 and 0.1875mM solutions to generate
the standard curve. To each well was added 20uL of sample or standard and 200uL of

assay buffer. The plate was mixed and pre-read on the SpectroMax spectrophotometer
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(Molecular Devices, Silicon Valley, CA) using an endpoint setting at 340nm. 10uL of
1000 Units/mL LDH (Sigma 61311) were added to each well and the plate read every
minute kinetically for 60 min at 340nm. When values reached a plateau, a final end-
point reading was taken, less the pre-read value, to calculate the concentration of lactate

in the sample based on the standard curve.

2.4 Exercise Studies

Before either the high-intensity or endurance exercise challenges, the mice were
habituated to the appropriate treadmills for three consecutive days before the day of the
test. During this acclimation, the mice were placed on a stationary treadmill set at a 10%
incline for 5 min followed by 1 min at each of the following speeds: 6, 9 and 12m/min.
The enclosed metabolic high-intensity treadmill protocol began at a speed of 3m/min
following a 5 min Om/min acclimation. The speed increases occurred every 3 min as
follows: 15, 18, 21, 24, 27 and 30m/min until exhaustion, as defined by remaining on the
shock grid for 10 consecutive seconds. Indirect calorimetry measures, peak VO: and
respiratory exchange ratio (RER=VCO:/VO2), were calculated by the Comprehensive
Laboratory Animal Monitoring System (CLAMS) attached to the treadmill (Columbus
Instruments, Columbus, OH). Measurements were collected every minute throughout
the exercise challenge. The endurance protocol was conducted on an open field six-lane

treadmill set at a 10% incline. Following the 5 min Om/min acclimation period, the speed
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was raised to 6m/min and increased by 2m/min every 5 minutes until exhaustion, as

previously defined. Total distance and time to exhaustion were assessed.

2.5 Mitochondrial Isolation from Mouse Tissue
2.5.1 Protease Preparation from Gastrocnemius Muscle

Mixed gastrocnemius muscles (~300mg) were removed under Nembutal
anesthesia (0.1mg/g body weight), weighed, cleaned and stored in 500uL of ice-cold
KMEM buffer (100mM KCl, 50mM MOPS, 1mM EGTA, 5mM MgSOs, 1mM ATP, pH
7.4) in a 1.7mL microcentrifuge tube. The muscles were minced 50x then transferred to a
10mL homogenization vial with the addition of another ImL of KMEM buffer. The
suspension was digested with 0.5mg/mL Type XXIV protease (Sigma) for 2 min with
periodic light vortexing every 30 s. The digestion was stopped with the addition of 6mL
of KMEM buffer with 0.2% BSA. Once settled, the supernatant was aspirated and
replaced with another 6mL of KMEM with 0.2% BSA. A Teflon pestle attached to the
side rotor at a speed of 2000rpm was used for homogenization on ice over 8 slow passes.
The lysate was transferred to a chilled 50mL conical vial and centrifuged (500 x g, 10
min, 4°C). The supernatant was poured into another chilled 50mL conical vial and
centrifuged (10,000 x g, 10 min, 4°C), after which the supernatant was discarded and the
pellet resuspended in 1mL of KMEM buffer with 0.2% BSA. The resuspended pellet was
transferred into a chilled 1.7mL microcentrifuge tube and centrifuged (7,000 x g, 10 min,

4°C). The supernatant was aspirated, ImL of KMEM buffer (without BSA) was added,
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the pellet resuspended and the lysate centrifuged (7,000 x g, 10 min, 4°C). The last
centrifugation was repeated with the speed changed (3,500 x g, 10 min, 4°C). Following
aspiration of the supernatant, the pellet was resuspended in 200uL of SET buffer
(250mM sucrose, ImM EDTA, 10mM Tris-HCl, 2mM ATP, pH 7.4). The protein

concentration was determined with a BCA protein assay (Sigma).

2.5.2 Mechanical Preparation from Gastrocnemius Muscle

Mitochondria were isolated as aforementioned with slight modifications to
devoid the use of proteases. In this mechanical preparation, trimmed and weighed
gastrocnemius muscles (~300mg) were minced 200x in the same 500uL of KMEM buffer
but containing 0.5% BSA. The lysate was quantitatively transferred 3x using 500uL of
KMEM buffer with 0.5% BSA each time into a 5mL polysterene round-bottom tube and
protease inhibitor cocktail was added (100x stock, Sigma, P8340). The sample was
homogenized on ice for 5 s on setting 5 with a mini Ultra Turrax homogenizer then
poured into a 10mL Duall tube. The polysterene tube was rinsed with 3mL of KMEM
buffer with 0.5% BSA and additional protease inhibitor cocktail was added. The lysate
was homogenized on ice with a Teflon pestle attached to the bottom rotor at a speed of
2000rpm for 10 slow passes. Upon transfer to a chilled 50mL conical vial, the lysate was
centrifuged (500 x g, 10 min, 4°C). The supernatant was poured through 2x gauze into
another chilled 50mL conical vial and centrifuged (10,000 x g, 10 min, 4°C), after which

the supernatant was discarded and the pellet resuspended in ImL of KMEM buffer with
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0.5% BSA. At this point, the isolation procedure continued exactly as previously

described in the protease preparation from gastrocnemius muscle.

2.5.3 Mechanical Preparation from Liver

The liver was removed under Nembutal anesthesia (0.1mg/g body weight). A
portion of the large lobe (~300mg) was stored in 500uL of ice-cold SET buffer in a 1.7mL
microcentrifuge tube, while the remaining tissue was snap-frozen in liquid N2. The
tissue was minced 20x and the lysate transferred to a 15mL homogenization vial with
9.5mL of SET buffer added. The lysate was homogenized on ice with a Teflon pestle
attached to the bottom rotor at a speed of 2000rpm for 8 slow passes. The lysate was
then poured into a pre-chilled 50mL conical vial and the homogenization vial was rinsed
with an equal volume (10mL) of SET buffer with 0.5% BSA, which was added to the
50mL conical vial. The contents were centrifuged (500 x g, 10 min, 4°C). The
supernatant was poured through 2x gauze into another chilled 50mL conical vial and
centrifuged (10,000 x g, 10 min, 4°C) after which the supernatant was discarded. The
pellet was washed in 5mL SET buffer with 0.5% BSA to remove excess fat by gently
swirling then rinsed with 5mL SET buffer (no BSA). The pellet was resuspended in ImL
SET buffer with 0.5% BSA, transferred into a chilled 1.7mL microcentrifuge tube and
centrifuged (7,000 x g, 10 min, 4°C). The supernatant was aspirated, ImL of SET buffer
(without BSA) was added, the pellet resuspended and the lysate centrifuged (7,000 x g,

10 min, 4°C). The final centrifugation was repeated as written but at 3,500 x g, 10 min,
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4°C. Following aspiration of the supernatant, the pellet was resuspended in 500uL of
SET buffer (no BSA). The protein concentration was determined with a BCA protein

assay (Sigma).

2.6 Mouse Embryonic Fibroblasts (MEFs)
2.6.1 Isolation and Culture

The protocol was adapted from the Joseph Nevins lab (Duke University). On
embryonic day 13, the pregnant mouse was sacrificed by CO: asphyxiation. The
embryos were removed and placed in PBS supplemented with penicillin and
streptomycin (PBS/P-S). Under the tissue culture hood, each embryo was dissected from
its placenta and amniotic sac, washed in PBS/P-S and placed individually into 60mm
culture dishes containing 4mL of PBS/P-S. The rostral portion of each embryo’s head
and any hematopoietic tissue was removed and the embryo minced before adding 1mL
of 0.05% Trypsin-EDTA (Gibco 25300-054) for 30 min at 37°C. The trypsinization was
neutralized in 4mL of DMEM with 15% heat-inactivated fetal bovine serum
(DMEM/HIFBS) by vigorous repeated pipetting against the bottom of the dish. The
tissue was then transferred to a T75 flask and supplemented with 15mL of
DMEM/HIFBS, which was allowed to grow to over-confluency (= 48h) in an incubator
(37°C, 5% CO2). Each T75 flask was split into two T175 flasks and grown to confluency

in 50mL of DMEM/HIFBs under the previously described conditions. MEFs were
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collected in cell freezing media (65% DMEM, 25% FBS and 10% DMSOQ) at a density of 3

x 10¢ cells per vial for storage in liquid nitrogen.

2.7 Substrate Oxidation
2.7.1 Isolated Mitochondria
2.7.1.1 Pyruvate and Palmitate Oxidation

Isolated mitochondria were resuspended to 0.5ug/ul in SET buffer. Substrate
oxidation rates were determined by measuring the production of [“C]-CO: from either
0.625uCi/mL [2-1*C]-pyruvate (ImM with 0.15% BSA) or 0.625uCi/mL [1-*C]-palmitate
(100uM bound to 0.15% BSA). 40uL of isolated mitochondria were placed in the bottom
of a polysterene disposable culture tube (SIGMA, Z376787) to which 160uL of incubation
buffer were added (Kim et al., 2002). The incubation buffer (pH 7.4) was modified to
62.5mM sucrose, 12.5mM potassium phosphate, 100mM potassium chloride, 1.25mM
magnesium chloride, 1.25mM carnitine, 0.13mM malic acid, 1.25mM DTT, 0.0625mM
NAD*, 2mM ATP, 10mM Tris-HCI and 0.0625mM CoA. A trap tube containing 200uL of
IN NaOH was placed in the culture tube, which was then sealed with a Suba-Seal
septum (Sigma Z124567) and placed in a 37°C shaking water bath for 30 min. The
reaction was terminated by adding 100uL of 70% perchloric acid with a syringe and
placed on a rotary shaker for 60 min to trap the *CO: produced during the incubation.

Radioactivity of CO: was determined by adding the 200uL of NaOH to a scintillation
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vial along with 4mL of Uniscint BD (National Diagnostics) for liquid scintillation

counting.

2.7.1.2 Leucine Oxidation

Oxidation or activity rates were determined by measuring the production of
[“C]-CO: from 2.5uCi/mL [U-*C]-leucine (100uM). The general protocol used was
described above with the following exceptions. The isolated mitochondria were
resuspended to 0.8ug/ul in SET buffer. The incubation buffer (pH 7.8) consisted of
62.5mM sucrose, 12.5mM potassium phosphate, 100mM potassium chloride, 1.25mM
magnesium chloride, 2.5mM carnitine, 0.25mM malic acid, 1.25mM DTT, 2mM NAD?,
2mM ATP, 10mM Tris-HCl, 0.5mM CoA, 0.1mM pyroxidal phosphate, 0.4mM thiamine
pyrophosphate (TPP), and 0.5mM a-ketoglutarate. To the final volume of incubation
buffer was added appropriate volumes of lipoyl dehydrogenase (5U/mL) and BCAA
transaminase (BCAT), where 1U converts 1.0umol of leucine per minute to 2-
ketoisocaproate at 37°C in the presence of a-ketoglutarate and pyroxidal phosphate.
The incubation buffer was kept in a shaking water bath at 37°C for at least 3 h before use
to allow for the conversion of the radiolabeled leucine to its labeled intermediate, 2-
ketoisocaproate. ~All other aspects of the procedure were unchanged from that

previously reported.
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2.7.2 Whole Muscle

[1-C]-palmitate oxidation and [U-1C]-leucine oxidation in intact soleus and
EDL muscles were conducted as formerly described (Muoio et al., 1999; Muoio et al.,
2012). Muscles were harvested under Nembutal anesthesia (0.1mg/g body weight) and
incubated in pre-gassed low calcium KHB buffer supplemented with 5mM glucose,
0.5mM carnitine and 1% BSA. Upon completion of the harvest, the muscles were re-
oxygenated for 20 min at 29°C, which was then increased to 37°C for a final 10 min.
Muscles were transferred to parafilm-sealed wells containing 1mL of incubation buffer,
which consisted of either 2uCi/mL [1-“C]-palmitate (500uM bound to 1% BSA) or
2uCi/mL [U-**C]-leucine (200uM with 1% BSA) + 100nM insulin and 10mM glucose, and
incubated in an environmental shaker for 2 h at 37°C and 200rpm. The incubation buffer
(500uL) was transferred to a culture tube, a 200uL. NaOH trap was added and the tube
sealed with a Suba-Seal septum (Sigma Z124567). The reaction was acidified with 100uL
of 70% perchloric acid and placed on a rotary shaker for 60 min to trap the “CO2
produced. Radioactivity of CO2 was determined by adding the 200uL. of NaOH to a
scintillation vial along with 4mL of Uniscint BD (National Diagnostics) for liquid
scintillation counting. The muscles were washed 3x in low calcium KHB buffer
supplemented with 5mM glucose, 0.5mM carnitine and 1% BSA for 10 min intervals
while on ice on an orbital shaker at 150rpm before being weighed for the normalization

of oxidation rates to tissue mass.
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A similar procedure was used for measuring [U-"“C]-glucose oxidation in low
calcium KHB buffer containing 5mM glucose, 0.5mM carnitine and 12.5mM HEPES +
100nM insulin. Incubation media was also collected for the spectrophotometric
assessment of lactate production via the reduction of NAD* at 340nm, as already

described.

2.7.3 MEFs
2.7.3.1 Palmitate Oxidation

MEFs were grown in 24-well plates in high glucose (25mM) DMEM (Invitrogen
11965) supplemented with 10% FBS, ImM sodium pyruvate and 100uM carnitine. The
oxidation buffer [low glucose (5.5mM) DMEM (Invitrogen 11885084) supplemented with
1mM carnitine, ImM sodium pyruvate, 12.5mM HEPES, 0.5% BSA and 1uCi/mL [1-“C]-
palmitate] (100uM) was made the day before the actual assay and gassed O/N in an
incubator (37°C, 5% CO2). For the assay, MEFs were rinsed 2x with PBS to remove
residual media, 500uL of oxidation buffer was added per well and the plate incubated at
37°C for 3 h. After 3 h, 400uL of the oxidation media was transferred to a culture tube,
in which a trap tube containing 200uL of 1IN NaOH was placed. The tube was sealed
with a Suba-Seal septum (Sigma Z124567) and placed in a 37°C shaking water bath for
30 min. The reaction was terminated by adding 100uL of 70% perchloric acid with a
syringe and placed on a rotary shaker for 60 min to trap the *CO: produced during the

incubation. Radioactivity of CO: was determined by adding the 200uL. of NaOH to a
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scintillation vial along with 4mL of Uniscint BD (National Diagnostics) for liquid
scintillation counting. Protein was quantified with a BCA assay (Sigma) after the MEFs
were washed 2x in PBS, the plate freeze-fractured in liquid nitrogen and the cells lysed

and collected in 300uL of 0.5% SDS.

2.7.3.2 Leucine Oxidation

All aspects of the protocol are the same as the palmitate oxidation with the
exception of the oxidation buffer, which consisted of 117mM MaCl, 4.7mM KCl, 1.25mM
MgSQOs, 0.3mM CaCly, 25mM sodium bicarbonate, 12.5mM HEPES, 5.5mM glucose,

1mM carnitine and 1uCi/mL [U-“C]-leucine (100uM).

2.8 Mitochondrial Content / Mass

Total DNA was extracted from mixed gastrocnemius muscle using
phenol/chloroform (25:4) followed by ethanol precipitation as previously described (Guo
et al., 2009). The ratio of mitochondrial DNA to nuclear DNA was measured using real-
time quantitative PCR by calculating the ratio of the fold change from the AACt of a

mitochondrial encoded gene (COX1) and a nuclear encoded gene ($-actin).

2.9 Respirometry / Electron Transport Chain (ETC) Function
2.9.1 Isolated Mitochondrial Oxygen Consumption

Mitochondria were resuspended at 0.5mg/ml in MiR05 respiration media
(Boushel et al., 2007) and 12.5ug of mitochondrial protein was added in triplicate to
media containing 10mM pyruvate + 5mM malate in the absence or presence of 1uM
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FCCP or 10mM succinate + 1mg/mL rotenone in the absence or presence of 1uM FCCP
in wells of a BD Oxygen Biosensor plate (BD Biosciences, MA) in a final volume of 0.2ml.
Wells were overlaid with mineral oil and fluorescence was measured at 485ex/630em at
25°C over 2 hours. State 3 respiration was determined in the presence of 100mM ADP.
State 3 rates of respiration were calculated during the first 30 minutes of the assay and
were followed by state 4 rates after depletion of ADP. Well fluorescence was
normalized to those of the blank plate as described in technical bulletin #448 and change
in fluorescence was converted to oxygen consumption using the Stern-Volmer equation

as described in technical bulletin #443.

2.9.2 Permeabilized Muscle Fiber Bundles (PmFB)
29.21 Preparation of the PmFB

The technique is partially adapted from previous methods (Kuznetsov et al.,
1996; Tonkonogi et al., 2003) and has been described previously (Anderson et al., 2007;
Perry et al., 2011). Small portions of muscle were dissected and placed in ice-cold buffer
X, containing (in mM) 50 MES, 7.23 KoaEGTA, 2.77 CaK:EGTA, 20 imidazole, 0.5 DTT, 20
taurine, 5.7 ATP, 14.3 PCr, and 6.56 MgCl>-6 H2O (pH 7.1, 290 mOsm). The muscle was
trimmed of connective tissue and fat. Small muscle bundles (~2-7mm, 1.0-2.5mg wet
weight) of red gastrocnemius were prepared from each mouse. Each bundle was gently
separated along their longitudinal axis with a pair of needle-tipped forceps under

magnification (MX6 Stereoscope, Leica Microsystems, Inc., Wetzlar, DE). Bundles were
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then treated with 40pg/ml saponin in ice-cold buffer X, and incubated on a rotor for 30
min at 4°C. Saponin is a cholesterol-specific detergent that selectively permeabilizes the
sarcolemmal membranes while keeping mitochondrial membranes, which contain trace
cholesterol, completely intact (Kuznetsov et al., 2008; Veksler et al., 1987). Following
permeabilization the permeabilized muscle fiber bundles (PmFB) were placed in buffer Z
containing (in mM) 105 K-MES, 30 KCl, 1 EGTA, 10 KH2POs, and 5 MgClz-6 H20 with 0.5
mg/ml BSA (pH 7.4, 290 mOsm). PmFB remained in buffer Z on a rotator at 4°C until
analysis (< 30 min).
29.2.2 Mitochondrial Respiration in PmFB

High-resolution oxygen consumption measurements were conducted in 2mL of
buffer Z using the OROBOROS Oxygraph-2k (OROBOROS INSTRUMENTS, Corp.,
Innsbruck, AT) with stirring at 750rpm. Buffer Z contained 20mM creatine hydrate to
saturate creatine kinase, which facilitates mitochondrial ADP transport (Anderson et al.,
2007; Perry et al., 2011; Saks et al., 1991; Saks et al., 1994; Saks et al., 1995; Walsh et al.,
2001). Respiratory kinetics was assessed via electron entry into complex I (NADH),
complex II and/or ETF (FADH?2) in State III conditions (5mM ADP) using the following
substrate titration protocols: complex I, glutamate or pyruvate (with 2mM Malate);
complex II, succinate (with 10uM Rotenone); combined I, I and ETF, palmitoyl-carnitine
(with 2mM Malate). ADP-stimulated respiratory kinetics was assessed via ADP

titrations supported by 5mM Pyruvate and 2mM Malate. Each titration was performed
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in a separate PmFB. Substrates were titrated in step-wise increments. All experiments
were conducted at 37°C and beginning with ~350uM [O:] to ensure completion of the
protocols before oxygraph chamber [O:] reached 150uM. 25uM Blebbistatin (myosin
ATPase inhibitor) was used to avoid potential confounding effects of spontaneous PmFB
contraction on respiratory kinetics and maintain PmFB integrity for obtaining accurate
dry weights following the experiments (Perry et al.,, 2011). At the conclusion of each
experiment, PmFBs were washed in double-distilled H2O to remove salts, frozen at -
20°C, and dried via lyophilization (Labconco Corp., Kansas City, MO). Polarographic
oxygen measurements were acquired in 2-second intervals, with the rate of respiration
derived from 40 data points, and expressed as pmol/second/mg dry weight. Dry and
wet bundle weights were consistently between 0.15 - 0.3mg. Cytochrome c was added
to test for mitochondrial membrane integrity, with all experiments demonstrating <10%

increase in respiration.

2.9.2.3 H:0:2 Emission in PmFB

Mitochondrial H2O2 emission was measured in buffer Z at 30°C during state 4
respiration (10ug/mL oligomycin) by monitoring oxidation of Amplex Red with a SPEX
Fluoromax 3 (HORIBA Jobin Yvon) spectrofluorometer as previously described
(Anderson et al., 2009). Prior to measurements, fiber bundles were depleted of all
endogenous adenine nucleotides with a brief incubation in 10mM pyrophosphate and to

inhibit contraction of the fibers during the assay. At the conclusion of each experiment,
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PmFBs were washed in double-distilled H20 to remove salts, frozen at -20°C, and dried
via lyophilization (Labconco Corp., Kansas City, MO). Mitochondrial H2O2 emission is

expressed as pmol/min/mg dry weight.

2.10 Targeted Metabolic Profiling

Mixed gastrocnemius, liver and plasma samples were profiled by the Sarah W.
Stedman Nutrition and Metabolism Center Metabolomics Core Facilities at Duke
University. Acylcarnitine measurements were obtained using flow injection tandem
mass spectrometry and sample preparation methods as previously described (An et al.,
2004; Haqq et al., 2005; Koves et al., 2008; Millington et al., 1990). Data were acquired
with a Micromass Quattro Micro TM systems equipped with a model 2777 autosampler,
a model 1525 HPLC solvent delivery system and a data system controlled by MassLynx
4.0 operating system (Waters, Millford, MA). Organic acid measurements were acquired
with a Trace Ultra GC coupled to a Trace DSQ MS operating under Excalibur 1.4
(Thermo Fisher Scientific, Austin TX). AcylCoAs were derived to their acylCoA esters
and separated on a phenylhexyl column by high-performance liquid chromatography

(Beckman System Gold 126).

2.11 Enzyme Activity Assays
2111 Citrate Synthase

Citrate synthase is the rate-limiting enzyme of the TCA cycle that catalyzes the

conversion of acetyl-CoA and oxaloacetate into citrate and CoASH. The formation of
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citrate cannot be measured directly, but the reduction of DTNB over time by CoASH can
be measured spectrophotometrically at 412nm and is proportional to citrate synthase
activity (Srere, 1969). The following reagents were needed: 100mM Tris (pH 8.3), 30mM
acetyl-CoA, 10mM DTNB, 1.05mM oxaloacetate and citrate synthase activity buffer
(0.1mM DTNB and 0.45mM acetyl-CoA). Mitochondria samples were prepared with
proteases, freeze-fractured 3x and sonicated. To each well was added 10uL of
homogenate (or serial dilutions of homogenate) and 190uL of citrate synthase reaction
buffer. The plate was read kinetically on the SpectroMax spectrophotometer (Molecular
Devices, Silicon Valley, CA) for 2 min to obtain baseline readings. To start the reaction,
10uL of 1.05mM oxaloacetate (50uM final concentration) was quickly added to each well
before kinetically reading the plate for an additional 7 min. The difference in slopes
between the final reading and the baseline represented the citrate synthase activity. The
data was normalized to the molar extinction coefficient for DTNB (13.6mM- ¢ cm™) and
protein content using the following equation: specific activity = (ra /1* €8 * V) x (Vwen /
Vsample * p), where ra is the rate in OD/min, 1 is the path length in cm, €8 is the molar
extinction coefficient for DTNB in mM-! ¢ cm, Vsis the stoichiometric number of DTNB,
Vel is the volume in the well in uL, Vsampte is the volume of the sample in uL and p is the
protein concentration in mg/mL. Therefore, the final units for citrate synthase specific

activity were expressed as umol/min/mg mitochondrial protein.
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2.11.2 Short-Chain Hydroxyacyl-CoA Dehydrogenase (SCHAD)

SCHAD is the chain-length-specific form of the third enzyme in mitochondrial p-
oxidation, which catalyzes the conversion of B-hydroxyacyl-CoA and NAD* to f-
ketoacyl-CoA and NADH. The enzyme was assayed in a 96-well plate employing the
reverse direction by measuring the decrease in absorbance at 340nm due to the
dehydrogenation of NADH using a modified protocol (Binstock and Schulz, 1981; Hale
et al., 1997). Mitochondrial samples are prepared with proteases the day of the assay,
freeze-fractured 3x and sonicated. To each well was added 10uL of homogenate (or
serial dilutions of homogenate) and 190uL. of SCHAD assay buffer (100mM potassium
phosphate, 0.ImM EDTA, 0.ImM NADH and 0.3mg/mL of essential fatty acid free BSA,
pH 6.5). The plate was read kinetically at 340nm at 30°C for 2 min on the SpectroMax
spectrophotometer (Molecular Devices, Silicon Valley, CA) for a baseline reading. The
reaction was started with the addition of 10uL of 1.05mM Cs (acetoacetyl-CoA) to a final
concentration of 50uM. The plate was read kinetically for an additional 5 min to obtain a
final reading, which consisted of the slope only during the linear range. The difference
in slopes between the final reading and the baseline represented SCHAD activity. The
data was normalized to the molar extinction coefficient for NADH (6.22mM ¢ cm™) and

protein content using the previously described specific activity equation.
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2.11.3 pB-Hydroxybutyrate Dehydrogenase (BDH1)

BDHI1 is the enzyme that catalyzes the conversion of f-hydroxybutyrate and
NAD* to acetoacetate and NADH in the oxidation of ketones. This enzyme activity
assay was modified from previously described methods (Grinblat et al., 1986; Lehninger
et al., 1960; Lippolis et al., 1988) and measured the reduction of NAD* at 37°C over 15
min. Mitochondria were isolated the day of the assay with proteases, freeze-fractured
3x, thoroughly sonicated and resuspended to lug/uL in SET buffer. Sonication was
performed in 10 s bursts over 1 min on ice using a 60 Sonic Dismembrator (Fisher-
Scientific) at a speed of 9kc. Each sample was assayed on a SpectroMax
spectrophotometer (Molecular Devices, Silicon Valley, CA) in a cuvette by adding 200uL
of 1ug/uL mitochondria to 722uL. of BDH1 activity buffer (50mM Tris-HCl, 2mM NAD",
20mM sodium hydroxybutyrate, ImM KCN, 0.4ug/mL rotenone and 0.4mg/mL BSA).
Initial readings were obtained at 37°C over 2 to 3 min at 340nm, until a flat baseline was
reached. The reaction was started with the addition of 50ul of 400mM 3-
hydroxybutyrate (final concentration 20uM) and read over an additional 15 min. The
slope of the reaction was determined over the linear range and used to calculate BDH1

activity using the previously described specific activity equation.

2.11.4 Branched-Chain Ketoacid Dehydrogenase (BCKAD)

BCKAD activity rates were determined by measuring the production of [*C]-CO2

from 1.25uCi/mL [1-“C]-leucine (100uM) to target just the BCKAD enzymatic reaction,
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which involves the conversion of the intermediate 2-ketoisocaproic acid to isovaleryl-
CoA. Otherwise, the protocol was unchanged from that described for leucine oxidation

in isolated mitochondria.

2115 Isocitrate Dehydrogenase (ICD2 & ICD3)

Isocitrate dehydrogenase is the enzyme that catalyzes the oxidative
decarboxylation of isocitrate to form a-ketoglutarate and CO.. ICD3 is the NAD*-
dependent isoform that functions as part of the TCA cycle, while ICD2 functions outside
of the TCA cycle and uses NADP* as a cofactor instead of NAD*. The assays were
modified from previously described methods (Reisch and Elpeleg, 2007; Yarian et al.,
2006) and measured the reduction of either NAD* or NADP* over time at 30°C.
Mitochondria were prepared the day of the assay using proteases, resuspended to
lug/uL in SET buffer, freeze-fractured 3x and sonicated. The ICD enzyme activity assay
buffer (70mM Tris-HCl, pH 7.2, 2mM NAD* or NADP*, 2mM ADP, 8mM MgCl,, ImM
MnClz2 and 5uL/mL of Antimycin A [5% in EtOH]) was prepared from stock solutions,
675uL added to a microcentrifuge tube and warmed in a 37°C water bath. The warmed
buffer was transferred to a cuvette and blanked on a SpectroMax spectrophotometer
(Molecular Devices, Silicon Valley, CA) at 30°C, 340nm to establish a reference reading.
To the cuvette were added 150ug of mitochondria and a baseline reading was obtained
for 5 min or until flattened. To initiate the reaction a mixture of 10mM citrate and

1.5mM Ds-isocitrate was added with readings monitored for another 7 min. The slope

60



of the reaction was determined over the linear range and used to calculate the specific

activity of ICD2 or ICD3 as previously described.

211.6 Succinate Dehydrogenase (SDHA)

SDHA provides the binding site for the oxidation of succinate to fumarate in the
TCA cycle using FAD* as a co-factor, while the remaining subunits are involved the
reduction of ubiquinone to ubiquinol, as part of the ETC. Unlike other TCA cycle
enzymes, the key components, including FAD*, cannot be measured directly. Therefore,
SDHA was measured spectrophotometrically at 600nm based upon the reduction of an
artificial electron acceptor, 2,6-dichlorophenolindophenol (DCIP), by phenazine
methosulfate (PMS). This assay was modified from those previously described (Reisch
and Elpeleg, 2007; Yarian et al., 2006). Mitochondria were prepared the day of the assay
using proteases, resuspended to 1ug/uL in SET buffer, freeze-fractured 3x and sonicated.
To activate the enzyme, 100mM potassium phosphate buffer (pH 7.4) was preincubated
with 20mM succinate and 5-10ug of mitochondria for 5 min at 37°C. The warmed buffer
was transferred to a cuvette and blanked on a SpectroMax spectrophotometer
(Molecular Devices, Silicon Valley, CA) at 30°C, 600nm to establish a reference reading.
A baseline reading was taken after the addition of 2mM KCN for 2 min or until the slope
flattened. To initiate the reaction, 200uM DCIP and 1.6mM PMS were added to the
cuvette and the reading continued for another 5 min. The slope of the reaction was

determined over the linear range and used to calculate the specific activity of SDHA,
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which was normalized to the molar extinction coefficient for DCIP (2ImM™" ¢ cm™) and

protein content.

2.11.7 Pyruvate Dehydrogenase (PDH)

PDH activity rates were determined by measuring the production of [*C]-CO2
from 0.625uCi/mL [1-“C]-pyruvate (ImM with 0.15% BSA) to target just the PDH
reaction, which involves the oxidative decarboxylation of pyruvate to acetyl-CoA.
Otherwise, the protocol was unchanged from that described for pyruvate oxidation in

isolated mitochondria.

2.11.8 Aconitase

Aconitase catalyzes the isomerization of citrate to isocitrate. Its activity was
measured by the Szweda lab, as previously described (Nulton-Persson and Szweda,
2001). Mitochondria were isolated using a mechanical preparation, resuspended to
1.5ug/uL in KMEM and shipped on dry ice O/N to the Szweda lab. Mitochondria were
diluted to 0.05ug/uL in 25.0mM potassium phosphate buffer (pH 7.25) with 0.5mM
EDTA and 0.01% Triton X-100 and sonicated. Aconitase activity was assayed as the rate
of NADP* reduction (340mn, ¢ = 6.2mM! ¢ cm™) by isocitrate dehydrogenase upon the
addition of 5.0mM sodium citrate, 0.6mM MgCl:, 0.2mM NADP*, and 1.0 Unit/mL

isocitrate dehydrogenase to the mitochondria.
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2119 o-Ketoglutarate Dehydrogenase (a-KGD)

0-KGD catalyzes the decarboxylation of a-ketoglutarate with the reduction of
NAD* to form the end product, succinyl-CoA. a-KGD activity was assayed by the
Szweda lab, as previously described (Applegate et al., 2008). The same concentrated
mitochondria used for the evaluation of aconitase activity were used here. Briefly, the
mitochondria were diluted to 0.05mg/mL in 25mM MOPS with 0.05% Triton X-100 (pH
7.4). o-KGD activity was measured spectrophotometrically following the reduction of
NAD* (340mn, € = 6.2mM! ¢ cm?) upon the addition of 5.0mM MgCl, 2.5mM o-
ketoglutarate, 0.ImM CoASH, 40.0uM rotenone, 0.2mM thiamine pyrophosphate and
1.0mM NAD*. Where indicated, degluthathionylation of a-KGD was accomplished by
the addition of glutaredoxin (1.0 U/mL, CalBiochem) and GSH (0.5mM) prior to analysis

of activity.

2.12 Analysis of mRNA Expression

Total RNA was isolated from mixed gastrocnemius using the total RNA isolation
kit (Qiagen, Valencia, CA). RNA quality and quantity were determined with a
NanoDrop 8000 (Thermo Scientific). cDNA was synthesized from 1ug RNA using the
IScript cDNA synthesis kit (Bio-Rad, Hercules, CA) in a 20uL reaction volume and
diluted 5-fold for subsequent RT-PCR. mRNA abundance was assayed by real-time
quantitative PCR using a Prism 7000 with TagMan real-time master mix and pre-

designed/pre-validated FAM-labeled Assays-on-Demand (Applied Biosystems, Foster
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City, CA). Data was normalized using values from a duplexed reaction with a VIC-

labeled 18S endogenous control (Applied Biosystems).

2.13 Protein Expression

Gastrocnemius muscle and liver lysates were prepared in a homogenization
buffer containing 20mM HEPES, 2mM EGTA, 50mM NaF, 100mM KCl, 0.2mM EDTA,
50mM B-glycerphosphate, 5.6mM CHAPS, 1:100 Triton X-100, Protease Inhibitor
Cocktail (SIGMA), Phosphatase Inhibitor Cocktails 2 and 3 (SIGMA) and 0.0001ug/uL
microcystin. Protein concentrations were determined using a BCA Assay (SIGMA) and
separated on Criterion gels (Bio-Rad, Hercules, CA). Blots were blocked with 0.45% fish
gelatin for 1 h then exposed to primary antibody to detect citrate synthase (Alpha
Diagnostics International, San Antonio, TX), OXPHOS complexes (Mitosciences), BDH1,
ICD3 (Abcam, Cambridge, UK), BCKAD Ela (generously provided by Dr. Chris Lynch)
and TXNIP (generously provided by Dr. Roger Davis). MemCode (Pierce, Rockford, IL)
protein staining served as a loading control for each blot with band intensity being
quantified using ImageQuant software (Amersham Biosciences). Proteins were
visualized with secondary antibodies labeled with IRDye infrared dyes using an
Odyssey CLx Infrared Imaging System and Image Studio software (LI-COR Biosciences,

Lincoln, NE).
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2.14 GSH/GSSG Assay

This protocol was adapted and optimized for tissue and cells from the Biotech®
GSH/GSSG-412 assay kit for whole blood (OxisResearch, Portland, OR). The following
reagents are provided in the kit: Assay buffer, GSSG buffer, Enzyme (glutathione
reductase), Chromogen (DTNB), GSH standards (0.00, 0.005, 0.0125, 0.025, 0.075 and
0.150umol) and NADPH (resuspended in assay buffer). Metaphosphoric acid (5%w/v)
and 25mM M2VP (pH 2.8) were prepared in dH20 (Sigma-Aldrich). M2VP is a reagent
that scavenges GSH, but does not interfere with the enzymatic assay, thus allowing only

for the measurement of GSSG.

2.14.1.1 Muscle Tissue

For each animal, two 2.0mL microcentrifuge tubes containing ~10-15mg of
powdered gastrocnemius muscle were kept in liquid N2. For the GSH sample, 5%
metaphosphoric acid (1:20 dilution) was added to the tube, with a 3mm glass bead,
vortexed and placed on ice. For the GSSG sample, 5% metaphosphoric acid (1:20
dilution) and the 25mM stock of M2VP (to a final concentration of 2.5mM or 1:21
dilution) was added immediately before adding the 3mm glass bead and vortexing. To
prepare the blank, 25uL of 5% metaphosphoric acid was added to 175uL. of GSSG buffer
(1:8 dilution). All samples were then homogenized 2x for 2 min at 30Hz using the
TissueLyser II (Qiagen) and returned to ice. All samples were centrifuged (14,000 x g, 5

min, 4°C), supernatant removed and stored on ice. Adding 9uL of sample extract to
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189uL of Assay buffer further diluted the GSH samples (a 1:22 dilution so the final
dilution is 1/440), while adding 50uL of sample extract to 150uL. of GSSG buffer diluted
the GSSG samples another 1:4 (1:84 final dilution).

The assay employs DTNB, which reacts with GSH to form a
spectrophotometrically detectable product at 412nm, while GSSG can be determined by
the reduction of GSSG to GSH. The reaction rate is proportional to the GSH and GSSG
concentrations. To each well on a 96-well plate was added 50uL of standards, blank or
samples, followed by 50uL of chromogen (DTNB) and 50uL of enzyme (glutathione
reductase). The plate was mixed and incubated at room temperature for 5 min. The
assay was started with the addition of 50uL of NADPH to each well. The basic kinetics
protocol of the SpectroMax spectrophotometer (Molecular Devices, Silicon Valley, CA)
was used to record the change of absorbance every 10 s at 412nm for 3 min and
determine the slope.

The concentrations of total GSH and GSSG in the samples were determined from
their respective calibration curves. The GSH curve consisted of the 0.00, 1.50 and
3.00uM GSH data points, while the GSSG curve consisted of the 0.00, 0.10, 0.25, 0.50, 1.50
and 3.00uM data points. Total GSH (GSH:) and GSSG were expressed as nmol GSH/g
muscle tissue using the following equation: GSH: or GSSG = [(net rate-intercept/slope) x
dilution factor]. For total GSH, the final dilution factor is 440. To calculate GSH as

umol, multiply the answer by 50 (because you used 50uL of standard per well) and
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divide by 1,000,000 to get the proper units. Divide by g of tissue to obtain umol GSH/g
tissue. Multiply by 1000 to obtain final units of nmol GSH/g tissue. The dilution factor
for GSSG accounts for the conversion of GSH to GSSG (84-fold dilution divided by 2
GSH molecules). Therefore, the GSSG dilution factor is 42. Lastly, the GSH/GSSG ratio

was calculated using following equation: ratio = (GSH: - 2GSSG)/GSSG.

2.14.1.2 MEFs

For each treatment condition, three wells of a 6-well plate were used to measure
the concentrations of GSH, GSSG and protein, respectively. GSH sample wells were
washed 2x in PBS and cells lysed and collected in 200uL of 5% metaphosphoric acid by
scraping with a plastic spatula. Cells in the GSSG sample wells were lysed and collected
in 200uL of 5% metaphosphoric acid with 20uL of 25mM M2VP. All samples were
sonicated, incubated on ice for 5 min and centrifuged (14,000 x g, 5 min, 4°C). The
supernatant from the GSH samples were further diluted (1:20) by adding 10uL of extract
to 190uL of Assay buffer, while the GSSG samples were diluted (1:4) by adding 50uL of
extract to 150uL of GSSG buffer. The blank was prepared from 50uL of 5%
metaphosphoric acid and 150uL. of GSSG buffer. The cells in the protein sample wells
were washed 2x in PBS, lysed and collected in 2x SDS. After three repeated freeze-thaw
cycles and sonication, the samples were centrifuged (14,000 x g, 5 min, room
temperature) and the extract used for protein quantification using a BCA assay (Sigma-

Aldrich).

67



All remaining aspects of the assay were conducted as previously described. GSH
and GSSG were expressed as umol GSH/g protein using the following equation: GSH:
or GSSG = [(net rate-intercept)/slope] x dilution factor, where the GSH dilution factor
was 20 and the GSSG dilution factor was 2. The GSH/GSSG ratio calculation was

unchanged.

2.15 NADH and NADPH

NADH and NADPH concentrations were measured spectrofluorometrically as
previously described with excitation and emission wavelengths of 340 and 460nm,

respectively (Nulton-Persson and Szweda, 2001).

2.16 Statistical Analysis

Data are expressed as means + SEM. Results were analyzed by Student’s t-test
unless otherwise indicated in the figure legends. A p value less than or equal to 0.05 was

considered statistically significant.
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3. Targeted Metabolomics Connects TXNIP to
Adaptive Fuel Selection and Regulation of Specific
Mitochondrial Oxidoreductase Enzymes in Skeletal
Muscle

3.1 Introduction

Thioredoxin-interacting protein (TXNIP), also known as vitamin Ds up-regulated
protein 1 (VDUP-1) (Chen and DeLuca, 1994) and thioredoxin-binding protein 2 (TBP-2)
(Nishiyama et al., 1999), is a ubiquitously expressed 46-kDa protein that binds to the
catalytic center of thioredoxin (TXN), an antioxidant protein that regulates the reversible
oxidation/reduction of protein thiols/disulfides (Bodnar et al., 2002; Nordberg and
Arner, 2001). Thus, TXNIP serves as a negative regulator of TXN activity and sensitizes
the cell to oxidative stress (Nishiyama et al., 1999). Structurally, TXNIP belongs to the a-
arrestin super family of proteins that are characterized by a two-lobe, immunoglobulin-
like -strand sandwich motif (Alvarez, 2008). Recent findings suggest that at least some
biological functions of TXNIP are mediated via the arrestin domain rather than its redox
sensitive cysteine residues (Spindel et al., 2012).

Evidence that TXNIP plays a critical role in metabolic regulation first came to
light when the hyperlipidemic phenotype of the HcB-19/Dem (HcB-19) mouse strain was
linked to a nonsense mutation in the txnip gene, resulting in complete loss of the protein.
In addition to hypertriglyceridemia, hypercholesterolemia and increased secretion of

triglyceride-rich lipoproteins (Bodnar et al., 2002), HcB-19 mice have abnormally high
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levels of free fatty acids and ketones during food restriction, suggesting perturbations in
either the production or clearance of these fuels (Bodnar et al., 2002; Donnelly et al.,
2004; Hui et al., 2004; Sheth et al., 2005). Many of the same metabolic features were
recapitulated in three additional mouse models with targeted disruptions in the txnip
gene (Chutkow et al., 2010; Chutkow et al., 2008; Hui et al., 2008; Oka et al., 2006a). As
compared to the HcB-19 strain, the genetically engineered mouse lines develop a more
severe phenotype that encompasses liver steatosis, gastrointestinal bleeding and poor
survivability during prolonged (248 h) fasting (Oka et al., 2006a).

In addition to regulating lipid metabolism, strong evidence has established a
central role for TXNIP in cellular glucose homeostasis. For example, numerous studies
in cultured cells have shown that overexpression of TXNIP lowers glucose uptake,
whereas silencing of the gene imparts the opposite effect. Likewise, each of the
foregoing mouse models of TXNIP deficiency is characterized by fasting-induced
hypoglycemia, improved glucose tolerance, enhanced insulin sensitivity and increased
glucose transport into peripheral tissues (Chutkow et al., 2010; Chutkow et al., 2008; Hui
et al., 2008; Oka et al., 2006a). Notably, this insulin sensitive phenotype is maintained
even when TXNIP null animals are fed a high fat diet (Chutkow et al., 2010; Hui et al.,
2008) or bred into the obese, ob/ob background (Yoshihara et al., 2010), raising interest in

this protein as a potential antidiabetic drug target.
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The molecular mechanisms underlying the profound metabolic consequences of
TXNIP deficiency appear to be highly complex and tissue dependent. Previous studies
have implicated perturbations in pancreatic insulin secretion (Hui et al., 2004), hepatic
glucose output (Chutkow et al., 2008), Akt signaling (Hui et al., 2008), GLUT1 trafficking
(Wu et al., 2013), NLRP3 inflammasome activation (Zhou et al., 2010) and oxidative
stress (Schulze et al.,, 2004). There is growing suspicion that at least some of these
outcomes are secondary to mitochondrial dysfunction and impaired oxidative
metabolism. For example, reduced gluconeogenesis in liver of the TBP2”/ mice was
linked to diminished fatty acid flux through the TCA cycle (Bodnar et al., 2002; Donnelly
et al., 2004; Oka et al., 2006b; Sheth et al., 2005). Additionally, oxidation rates of [*“C]-
labeled glucose, fatty acids and ketones are lower in isolated skeletal muscles from
TXNIP knockout (TKO) mice compared to their littermate controls (Hui et al., 2008); and
pyruvate oxidation is disrupted in heart mitochondria from TKO mice (Yoshioka et al.,
2012). Most notably, in both cell culture and animal models, deletion of TXNIP results
in robust increases in lactate production, a strong biomarker of oxidative insufficiency
(Bodnar et al., 2002; Chutkow et al., 2008; Hui et al., 2008; Parikh et al., 2007; Sheth et al.,
2005; Yoshioka et al., 2012).

Collectively, the foregoing findings point to potential respiratory deficits in
multiple tissues of TKO mice, fueling widespread speculation surrounding a critical role

for this protein in regulating mitochondrial function. Importantly however, rigorous
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experimental evidence to support this presumption is sparse. The purpose of the
present study was to further delineate the connection between TXNIP and oxidative
metabolism in skeletal muscle and liver. To this end, we employed targeted
metabolomics and comprehensive bioenergetic analyses to evaluate oxidative
metabolism and respiratory kinetics in mouse models of total body and skeletal muscle-
specific txnip deficiency. In aggregate, our results show that TXNIP is not required for
normal functioning of the electron transport chain (ETC), but is essential for maintaining
skeletal muscle protein expression of specific mitochondrial dehydrogenase enzymes
that permit switching from glucose to alternative fuels. These findings shed new insight
into the physiological function of TXNIP and the metabolic turmoil caused by its

deficiency.

3.2 Results
3.2.1 TXNIP Deficiency Disrupts Whole Body Energy Metabolism

Previous studies examining the metabolic consequences of whole body txnip
deficiency were performed in the context of prolonged food deprivation (18-36 h)
(Bodnar et al., 2002; Chen et al., 2008b; Hui et al., 2008; Oka et al., 2006a; Sheth et al.,
2005). To avoid the complexities of a starvation response, herein we examined metabolic
regulation during a 5-6 h fast. In the morning after overnight ad libitum feeding and
throughout 6 h of food withdrawal, txnip knockout (TKO) mice had lower blood glucose

levels and higher blood lactate (Fig. 3-1A). In line with earlier reports, when challenged
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with an intraperitoneal injection of glucose, TKO mice exhibited exquisite glucose
tolerance (Fig. 3-1B) despite increased body weight (Fig. 3-1C) and higher circulating
levels of lipid-derived fuels such as triglycerides (TAGs), NEFAs and ketones (Fig. 3-
1D). Because TXNIP is expressed abundantly in skeletal muscle (Fig. 3-1E), the principal
contributor to circulating lactate, we proceeded to examine muscle glucose metabolism
ex-vivo. In isolated soleus muscles from TXNIP KO compared to WT mice lactate
production was increased in both the basal and insulin-stimulated states, whereas
glycogen synthesis was elevated only in the latter condition (Fig. 3-1F-G). Using the
Lox-P/Cre strategy described in Material and Methods, we then generated mice lacking
txnip specifically in skeletal muscle (TXNIPSM-), but retaining expression in heart (Fig.
3-1H). The metabolic phenotype of these mice was remarkably similar to the TKO line
(Fig. 3-11-L), suggesting derangements in skeletal muscle energy metabolism contribute
substantially to the phenotype of the TKO model. In sum, these findings are consistent
with the idea that genetic ablation of TXNIP promotes glucose uptake and glycolytic

metabolism in muscle.
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Figure 3-1: TXNIP Deficiency Alters Whole Body Energy Metabolism

TKO mice and WT littermates were fed a standard chow diet and metabolic parameters were
measured at 18-22 weeks unless otherwise noted. (A) Blood glucose and lactate levels were
measured 0-6 h following food withdrawal (n = 6). (B) Glucose tolerance tests were performed at
12 weeks of age using 1.75g/kg glucose administered 6 h after food withdrawal (n =12). (C) Body
weight at 22 weeks. (D) Plasma triglycerides (TAG), non-esterified fatty acids (NEFA) and (-
hydroxybutyrate (BHB) were measured 5 h after food withdrawal at 9-12 weeks of age (n = 6-8).
(E) TXNIP mRNA tissue distribution was measured by real-time quantitative PCR and
normalized to 18S as an endogenous control gene (n =5). (F) Lactate production and (G) rates of
[#C] glucose incorporation into glycogen were measured in isolated soleus muscles incubated 1 h
+ 100 nM insulin. (H) TXNIP mRNA expression in skeletal muscle and heart from TXNIPSKM--
and TXNIPY mice (n = 3). Metabolic parameters of TXNIPS*M-- mice and TXNIP# littermate
controls measured at 12-14 weeks of age. (I) Blood glucose and lactate levels (n = 5). (J) Glucose
tolerance tests (n = 6). (K) Body weight at sacrifice. (L) Plasma metabolites (n = 9). Data are means
+ SEM and results were analyzed by Student’s t-test (*p < 0.05).

3.2.2 TXNIP Deficiency Compromises Exercise Tolerance

The higher glycolytic rates in TKO mice could be due to oxidative deficits, as
previously suggested (Hui et al., 2008). Surprisingly however, when whole body energy
metabolism was monitored by indirect calorimetry during a 72 h period we were unable
to detect differences between genotypes in the respiratory exchange ratio (RER), heat
production and oxygen consumption (data not shown). Physical activity and food
consumption were also similar between groups. To further explore the connection
between TXNIP and oxidative capacity in the context of increased energetic demand we
challenged the mice with two distinct exercise tests. During a graded, high intensity
regimen, peak VO: obtained by the TKO mice was 13% lower than that measured in
their WT counterparts (Fig. 3-2A) whereas RER was elevated throughout the test,

indicative of a substrate shift toward carbohydrate oxidation (Fig. 3-2B). Because fatty
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acid oxidation becomes an essential source of energy during prolonged exercise, we next
subjected the animals to a graded, mid-intensity endurance run using an open-air
treadmill. As anticipated, exercise endurance was diminished in the TKO mice relative
to the WT controls, evidenced by reduced time (78.0 + 2.19 min vs. 84.8 + 1.28 min) and
distance (1774 + 81.8m vs. 2035 + 52.3m) to exhaustion (Fig. 3-2C-D). Circulating levels
of B-hydroxybutyrate measured immediately after exercise were elevated in the TKO
mice, consistent with impaired ketone wuptake and/or -catabolism (Fig. 3-2E).
Importantly, TXNIP*M-- mice exhibited a similar exercise intolerant phenotype during
both treadmill tests (Fig. 3-2F-]), again implicating muscle as a major site of metabolic
dysregulation in the TKO mice. Although these results clearly point to a role for TXNIP
in regulating muscle substrate selection, both loss-of-function models maintained
considerable oxidative reserve, arguing against a severe defect in mitochondrial

respiratory function.
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Figure 3-2: TXNIP Deficiency Decreases Exercise Tolerance

TKO mice and WT littermates were subjected to two different treadmill exercises at 12-15 weeks
of age. Indirect calorimetry was used to measure (A) peak VO:and (B) the respiratory exchange
ratio (RER) (VCO2/VO2) as a function workload during a graded, high intensity regimen.
Exercise endurance was evaluated using an open-air treadmill and a mid-intensity regimen.
Performance was assessed by measuring (C) time (min) and (D) distance (meters) to exhaustion.
(E) Plasma p-hydroxybutyrate was measured prior to and immediately after endurance exercise.
Data are expressed as means + SEM from 7-8 animals per group. The same tests were
administered to TXNIPS™-- mice and TXNIP# littermate controls at 22-24 weeks of age. (F) Peak
VO2 (G) RER. (H) Time and (I) distance to exhaustion. (J) Plasma {-hydroxybutyrate
concentrations. Data are expressed as means + SEM from 5-7 animals per group and results were
analyzed by Student’s t-test (*p < 0.05 and **p < 0.001). Panels B and G were evaluated using a
one-factor ANOVA and post hoc analysis to determine differences between groups.

3.2.3 TXNIP Deficiency Diminishes Substrate Oxidation in Muscle
but Not Liver Mitochondria

We next sought to pinpoint the specific sites of oxidative dysfunction in the
TXNIP null condition. Because TXNIP has been implicated in regulating energy
metabolism in both skeletal muscle and liver, TKO mice were used to permit direct
comparisons between these two tissues. Measurement of substrate oxidation in isolated
soleus and EDL muscles revealed marked genotype-dependent deficits in glucose, fatty
acid and amino acid catabolism (Fig. 3-3A-C). Notably, whereas TXNIP deficiency
lowered glucose and fatty acid oxidation 25-30% in both soleus and EDL, oxidation rates
of the branched chain amino acid (BCAA), leucine, were diminished 68% in soleus and
87% in EDL, as compared to WT muscles. Experiments in isolated mitochondria from
TKO gastrocnemius muscles produced similar results, again showing moderate declines
in pyruvate and palmitate oxidation (Fig. 3-3D-E) and a much more striking 75% deficit

in leucine oxidation (Fig. 3-3F). By contrast, oxidation rates of all three substrates were
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normal in liver mitochondria harvested from TKO compared to WT mice (Fig. 3-3G-I).
Thus metabolic insufficiencies measured at the whole body level appeared to be due in

large part to remodeling of the muscle oxidative machinery.
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Figure 3-3: Mitochondrial Substrate Oxidation in Skeletal Muscle and Liver
Substrate oxidation assays were performed in tissues and mitochondria from TKO mice and WT
littermates harvested 5-6 h after food withdrawal. (A) Oxidation of [U-*C]glucose to CO: was
measured in isolated soleus muscles during a 2 h incubation in modified KHB buffer containing
5mM glucose + 100nM insulin. (B) Oxidation of 500uM [1-#C]palmitate or (C) 200uM [U-
14C]Jleucine to CO2was measured in isolated soleus and extensor digitorum longus (EDL) muscles
during a 2 h incubation in modified KHB (n = 6). Isolated mitochondria from gastrocnemius
muscles were used to measure substrate oxidation to CO: in the presence of (D) 1ImM [2-14C]-
pyruvate, (E) 100uM [1-1¢C]palmitate or (F) 100uM [U-"“C]leucine for 30 min (n = 11-12). Isolated
mitochondria from liver was used measure substrate oxidation to CO:2 in the presence of (G)
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1mM [2-“C]-pyruvate, (H) 100uM [1-“C]palmitate or (I) 100uM [U-*C]leucine for 30 min (n = 6-
12). Data are expressed as means + SEM and results were analyzed using a one-factor ANOVA
and post hoc analysis to determine differences between groups.

3.2.4 TXNIP Deficiency Does Not Affect Mitochondrial Content or
Respiratory Function

We questioned whether the foregoing deficits in oxidative metabolism were
related to changes in mitochondrial mass and/or respiratory function. Contrary to this
possibility, muscle quantities of mitochondrial DNA (Fig. 3-4A), citrate synthase protein
content (Fig. 3-4B) and enzyme activity (Fig. 3-4C), as well as protein abundance of
several constituents of the electron transport chain (ETC) (Fig. 3-4D-E), were similar
between genotypes. Comprehensive evaluation of respiratory function using isolated
mitochondria and permeabilized fiber bundles also proved unremarkable. Thus, oxygen
consumption measured under state 3, state 4 and uncoupled conditions in the presence
of complex I-linked (glutamate/malate) or complex II-linked (succinate) substrates was
similar in mitochondria isolated from gastrocnemius muscles of TKO and WT mice (Fig.
3-4F-G). Likewise, more rigorous assessment of respiratory Kkinetics using
permeabilized fiber bundles in combination with a high resolution respirometry system
revealed only modest abnormalities in ETC function (Fig. 3-4H). ADP-stimulated Vmax
in the presence of saturating glutamate-malate concentrations was 20% lower in the
TKO mice, implying a minor deficit in maximal rates of ATP synthesis at Complex V.

When substrate kinetics were analyzed at more physiological, submaximal
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concentrations, we identified a subtle shift towards increased sensitivity (lower Km) to
glutamate, suggesting enhanced use of this fuel to provide NADH to Complex I (Fig. 3-

41). These findings argue against a major impingement at the level of the ETC.
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Figure 3-4: Mitochondrial Content and Respiratory Function in Skeletal
Muscle
Gastrocnemius muscles from TKO mice and WT littermate controls were used to assess
mitochondrial content and function. (A) Abundance of the COX1 gene encoded by
mitochondrial DNA (mtDNA) relative to the (3-actin gene encoded by nuclear (nDNA) performed
by qRT-PCR. (B) Citrate synthase activity. (C) Citrate synthase protein expression and
representative Western blot. (D) Western blot of complexes I-V of the electron transport chain
(ETC) and (E) quantified results normalized to MemCode staining to control for loading. Oxygen
consumption rates were measured in isolated mitochondria under state 3 and state 4 conditions
or in response to chemical uncoupling (FCCP) in the presence of (F) glutamate/malate or (G)
succinate. Respiratory function in situ was measured using permeabilized fiber bundles under
(H) state 3 respiration conditions in the presence of maximal substrate concentrations, or (I) a
range of low submaximal to maximal concentrations to determine substrate sensitivity (Km).
Data are expressed as means + SEM from 5-6 animals per group and results were analyzed by
Student’s t-test (*p < 0.05).

3.2.5 TXNIP Deficiency Disrupts Redox Balance Without Affecting
Mitochondrial ROS Emission

Because TXNIP is best known for its role in redox regulation, we sought to
determine whether the unique form of mitochondrial dysfunction in muscles from the
TKO mice might be related to changes in redox balance. To this end, we measured a
series of metabolites that report on shifts in cellular energy charge and oxidative stress.
Interestingly, despite high rates of glycolysis and lactate production, muscle
concentrations of NADH (Fig. 3-5A) were unchanged in the TKO mice. By contrast,
levels of NADPH, which can also arise from glucose metabolism via the pentose-
phosphate-shunt, were elevated 2.5-fold in the TKO mice (Fig. 3-5B), resulting in a
striking decrease in the NADH/NADPH ratio (Fig. 3-5C). Conversely, TXNIP deficiency
resulted in a 25% decline in muscle concentrations of reduced glutathione (GSH) and

increased levels (33%) of the oxidized form, GSSG (Fig. 3-5D-F). Considering that GSH
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participates in antioxidant defense, we questioned whether the low levels of this
metabolite in TKO muscles were related to increased mitochondrial production of
reactive oxygen species (ROS). On the contrary, when assayed in permeabilized fiber
bundles, rates of succinate-supported mitochondrial H2O2 emission trended lower in the
TKO group (Fig. 3-5G). Thus, the metabolic defects in TKO muscles did not appear to

result from mitochondrial-derived oxidative stress.

84



0.101

0.084

0.06

0.044

0.024

NADH (nmol/mg protein)

0.00:

60004

40004

2000+

GSH (nmol/g tissue weight)

WT

200+

150+

100+

pmol H202/min/mg dry wt

WT

WT

0.15- 3-
£
2 *
: | T
Q o
o 0.101 o 21
£ <
E z
= 0.05 5 1 *
= E:
[a]
< i
4
0.00 T 0 T
TKO WT TKO WT TKO
E F
= 500+ 259
) *
2 4004 20- 1
* g 8
g 3000 —T &# 154
E, 2
© 2001 n 10- *
£ o
£
© 1004 54
8
0 T 0 T
TKO WT TKO WT TKO
p=0.07
TKO

Figure 3-5: Redox Imbalance In TXNIP Deficient Skeletal Muscles

Skeletal muscles from TKO mice and WT littermate controls were harvested 5 h after food
withdrawal and immediately flash frozen in liquid N2 for subsequent assessment of redox
metabolites. Gastrocnemius muscles were used to measure (A) NADH, (B) NADPH and (C) the
Quadriceps muscles were used to measure (D) Reduced glutathione
(GSH), (E) Oxidized glutathione (GSSG) and (F) the GSH/GSSG ratio. (G) Mitochondrial potential
for producing reactive oxygen species was assessed in permeabilized fiber bundles by measuring

NADH/NADPH ratio.

succinate-supported H20:2 emission rates under state 4 conditions. Data are expressed as means +

SEM from 5-6 animals per group and results were analyzed by Student’s t-test (*p < 0.05).

85



3.2.6 Targeted Metabolomics Revealed Several Muscle-Specific
Roadblocks in Mitochondrial Carbon Flux

To gain further insight into the oxidative lesions arising from TXNIP deficiency
we used a targeted metabolomics approach to capture a snapshot of intermediary
metabolism in vivo. Because mitochondrial degradation of carbon fuels results in the
production of multiple acyl-CoA intermediates, we expected muscle quantities of these
molecules to change in association with TXNIP expression. A survey of acyl-CoAs in
gastrocnemius muscle from TKO compared to WT mice revealed a 35% reduction in
acetyl-CoA (Fig. 3-6A), the universal end product of carbohydrate, fat and protein
catabolism. Additionally, the leucine-derived metabolite, isovaleryl-CoA, was 65%
lower in the TKO mice (Fig. 3-6A), and a similar trend was evident for several even
chain, fatty acid-derived species (Fig. 3-6A). By virtue of the mitochondrial carnitine
acyltransferase enzymes, the foregoing acyl-CoA intermediates give rise to their
corresponding acylcarnitine conjugates, which also report on substrate flux at specific
mitochondrial enzymes. Whereas muscle levels of acetyl-CoA-derived acetylcarnitine
(C2) were unaffected by genotype (Fig. 3-6B), most odd chain/amino acid-derived
acylcarnitines, as well as several medium and long chain/fatty acid-derived species,
were reduced in accord with TXNIP deficiency (Fig. 3-6B). Long chain acylcarnitines are
produced by the carnitine palmitoyltransferase enzymes (CPT1 and CPT2), which reside
in the outer and inner mitochondrial membranes, respectively, and catalyze the initial

steps in f-oxidation. Although a reduction in total long chain acylcarnitines (Fig. 3-6B)
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is consistent with diminished CPT1 activity, tissue concentrations of malonyl-CoA, a
potent glucose-derived inhibitor of CPT-1 (McGarry et al., 1978), were similar between
genotypes (Fig. 3-6A). Therefore, reduced lipid catabolism in the TKO mice does not
appear to result from malonyl-CoA-mediated inhibition of fat oxidation.

In contrast to many other even chain species, levels of 3-hydroxybutyrylcarnitine
(C4-OH) were robustly elevated in the muscle of TKO mice (Fig. 3-6B). Because the
C40H metabolite can arise from the ketone intermediate, 3-hydroxybutyryl-CoA
(Soeters et al., 2012), this finding is consistent with a severe bottleneck in ketolysis.
Muscle concentrations of several glucose-derived organic acids and amino acids
(including glycine, alanine and lactate) were elevated in the TXNIP null condition,
whereas intermediates directly involved in anaplerotic entry of carbons into
tricarboxylic acid (TCA) cycle (such as aspartate, glutamate, a-ketoglutarate and
fumarate) were diminished (Fig. 3-6C-D).  These results are consistent with
perturbations in glycolysis and TCA cycle flux and might reflect increased trafficking
through the malate/aspartate and glutamate/aspartate shuttles. Although muscle
concentrations of the BCAAs (valine, leucine, isoleucine) were similar between groups
(Fig. 3-6D), circulating levels of these metabolites were elevated in the TKO mice (Fig. 3-
6E), consistent with a defect in BCAA catabolism. Whereas the metabolite signature in
skeletal muscle was clearly distinguishable between genotypes, the only differentially

abundant metabolites in TKO liver were the lower levels of long chain acylcarnitines
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(Fig. 3-7A-C), which again occurred independent of changes in malonyl-CoA (not
shown). In aggregate, these results add further evidence that TXNIP plays a key role in

maintaining oxidative metabolism at sites upstream of the ETC.
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Figure 3-6: Targeted Metabolic Profiling of Skeletal Muscle and Serum
Gastrocnemius muscles and serum from TKO mice and WT littermate controls were harvested 5-
6 h following food withdrawal at 18 weeks of age. Tissues were immediately flash frozen in
liquid N2 and subsequently processed for mass spectrometry-based measurement of (A) acyl-
CoAs, (B) acylcarnitines, (C) organic acids, (D) amino acids and (E) serum amino acids. Data are
expressed as means + SEM from 5-7 animals per group. Results were analyzed by Student’s t-test
(*p <0.05 and Sp < 0.10).
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Figure 3-7: Targeted Metabolic Profiling of Liver
Liver from TKO mice and WT littermate controls were harvested 5-6 h following food
withdrawal at 18 weeks of age. Specimens were immediately flash frozen in liquid N2 and
subsequently processed for mass spectrometry-based measurement of (A) acylcarnitines and (B)
organic acids and (C) amino acids. Data are means + SEM from 6 animals per group and results
were analyzed by Student’s t-test (*p < 0.05 and $p < 0.10).
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3.2.7 TXNIP Deficiency Results in Muscle-Specific Deficits in
Multiple Dehydrogenase Enzymes

The foregoing static metabolic profiles, taken together with the flux analyses
presented in (Fig. 3-6A-E), pointed us toward several specific mitochondrial
oxidoreductase enzymes responsible for degrading BCAAs, ketones and fatty acids,
including branched-chain ketoacid dehydrogenase (BCKAD), pB-hydroxybutyrate
dehydrogenase (BDH1) and short-chain hydroxyacyl-CoA dehydrogenase (SCHAD).
As predicted, the activities of these three enzymes were diminished 65%, 47% and 15%,
respectively in mitochondria from TKO compared to WT muscles (Table 1). Likewise,
activity of the NAD-dependent TCA cycle enzyme, isocitrate dehydrogenase (ICD3),
was 27% lower in muscles from TKO compared to WT mice (Table 1). It is noteworthy
however that the impact of TXNIP deficiency on mitochondrial dehydrogenase enzymes
was not universal, as the activities of succinate dehydrogenase (SDHA), pyruvate
dehydrogenase (PDH) and the NADPH-dependent isoform of isocitrate dehydrogenase

(ICD2), were similar between genotypes (Table 1).
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Table 1: Mitochondrial Dehydrogenase Activity

Enzyme |  Activity = |  PercentChange |
(nmol/mg protein/h)
WT TKO
BCKAD 66.7 (+1.42) 23.7 (£0.73)** W 65%
BDH1 47.9 (+5.34) 24.8 (£2.52)* W 47%
SCHAD 902 (+39.9) 770 (+40.5)* W 15%
ICD3 129.3 (29.55) 94.8 (+7.02)** W 27%
SDHA 889 (+47.7) 817 (+25.4) -
PDH 1229 (+28.0) 1240 (+29.6) -
ICD2 215 (£9.1) 204 (+12.1) -

Data are means + SEM (n =5 or 6 per group).
Results are analyzed by Student’s t-test (*p < 0.05 and **p < 0.001).
The = and W indicate percent change in the TKO relative the WT control.

We proceeded to determine whether the decline in the aforementioned enzyme
activities was related to changes in gene and/or protein expression. Whereas mRNA
expression of these enzymes was similar between TKO and WT mice (Fig. 3-8A),
Western blot analyses revealed marked deficits at the level of protein expression, as

quantities of the BCKAD Ela subunit, BDH1 and ICD3 were decreased 77%, 65% and
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ICD3 22%, respectively (Fig. 3-8B). These changes in protein abundance were
remarkably similar in muscles from TXNIP*M/ mice (Fig. 3-8C) and mirrored the degree
to which oxidation rates of each respective substrate were diminished in the TXNIP null
condition. By contrast, expression levels of the same three proteins were unchanged in
liver of TKO mice as compared to their control littermates (Fig. 3-8D). Lastly, because
TXNIP appeared to be essential for maximum oxidation of BCAA and ketones, we
questioned whether TXNIP is transcriptionally upregulated in response to physiological
stresses known to increase muscle reliance on alternative fuels. Indeed, overnight
fasting, genetic diabetes and prolonged exercise increased TXNIP mRNA levels in
rodent skeletal muscles. In sum, these findings establish a tissue-specific role for TXNIP

in preserving mitochondrial capacity to switch substrates during glucose deprivation.
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Figure 3-8: Expression of Mitochondrial Dehydrogenase Enzymes in Skeletal
Muscle and Liver
Tissues were harvested 5-6 h following food withdrawal at 18-22 weeks of age. Skeletal muscles
from TKO mice and littermate controls were used for qRT-PCR analysis of mRNAs encoding (A)
bckad ela, bdhl and icd3 normalized to 18S, and Western blot analysis of the (B) BCKAD Ela,
BDH1 and ICD3 proteins normalized to Memcode staining. Expression of the same proteins was
measured in (C) gastrocnemius muscles from TXNIPSM+/- mice and TXNIP#! controls and (D)
liver from TKO and WT controls. qRT-PCR analysis of mRNA encoding Txnip normalized to 185
was measured in skeletal muscles from (E) 12 h fasted and 3 h refed C57BL/6] mice, (F) Zucker
Diabetic Fatty (ZDF) rats and lean controls (G) C57BL/6] mice at rest and 10 min, 3 h or 24 h after
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a 90 min graded treadmill exercise. Data are means + SEM (n = 5 per group) and results were
analyzed by Student’s t-test (*p < 0.05 and **p < 0.001).

3.3 Discussion

TXNIP is a multifaceted molecule that sits at the crossroad of redox sensing,
oxidative stress and metabolic control (Bodnar et al.,, 2002; Chutkow et al., 2010;
Chutkow et al., 2008; Donnelly et al., 2004; Hui et al., 2008; Hui et al., 2004; Muoio, 2007;
Oka et al., 2006b; Parikh et al., 2007; Sheth et al., 2005). Despite numerous reports
showing that TXNIP deficiency causes profound derangements in energy metabolism,
the molecular mechanisms underlying these consequences remain murky. Previous
reports have suggested that loss of TXNIP leads to redox-mediated respiratory
dysfunction that in turn gives rise to aerobic glycolysis, also known as the Warburg
effect (Chutkow et al., 2008; Hui et al., 2008; Hui et al., 2004; Oka et al., 2006a; Sheth et
al., 2005). Herein, we explored the connection between TXNIP and mitochondrial
performance in skeletal muscle and liver, two principal organs responsible for whole
body glucose and lipid homeostasis. We report several new and enlightening
observations that add to our current physiological understanding this protein. First,
TXNIP deficiency in skeletal muscle resulted in diminished oxidation of all major
substrates, leading to reduced exercise tolerance. Second, the oxidative insufficiencies in
TXNIP null muscles were not due to reductions in mitochondrial mass, impaired ETC

function or increased mitochondrial ROS production; but instead were attributed to
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decreased protein abundance of specific mitochondrial dehydrogenase enzymes,
particularly those required for ketone and amino acid degradation. Lastly, the
consequences of TXNIP deficiency were tissue-dependent, as the marked metabolic
deficits evident in muscle mitochondria of TKO mice were absent in liver.

An important distinction between the current study and many previous
investigations is that our analyses of the TKO mice were not preceded by a prolonged
fast, which tends to expose and exacerbate defects in hepatocyte function. Herein,
metabolic derangements in the TXNIP null mice were clearly evident in the fed state as
well as during short-term food restriction. However, despite marked changes in
circulating levels of several metabolic fuels, whole body energy expenditure and
substrate selection were unchanged. This observation aligns with an earlier report
(Chutkow et al., 2010) and fits with the finding that TXNIP deficiency did not affect
substrate oxidation rates in isolated mitochondria from liver, an organ that contributes
substantially to resting RER. By contrast, when animals were confronted with an
exercise challenge, the genotype-dependent differences in muscle fuel selection were
revealed. The higher RER in the TKO mice undergoing exercise agreed with the lower
rates of fatty acid and amino acid oxidation measured in isolated muscles and isolated
mitochondria. Although exercise tolerance was diminished in both TKO and TXNIPSKM--
mice, these animals were still capable of reaching and maintaining relatively high

workloads during an acute treadmill test. This outcome is inconsistent with severe
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respiratory defects. Indeed, subsequent experiments showed that mitochondrial content
and ETC function were essentially normal in TXNIP null skeletal muscles. However,
our analysis of respiratory kinetics did show subtle shifts in substrate sensitivity to
glutamate, which enters the TCA cycle downstream of isocitrate dehydrogenase after its
conversion to a-KG by glutamate dehydrogenase or aspartate aminotransferase. Thus,
the lower Km of glutamate could reflect enhanced flux through one or both of these
enzymes.

Also noteworthy, despite high rates of glycolysis in the TXNIP null muscles,
NADH levels were unchanged. This result adds further support to the notion that ETC
function is not a limiting factor in the TKO mice, and raises the possibility that enhanced
transfer of glucose-derived NADH to complex I via the malate/aspartate shuttle (Fig. 9)
might compensate for deficiencies in fatty acid and amino acid catabolism during
exercise. Additionally, this finding conflicts with the idea that NADH accumulation in
TKO muscles might lead to inactivation of PTEN, a redox-sensitive phosphatidylinositol
3-phosphatase that lowers cellular levels of (3,4,5)-trisphosphate, thereby dampening
Akt phosphorylation and insulin signaling (Hui et al., 2008). Because high NADH levels
have been shown block TXN/NADP(H)-dependent activation of PTEN, investigators
suggested that a rise in the cellular NADH/NADPH ratio, secondary to respiratory
dysfunction, might be responsible for constitutive oxidation and inactivation PTEN, thus

amplifying Akt phosphorylation. Although the latter outcomes were clearly apparent in
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TKO muscles (Hui et al., 2008), NADH and NADPH were not measured. Herein, TXNIP
deficiency did not affect NADH levels but instead caused a twofold rise in NADPH,
possibly resulting from increased glucose transport (Mailloux and Harper, 2010) and
subsequent metabolism in the pentose phosphate pathway (Stanton, 2012; Wamelink et
al., 2008). NADPH provides reducing power for regenerating GSH and TXN.
Surprisingly however, elevated NADPH levels in the TKO muscles were accompanied
by lower GSH concentrations. Although the reason for this disconnect is uncertain, we
suspect that substrate driven pressure on membrane associated NADPH oxidase (NOX),
which generates superoxide, might give rise to non-mitochondrial H20: production,
thereby increasing demands on the GSH oxidant scavenging system. Interestingly,
NOX-derived ROS has been shown to target and inactivate PTEN as a part of a feed

forward mechanism that boosts insulin action (Seo et al., 2005).
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Figure 3-9: TXNIP Deficiency Disrupts Mitochondrial Fuel Selection

During periods of carbohydrate deprivation, upregulation of TXNIP serves to limit glucose
transport into skeletal muscle and promote mitochondrial oxidation of alternative fuels. TXNIP
deficiency enhances glucose uptake and flux through both glycolysis and the PPP. Despite this
shift to glycolytic metabolism, respiratory function of the ETC remains intact, thereby permitting
transfer of glucose-derived NADH to complex I via the malate/aspartate shuttle. Diminished
protein expression and activities of specific mitochondrial dehydrogenase enzymes lowers
capacity for fatty acid, amino acid and ketone catabolism, thus disrupting adaptive mitochondrial
fuel switching in response to starvation and exercise. Key: Metabolites affected by TXNIP
deficiency are indicated in red (increased) and blue (decreased). Abbreviations: AcAc
(acetoacetate), a-KG (a-ketoglutarate dehydrogenase), AST (apartate aminotransferase), BCKAD
(branched-chain ketoacid dehydrogenase), BHB (3-hydroxybutyrate), BDH1 ({3-hydroxybutyrate
dehydrogenase), CACT (carnitine acylcarnitine translocase), CPT1 & CPT2 (carnitine
palmitoyltransferase 1 and 2), DHAP (dihydroxyacetone phosphate), ETC (electron transport
chain), G-6-P (glucose-6-phosphate), GDH (glutamate dehydrogenase), GPx (glutathione
peroxidase), GSH (reduce glutathione), GSSG (oxidized glutathione) ICD3 (NAD+-dependent
isocitrate dehydrogenase), LCAC (long chain acylcarnitine) and LCFA-CoA (long-chain fatty acid
acyl-CoA), MDH (malate dehydrogenase)) NOX (NADPH oxidase)) PDH (pyruvate
dehydrogenase), PPP (pentose phosphate pathway) and SCHAD (3-hydroxyacyl-CoA
dehydrogenase).
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To our knowledge, this investigation was the first to apply comprehensive
metabolic profiling tools to the TXNIP null models. When the targeted metabolomics
analyses were combined with results of the foregoing substrate oxidation and
respiratory function assays, a clearer picture of TXNIP deficiency began to take shape
(Fig. 3-9). First, the tissue-specific role of this protein in regulating mitochondrial
metabolism was further underscored, as the only commonality between the muscle and
liver was the long chain acylcarnitine profile. In both tissues, the decline in long chain
acylcarnitines suggested a decrease in either CPT1 activity or substrate delivery.
Because neither CPT1 protein abundance nor malonyl-CoA levels were affected by
genotype, we suspect that loss of TXNIP impedes fatty acid transport into tissues via a
yet unknown mechanism. Second, the reduction in skeletal muscle acetyl-CoA levels
was consistent with catabolic defects upstream of the ETC, and both the acyl-CoA and
acylcarnitine profiles pointed to major defects in the pathways of amino acid and ketone
degradation. Most notably, muscle content of isovaleryl-CoA (C5) as well as each of the
odd-chain acylcarnitines, were robustly decreased in the TKO group; whereas
circulating BCAA levels were elevated. Considering that isovaleryl-CoA is produced by
BCKAD, and because this metabolic profile resembles BCKAD deficiency in humans
and mice (Chuang, 2001), attention was drawn to this complex. Also quite striking in
the TKO mice was the marked rise in intramuscular levels of 3-hydroxybutyrylcarnitine.

This metabolite derives from 3-hydroxyacyl-CoA, a product of ketone metabolism and a
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substrate of the SCHAD enzyme (Koeberl et al., 2003; Rinaldo et al., 2008). Additionally,
the decline in muscle levels of a-KG suggested a potential impingement in TCA cycle
flux at the ICD3 step. Collectively, these signatures led us to discover that TXNIP
deficiency in muscle results in a near complete loss of both the BCKAD E1A subunit and
BDHI1 protein, with more modest declines in protein abundance of SCHAD and ICD3.
These findings help to explain the elevated circulating levels of ketones, fatty acids and
amino acids in the TXNIP deficient models as well as their intolerance to prolonged
fasting (Oka et al., 2006a) and endurance exercise.

The mechanism(s) by which TXNIP protects specific oxidoreductase enzymes
remains unknown, although our data point to regulation at the level of protein synthesis
and/or stability. TXNIP can form intermolecular disulfide bonds with reduced
thioredoxin as well as other proteins containing a CXXC motif. Importantly, emerging
evidence suggests that TXNIP is present and functionally active in the mitochondrial
matrix (Nishiyama et al., 2001; Saxena et al., 2010; Zhou et al., 2011). For instance, recent
experiments in HEK293 cells used immunoprecipitation techniques to demonstrate a
physical association between recombinant TXNIP and a HA-tagged variant of the Ela
subunit of PDH (Yoshioka et al.,, 2012). This interaction, which presumably favors
enzyme activity, was offered as a possible explanation for the low rates of pyruvate
oxidation measured in mitochondria from TKO hearts (Yoshioka et al., 2012). Moreover,

in INS1 cells, recombinant TXNIP was shown to translocate to the mitochondria in
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response to oxidative stress, which in turn activated the apoptosis signaling protein
ASK1 by disrupting its interaction with mitochondrial localized TXN2 (Saxena et al.,
2010). Additionally, TNX has been shown to bind directly to various 2-oxoacid
dehydrogenase complexes, which appears to modulate enzyme activity in vitro (Bunik et
al., 1999; Bunik, 2003). Thus, the absence of TXNIP might alter interactions between
TXN2 and other redox-sensitive mitochondrial proteins. Also intriguing, albeit purely
speculative, is the prospect that TXNIP might function as an mRNA binding protein,
thereby altering transcript stability and/or translation. This prediction stems from an in
silico analysis using the RNApred webserver (Kumar et al., 2011), which identified
TXNIP as a strong candidate for an mRNA binding protein.

Lastly, we consider the physiological relevance of our findings in the settings of
feast and famine. Transcriptional induction of TXNIP is typically viewed as a negative
feedback response to excessive glucose exposure, mediated via the activation of
carbohydrate-responsive transcription factors, ChREBP and MondoA (Stoltzman et al.,
2008). Our finding that skeletal muscle mRNA expression of TXNIP is upregulated in
the context of glucose depleted conditions such as fasting, diabetes and prolonged
exercise, supports evidence that this protein can be regulated by nutrient signals other
than glycolytic intermediates (Parikh et al., 2007; Rani et al., 2010; Shaked et al., 2009;
Wang et al., 2006). Prominent among these is insulin, as TXNIP was identified as one of

the most potently suppressed skeletal muscle mRNAs in healthy human individuals
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subjected to a hyperinsulinemic-euglycemic clamp (Parikh et al., 2007). Taken together,
these results imply that insulin-mediated suppression of TXNIP in the refed state serves
not only to disinhibit glucose uptake, but also to restrict ketone and BCAA oxidation
and to promote net protein synthesis. Conversely, during periods of prolonged food
restriction, skeletal muscles are reprogramed to switch energy currency from glucose to
fatty acids, ketones and amino acids. This is a fundamental survival mechanism that
preserves glucose for the brain. We therefore surmise and show (Fig. 3-10) that fasting-
induced upregulation of TXNIP functions to facilitate systemic glucose sparing and to

encourage muscle use of alternative fuels.
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Figure 3-10: TXNIP Preserves Skeletal Muscle Mitochondrial Capacity to
Switch Substrates During Glucose Deprivation.

A

Under conditions of decreased glucose reserves in skeletal muscle, such as exercise and fasting,
TXNIP would be upregulated leading to inhibition of glucose uptake and increased enzymatic
activity of BCKAD and BDHI1 through a mechanism of increased protein stability and/or
promotion of translation. Increased enzymatic activity of BCKAD and BDHI1 causes increased
BCAA and ketone oxidation in skeletal muscle, thus preventing the use of limited glucose stores,
which can then be utilized by other tissues, such as the brain.

Whereas this mechanism would favor survival during times of famine, elevated
TXNIP expression in nutrient replete muscles of obese and diabetic individuals might
contribute to both glucose intolerance and nutrient-induced mitochondrial stress (Chen
et al., 2008b; Chen et al., 2008c; Chutkow et al., 2010; Muoio, 2007; Yoshihara et al., 2010).

Thus, in sum, this work identifies a novel role for TXNIP in coordinating fuel selection
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in response to nutrient availability and furthers implicates this protein as a potential

antidiabetic drug target.
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4. TXNIP Deficiency Compromises Skeletal Muscle
Redox Balance Leading to Glutathionylation and
Reduced Activity of a-Ketoglutarate
Dehydrogenase

4.1 Introduction

Reactive oxygen species (ROS) are important intracellular signaling transducers
under physiological conditions before becoming potentially damaging in excessive
quantities, thus causing oxidative stress (Nordberg and Arner, 2001). The TXN and
GSH redox-mediated networks monitor and control the cellular redox state. Therefore,
intracellular redox homeostasis is often determined by the concentration of GSH or the
GSH/GSSG ratio. A decrease in either of these indicates a shift toward an oxidative
intracellular environment. Since some of the functions of TXNIP, such as its interaction
with TXN, are redox-mediated, we speculated whether there was a role for redox
imbalance in facilitating the mitochondrial phenotype of the TXNIP KO mice, which we
tested in vitro with MEFs and rat myocytes and in vivo with TKO mice.

One of the potential regulatory mechanisms employed under oxidative
conditions is protein S-glutathionylation. It is a posttranslational mechanism, which
involves the binding of GSH to protein thiols. The roles of protein S-glutathionylation
involve cellular signaling and redox regulation of protein functions, storage of GSH and

protection from the irreversible oxidation of protein thiols (Dalle-Donne et al., 2008). As
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with protein phosphorylation, it is a reversible mechanism of protein regulation but
linked to the redox status of the cell.

In our previous work, we concluded that TXNIP plays a key role in defending
oxidative metabolism by maintaining protein synthesis and/or stability of mitochondrial
oxidoreductase enzymes that permit muscle use of alternative fuels during glucose
deprivation. We further questioned whether additional regulatory mechanisms could
contribute to reduced oxidative metabolism in the absence of TXNIP, particularly since
several enzymes involved in catabolic pathways and the TCA cycle have been shown to
be redox-sensitive protein targets, possibly regulated by the TXN and GSH redox-
mediated circuits or targets of protein S-glutathionylation (Bunik, 2003; Hurd et al.,
2005). In aggregate, our results suggest that increased glucose uptake in TXNIP
deficient muscles promotes non-mitochondrial ROS production, causing a cellular shift
in redox balance, decreased GSH/GSSG and S-glutathionylation of oa-ketoglutarate

dehydrogenase (a-KGD).

4.2 Results
4.2.1 TXNIP Deficiency Disrupts Redox Balance in Skeletal Muscle

Because TXNIP is best known for its role in redox regulation, we sought to
determine if the unique mitochondrial dysfunction seen in skeletal muscle from the TKO

mice might be related to changes in redox balance. These results were shown in our
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previous work, but are repeated here for convenience and emphasis. To this end, we
measured a series of metabolites that report on shifts in cellular energy charge and
oxidative stress. Interestingly, despite high rates of glycolysis and lactate production,
muscle concentrations of NADH (Fig. 4-1A) were unchanged in the TKO mice. By
contrast, levels of NADPH, which can also arise from glucose metabolism via the
pentose-phosphate-shunt, were elevated 2.5-fold in the TKO mice (Fig. 4-1B), resulting
in a striking decrease in the NADH/NADPH ratio (Fig. 4-1C). Conversely, TXNIP
deficiency resulted in a 25% decline in muscle concentrations of reduced glutathione
(GSH) and increased levels (33%) of the oxidized form, GSSG (Fig. 4-1D-F). Considering
that GSH participates in antioxidant defense, we questioned whether the low levels of
this metabolite in TKO muscles were related to increased mitochondrial production of
reactive oxygen species (ROS). On the contrary, when assayed in permeabilized fiber
bundles, rates of succinate-supported mitochondrial H2O2 emission trended lower in the
TKO group (Fig. 4-1G). Thus, the metabolic defects in TKO muscles did not appear to

result from mitochondrial-derived oxidative stress.
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Figure 4-1: Redox Imbalance in TXNIP Deficient Skeletal Muscle

Skeletal muscles from TKO mice and WT littermate controls were harvested 5 h after food
withdrawal and immediately flash frozen in liquid N2 for subsequent assessment of redox
metabolites. Gastrocnemius muscles were used to measure (A) NADH, (B) NADPH and (C) the
NADH/NADPH ratio. Quadriceps muscles were used to measure (D) Reduced glutathione
(GSH), (E) Oxidized glutathione (GSSG) and (F) the GSH/GSSG ratio. (G) Mitochondrial potential
for producing reactive oxygen species was assessed in permeabilized fiber bundles by measuring
succinate-supported H20O2 emission rates under state 4 conditions. Data are expressed as means =+
SEM from 5-6 animals per group and results were analyzed by Student’s t-test (*p < 0.05).
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4.2.2 Pharmacologically Depleting GSH and Increasing H,O, in L6
Cells Diminishes Fat and Leucine Oxidation

Next we wanted to know if redox imbalance could contribute to the disrupted
oxidative metabolism observed in TXNIP deficient skeletal muscle. To answer this
question, we first pharmacologically depleted GSH in differentiated rat skeletal muscle
myocytes (L6 cells) using buthione sulfoximine (BSO), an inhibitor of the synthesis of
GSH, which was applied for 24 h (Fig. 4-2). Others in our lab have revealed that treating
L6 cells with 100uM of BSO for 24 h results in increased ROS production as measured by
dichlorofluorescin diacetate (DCFA) staining and imaging with confocal microscopy

(data not shown).

GSH; Concentration
(umol/ g protein)

*%*

Himlssinalas

OuM  100uM 250uM 500uM 1000uM 1500uM
BSO

Figure 4-2: Decrease in GSH Concentration after 24 h Treatment with BSO
The GSH concentration in L6 mytotubes was decreased >84% even with a low dose of buthione
sulfoximine (BSO), an inhibitor of GSH synthesis, without affecting cell viability. Data are the
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means + SEM of 3 individual experiments where each treatment condition was run in triplicate
and analyzed by Student’s t-test (**p < 0.001).

To replicate the oxidative stress condition, we also treated the cells with and without
BSO in the presence or absence of H20: and measured palmitate and leucine oxidation
(Fig. 4-3A-B). Results showed that just depleting GSH with 100uM BSO for 24 h had no
effect on either palmitate or leucine oxidation in L6 cells. Also treating cells with just
100uM of H20: for 3 h did not significantly affect the oxidation of palmitate or leucine.
However, treating the cells with 100uM BSO for 24 h and 100uM H:O: for the last 3 h,
significantly decreased palmitate and leucine oxidation by 53% and 24%, respectively.
While we were not able to exactly replicate the oxidative phenotype of the TXNIP
deficient skeletal muscle, this data suggest that decreased concentrations of GSH with
associated increases in H202, can contribute to the phenotype. However, this redox

imbalance does not appear to be the driving force behind the phenotype.
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Figure 4-3: Depletion of GSH and Addition of H20: Diminishes Substrate

Oxidation in L6 Cells

Depletion of GSH with 100uM BSO for 24 h or just the addition of 100uM H20: for 3 h does not
inhibit (A) palmitate or (B) leucine oxidation in L6 rat myotubes. However, depletion of GSH
with 100uM BSO for 24 h and the addition of 100uM H20O:2 for the last 3 h, significantly decreases
both palmitate and leucine oxidation. Data are the means + SEM of 3 individual experiments
where each treatment condition was run in triplicate. Results were analyzed using a one-factor
ANOVA and post hoc analysis to determine differences between groups. A p value of 0.05 was
considered statistically significant.

4.2.3 N-acetylcysteine (NAC) Partially Rescues Oxidative Failure in
TXNIP Deficient MEFs

If in the absence of TXNIP oxidative stress or imbalance plays any regulatory
role, we surmised that treatment with the antioxidant N-acetylcysteine (NAC) should
not only restore balance to the GSH/GSSG ratio, but also partially rescue mitochondrial
substrate oxidation by improving TCA cycle flux. To test this hypothesis in vitro, we
used mouse embryonic fibroblasts (MEFs) derived from TKO and WT control mice.
GSH itself is too polar to cross the plasma membrane, so we employed NAC, a GSH
precursor used to increase GSH concentration in vivo and in vitro (Choy et al., 2010;

Sadowska et al., 2007; Traber et al., 1992). We were able to restore GSH concentrations
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in the TKO to WT levels following 24 h treatment with 0.5mM NAC (Fig. 4-3A).
Additional time and/or concentration of NAC did not result in higher GSH
concentrations in either genotype (data not shown). The NAC treatment resulted in an
exceedingly modest rescue of both palmitate (Fig. 4-3B) and leucine (Fig. 4-3C) oxidation
in the TKO MEFs. This again suggests that oxidative stress is not the principle cause of

oxidative failure in the TKO mice.
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Figure 4-4: NAC Partially Rescues Oxidative Failure in TXNIP Deficient MEFs
MEFs were isolated from TKO and WT mice as described in Material and Methods. Cells were
grown in 24-well plates. At ~90% confluency, they were treated with 0.5mM NAC or the vehicle
control for 24 h. The cells were then measured for (A) GSH, (B) palmitate or (C) leucine
oxidation as described. Data are means + SEM (3 experiments with quadruplicate samples per
treatment condition per experiment). Results were analyzed by Student’s t-test (*p < 0.05 and **p
<0.001).

4.2.4 Rescue of Substrate Oxidation with NAC in vivo is
Inconclusive

Despite only a partial rescue of substrate oxidation in vitro, we designed a pilot
study to replicate the experiment in vivo with TKO mice to determine if the experimental
environment was a factor. The drinking water of the TKO mice was supplemented with
20mM NAC or vehicle control for 9 weeks prior to assessment of total GSH and
substrate oxidation in both isolated mitochondria and whole muscle (Fig. 4-5A-D). Total
skeletal muscle GSH concentrations with and without NAC were not significantly
different and actually trended lower in the +NAC condition (Fig. 4-5A). An elevation in
the GSH concentration would have been expected if the NAC dosage and/or route of
administration had been completely successful. Palmitate oxidation was able to be
partially, although insignificantly (p = 0.10), rescued only in EDL (Fig. 4-5C). This was
not observed in either the soleus (Fig. 4-5C) or isolated mitochondria (Fig. 4-5B).
Leucine oxidation was also not rescued by NAC in the soleus or EDL and actually
trended lower with both muscles under this condition. In total, the rescue of substrate

oxidation with NAC is inconclusive with further study warranted.
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Figure 4-5: NAC Supplementation Has Mixed Results on Substrate Oxidation
in vivo
Muscles were removed from TKO mice after a 5 h food pull. Mice had been supplemented with
of 20mM NAC or vehicle control in the drinking water for 9 weeks prior to harvest. One
gastrocnemius muscle was immediately flash frozen in liquid Nz until assessed for (D) total GSH
as described in Material and Methods. Mitochondria from the second gastrocnemius muscle
were isolated via a protease preparation and (B) palmitate oxidation was evaluated. Whole
isolated muscles (soleus and EDL) were measured for (C) palmitate and (D) leucine oxidation.
Data are means + SEM (n = 5 per group, 2 male and 3 female) and results were analyzed by
Student’s t-test (*p < 0.05).

4.2.5 TXNIP Deficiency Reduces the Activities of TCA Cycle
Enzymes in Skeletal Muscle

Although redox imbalance does not appear to be the principle cause of oxidative

failure in the TXNIP deficient mice, it does seem to play a regulatory role requiring
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further investigation. Since increased levels of NADPH may originate from cataplerosis
of TCA cycle intermediates through pyruvate cycling, particularly if TCA cycle flux is
compromised, and lower GSH might disrupt TCA enzyme balance, we sought to
measure the activities of two TCA cycle enzymes known to redox regulated (Applegate
et al., 2008; Eaton et al., 2002; Hurd et al., 2005; Nulton-Persson et al., 2003). We
discovered that the activities of aconitase and a-ketoglutarate dehydrogenase (a-KGD)
were reduced by 22% and 17%, respectively, in the absence of TXNIP (Fig. 4-6A-B).
Interestingly, both of these enzymes have been shown to be susceptible to S-
glutathionylation (Applegate et al., 2008; Eaton et al., 2002; Hurd et al., 2005; Nulton-

Persson et al., 2003)
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Figure 4-6: TXNIP Deficiency Disrupts Two TCA Cycle Enzymes Susceptible
to Redox Regulation in Skeletal Muscle
Skeletal muscle was harvested from TKO and WT controls after a 5 h food withdrawal.
Mitochondria were isolated using a protease preparation as described in Material and Methods.
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Spectrophotometric analyses were used to measure the activities of: (A) aconitase and (B) a-KGD.
Data are means + SEM (n = 5 per group) and results were analyzed by Student’s t-test (*p < 0.05
and *p <0.001).

4.2.6 The Reduced Activity of a-Ketoglutarate Dehydrogenase is
Secondary to Glutathionylation

A post-translational mechanism used under conditions of oxidative stress to
protect proteins and reduced GSH is reversible S-glutathionylation. S-glutathionylated
proteins are protected from irreversible damage from oxidation, but while bound to
GSH, their functioning is also compromised. Therefore, we wondered if this were the
situation with aconitase and a-KGD. We reported in chapter 3 that the decreased
protein expression of other mitochondrial enzymes directly correlated with their
decrease in activity. However, this did not appear to be the circumstance with aconitase
and a-KGD as there were no changes between the TKO and WT controls at the level of
protein expression (data not shown). We found that the regulation of the activity of a-
KGD was due to reversible S-glutathionylation, as its activity could be completely
restored in the presence of glutaredoxin and GSH (Fig. 4-7). This implies that TXNIP
deficiency affects the glutathionylation state and thus regulation of this enzyme.

Unfortunately, we have yet to examine aconitase.
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Figure 4-7: Reversing S-glutathionylation Completely Rescues the Activity of
a-ketoglutarate dehydrogenase
Skeletal muscle was harvested from TKO and WT controls after a 5 h food withdrawal.
Mitochondria were isolated using a protease preparation as described in Material and Methods.
Spectrophotometric analyses were used to measure the activity of a-KGD before and after
reversing S-glutathionylation with glutaredoxin and GSH. Data are means + SEM (n = 5 per
group) and results were analyzed by Student’s t-test (*p < 0.05 and **p < 0.001).

4.3 Discussion

TXNIP is 46-kDa protein that we have shown to be critical in mitochondrial
regulation by stabilizing and/or promoting the translation of specific mitochondrial
dehydrogenases required for ketone and amino acid degradation. The mechanism of
how this is accomplished remains unknown. However, regulation by TXNIP has been
reported to be both redox-dependent, usually involving its binding to TXN, or redox-

independent, usually involving its function as an a-arrestin protein. We discovered that
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in the absence of TXNIP in skeletal muscle, not only is there global diminished substrate
oxidation, but there is a redox imbalance resulting in a decrease in the GSH/GSSG ratio
caused by ROS that is not derived from the mitochondria. Herein, we wanted to
understand if this redox imbalance contributed any regulatory control to the diminished
substrate oxidation measured in the TKO mice. Many important findings emerged that
contribute to our physiological understanding of this protein.

First, replicating the redox imbalance measured in the skeletal muscle of the
TXNIP deficient mice in vitro does diminish palmitate and leucine oxidation in L6 rat
myotubes. Second, in MEFs derived from the TKO mice, we measured decreased
palmitate and leucine oxidation. Third, correcting the redox imbalance in vitro with the
antioxidant NAC resulted in the partial rescue of palmitate and leucine oxidation in
TKO MEFs but not in TKO mice. Fourth, we discovered that the functioning of two key
enzymes of the TCA cycle, which would contribute to catabolism of substrates, were
significantly impaired in the TKO skeletal muscle mitochondria. Fifth, the cause for the
reduced functioning of at least one of these enzymes is reversible S-glutathionylation.

To determine if the redox imbalance in the TKO mice was a driving cause in the
metabolic phenotype, we attempted to replicate the phenotype in L6 rat myotubes by
depleting GSH and slightly increasing H20: levels. Since we were able to achieve
diminished palmitate and leucine oxidation under this condition, we then examined

palmitate and leucine oxidation in MEF cells generated from the TKO and WT control
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mice. In the absence of NAC, palmitate and leucine oxidation were lower in the TKO as
compared with controls. Following 24 h treatment with NAC, we were able to partially
rescue oxidation of both substrates. This partial rescue suggested that although redox
imbalance does appear to be a contributory factor to the metabolic phenotype, it is not
the driving force or key regulatory mechanism for the reduced oxidative catabolism.

Since our previous work demonstrated that the role of TXNIP is tissue-specific,
with diminished oxidative catabolism in skeletal muscle, but not liver, we wondered if
what we were seeing was an artifact. Since MEFs are generated from embryonic tissue,
not skeletal muscle, we wondered if greater success would prevail in vivo.
Unfortunately, the data are questionable at best, although promising in the EDL.
Because this was a pilot study with multiple inherent problems, such as minimal
animals to correct for statistical fluctuation, a mixed gender cohort, lack of WT animals
for proper controls and no preliminary studies to determine the proper NAC dosage and
route of administration, the results of NAC supplementation in vivo on rescue of
substrate oxidation are inconclusive. Therefore, repetition of the experiment with
proper controls is warranted.

Previously, we had shown that the activities of f-hydroxybutyrate (BDH) and
branched-chain ketoacid dehydrogenase (BCKAD) in TKO skeletal muscle were
diminished due to decreased protein expression that was unchanged at the mRNA level.

A third enzyme with the same activity/expression pattern was NADP*dependent
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isocitrate dehydrogenase (ICD3), an enzyme of the TCA cycle that catalyzes the
oxidative decarboxylation of isocitrate to o-ketoglutarate (a-KG) and CO:. Since the
TCA cycle is involved in the oxidation of acetate from all fuels, such as carbohydrates,
protein and fats, any decrease in enzyme activity would disrupt flux and contribute to
the impairment of the catabolism of these substrates. Further, many of the TCA cycle
enzymes are known redox-sensitive targets. Therefore, we examined other TCA cycle
enzymes and found a similar loss of activity of aconitase and a-KGD. As with ICD3, the
loss of activity was not as dramatic as BDH1 and BCKAD, but was significantly
decreased at 22 and 17%, respectively. Unlike BDH1, BCKAD and ICD3, there was no
associated loss of protein expression, which pointed toward a different regulatory
mechanism.

Both aconitase and a-KGD are redox-sensitive protein targets, which can
undergo reversible S-glutathionylation (Applegate et al., 2008; Eaton et al., 2002; Hurd et
al., 2005; Nulton-Persson et al., 2003). Using established methods, we were able to show
that a-KGD was indeed glutathionylated (Nulton-Persson et al., 2003). Further, we were
able to reverse the glutathionylation with glutaredoxin and GSH to fully rescue the
activity of the enzyme. Although aconitase still requires experimental analysis, this data
reveals that in the absence of TXNIP, the resulting oxidative environment results in the

protection of key TCA cycle enzymes and GSH. This protection comes at a cost,
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however, which is the diminished activity of the enzyme, subsequent reduced TCA cycle
flux and decreased substrate oxidation.

Does this then imply that S-glutathionylation is not a modulating factor in the
presence of TXNIP? When TXNIP is present, a reducing environment in the
mitochondria should be favored, but the reversibility of glutathionylation should allow
for it to occur should the redox imbalance emerge even under these conditions. Further,
it has now been established that this post-translational mechanism can and does occur
even under basal (reduced) physiological conditions (Dalle-Donne et al., 2008;

Townsend, 2007).

5. Conclusions, Remaining Questions and Future
Directions

TXNIP is an a-arrestin protein involved in redox sensing and metabolic control.
Herein, we employed models of TXNIP deficiency to comprehensively understand the
effects of TXNIP’s absence on mitochondrial metabolism in both skeletal muscle and
liver. Several key findings emerged. In chapter 3, we reported that TXNIP deficiency
leads to compromised metabolism of all major substrates at rest and during exercise in
skeletal muscle. Further, this reduced oxidative metabolism was not associated with
diminished mitochondrial mass, critical defects in the ETC or production of

mitochondrial ROS, but secondary to the reduced activities of a subset of mitochondrial
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dehydrogenases involved in several catabolic pathways. We showed that the loss of
activities of BCKAD, BDH1 and ICD3 were the result of decreased protein abundance
without changes in mRNA expression and that this was tissue specific to skeletal muscle
and not liver. Moreover, in the absence of TXNIP we found a cellular shift in redox
balance in skeletal muscle as measured by a decrease in GSH and the GSH/GSSG ratio.
In chapter 4, we were able to partially rescue the diminished oxidative metabolism of
palmitate and leucine in MEFs derived from the TKO and WT mice using the
antioxidant N-acetylcysteine (NAC). However, this partial rescue underscored the
conclusion that redox imbalance was not the key regulatory mechanism in the
diminished oxidative capacity of the TXNIP deficient skeletal muscle. Nevertheless,
redox imbalance did contribute to the loss of activity of a-KGD and possibly aconitase,
which we demonstrated in the case of a-KGD to be caused by glutathionylation. Taken
together, we surmised the role of TXNIP in skeletal muscle was to maintain the
synthesis and/or stability of select mitochondrial dehydrogenase enzymes that permit
oxidation of alternative fuels when glucose is sparse. Nevertheless, several unanswered
questions remain that should help to direct continued research regarding the functional
role of this protein. These questions and suggested experimental approaches to yield

answers are found in subsequent sections.
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5.1 How Does TXNIP Regulate the Mitochondrial
Dehydrogenases?

5.1.1 Does TXNIP and/or TXN Stabilize the Mitochondrial
Dehydrogenases?

In chapter 3, we provided evidence that TXNIP plays a key role in defending
oxidative metabolism by maintaining protein synthesis and/or stability of mitochondrial
oxidoreductase enzymes. Therefore, the next logical step would be to determine TXNIP
modulates the chemical or physical stability of BCKAD and BDH1. Chemical instability,
such as loss of activity due to the formation of disulfide bonds in an oxidative
environment, could be examined with redox Westerns. Briefly, the proteins are resolved
by SDS-PAGE under reducing and non-reducing conditions followed by
immunoblotting for target proteins (Hui et al., 2008). This method would identify if the
target protein had been oxidized. Therefore, the mRNA levels would be unchanged, but
the post-translational modification to the protein would have diminished its activity.
Alternately to assess oxidation state, the proteins can undergo derivatization with thiol-
reactive reagent, 4-acetamido-4'-maleimidylstilbene-2,2"-disulfonic acid (AMS) to
increase its mass and the oxidized and AMS-derivatized proteins can be separated by
non-reducing SDS-PAGE followed by immunoblotting (Hansen et al., 2006).

TXNIP may also play a role in altering the physical characteristics of proteins.
Physical instability involves denaturation or unfolding of the protein. Ideally, an

approach that does not involve cumbersome isolation and purification of proteins
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would be advantageous. The first reported direct measurement of in vivo protein
stability involved the use of amide hydrogen exchange detected by MALDI mass
spectroscopy (SUPREX) (Ghaemmaghami and Oas, 2001). More recent methods can
quantitatively measure the stability of even low abundant proteins in cell or tissue
lysates by measuring the fraction of folded proteins with pulse of proteolysis followed
by Western blotting (Kim et al., 2009; Park and Marqusee, 2005). Briefly, a mixture of
folded and unfolded proteins is digested with protease for one minute intervals to
completely digest the unfolded proteins while the stabilized folded proteins resist
proteolysis. The intact proteins for each pulse interval are identified using Western
blotting. A purified protein of interest is also subjected to the same digest for
comparison. This method could be used to compare tissue lysate from the TKO and WT
mice to determine the differences in select protein stability between the genotypes. If
differential stability is identified, then further analysis as to the method of the

stabilization is warranted and covered in the next section.

5.1.2 Is Stability Modulated through Direct Binding of TXNIP or
TXN to the Mitochondrial Dehydrogenases?

In the introduction, the redox-dependent and redox-independent regulation of
proteins and their downstream cascades by TXNIP was covered in depth. To review
briefly, in redox-dependent regulation TXNIP responds to changes in the redox state by
intracellular translocation and formation of intermolecular bonds with reduced TXN or

other proteins with a CXXC motif, and subsequent initiation of downstream signaling
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cascades. For example, under conditions of oxidative stress, TXNIP shuttles into the
mitochondria where it competes with ASK-1 for binding to TXN2, thus allowing for the
phosphorylation/activation of ASK1 and the initiation of the apoptotic cascade (Saxena
et al., 2010). Similarly, chronic hyperglycemia or inflammasome activators can lead to
oxidative stress, under which the NLR protein 3 (NLRP3) inflammasome binds to
TXNIP following its release from TXN. Once bound to TXNIP, the NLRP inflammasome
causes procaspase-1 cleavage and interleukin-1p (IL-1f) secretion, which is implicated in
islet cell dysfunction and the pathogenesis of T2DM (Davis and Ting, 2010; Zhou et al.,
2010). In redox-independent regulation, TXNIP binds to WW domains in proteins such
as GLUT1 (Wu et al.,, 2013), Redd1 (Jin et al., 2011) and Mybbp1 (Yoshihara et al., 2010),
to name a few. A newer theory also suggests that TXN enhances the stability and
regulates the function of TXNIP by direct interaction with the Cys247 residue of TXNIP
(Chutkow and Lee, 2011).

To determine if TXNIP promotes the stability and functioning of the
mitochondrial dehydrogenases BCKAD and BDHI through direct binding,
immunoprecipitation techniques could be employed. Using similar techniques, a
physical association between TXNIP and the PDH subunit Elo in the heart was
demonstrated and implicated as necessary for the regulation of PDHEla activity
(Yoshioka et al., 2012). Since PDH and BCKAD share the Ela subunit of their enzymatic

complexes, this association is highly probable. However, these authors also reported a

126



decrease in the activity of PDH when TXNIP was deficient in the heart, which we did
not observe in TKO skeletal muscle. However, this could be due to differential
expression of lactate dehydrogenase (LDH) isoforms, which will be covered in a later
section. Lastly, a yeast two-hybrid strategy could be implemented to identify novel
binding partners of TXNIP. This technique was recently employed to show that TXNIP
interacts with human ecdysoneless (hEcd) to increase the stability of p53 at the protein
level and through mediated transcription (Suh et al., 2013).

It is possible that TXNIP does not directly bind to BCKAD and BDH1 but that an
interaction is mediated through TXN. This finding would warrant similar interaction
experiments with TXN, which has been shown to regulate enzymatic activity through
direct binding to the 2-oxoacid dehydrogenase complexes (Bunik et al., 1999; Bunik,
2003). This occurred under oxidative conditions and suggests that TXN stabilizes the
mitochondrial dehydrogenases through direct binding and stabilization becomes
dysregulated in the absence of TXNIP.

TXN has also been implicated in ubiquitination of proteins through its role as a
redox-active cofactor of the 26S proteasome. This complex along with the proteasome
subunit Rpnll targets eEF1Al, a substrate-recruiting factor of the proteasome
(Andersen et al., 2009). The authors reported that this was the first example of a direct

connection between protein reduction and proteolysis. Hence, a highly speculative,
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though plausible scenario is that in the absence of TXNIP, TXN, TXN associates with the
26S proteasome and targets BCKAD and BDH1 for degradation.

Obviously, the mechanism of BCKAD and BDHI stability could involve
enzymatic cascades, in which TXNIP and/or TXN indirectly regulate their activity
through upstream activators. Hence, ruling out direct binding by either TXNIP or TXN

is a critical first step.

5.1.3 Is Translation of the Mitochondrial Dehydrogenases
Promoted through mRNA Binding of TXNIP?

If direct or indirect binding to promote stability of these dehydrogenases is not
the answer, then one could examine post-transcriptional modification by TXNIP, which
would involve mRNA binding to allow for efficient translation. Regulation by RNA
binding proteins is not unprecedented as it is the basis for cellular iron homeostasis. In
this regulatory system, iron regulatory proteins 1 and 2 bind to the iron responsive
elements (IREs) located in either the 3’- or 5-untranslated regions (UTRs) of various
mRNA encoding proteins involved in iron uptake, storage, utilization, export and the
TCA cycle (Anderson et al., 2012; Eisenstein, 2000; Hentze et al., 2004). Depending on
the protein, binding to IREs either reduces translation rates or increases mRNA stability.

Thus far, thousands of RNA-binding proteins (RBPs) have been identified each
with unique RNA-binding activity and protein-protein interaction characteristics
(Glisovic et al., 2008). RBPs are identified by the presence of RNA binding domains

(RBDs) or RNA recognition motifs, such as arginine-rich motifs, aff protein domains,
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zinc-finger motifs, Pumilio/FBF (PUF) domains and Piwi/Argonaut/Zwille (PAZ)
domains, and function in RNA metabolism at all stages including transcription, nuclear
export, subcellular localization, stabilization, RNA editing, translation (as activators or
repressors) and degradation (Chen and Varani, 2005).

Often RBPs involved in controlling mRNA stability bind to cis-elements that
either activate or inhibit mRNA decay. The most commonly known is the adenylate
uridylate-rich (AU-rich) element (ARE). Databases exist that compile known AU-rich
element containing mRNAs (ARED) (Bakheet et al., 2006; Khabar et al., 2005) and those
that predict mRNA binding proteins (RNApred) (Kumar et al., 2011). We conducted an
in silico analysis that revealed thioredoxin (TXN), thioredoxin-like 2 (TXNL2) and
thioredoxin reductase 1 (TXNRD1) as having AREs, while TXNIP was predicted to be a
strong RBP candidate. We then wondered if the mRNAs of BCKAD and BDHI1
contained known AREs, but neither was listed in the ARED database. However, the
ARED with its 4000 computationally mapped ARE-mRNA has not been updated since
2006 and may not contain all ARE-mRNAs.

Nonetheless, BCKAD and BDH1 have shown to be regulated post-
transcriptionally at the mRNA level. For example, investigators reported a 3-fold
increase in the activity state of BCKAD in skeletal muscle of starved rats with a
significant change in the protein expression of subunit E1f and no change in the mRNA

expression of the genes of any of the subunits (Ez, Ela, E1p) (Serdikoff and Adibi, 2001).
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Although we did not examine this enzyme, the regulation of BCKAD kinase, which
phosphorylates and inactivates BCKAD, seems to also be post-transcriptionally
regulated in skeletal muscle under conditions of diabetes (Lombardo et al., 1999). The
protein expression of BCKAD kinase is decreased while its gene expression remains
unchanged. This contributes to the increased activity of BCKAD and could potentially
involve TXNIP. Gene expression of BDH1 was shown to be transcriptionally and/or
post-transcriptionally regulated through mRNA stability during various developmental
and physiological stages (Bailly et al., 1991) or by insulin (Bailly et al., 1990). However,
the effect of insulin on the mRNA of BDH1 was dependent upon the extent and length
of the diabetic state of the animal. That is, in Wistar rats with prolonged diabetes,
insulin increased the mRNA expression of BDH1, while in control rats; it decreased the
mRNA expression of BDH1 (Bailly et al., 1990). This suggests the regulation of BDH1 is
complex and may involve multiple control mechanisms, of which TXNIP could be one,
particularly in the early stages of diabetes or pre-diabetes.

In chapter 3, we reported that skeletal muscle mRNA expression of TXNIP is
upregulated in the context of glucose depleted conditions such as fasting, obesity,
diabetes and prolonged exercise (Fig. 3-8E-G). We proposed that the physiological role
of TXNIP in skeletal muscle under these conditions is to spare glucose and stimulate the
use alternative fuel sources, such as BCAAs and ketones, by promoting the translation of

BDH1 and BCKAD. In a preliminary follow-up study, with obese and lean control
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Zucker Diabetic Fatty (ZDF) rats, we showed an upregulation of TXNIP in the obese
state with significantly increased protein expression of TXNIP and BCKAD (data not
shown). Unfortunately, the results of the BCKAD mRNA expression were inconclusive
due to variability. However, repeating this experiment is recommended, since a lack of
change in the mRNA of BCKAD between the lean and obese conditions would support
the hypothesis of TXNIP stabilizing the mRNA of BCKAD and promoting its translation
in the obese state.

Other experiments would be required to confirm TXNIP as an RBP. For instance,
TXNIP could be overexpressed in a cell system, ultraviolet (UV) cross-linked to RNA
and isolated (Glisovic et al., 2008). Recently, this method has been adapted using a
tagged protein of interest and including an immunoprecipitation (IP) step following
cross-linking (cross-linking and IP or CLIP) (Anko and Neugebauer, 2012). A yeast-
three hybrid system has also been used to identify RBPs and their target RNAs (Seay et
al, 2006). Should TXNIP prove to be an RBP, approaches such as RNA
immunoprecipitation (RIP) followed by microarray analysis (RIP-chip) could be used to

identify RNA targets (Anko and Neugebauer, 2012).

5.2 Imbalances in Cellular Energetic Metabolites and the
Redox State

5.2.1 The State of the Reducing Equivalents

A surprise finding presented in chapter 3 was that NADH levels were

unchanged in the TKO skeletal muscle despite high rates of glycolysis. Since ETC
131



function and protein complexes were also normal in the TKO, despite decrease flux
through the TCA cycle, we surmised that the ETC was receiving glucose-derived NADH
at complex I via the malate-aspartate shuttle (Fig. 3-9). However, this has yet to be
shown experimentally.

The mechanism of the malate-aspartate shuttle (MAS) is described (Lodish, 2003)
and shown (Fig. 5-1). In a reaction catalyzed by cytosolic malate dehydrogenase
(cMDH), NADH reduces oxaloacetate (OAA) to malate, which enters the inner
mitochondrial matrix through an antiporter/carrier system that simultaneously exports
0o-KG. Inside the mitochondria, malate is converted to OAA by mitochondrial malate
dehydrogenase (mMDH), which forms the NADH able to be used by the ETC.
Mitochondrial aspartate aminotransferase (mAST) transaminates OAA to aspartate by
glutamate, which is simultaneously converted to o-KG. Another antiporter/carrier
transports aspartate out of the mitochondria in exchange for glutamate. In the cytosol,
aspartate is converted to OAA by cytosolic AST (cAST). The net result is that NADH is
transported into the mitochondria, which can generate 3 ATP molecules for every
NADH transported in from the cytosol. The NAD* in the cytosol can be reduced again

via another round of glycolysis.
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Figure 5-1: The Malate-Aspartate Shuttle

The malate-aspartate shuttle (MAS) is used for transferring reducing equivalents from the cytosol
into the mitochondria. Electrons from glycolysis or oxidation of lactate to pyruvate are
transferred from NADH as oxaloacetate (OAA) is converted to malate by cytosolic malate
dehydrogenase (cMDH). Through the malate/a-ketoglutarate (a-KG) carrier, malate is
transported into the mitochondrial matrix in exchange for a-KG. The malate is then oxidized to
OAA by mitochondrial malate dehydrogenase (mMDH) with the formation of NADH to be used
by the ETC. OAA is then converted to aspartate by transamination with glutamate via
mitochondrial aspartate aminotransferase (mAST). The aspartate leaves the mitochondria via the
aspartate/glutamate carrier in exchange for glutamate. In the cytosol, aspartate is converted to
OAA by transamination with o-KG catalyzed by cytosolic aspartate aminotransferase (cAST),
which completes the cycle. Additional abbreviations: 1,3-BPG (1,3-biphosphoglycerate), G-3-P
(glyceraldehyde-3-phosphate), GAPDH (glyceraldehyde phosphate dehydrogenase) and LDH
(lactate dehydrogenase). Adapted from (McKenna et al., 2006).

One way to experimentally evaluate the functioning of the MAS is to measure
and compare the activities of each of the enzymes of the shuttle between the TKO mice

and WT controls. The enzymes have previously been shown to change in skeletal

133



muscle following various treatments, such as endurance training (Schantz et al., 1986).
Mitochondria from skeletal muscle could be harvested as described in Materials and
Methods with the cytosolic fraction assayed spectrophotometrically for cMDH and cAST
activities and the isolated mitochondria assayed similarly for the mitochondrial versions
of each enzymes (Goyary and Sharma, 2008). If no enzymatic activity differences are
noted, one could also examine the antiporters because if the translocating capacity is rate
limiting, the increase in enzyme activity will not increase the overall reaction rate of the
shuttle (Schantz et al., 1986). Lastly, a more functional assessment of the activity of the
MAS on bioenergetics would be to inhibit its functioning then examine both cytoplasmic
NADH levels and respiratory function of the ETC with complex I-linked substrates as
described in Chapter 3. This could either be done in permeabilized fibers or isolated
mitochondria if the MAS is reconstituted following published methods (Abbrescia et al.,
2012; Contreras and Satrustegui, 2009). Inhibition of the shuttle is achieved with
aminooxyacetate, an inhibitor of AST (Barron et al., 1998). If respiratory function were
diminished significantly in the TKO mice, it would suggest that NADH is being
supplied by the shuttle, which would compensate for any diminished flux and lower
production of reducing equivalents through the TCA cycle.

Another intriguing finding was that NADPH levels were increased 2.5-fold in
the TKO mice as compared to the WT controls. In skeletal muscle, the sources of

NADPH production are from the pentose phosphate pathway (PPP) (Lodish, 2003) and
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possibly cataplerosis of TCA cycle intermediates through the pyruvate cycling pathway
as observed in the B-cell (Ronnebaum et al., 2006). Given the high glucose uptake and
increased glycolytic metabolism, increased flux of glucose-6-phosphate through the PPP
should be examined (Mailloux and Harper, 2010). One could investigate the increased
activities of the enzymes of the PPP or inhibit the PPP and measure NADPH, but the
more functional assessment would be to measure ROS production as discussed in the

next section.

5.2.2 What is the Source of ROS and Does It Contribute to the TKO
Metabolic Phenotype?

TXNIP is best characterized as the endogenous inhibitor of TXN and inhibiting
TXN sensitizes the cell to oxidative stress. One would hypothesize that in the absence of
TXNIP a reduced environment would be expected, however, this was not the case in
TKO skeletal muscle. In chapters 3 and 4, we reported an oxidative imbalance in the
absence of TXNIP as measured by a 35% reduction in GSH and a 33% increase in GSSG.
We also showed that succinate-supported H20:2 emission potential trended lower in the
TKO mice. Therefore, we hypothesized that the source of ROS was most-linkely non-
mitochondrial emanating from increased NADPH oxidase (NOX) activity due to higher
production of its substrate, NADPH.

NOX is an enzyme complex on the plasma membrane that generates superoxide
(O2) by transferring electrons from NADPH inside the cell and coupling this to

molecular oxygen outside the cell. The Ox can re-enter the cell through anion channels
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or as H202. H20:is rapidly generated outside the cell due to spontaneous and enzymatic
dismutation, and is freely permeable through the cell membrane (Bedard and Krause,
2007). This influx of H202 reacts with glutathione peroxidase (GPx) converting it to H2O
by using reduced GSH and forming GSSG (Fig. 3-9).

Identifying the source of ROS and its downstream effects are a crucial next step
in the understanding of mitochondrial functioning in the absence of TXNIP. For
instance, would inhibition of NOX activity restore the GSH/GSSG balance and deter
glucose uptake, but partially rescue glucose oxidation in TKO mice? First, NOX activity
in skeletal muscle tissue or homogenate can be measured in an in vitro experiment using
the lucigenin enhanced chemiluminescence method and superoxide dismutase (SOD)-
inhibitable ferricytochrome c reduction assays as previously described (Li and Shah,
2002; Li et al., 1998; Sakellariou et al., 2013; Sohn et al., 2000; Wang et al., 2009). As a
positive control, NOX activity can be inhibited in muscle with apocynin (Sakellariou et
al., 2013; Wang et al., 2009). For the actual in vivo experiment, apocynin or a saline
vehicle control can be administered daily to TKO and WT littermates via an
intraperitoneal injection for a duration and dose predetermined from the literature. At
sacrifice, outcome measures would include evaluation of NOX activity and GSH/GSSG

in muscle homogenates and glucose uptake and glucose oxidation in isolated muscle.
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5.2.3 How is the Insulin-Signaling Cascade Augmented in the TKO
Skeletal Muscle?

In all mouse models in which TXNIP is disrupted, there is consistently improved
glucose tolerance, insulin sensitivity and augmented glucose transport in some
peripheral tissues (Chutkow et al., 2010; Chutkow et al., 2008; Hui et al., 2008; Oka et al.,
2006a; Yoshihara et al., 2010). However, only two groups examined the effect of TXNIP
deficiency on the insulin-signaling cascade. Hui et al. (2008) reported enhanced insulin
signaling in skeletal muscle and heart, which they attributed to enhanced
phosphorylation of Akt secondary to the accumulation of oxidized (inactive) PTEN.
They proposed that the accretion of oxidized PTEN occurred because high NADH levels
blocked the TXN/NADP(H)-dependent reduction of PTEN. Problematically, it appears
this theory was formulated upon the work of others (Pelicano et al.,, 2006) and not
experimentally evaluated, since our work shows that there was no measurable increase
in NADH in the TKO animals. In a later work, Yoshihara et al. (2010) also reported
increased phosphorylation of Akt in the skeletal muscle and heart of TBP-27 and
ob/obeTBP-27. However, these authors also found enhanced IRS-1 expression in the
skeletal muscle of both TBP-27 and ob/obeTBP-27, which is proximal to Akt in the
insulin-signaling cascade. The molecular mechanism for how this occurs is under
investigation. The authors also found several insulin signaling-related genes in skeletal
muscle, such as Igf1, Igf2bp2, Igf2bp4, Irs-1, Pik3r1, Pi3k3r5, were also upregulated at the

mRNA and protein expression levels.
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I would propose that a thorough investigation of the proximal and distal arms of
the insulin-signaling cascade is warranted. In the first paper (Hui et al., 2008) although
the Western blots of oxidized and reduced PTEN in skeletal muscle were convincing, the
Western blots of increased phosphorylation of Akt in the TKO mice were less so.
Similarly in the second paper (Yoshihara et al., 2010) the increased phosphorylation of
Akt in the TBP-27- mice was less than resounding, visually appearing the same as the
WT. To convince ourselves of this data we too performed a preliminary experiment in
which we immunoblotted for phosphorylated Akt, total Akt and IRS-1 in standard chow
fed WT and TKO skeletal muscle. We did observe an increase in IRS-1 expression in the
TKO mice, but there was no difference between the genotypes in phosphorylation of Akt
or total Akt. Therefore, due to inconsistencies, these experiments need to be repeated.
Secondly, if expression levels are actually increased in any or all of these proteins, then a
mechanism of action should be investigated, since the previously proposed high NADH
levels inhibiting the TXN/NADP(H)-dependent reduction of PTEN is no longer
sustainable.

In chapters 3 and 4, we reported a non-mitochondrial increase in ROS in the TKO
mice. Interestingly, H2O2 (and other ROS) are known insulin mimetics, which may serve
as second messengers in the insulin signaling cascade (Goldstein et al., 2005). The best
characterized molecular targets are the protein-tyrosine phosphatases (PTPs), such as

protein-tyrosine phosphatase 1B (PTP1B), protein serine/threonine phosphatase 2A
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(PP2A), MAP kinase phosphatase; dual-specificity (serine/tyrosine) phosphatase (MKP-
1), and PTEN (Goldstein et al., 2005). All of these molecules need to be in a reduced
state to be active and serve as negative regulators of insulin action. However, all can be
oxidized by ROS, thereby effectively blocking their enzyme activity and reversing their
inhibitory effect on insulin signaling. Consequently, could the increase in ROS and not
NADH contribute to the enhanced insulin signaling in TKO mice via the oxidation and
inactivation of PTEN, convincingly shown in skeletal muscle (Hui et al., 2008), or other
PTPs?

A variety of in vitro studies have demonstrated the regulatory links between
PTP1B and the insulin receptor [reviewed in (Tonks, 2003)]. However, the most
compelling evidence comes from PTP1B knockout studies in mice. As compared to WT
mice, PTP1B" mice were glucose and insulin tolerant, which was correlated with
enhanced tyrosine phosphorylation of the insulin receptor in skeletal muscle and liver
(Elchebly et al., 1999). Further, these mice were resistant to diet-induced obesity and
maintained glucose and insulin tolerance. A second study confirmed the insulin
sensitivity in skeletal muscle, but not adipose tissue, and reported increased basal
metabolic rate in the PTP1B” mice (Klaman et al., 2000). Other protein tyrosine
phosphatases, such as PP2A (Guy et al., 1993) and PTEN (Lee et al., 2002; Leslie et al.,

2003) involved in the regulation of insulin signaling have shown to be inhibited by ROS.
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Insulin was shown over 30 years ago to stimulate the generation of H20: in
adipocytes (May and de Haen, 1979) catalyzed by NADPH oxidase (NOX) (Mukherjee et
al., 1978), which was discussed in the previous section as the probable cause for the
oxidative redox imbalance in the TKO mice. In adipocytes and differentiated 3T3-L1
cells, NOX4 deletion constructs, which acted in a dominant negative fashion, decreased
insulin-stimulated production of ROS that was coupled to the inhibition of the insulin
receptor and IRS-1 phosphorylation (Mahadev et al., 2004). In parallel studies, siRNA
knockdown of NOX4 decreased insulin-stimulated Akt phosphorylation, while NOX4
overexpression potentiated the transduction of insulin signaling via the oxidative
inhibition of PTP1B catalytic activity (Mahadev et al., 2004). Similar results have been
obtained in other cell types, such as murine osteoclasts (Yang et al., 2001) and mesangial
cells (Gorin et al., 2003), and with other PTPs, such as PTEN (Seo et al., 2005). Further,
glutathione peroxidase knockout mice (GPx”) have increased insulin sensitivity
attributed to PI3K/Akt signaling and glucose uptake in skeletal muscle (Loh et al., 2009).
In MEFs isolated from GPx’ mice, the increased PI3K/Akt signaling was abrogated with
the antioxidant N-acetylcysteine (NAC) or by inhibiting NOX. Lastly, in a condition
similar to the TKO mice, high glucose conditions and increased glycolytic flux increased
insulin-stimulated H20:2 production and enhanced the oxidative inhibition of total PTP

and PTP1B activity (Wu et al., 2005).
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In the previous section, I recommended examining the source of ROS and its
downstream effects in the TKO mice employing inhibition of NOX with apocynin.
Given the evidence presented herein, I would include investigating the proximal and
distal arms of the insulin-signaling cascade in that study. In parallel, in vitro
experiments with MEFs generated from the TKO mice and cultured myocytes
overexpressing TXNIP would provide excellent models for the expanded study of
glucose uptake, GLUT4 translocation, glucose oxidation and the insulin-signaling

cascade with greater ability for manipulation.

5.2.4 Are Other Mitochondrial Proteins S-Glutathionylated?

In chapter 4, we questioned whether additional regulatory mechanisms could
contribute to reduced oxidative metabolism in the absence of TXNIP, particularly since
several enzymes involved in catabolic pathways and the TCA cycle have been shown to
be redox-sensitive protein targets. We established decreased enzymatic activities of a-
KGD and aconitase in TKO skeletal muscle and determined that the former was
regulated by reversible S-glutathionylation. Due to the hypothesized non-mitochondrial
ROS production and shift in redox balance in the TKO mice, I would recommend
determining if other proteins involved in energy metabolism are also regulated by S-
glutathionylation.

Several mitochondrial and glycolytic pathway proteins are regulated by S-

glutathionylation, including aconitase (Han et al., 2005), complex I (NADH-ubiquinone
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oxidoreductase) of the ETC (Taylor et al., 2003), ICD-3 (Kil and Park, 2005), a-KGD
(Applegate et al., 2008; Nulton-Persson et al., 2003), several mitochondrial membrane
proteins (Beer et al., 2004), PDH (Odin et al., 2001), pyruvate kinase, aldolase, PP2A
(Fratelli et al., 2002), PTEN (Yu et al, 2005) and PTP1B (Townsend et al., 2006).
Exploiting newer techniques such as redox proteomics using two-dimensional gel
electrophoresis followed by MS analysis may help to uncover even more targets in the
TKO mice (Dalle-Donne et al, 2009). Once targets have been identified,
glutathionylation could be confirmed through activity assays as we performed for o-
KGD, as well as, immunoprecipitation techniques with glutathionylation-protein

complex antibodies (Dalle-Donne et al., 2008; Gao et al., 2009).

5.3 Why is PDH Activity Decreased in Heart but Not Skeletal
Muscle in the Absence of TXNIP?

In chapter 3, we reported the results of our analysis of mitochondrial content and
respiratory function in skeletal muscle mitochondria and permeabilized fibers (PmFB)
between the TKO and WT control mice. A recent report from Dr. Richard Lee’s lab also
examined these parameters in heart from TXNIP null mice with contrasting results
(Yoshioka et al., 2012). Since both skeletal muscle and heart are oxidative tissues with
similar metabolic phenotypes in a model of TXNIP deficiency in mice (Hui et al., 2008),
we questioned why the results would differ in skeletal muscle versus heart

mitochondria.
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We demonstrated that there were no differences in quantities of skeletal muscle
mDNA, citrate synthase protein content and enzyme activity, as well as protein
abundance of the OXPHOS complexes of the ETC (Fig. 3-4A-E). In the same way,
Yoshioka et al. (2012) indicated there were no differences in the heart protein content of
the OXPHOS complexes of the ETC. However, the ratio of TXNIP null heart mDNA to
nuclear DNA was slightly, but significantly increased. They qualitatively assessed that
there were no structural differences or evidence of autophagy in the heart mitochondria
using transmission electron microscopy.

Yoshioka et al. (2012) noted mildly decreased state 3 respiration, but no change
in state 4 or uncoupled conditions in mitochondria from TXNIP null hearts. In contrast,
our data in skeletal muscle mitochondria, under state 3 (ADP-dependent), state 4 (ADP-
independent) and uncoupled conditions in the presence of complex I-linked (glutamate-
malate) and complex-II-linked (succinate) showed no measurable differences (Fig. 3-4F-
G). Both groups assessed respiratory function in PmFB, which corroborated their
respective results and actually showed a minor deficit in maximal ATP synthesis at
Complex V in both skeletal muscle (Fig. 3-4H-I) and heart. As a whole, the disparities
were not dramatically divergent between skeletal muscle and the heart, although it does
point to a mild functional loss of ADP-stimulated respiration in heart mitochondria not

seen in skeletal muscle. It is possible that these differences emerged as a result of strain
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differences, discrete aspects of the gene targeting approaches, and variances in the
isolation of mitochondria and the preparation of the PmFb.

Nevertheless, a dramatic distinction did emerge using the precursor substrate
pyruvate. Whereas we did not observe reduced state 3 respiration, Yoshioka et al. (2012)
reported a 35% reduction in state 3 rates with this substrate. Since pyruvate
dehydrogenase (PDH) is the gatekeeper for the entry of pyruvate into the mitochondria,
both quantity and activity were measured. We found no difference in the quantity of
the total PDH complex or PDH Ela (data not shown) nor did we discern a difference in
the activity between the genotypes (Table 1). Although there was no difference in
quantity of the total PDH complex in heart, there was a 54% decrease in activity in the
TXNIP null hearts compared to the WT mice (Yoshioka et al., 2012). These findings
could explain the disparity in respiration of pyruvate between skeletal muscle and heart
mitochondria when TXNIP is deficient.

Our remaining question is, “Why heart and skeletal muscle display contrasting
PDH activity and what role does TXNIP play in the control of mitochondrial pyruvate
flux?” To address the dissimilarities in PDH activity, I would suggest examining lactate
dehydrogenase (LDH) isoenzymes between skeletal muscle and heart. There are five
isoenzymes composed of tetramers of two different subunits, M and H. LDH-5 (M) is
composed of M subunits only and is the predominant form in skeletal muscle, whereas

LDH-1 (Hs) is composed of H subunits only and is the predominant form in the heart
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(Dawson et al., 1964). The other three isozymes are composed of various combinations
of the two subunits: MsH, MaH2 and MHs. The two major isozymes M4 and Ha are
synthesized by two different genes, LdhA and LdhB, respectively, and have different
physiological functions (Quistorff and Grunnet, 2011). The Hs isoenzyme is more
susceptible to substrate inhibition by pyruvate, while the M4 isoenzyme resists inhibition
by pyruvate (Dawson et al., 1964). Therefore, the M4 isoenzyme preferentially catalyzes
the reduction of pyruvate to lactate, thus supplying the necessary NADH to uphold
glycolytic flux, and conversely the Hs isoenzyme catalyzes the oxidation of lactate to
pyruvate, thus favoring an acceleration of the PDH pathway. The balance of these
isozymes in TXNIP deficient muscle may play a critical role in pyruvate metabolism.

It is not surprising then that LDHA is upregulated, or LDHB is silenced, in
cancers relying on aerobic glycolysis or the Warburg effect for growth (Brahimi-Horn et
al., 2007; Brown et al., 2013; Fan et al., 2011; Shim et al., 1997; Summermatter et al., 2013).
It is possible that LDHA may be upregulated in skeletal muscle, particularly in the
glycolysis-driven TKO mice. Since the Hi isozyme is predominant in the heart,
decreased PDH activity in TXNIP null hearts could divert the glycolytically derived
pyruvate away from transport into the mitochondria and toward lactate production.
Physiologically, this would serve to protect the heart from hypoxia due to ischemia-
reperfusion injury (Yoshioka et al., 2012) and contribute to the increased glycolytic flux

observed in both heart and skeletal muscle in TKO mice (Hui et al., 2008). To test this
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hypothesis I would measure PDH activity in both skeletal muscle and heart in the same
model of TXNIP ablation. Also, LDH activity and isoenzyme patterns should be
determined as previously described (Summermatter et al., 2013). If there is a difference
in PDH activity and the LDH isozymes are shifted, one could knockdown LDH in the
heart and see if PDH activity is rescued.

The second question to tackle is how TXNIP controls pyruvate flux in the
mitochondria? To address this, Yoshioka et al. (2012) successfully immunoprecipitated
TXNIP with PDH Ela, thus implying a direct mechanism of action by TXNIP in the
regulation of PDH activity. Since PDH and BCKAD share a similar enzyme complex
structure, I would also implement immunoprecipitation experiments between TXNIP

and BCKAD and BDHI1 as discussed in detail in an earlier section.

5.4 What Effects Would a High Fat Diet Have on TKO Mice?

5.4.1 Muscle Insulin Resistance, Lipid Oversupply and
Mitochondrial Stress

Skeletal muscle is a major insulin target tissue and impairments in muscle
glucose disposal and insulin signaling are universally present in patients affected by
type 2 diabetes mellitus (T2DM). One theory to explain the etiology of skeletal muscle
insulin resistance proposes that increased systemic lipid delivery, coupled with reduced
mitochondrial fat oxidation, leads to rising intracellular fatty acid metabolites, such as
long-chain fatty acyl-CoAs (LCFA-CoAs), diacylglycerol (DAG) and ceramides. These

cytosolic lipids are thought to activate serine/threonine kinases, such as the PKC family,
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resulting in serine phosphorylation of the insulin receptor (IR) and insulin receptor
substrate (IRS-1) signaling proteins, and thus inhibition of PI3K-Akt activity and GLUT4
translocation (Itani et al.,, 2002; Morino et al., 2006; Petersen and Shulman, 2002).
However, other evidence suggests that mitochondrial dysfunction might occur as a late-
stage consequence of overnutrition and/or insulin resistance rather than a cause (Muoio
and Newgard, 2008). Moreover, data from our lab and others suggest that insulin
resistance stems from excessive mitochondrial fat oxidation rather than the converse.
For instance, we found that diet-induced and genetic forms of obesity in rodents are
closely associated with elevated incomplete fat oxidation, which occurs when high rates
of B-oxidation exceed TCA cycle flux (Koves et al.,, 2005; Koves et al., 2008). Most
notably, we showed that malonyl-CoA decarboxylase knockout (mcd”) mice are
protected against high fat diet-induced glucose intolerance, despite high intramuscular
levels of LCFA-CoAs (Koves et al., 2008). Malonyl-CoA is the endogenous inhibitor of
carnitine palmitoyltransferase-1 (CPT-1), which allows for fatty acid import into the
mitochondria. Malonyl-CoA decarboxylase degrades malonyl-CoA and promotes fat
oxidation. Therefore, the mcd’ mouse is a genetic model of reduced p-oxidation. These
findings suggest that limited B-oxidation may be advantageous under high fat
conditions. Similarly, targeted deletion of AIF in mice, the primary physiological role of
which is the maintenance of a fully functional ETC, have decreased mitochondrial

OXPHOS but are protected from obesity and insulin resistance. We now add further
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support to this theory since the TKO mouse has globally decreased substrate oxidation,
yet maintains insulin sensitivity. This suggests that “mitochondrial dysfunction,” as
classically defined, might not be a causative factor in insulin resistance, but rather a
compensatory adaptation. = Taken together, these reports show that reduced
mitochondrial metabolism might promote insulin action. We reason that the converse is
also true; that an excessive and/or inappropriate metabolic burden on muscle
mitochondria generates a state of mitochondrial stress, causing a “signal” which may be
redox in nature that diminishes insulin sensitivity. A comparison of the two models of
lipid dysregulation and skeletal muscle insulin resistance is shown (Fig. 5-2A-B).
Studying TXNIP under a nutrient burden, such as a high fat diet, could provide clues as
to whether TXNIP is upregulated in response to that putative signal and preserves

mitochondprial function, but at the expense of glucose uptake and insulin resistance.
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Figure 5-2: Models of Lipid Dysregulation and Skeletal Muscle Insulin
Resistance
The lipotoxicity model presented in (A) suggests that a high fat diet causes mitochondrial
dysfunction. Increased systemic lipid delivery results in reduced oxidative capacity and
impaired fatty acid oxidation, which causes increased lipid metabolites (triacylglycerides,
diacylglycerides and ceramides). These metabolites lead to obesity and insulin resistance. In the
second model (B), mitochondrial failure is delayed. Fatty acids enter the mitochondria
unimpeded and are oxidized. B-oxidation actually overwhelms TCA cycle flux, thus leading to a
condition of “mitochondrial stress.” This causes a ROS derived signal leading to upregulation of
TXNIP, which preserves mitochondrial function, thus delaying mitochondrial failure, but at the
expense of insulin resistance. Therefore, TXNIP would serve as a molecular mediator connecting
mitochondrial function, redox balance and insulin resistance.
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5.4.2 TXNIP Expression Increases in Association with Fat,
Incomplete Fat Oxidation and Decreases in Response to
Pharmacological Inhibition of Fat Oxidation

TXNIP mRNA abundance increases over 2-fold in rat L6 myotubes when treated
under high fat conditions for 24 h (Fig. 5-3A). In Wistar rats fed a standard chow diet,
long- and medium-chain fatty acids increased during the transition from the fed to
fasted state. By contrast, in rats fed a high fat diet acylcarnitines were persistently
elevated, reflecting chronic availability and oxidation of lipid substrates (Koves et al.,
2008). The accumulation of the acylcarnitines in the standard chow fasted and high fat
diet conditions is suggestive of incomplete B-oxidation, supporting the idea that the
development of skeletal muscle insulin resistance might stem from excessive -oxidation
and mitochondrial stress. Further, supporting TXNIP as a potential mitochondrial
trigger under mitochondrial stress is the 60 — 100% mRNA upregulation of TXNIP in
these same rats as compared to the standard chow fed control (Fig. 5.3B). We next
examined the consequences of lipid surplus and inhibition of CPT-1 on TXNIP gene
expression in cultured myocytes over time. Rat L6 myotubes were exposed to BSA
alone or high fat conditions in the presence and absence of etomoxir (a potent inhibitor
of CPT-1 and thus fat oxidation) (Fig. 5-3C). TXNIP gene expression was upregulated as
early as 3 h after lipid exposure, and maximally by 48 h. Importantly, this upregulation

was blocked by etomoxir, indicating that fat oxidation is necessary for this response.
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Our lab has previously shown that etomoxir also prevents lipid-induced insulin

resistance in cultured myocytes (Koves et al., 2008).
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Figure 5-3: TXNIP Expression Increases in Association with Fat, Incomplete
Fat Oxidation and Decreases in Response to Pharmacological Inhibition of Fat
Oxidation
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Real-time PCR analysis of mRNA encoding TXNIP normalized to 185 was conducted using the
following: (A) Rat L6 myotubes were exposed to BSA alone (control) or complexed with an
equimolar ratio of oleate to palmitate at a total concentration of 500uM. After 24 h, cell lysates
were collected, RNA isolated and analyzed. (B) Wistar rats were fed either a standard chow or
high fat diet for 12 weeks. Gastrocnemius muscle tissue was collected in the fed state or an over-
night fast and immediately frozen in liquid N2 and stored at -80°C. RNA was isolated from
frozen, pulverized tissue and analyzed. (C) Rat L6 myotubes were exposed to a BSA control or
oleate:palmitate (500uM) in the presence or absence of 0.ImM etomoxir from 3 to 48 h. Cell
lysates were collected, RNA isolated and analyzed.

These findings support the hypothesis that obesity-related upregulation of
TXNIP is secondary to excessive fat oxidation and that TXNIP might serve as the
mechanistic link between incomplete fat oxidation and insulin resistance. This could be
tested by evaluating regulation of TXNIP expression in mcd”- mice that have low rates of
incomplete B-oxidation. If diet-induced upregulation of TXNIP requires fat oxidation,
TXNIP expression levels should be lower in muscle of mcd’- mice as compared to WT
controls. Positive findings would implicate TXNIP as a key link between excessive -

oxidation and insulin resistance.

5.4.3 Are TKO Mice More Susceptible to Diet-Induced
Mitochondrial Dysfunction?

In chapter 3, we showed that TKO mice have reduced oxidative metabolism of
several substrates, which was the result of marked deficits in skeletal muscle enzymes
required for ketone and BCAA oxidation, as well as more modest reductions in enzymes
of B-oxidation and the TCA cycle. Subjecting TKO and WT controls to 12 weeks of high
fat feeding, should cause an even more severe form of mitochondrial dysfunction in

TKO mice, particularly in the lipid catabolic pathway. If true, the identified enzymes of
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p-oxidation and the TCA cycle previously with modest deficits should be exacerbated.
Further, deficits in any of the other enzymes within this pathway that are regulated by
TXNIP could be identified. This experiment allows for the testing of the hypothesis that
obesity-related induction of TXNIP plays a role in delaying or attenuating mitochondrial
failure.

One of the impairments that might be exacerbated under a high fat diet is the
reduction in long-chain acylcarnitines observed in both the skeletal muscle and liver of
TKO mice. This was a particularly confusing finding since this was the only deficit
shared by the skeletal muscle and liver. We hypothesized that these data were the result
of diminished CPT-1 activity, but the concentrations of malonyl-CoA, a potent inhibitor
of CPT-1, were similar between genotypes. Therefore, since malonyl-CoA-mediated
inhibition of fat oxidation or decreased protein abundance of CPT-1 does not appear to
contribute to the reduced catabolism of fatty acids, I would consider examining fatty
acid transport into cells.

Recommendations would be to begin with an evaluation of fatty acid translocase
(CD36). CD36 is ubiquitously distributed membrane-associated fatty acid transporter
(Glatz et al., 2010). In vitro studies show that it binds to long-chain but not short-chain
fatty acids (Baillie et al., 1996). Mice with CD36 overexpression in muscle demonstrated
enhanced fatty acid oxidation, reduced plasma triglycerides and fatty acids and

increases in plasma glucose and insulin (Ibrahimi et al., 1999), an opposite phenotype
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from the TKO mice. Therefore, I would first examine protein and mRNA expression of
CD36 in TKO skeletal muscle and liver. One could also test if there is a reduction in the
uptake of non-metabolizable fatty acid analogs, such as BMIPP and IPA, as previously

described (Coburn et al., 2000).

5.4.4 Does Mitochondrial Dysfunction in TKO Mice Exacerbate or
Protect Against Diet-Induced Defects in the Proximal Arm of
the Insulin-Signaling Cascade?

In chapter 5.2.3, I discussed how only two groups examined the effect of TXNIP
deficiency on the insulin-signaling cascade proteins. Both reported increases in Akt
phosphorylation in the skeletal muscle of TXNIP deficient mice (Hui et al., 2008;
Yoshihara et al., 2010), but the Western blots upon wich these conclusions were based
were less than convincing. Protein expression of IRS-1 was also examined in the skeletal
muscle of TBP-27 and ob/ob®TBP-27- mice and although the Western blots suggesting
greater phosphorylation of IRS-1 in the TXNIP deficient states as compared to their
respective controls were slightly more convincing, there was no difference between the
TXNIP null conditions. I also discussed how our preliminary data did not show any
difference between the genotypes in phosphorylation of Akt or total Akt, but there was
an increase in IRS-1 protein expression in the TKO mice. Since the proposed mechanism
of action by Hui et al. (2008) has not been substantiated, no mechanism was proposed by

Yoshihara et al. (2010) and there are striking inconsistencies in the data, I suggested a
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systematic re-examinination of the proximal and distal arms of the insulin-signaling
pathway in the TKO mice on control and high fat diets.

The TKO mice would serve as an in vivo tool to explore the relationship between
mitochondrial function and insulin action. Numerous studies have suggested that
impaired mitochondrial oxidation of fat increases lipid molecules that oppose insulin
signaling at the level of IR, IRS-1, PI3K and GLUT4 translocation (Itani et al., 2002;
Morino et al., 2006; Petersen and Shulman, 2002). As shown in the mcd’ mice, despite a
high lipid surplus, these mice are protected from glucose intolerance (Koves et al., 2008).
Data provided in chapter 3 (Fig. 3-1), demonstrate that the TKO mice also have elevated
blood lipids and impaired fat oxidation, yet remain insulin sensitive while on a standard
chow diet. However, an important remaining question is whether or not these TKO
mice accumulate intramuscular lipid molecules (TAG, DAG, acyl-CoAs) when fed a
high fat diet (as would be predicted), and if so, does this result in impaired insulin-
mediated activation or signaling molecules, such as serine rather than tyrosine
phosphorylation. It has been reported that TXNIP null mice maintain insulin sensitivity
after a 4-week high fat diet as measured by intraperitoneal insulin tolerance test (ITT)
(Chutkow et al., 2010), but a thorough analysis of intramuscular lipid molecules (TAG,
DAG, acyl-CoAs) was not provided. If the widely accepted “LC-CoA or lipotoxicity
hypothesis” holds true, increased intramuscular lipid accumulation should result in

serine phosphorylation and inactivation of IR, IRS-1 and PI3K. If on the other hand,
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insulin activation of these molecules were not impaired, the results would argue against
the lipotoxicity model while favoring a more direct connection between insulin
resistance and excessive mitochondrial fat oxidation as predicted by the mcd’ model. In
parallel, the question of whether TXNIP overexpression results in impaired glucose
metabolism and insulin signaling under BSA control and high fat conditions could also
be explored in cultured myocytes, where parameters of insulin insensitivity (glucose
uptake, glucose oxidation and glycogen synthesis) and insulin signaling could be easily

explored.

5.5 Summary

TXNIP is a fascinating, multifunctional protein with many avenues for continued
study. Several suggestions were made here, but to prioritize I would begin with
investigating how TXNIP stabilizes the mitochondrial dehydrogenases to determine a
clear mechanism of action before moving on to the source of ROS and determining if the
malate-aspartate shuttle is proving reducing equivalents to the ETC in the TKO mice.
Answering these questions will provide greater understanding as to the role of TXNIP in
mitochondrial function and insulin action and better design of pharmaceuticals using

TXNIP as a potential antidiabetic drug target.
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