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ABSTRACT OF THE DISSERTATION

Metabolic Role of Thioredoxin-Interacting Protein in Facilitating

the Fasting Response

by
Allen Mariano Andres

Doctor of Philosophy in Biology

University of California, San Diego 2009

San Diego State University 2009

Professor Roberta A. Gottlieb, Chair

Thioredoxin-interacting protein (Txnip) is a ubiquitously expressed
protein whose well established function is to bind to thioredoxin, effectively
inhibiting its ability to facilitate redox-mediated functions. Txnip has been
characterized as a potent tumor suppressor and (through its association with

thioredoxin) is involved in various cellular homeostatic functions that regulate
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cell growth, proliferation, and apoptosis. Recently, Txnip has emerged as an
important player in metabolism.

Here, we demonstrate that Txnip is essential for integrating signals that
allow for an appropriate metabolic response to survive a fasting challenge.
Using a mouse model harboring genetic disruption of the Txnip gene, we
attempted to elucidate the role of Txnip in facilitating the fasting response
where the body normally elicits a set of metabolic reactions to maintain energy
homeostasis necessary for survival. We establish that loss of Txnip alone is
sufficient to induce fasting hypoglycemia, hyperketonemia and
hypertriglyceridemia. Furthermore, we show that Txnip ablation leads to
attenuated mitochondrial oxidative phosphorylation of all major fuel substrate
types (glucose, ketone bodies, and fatty acids) and enhances the propensity to
utilize glucose in muscle tissues. Moreover, we establish that Txnip exerts its
metabolic role in the fasting response in great part through the heart and
skeletal muscles, as the phenotype of global Txnip knockout mice is closely
recapitulated in the heart and skeletal muscle-specific knockout mice.

Upon concentrating our efforts to understand the function of Txnip in
the heart and skeletal muscle of fasting Txnip -/- mice, we observed
hypoactivation of AMPK in the more oxidative muscle tissues (heart and
soleus muscles) relative to their controls. We found that this phenomenon is a
consequence of a low AMP:ATP ratio (high energy state) and is associated
with increased muscle glycogen content. In this dissertation we demonstrate

that Txnip is an essential player for facilitating the glucose-fatty acid cycle,
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which is an essential part of the fasting response. Because of the critical and
influential role it plays in cellular energetics and house keeping functions,
Txnip may be a potentially good target for therapeutic research into treating
many of the metabolic maladies man faces today that include heart disease,

cancer, and diabetes.
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Chapter 1

Literature Review

Introduction to thioredoxin-interacting protein

Thioredoxin-interacting protein (Txnip) was first identified as a gene that
is highly upregulated by 1,25 hydroxyvitamin D3 in treated HL-60 cells [1].
Txnip, also known as VDUP-1 (vitamin D-3 upregulated protein 1) or TBP-2
(thioredoxin binding protein 2), is a 46kDa ubiquitously expressed protein that
is intimately involved in the maintenance of the cellular redox rheostat through
its disulfide interaction with thioredoxin [2, 3]. Once bound to Txnip,
thioredoxin is effectively sequestered from participating in its redox and
transcription regulatory functions. Through subcellular fractionation and
western blot analysis of muscle tissues, we and others have found that Txnip
protein can be found in the nucleus, cytosol, and mitochondrial fractions
(unpublished lab data and [4]). In this dissertation, we attempt to further
elucidate the functional role of Txnip at the physiological and biochemical level

in a mouse system.

Redox regulation by the thioredoxin system
The thioredoxin system plays an important cellular housekeeping role of
facilitating redox reactions necessary for proper cell function. The thioredoxin

system is vital for maintaining the homeostatic redox poise of the cell and for



protecting the cell from redox damage through its participation in scavenging
reactive oxygen species (ROS) [5, 6]. There are several members of the
thioredoxin superfamily of proteins that play distinct and overlapping roles in
the general maintenance of intracellular redox poise [7]. A comprehensive
review of this system along with the glutaredoxin system (the other major
redox regulation system found in cells) is available in Holmgren, A. 1985 [8],
and Ashan, K. 2009 [7]. The importance of thioredoxin is underscored by the
fact that embryonic lethality occurs when either thioredoxin-1 or thioredoxin-2
is ablated [9-11]. Here we shall briefly review the thioredoxin system with a
special focus on its connection with metabolism and thioredoxin-1, which is the
established member of the thioredoxin family that interacts with Txnip [2, 3,
12-14].

The mechanism by which the thioredoxin system interacts to reduce
proteins is distinct from the glutathione system in that it utilizes a disulfide
exchange system. The glutathione system is able to interact with a greater
number of oxidized constructs due to its monosulfhydryl exchange capability
which allows interaction with mixed disulfide proteins [7, 8]. Thioredoxin-1, first
discovered in 1964 as a hydrogen donor to ribonucleotide reductase, is a 12
kDa thiol oxidoreductase that is mainly found in the cytosol [7, 8, 15].
Thioredoxin-1 contains two redox active cysteine residues in its active site
(Cys32-Gly-Pro-Cys35) [7, 8]. The basic mechanism of the thioredoxin-
mediated reduction involves the interaction of reduced (active) thioredoxin (SH

HS) with oxidized proteins in which two cysteines of close spatial proximity
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have been oxidized (S-S). Through disulfide exchange, thioredoxin donates a
proton to reduce an oxidized protein thus rendering itself in an oxidized
(inactive) state (S-S). Oxidized thioredoxin is restored by the action of
thioredoxin reductase, which uses NADPH as the cofactor to donate H" to
reduce (reactivate) thioredoxin [5, 7, 8]. Txnip regulates this redox circuit by
binding to thioredoxin and preventing its participation in the process. A

schematic is shown to illustrate this mechanism (Figure 1).

Thioredoxin and Txnip: Regulation of cell growth and proliferation
Beyond its role in direct redox regulation, the thioredoxin system, which
can be regulated by Txnip, extends its importance to signal transduction, cell
growth and apoptosis [7, 8, 16]. Thioredoxins are known to inhibit programmed
cell death by interfering with the Ras/Ref/ERK pathway [17, 18]. Additionally,
the mitogen-activated protein kinase kinase kinase (MAPKKK), apoptosis
signal regulating kinase 1 (ASK-1) is, under normal conditions, bound to
thioredoxin-1 in the cytosol and thioredoxin-2 in the mitochondria preventing
apoptosis [19]. When dissociated from thioredoxin-1 or thioredoxin-2, as could
be the case in increased oxidative stress, ASK-1 is then free to interact with
TNF-receptor associated factors (TRAFs) leading to activation of c-Jun N-
terminal kinase (JNK) and p38 MAPK, which both initiate the apoptotic
cascade [20-22]. In one report, thioredoxin-1 may also facilitate the
ubiquitination of ASK-1 leading to its degradation [23]. Thioredoxin-2 also

plays an important role in the regulation of programmed cell death by



preventing the release of cytochrome ¢ and maintaining the mitochondrial
membrane potential [24, 25].

Under certain conditions, such as an increase in oxidative stress,
thioredoxin-1 may translocate into the nucleus to facilitate certain functions
involving the regulation of transcriptional activity or may be exported out of the
cell [26, 27]. Thioredoxin may also interact with and modify transcription
factors in the cytosol, thus influencing their action. Thioredoxin-1 is associated
with the regulation of a plethora of transcription factors that include, but are not
limited to, AP-1, NF-kB, HIF-1a, Sp1, and p53 [28-34]. Cytosolic activation of
Ref-1 by thioredoxin leads to the reductive activation of AP-1 to increase its
DNA binding capacity, which enhances the transcription of many genes that
promote cell growth [30]. NF-kB has been shown to be directly activated by
thioredoxin-mediated reduction of Cys62 of its p50 subunit [33]. This
transcription factor has been shown to be associated with cell proliferation
control and is involved in the inflammatory response [35-38]. HIF-1a plays an
important role in promoting cell survival in a hypoxic environment and is thus
critical for the ability of cancer cells to develop into a tumor mass [39-41]. The
activation of HIF-1a to facilitate this effect is redox regulated; thioredoxin has
been demonstrated to play an essential role in this process [42-45]. Sp1 is
another thioredoxin regulated transcription factor that is important in the
progression of cancer due to its function to promote lipid synthesis and to
facilitate rapid cell growth and proliferation [28, 46, 47]. Thioredoxin is also

capable of directly or indirectly, like AP-1 (through Ref-1 activation), enhancing
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the DNA binding capacity of p53, which is another important level of control for
regulating apoptosis [34, 46, 48].

Given the established characteristic of Txnip to bind and inhibit
thioredoxin-1 activity, it should be no surprise to realize its potential connection
to cell growth and proliferation. Txnip has been characterized as a tumor
suppressor that controls cell growth, proliferation and apoptosis through its
regulation of thioredoxin [49-52]. In one example, thioredoxin is known to
promote smooth muscle cell growth and this action is countered by expression
of Txnip [53]. Additionally, Txnip expression has been found to be essential for
the development of natural killer cells providing evidence for its importance in
the realm of immunology [54]. In the following section, we will discuss the
importance of the thioredoxin system in various metabolic diseases and will

discuss the influence of Txnip in these processes when appropriate.

Thioredoxin and Txnip: Involvement in metabolic diseases

Thioredoxin and Txnip are associated with various metabolic diseases
that include cancer, heart disease, and diabetes. Thioredoxin expression has
been found to be elevated in many instances of cancer including hepatic [55-
57], pancreatic [58, 59], lung [60, 61], and colon cancer [62]. In parallel, Txnip
has been found to be down-regulated in a variety of cancers that include
hepatocellular carcinoma [63], gastrointestinal [64], B-cell ymphoma [65],
breast [66, 67], prostate, bladder and colon cancers [66]. Furthermore,

melanoma metastasis is suppressed by Txnip expression [68]. These findings



exemplify the yin and yang relationship between thioredoxin and Txnip as far
as their influence on the progression of cancer. Although the tumor-
suppressive nature of Txnip may be explained in part by its inhibitory
interaction with thioredoxin-1, it is still a possibility that this protein may have
thioredoxin-independent functions that are related to cell cycle control that
have yet to be discovered.

Thioredoxin also plays an important role in ischemic heart disease.
Chronic intermittent hypoxia, which induces thioredoxin-1 expression, leads to
decreased ischemia-reperfusion induced damage to the myocardium.
However, short-term intermittent hypoxia, where thioredoxin expression
remains low, has been shown to increase damage to the myocardium under
the same treatment [69]. This suggests that the presence of thioredoxin-1 is
cardioprotective and that the tissue may raise levels of thioredoxin as a
mechanism to prevent further damage caused by the ischemic insult. This
finding is supported in another study that demonstrates the protective effect of
thioredoxin expression in preventing ischemia-reperfusion injury [70]. In
another case, the expression of thioredoxin-1 and thioredoxin related protein
32 was increased by treatment with the ROS scavenger euryale ferox which
provided an increased cardioprotective effect against ischemia-reperfusion
damage [71]. Txnip, on the other hand, has been shown to counter the cardio-
protective effects of thioredoxin with regards to ischemia-reperfusion induced
damage. Over-expression of Txnip in cardiomyocytes has been demonstrated

to predispose cells to oxidative stress-mediated apoptosis through inhibition



of thioredoxin [13]. Furthermore, cardiac function and cardiomyocyte survival
is enhanced in an animal model of myocardial ischemia where Txnip has been
disrupted [72].

Patients suffering from diseases related to increased oxidative stress
have been shown to exhibit increased levels of thioredoxin in their serum. For
example, this phenomenon is observed in patients suffering from burns [73],
rheumatoid arthritis [74], and hepatitis C virus infections [75]. Secreted
thioredoxin has been implicated as functioning as a co-cytokine to stimulate
cell proliferation in human tumor cell lines [76]. Moreover, thioredoxin in the
plasma or serum has been reported to exhibit chemokine-like activity to recruit
neutrophils, monocytes, and T-cells [77]. Increased plasma or serum levels of
thioredoxin-1 have also been reported in patients suffering acute myocardial
infarction or coronary spastic angina, thus making thioredoxin a good marker
for these afflictions [78-80]. It would be interesting to see the level of control
Txnip may exert on the process of secreting thioredoxin; even more intriguing
would be to see if Txnip is secreted to control the activity of thioredoxin-1
released into blood.

The thioredoxin system is also involved in controlling cardiac
hypertrophy. Expression of a dominant negative thioredoxin-1 harboring
double mutation of its critical cysteine residues necessary for its reductive
function (C32S and C35S) causes increased cardiac hypertrophy and
oxidative stress [81]. In addition, the down-regulation of thioredoxin-1 in a

mouse menopause model leads to an increase in cardiac hypertrophy and



Fibrosis, which is associated with upregulation of ASK1/caspase signaling
[82]. This mechanism was elucidated in cardiomyocytes where ASK-1-induced
cardiac apoptosis and hypertrophy was inhibited by direct binding of
thioredoxin-1 and thioredoxin-2 with the N-terminal regulatory domain of ASK-
1 [83]. Congestive heart failure is prevented by treatment with estrogen which
upregulates thioredoxin-1 and thioredoxin reductase, again leading to the
inhibition of ASK-1 [84]. Cardiac hypertrophy can also be controlled in a
thioredoxin-dependent/ASK-1 independent manner. This mechanism involves
enhanced regulation of protein expression of mitochondrial proteins such as
PPARYy coactivator-1a (PGC-1a) and nuclear respiratory factors (NRFs), which
improves mitochondrial oxidative function and is associated with preventing
cardiac hypertrophy [85]. Suppression of Txnip in cardiomyocytes has been
shown to prevent cardiac hypertrophy [53], most likely due to a release of its
inhibition of thioredoxin-1. Clearly, cardiac hypertrophy is regulated by the
opposing influence of thioredoxin action versus Txnip-mediated inhibition of

thioredoxin.

Role of Txnip in glycemic control and the metabolic syndrome

Txnip has been implicated as an important element in the regulation of
glucose homeostasis, and thus may play an important role in the etiology of
diabetes mellitus. Many studies have established that Txnip is potently
induced by increased concentrations of glucose [86-90]. Disruption of the

Txnip gene lead to a metabolic profile that increases glucose tolerance
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in both humans and mice [91, 92]. Muscle expression of Txnip was found to be
consistently increased in humans with diminished glucose tolerance and
diabetes versus those with normal glucose tolerance [92]. In parallel,
increased Txnip expression is also observed in diabetic animal models. When
treated with insulin, animals, human skeletal myocytes, adipocytes, and INS-
1E B-cells exhibit downregulation of Txnip expression [92-94]. This down-
regulation of Txnip expression by insulin is lost in insulin receptor ablated mice
illustrating the importance of an intact insulin signaling pathway in this
mechanism [92]. These findings bring to light the importance of Txnip in
glucose homeostasis, underscore its importance in diabetes, and establish its
reciprocal regulation by insulin and glucose. Figure 2 is a schematic depicting
the metabolic involvement of Txnip in maintaining whole-body glucose
homeostasis.

Glucose has been shown to be able to induce upregulation of Txnip in
the pancreas, which may be critical for the control of insulin secretion [87].
However, high concentrations of circulating glucose have also been shown to
cause [B-cell mass loss [50]. Glucotoxicity of the pancreas, which leads to [3-
cell loss and dysfunction and impaired transcription of insulin, has been
established in many studies [95-100]. Thus, there exists the possibility that
Txnip expression may be a factor in linking pancreatic toxicity to increased

glucose levels.
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Some evidence for this possibility include the finding that increased
expression of Txnip in many cell lines is associated with sensitization to
oxidative stress that leads to increased apoptosis [101]. The anti-apoptotic
properties of the anti-diabetic drug, exenatide, is mediated through Txnip
reduction [102]. In the pancreas, loss of Txnip is associated with increased
Akt/Bcl-xL signaling, increased [-cell mass, and resistance to streptozotocin-
induced B-cell apoptosis [103]. These findings are complementary to the
established characteristic of Txnip as tumor suppressor gene.

The development of obesity and insulin resistance are significant risk
factors in the progression of type 2 diabetes mellitus [104-106]. In turn,
diabetes is an established risk factor for the onset of various vascular
maladies including coronary artery disease, atherosclerosis, peripheral artery
disease, and stroke [94, 107-109]. This metabolic epidemic is of particular
importance in the context of Western society’s progressive tendency to
consume food in severe excess of need, while concomitantly shifting towards
a lifestyle of diminished activity. The associated hyperglycemia that usually
follows then leads to glucotoxicity of the pancreas, which is facilitated by
Txnip, thus exacerbating the loss of glycemic control. Therefore understanding
the mechanistic role of Txnip in this process may be essential for stemming

the onslaught of this devastating metabolic disease.
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Figure 1: Schematic representation of the thioredoxin redox circuit.
Reduced thioredoxin (Trx HS SH) is sequestered by Txnip which prevents it
from participating in this circuit of reducing oxidized proteins. By the action of
reducing other proteins, thioredoxin renders itself in its oxidized form that is no
longer able to fulfill is reducing capacity (Trx S-S). Using NADPH, thioredoxin
reductase restores Trx to its redox active form (Trx HS SH).
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Figure 2: Involvement of Txnip in glucose homeostasis. Increased glucose
concentrations in circulation leads to the secretion of insulin by the pancreatic
B cells. Insulin then increases glucose uptake in insulin-sensitive tissues, such
as skeletal muscle, consequently increasing their intracellular glucose
concentration. High intracellular glucose levels triggers the increase of Txnip
expression. Txnip then counters the action of insulin by attenuating glucose
uptake in tissues. As another level of whole-body homeostatic control, insulin
potently inhibits the transcription of Txnip.



Chapter 2

Role of Txnip in Metabolic Fasting Response

Recently, Txnip has emerged as an important metabolic regulator with
regards to the physiological need to regulate fuel utilization in animals [91,
110, 111]. We previously demonstrated that Txnip is essential for mediating an
appropriate metabolic response to fasting in the HcB-19 mouse strain [110], a
recombinant congenic mouse model that expresses a truncated and non-
functional Txnip protein [112]. When challenged with an overnight fast, these
mice become hypoglycemic, hyperketotic, and hypertriglyceridemic [110]. The
exact mechanism of this process remains poorly understood and stands as the
basis of investigation for this dissertation.

In an effort to ascertain that the mutation in Txnip alone is the cause for
these metabolic phenotypes, our lab generated whole-body and tissue-specific
Txnip -/- mice on a C57BI/6 background using the Cre-loxP-mediated gene
recombination system [113]. Whole-body Txnip -/- mice were created by

crossing Txnip™"

mice with mice expressing cre-recombinase under the
control of the zp3 promoter [114]. As anticipated, whole-body Txnip -/- mice
displayed hypoglycemia, hyperketonemia, and hypertriglyceridemia after an
overnight fast (Figure 3), which was consistent with the phenotype of other

Txnip-deficient mice [4, 110, 112]. We also found that the onset of

hypoglycemia and hyperketonemia in Txnip -/- mice occurs almost

13
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simultaneously within the course of 4 hours after food deprivation and through
the dark period where mice are most active; hypertriglyceridemia occurs
several hours later (Figure 4). Interestingly, the hypoglycemia that occurs in
Txnip -/- mice seems to reach its metabolic set point after 4 hours upon
removing their food. Mice that were provided food ad libitum do not exhibit
these drastic plasma phenotypes. Global Txnip -/- mice (TKO), liver-specific
Txnip -/- mice (LKO) and heart and skeletal-muscle specific Txnip -/- mice
(MKO) did not exhibit abnormalities in morphology, viability, or reproductive

capacity.

RESULTS
Ablation of Txnip enhances glucose utilization and tolerance in mice
To better understand the basis for the hypoglycemia observed we
examined levels of circulating plasma insulin and glucagon in fasted mice.
Insulin plays a critical role in glucose homeostasis by signaling to insulin-
responsive tissues (such as heart, skeletal muscle and adipose) to take up
glucose through the canonical Akt-mediated signaling pathway, that when
activated leads to the translocation of glucose transporters (mainly Glut-4 in
adipose and muscle tissues) to the plasma membrane [115-118]. Uptake of
glucose into tissues is largely a passive process that is facilitated by glucose
transporters. Glucagon antagonizes the effects of insulin and promotes the

mobilization of glucose stores, namely glycogen in muscles and liver, and the
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mobilization and release of fatty acids from adipose depots [119-121].
Interestingly we found no differences in the levels of both these hormones in
the plasma of fasted wild-type and Txnip -/- mice (Figure 5). This finding
suggested that ablation of Txnip may increase insulin sensitivity, decrease
hepatic production of glucose and/or increase the uptake of glucose in tissues.
It is important to note that insulin is known to exert its metabolic effects
primarily during periods after an animal has consumed a meal. Therefore it
seemed unlikely that the hypoglycemic phenotype would be connected with
increased insulin sensitivity. After ingesting a bolus of food, plasma glucose
levels tend to rise leading to insulin secretion by the pancreatic 3 cells to allow
for the uptake and storage of glucose as glycogen in muscle tissues and liver
and esterified fatty acids in adipose (all insulin-sensitive tissues).

We then performed an intraperitoneal glucose tolerance test to examine
the capacity of mice to clear a given bolus of glucose in two hours. Mice
lacking Txnip were able to clear this given bolus of glucose more efficiently in
comparison to their wild-type littermates (Figure 6) demonstrating an
increased tolerance and ability to utilize glucose. This finding was supported
by our collaboration with Jason Kim at Pennsylvania State University, who
performed hyperinsulinemic-euglycemic clamp experiments on these mice.
From these studies we found that Txnip -/- mice exhibited increased glucose
uptake in gastrocnemius muscle, increased glucose infusion (which became

necessary to maintain euglycemia), increased glucose turnover, and increased
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production of glucose by the liver (Figure 7). Given these findings, we were
compelled to examine the basis of this increased propensity to utilize glucose
and hypothesized that perhaps loss of Txnip leads to increased insulin

sensitivity.

Loss of Txnip enhances glucose tolerance mainly through an insulin-
independent pathway

In an effort to determine the remote possibility of increased insulin
sensitivity we examined the activation state of Akt/PKB in several tissues.
Phosphorylation of Akt at Thr 308 and Ser 473 increases the kinase activity of
this protein which is involved in stimulating Glut-4 translocation to the plasma
membrane to facilitate the uptake of glucose in muscles (Figure 8 — Akt
signaling — Canonical pathway involved in Glut-4 recruitment to the plasma
membrane) [122-124]. Initially, others in my lab reported a 3 to 4 fold increase
of Akt activation in soleus muscle and hearts of overnight fasted Txnip -/- mice
versus their controls (Figure 9) [91]. This result proved to be very controversial
after publication as it could not be repeated despite numerous efforts by me
and other colleagues. Instead we were able to reproduce consistently the
finding that, after an overnight fast, there is no discernable difference between
Txnip -/- mice and their respective controls in the activation state of Akt/PKB in
tissues such as the heart and soleus muscles (Figure 10). This finding
indicated that Txnip enhances glucose tolerance mainly through a

insulin-independent manner. This result makes sense in the context that the
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abnormal metabolic phenotype of Txnip ablated mice occurs after an energy
insult such as fasting where insulin is not a dominant signaling hormone.
Furthermore, more recent findings (concerning downstream targets of the
insulin-sensitive pathway) from our lab and others strongly support this notion
as will be clarified in the last two chapters of this dissertation. Although in our
hands we conclude that the enhanced glucose tolerance conferred upon Txnip
ablation is more likely due to an insulin-independent mechanism rather than
an insulin-dependent one, the possibility that Txnip ablated mice may have
some degree of increased insulin sensitivity cannot be discounted. For
example, a study examining glucose tolerance and diabetes in a human study
strongly suggests a positive correlation between increased insulin sensitivity

and disruptions in Txnip [92].

Txnip ablation impairs mitochondrial oxidative phosphorylation and
enhances glycolysis.

To gain insight of the mishandled fuel partitioning caused by Txnip
ablation we examined the ability of these mice to utilize different fuel
substrates. We began by investigating the basis for hyperketosis seen in
fasted Txnip -/- mice. The increased level of circulating ketone bodies could be
a result of several factors: 1) Increased hepatic production of ketones, 2)
Impaired ability to clear ketones from the circulation via urine and/or 3)
Impaired ability to utilize ketones by tissues (mainly the brain and muscle

tissues). To examine the first possibility we examined the expression of HMG-
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CoA synthase and HMG-CoA lyase in liver. The expression of these two
enzymes is necessary for the ability of liver to produce ketone bodies
(especially mitochondrial HMG-CoA synthase which is the rate limiting step in
ketogenesis) [125, 126]. Real-time quantitative PCR revealed that both these
enzymes were in fact increased in livers of Txnip -/- mice (Figure 11), an
indication of increased hepatic production of ketone bodies. To examine the
second possible scenario, our lab measured the amount of ketone bodies
excreted in the urine of mice using a colorimetric kit, which revealed that levels
of excreted 3-hydroxybutyrate was an astonishing ~30-fold higher in Txnip -/-
mice [91]. Combined with the finding that hepatic ketone body production may
be increased, these findings suggested that the increased levels of circulating
ketone bodies in Txnip -/- mice may be due to both increased ketone
production and an impaired ability to utilize ketones.

To investigate the possibility of impaired ability to utilize ketones we
examined the dynamics of ketone body uptake in skeletal muscle by injecting
intravenously a bolus saline containing cold 3-hydroxybutyrate and tracer
[1'“C]-D,L-3-hydroxybutyrate. Mice were then sacrificed and perfused with
phosphate buffered saline 30 minutes post tracer injection. Hind limb muscles
were harvested and uptake of ketone was estimated by determining
radioactivity per gram tissue. We found that there was no difference between
wild-type and Txnip -/- mice in the incorporation of [1'*C]-D,L-3-
hydroxybutyrate in skeletal muscle (hind limb) (Figure 12). We then examined

the ability of Txnip -/ mice to oxidize [1'*C]-D,L-3-hydroxybutyrate by
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performing an ex vivo experiment to examine the ability of soleus muscle to
oxidize 3-hydroxybutyrate; the major ketone body synthesized by the liver that
can be converted reversibly to acetoacetate [126]. We found that oxidation of
3-hydroxybutyrate was decreased by ~60% in soleus muscles of Txnip -/-
mice, as compared to wild-type samples (Figure 13A).

Upon discovering that oxidation of 3-hydroxybutyrate through the
oxidative phosphorylation pathway was impaired, we were prompted to
examine the oxidation of fatty acids and glucose as well. To examine the
ability to oxidize fatty acids through the mitochondria we used [1"C] oleic acid
as a substrate, which showed that oxidation of this fuel was diminished by
~48% in Txnip -/- mice (Figure 13B). We then examined the oxidation of
glucose and were surprised to find that oxidation of this fuel was diminished by
~43% (Figure 13C). Overall, we found that Txnip ablation diminishes
mitochondrial oxidation of all major fuels including glucose, ketone bodies and
fatty acids.

Given that we observed increased ability to clear a bolus glucose it was
quite surprising to find that oxidation of glucose through the mitochondria was
decreased in Txnip -/- mice. This suggested that glycolysis may be increased
in these mice. To ascertain this possibility we examined levels of circulating
plasma lactate, as an indicator of increased glycolytic rate [127]. Increased
glycolysis in tissues leads to an accumulation of lactate in cells, which is
subsequently released into the blood and is thus an indicator of glycolytic

rate. We found that plasma levels of lactate were indeed elevated in fasting
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Txnip -/- mice (Figure 14). This finding was revealing in that it demonstrated
that Txnip ablated mice undergo a metabolic shift towards relying more on

glycolysis for energy and away from mitochondrial oxidative phosphorylation.

Oxidation of PTEN is increased by ablation of Txnip

Based on the initial finding that Akt signaling may be increased in
oxidative muscle tissues we investigated the major phosphatase responsible
for attenuating this signaling pathway, PTEN (Phosphatase and tensin
homolog deleted on chromosome 10) [128, 129]. PTEN contains a catalytic
site consisting of two cysteine residues that must be in a reduced state in
order to maintain phosphatase activity. Thioredoxin has be shown to be the
major factor in keeping PTEN in a reduced and active state [129-131]. We
hypothesized that somehow Txnip ablation may affect the thioredoxin system
in such a way as to prevent the reactivation of PTEN, thus leading to
increased Akt signaling. As mentioned earlier, the initial finding that Txnip
ablation leads to increased Akt activation was not reproducible, hence there is
no need to discuss the importance of Txnip ablation in this context. However,
the plausibility of increased oxidation of proteins in Txnip -/- tissues remains
an interesting avenue to investigate. PTEN will serve as the example protein
for the remainder of this portion discussing the importance of Txnip and the
thioredoxin system in the cellular environment. High rates of glycolysis may
divert glucose from entering the predominant pathway for NADPH generation

(the pentose phosphate shunt). NADPH is necessary to maintain a functional
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thioredoxin circuit and the risk of its depletion in skeletal muscle and heart
tissues is increased in these tissues because of their reduced capacity to
regenerate this metabolite [132]. Typically, growth factor signaling activates
tyrosine kinases leading to an oxidative burst (ROS production) and
subsequent inactivation of phosphatases like PTEN by forming a disulfide
bond in the catalytic domain of the protein [130, 131, 133]. PTEN is then
reactivated by thioredoxin-NADP(H) dependent reduction of the cysteine
residues important for its activity. NADH has been shown to inhibit thioredoxin-
NADP(H) dependent reactivation of PTEN in a dose dependent manner [134].
Thus, one avenue to examine not investigated in this work is to see if changes
in NADH/NADPH ratio correlate with PTEN activation.

To examine if PTEN oxidation state was somehow increased in Txnip -
/- mice, we performed western blot analysis showing that soleus muscle
extracts from Txnip -/- mice displayed a ~50% decrease in detectable PTEN
under non-reducing conditions (i.e. not recognized by a polyclonal PTEN
antibody without prior disulfide reduction by DTT) whereas no differences in
PTEN were observed under reducing conditions (Figure 15). Likely due to
conformational changes as a result of disulfide oxidation, this result
demonstrates that Txnip -/- soleus muscle extracts contain more masked
epitope sites that are unable to be recognized by the polyclonal anti-PTEN
antibody used suggesting that PTEN and perhaps many other proteins, are
in a more oxidized state in the soleus muscles of Txnip -/- mice versus their

wild-type littermates.
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Examining the role of Txnip in the liver

Due to the dominant role the liver plays in the regulation of circulating
fuels such as glucose, fats and ketone bodies [135] and because studies of
the HcB-19 mouse strain reported an increase of VLDL secretion by the liver
[136], we hypothesized that Txnip may contribute greatly to the observed
fasting phenotype mainly through its effects in the liver. To this effect, we first
generated liver-specific Txnip -/- mice (designated LKO mice) to examine the
contribution of Txnip ablation in the liver to the fasting phenotype observed.

LKO mice were generated by crossing Txnip™"

mice to mice expressing cre
recombinase under the control of the albumin promoter [137]. The generated
LKO mice were backcrossed to C57BI/6 mice at least four times before
performing experiments. Surprisingly, LKO mice did not exhibit any notable
difference from their wild-type littermates with regards to their fasting plasma
metabolite profile (Figure 16). This finding strongly suggested that Txnip exerts

its metabolic influence, in the context of fasting response, mainly through

extra-hepatic tissues.

Determining the expression pattern of Txnip

Before proceeding to generate other tissue-specific Txnip ablated
strains our lab decided to first examine the expression of Txnip in different
tissues under non-fasting and fasting conditions. To this end, C57BI/6 mice
were sacrificed to provide samples of liver, pancreas, white adipose tissue,

spleen, heart, lung, kidney, brain and skeletal muscle. After processing these
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samples for quantitative real-time PCR, we found that Txnip mRNA expression
was highest in white adipose, heart, kidney, and skeletal muscle, and that in

general its expression is increased during fasting (Figure 17).

Examining the role of Txnip in heart and skeletal muscle

Because of the importance of skeletal muscle tissue and heart in total
body glucose disposal [138-141], and the role these tissues play in facilitating
the glucose-fatty acid cycle [142-145], we hypothesized that Txnip may exert
its metabolic influence mainly through these tissues. Skeletal muscle and
heart-specific Txnip -/- mice (designated MKO mice) were generated by

crossing Txnip™"

mice to mice expressing Cre-recombinase under the control
of the muscle creatine kinase promoter [146]. This targeted deletion of Txnip
generated mice that, when fasted, exhibit a plasma phenotype that was similar
to, albeit less drastic, than the global Txnip knockout mice. The similar
phenotype also extends to their ability to oxidize fuel substrates through the
mitochondria, that is attenuated like global Txnip -/- mice [91]. This finding
strongly suggested that the function of Txnip in heart and skeletal muscle

tissue is critical for the ability of mice to properly respond to a fasting

challenge.
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EXPERIMENTAL PROCEDURES
Animal Studies

Txnip knockout mice and their wild-type (C57BL/6 background)
littermates were housed in a temperature controlled room (25+1°C) under a 12
hour light and 12 hour dark system (6PM-6AM dark). Mice were allowed free
access to water and standard mouse chow (Lab Diet 5001, Purina Mills). For
fasting experiments, mice were moved into a new cage without chow at 4PM
and sacrificed after ~18 hours (overnight fasting). All experimental procedures
were approved by the Institutional Animal Care and Use Committee at San

Diego State University.

Plasma Metabolite Assays

Whole blood was collected retro-oribitally using heparinized capillary
tubes. The blood was then spun down at 10,000 x g for 5 minutes at 4°C to
separate plasma that was then assayed immediately or frozen in aliquots and
stored at -20°C. Colorimetric kits were used to measure glucose and
triglycerides (Wako Chemicals), 3-hydroxybutyrate (Stanbio Labs), and lactate
levels (Eton Bioscience) according to manufacturer’s instructions. Insulin and
glucagon levels were assayed using radioimmunoassay (RIA) kits (Linco) and

performed according to manufacturer’s instructions.
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Glucose Tolerance Test
Overnight fasted mice (~18 hours) were subject to intraperitoneal injection with
a solution of glucose carried in saline (2g/kg body weight). Control mice were
treated only with saline. Over a two hour time course, blood was drawn from a
small tail clip and glucose levels were determined with a glucometer (Becton

Dickinson).

Hyperinsulinemic-Euglycemic Clamp Experiment

After an overnight fast (~18 hours), a 2 hour hyperinsulinemic-
euglycemic clamp was administered in awake Txnip -/- and wild-type mice.
Treatment conditions included a dose of 150milliunits/kg body weight insulin
followed by 2.5milliunits/kg per minute insulin infusion [147]. Basal and insulin-
stimulated whole-body glucose turnover was estimated while administering a
continuous infusion of [3->H] glucose before and during the clamp experiment.
Insulin-stimulated glucose uptake in skeletal muscle was determined by
administering an intravenous bolus of 2-deoxy-D-[1'*C] glucose (Perkin
Elmer). Rates of basal hepatic glucose production and insulin-stimulated
whole-body glucose and skeletal muscle glucose uptake were measured using
an established method [147]. These procedures were approved by the
Pennsylvania State University Animal Care and Use Committee, and
performed at the Pennsylvania State University Mouse Metabolic Phenotyping

Center.
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Western Blotting

Details for the western blotting procedure done in Figure 8 are
described in Hui, S.T.Y., et. al. 2008. [91]. For the Akt blots performed here,
we used several buffer systems including that detailed in reference 91, and
other buffers listed here in attempts to recapitulate the data reproduced
previously which were unsuccessful. Below describes the additional western
blotting procedures used for Figure 9 results:

Tissues were homogenized in ice-cold buffer containing 50mM Tris pH
8, 150mM NaCl, 2mM EGTA, 1mM EDTA, 1% NP-40, 0.5% Sodium
Deoxycholate, 0.1% SDS, 20mM NaF, 1mM NaVO,4, 1mM PMSF, 10ug/mL
aprotinin, 10ug/mL leupeptin and 10ug/mL pepstatin (Standard radio-
immunoprecipitation buffer RIPA). For other batches, tissues were
homogenized in ice-cold buffer containing 120mM Tris pH 7.4, 2mM EDTA,
150mM NaCl, 1% Triton-X 100, 20mM NaF, 1mM NaVOQO,, 20ug/mL aprotinin,
20ug/mL leupeptin (TETN buffer). Proteins were fractionated by SDS-PAGE
using tris glycine gels (Invitrogen) and then electroblotted onto polyvinylidene
difluoride membranes (PVDF). Blots were blocked using 5% non-fat dried milk
in tris buffered saline with 1% tween-20. The following primary antibodies used
were: phosphoAkt Thr 308, phosphoAkt Ser 473, and totalAkt all from Cell
Signaling Technology. After incubation in peroxidase-conjugated secondary
antibodies (KPL), blots were visualized using Super Signal West Dura

Extended Duration Substrate (Thermo Scientific).



27

Extraction of Total RNA and Quantitative Real-Time PCR

Frozen tissue samples were processed using a Total RNA Tissue
isolation kit (Versagene) according to the manufacturer’s instructions. Total
RNA was converted to cDNA using iScript (BioRad) according to the
manufacturer’s instructions. Quantitative Real-Time PCR was performed using
the BioRad iCycler system (BioRad). The primers used to determine
mitochondrial HMG-CoA synthase mRNA expression were 5’ -
GTTGGAGTGTTCTCTTACGGTTCTG - 3’ (forward) and
5- CGATCCGAGGGCCTCACTA -3’ (reverse) [148]. The primers used for
HMG-CoA lyase were 5’- CTGGGCTTAACGGGTCCTC -3’ (forward) and 5’-
TGGCAGTGGACAGCCAATGC -3’ (reverse) [149]. The primers used for
PEPCK were 5- CCACAGCTGCTGCAGAACA -3’ (forward) and 5’-
GAAGGGTCGCATGGCAAA -3’ (reverse). The house-keeping gene
Ribosomal 18S, 5 — AGTCCCTGCCCTTTGTACACA — 3’ (forward) and 5 —
CGATCCGAGGGCCTCACTA - 3’ (reverse) was used as control. Primers
without an attached reference were designed using Primer 3 software. Results

are displayed as change relative to control wild-type mice.

Ex Vivo Fuel Oxidation Experiments

Oxidation of fuel substrates by isolated soleus muscles were performed
following a previously described procedure with slight modifications [150].
Overnight fasted mice (~18 hours) were sacrificed and soleus muscles were

carefully extracted and immediately placed into a stoppered 25mL e-flask
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containing 3mLs of pre-oxygenated (bubbled 95% oxygen: 5%CO, mixture for
at least 1 minute) pH 7.4 Krebs Ringer solution (10mM Glucose, 1.2mM
MgSO4+7H,0, 1.2mM KH,PO4, 25mM NaHCO3, 5mM KCI, 125mM NaCl and
2.5mM CaCl,*H,0) at 37°C in a shaking water bath for 20mins (preincubation
step). Tissues were then moved into a new flask with the same buffer and
conditions supplemented with either **C-Glucose (0.5uCi/mL), 16mM D,L 3-
hydroxybutyrate (0.5uCi/mL), or 4% BSA and 0.5mM oleate (0.5uCi/mL). The
atmospheric air of the flasks were then re-equilibrated with 95% oxygen: 5%
CO2 mixture and a new stopper with a holding well containing a piece of filter
paper was used to seal the flasks. Tissues were then left to incubate in the
37°C shaking water bath for 1hour. After this time, 350ul of 1M hyamine
hydroxide (Perkin EImer) was injected through the stopper into the center well,
and the oxidation reaction was stopped by injecting 400ul 1M sulfuric acid
directly into the media. CO, was allowed to collect overnight, and the filter

papers were then transferred to vials for liquid scintillation counting.

Assessing PTEN Oxidation State

Soleus muscle from overnight fasted mice (~18 hours) were
homogenized in buffer containing (50mM Na;HPO, (pH 7.0), TmM EDTA,
10mM N-ethylmaleimide, 10mM iodoacetic acid, 5mM NaF, 50ug/ml aprotinin,
50ug/ml leupeptin, and 1% Triton-X 100. Under reducing or non-reducing
buffer, 20ug of sample homogenates were resolved by SDS/PAGE and then

transferred unto PVDF membranes. Blots were probed with polyclonal rabbit
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antibodies against PTEN (Cell Signaling Technology) and then stripped to re-

probe with antibodies against tubulin (Sigma) as a loading control.

Statistical Methods
All data are reported as the average + S.D. The two-tailed Student’s t
test was used to analyze data. Results having p-values less than 0.05 were

considered significant



30

20 - 7 - * 500 1
o % 5 T T 400 )
| ot [y ]
| 180 | = & 2
: 3 o g
okl ” 5 ke
2 S 39 T 200 1
() e (o
3 o 2 =
= ] = [w)]
0] g = 100 -
R =
i B . 0
W TKO WWT TKO WT TKO

Figure 3: Fasting Plasma Metabolite Profile. Plasma levels of glucose, 3-
hydroxybutyrate and triglycerides were assessed after an overnight fast using
a standard calorimetric commercial kit. N=9 mice per group. WT=wild-type,
TKO=Txnip -/-. Results are presented as mean + S.D. * Denotes significant
statistical difference, p<0.01.
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Figure 4: Plasma metabolite profile of Txnip -/- mice over a time course.
Plasma levels of (A) glucose, (B) 3-hydroxybutyrate and (C) triglycerides were
assessed in Txnip -/- mice during the onset of a fasting challenge. Mice were
fasted at 4PM prior to 6PM (the onset of dark for the mice). Plasma was
obtained by retro-orbital means at 4PM, 8PM, 10PM, 12AM and 2AM. No
plasma was taken at 6PM for analysis. N=3 mice per group. Results are
presented as mean £ S.D.
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Figure 5: Plasma insulin and glucagon levels. Circulating levels of plasma
insulin and glucagon were assessed from overnight fasted mice (~18 hours)
using radio-immunosorbent (RIA) assay kits. N=10 mice per group. WT=wild-
type, TKO=Txnip -/-. No statistical difference was observed between the two
groups.
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Figure 6: Glucose tolerance test. Overnight fasted mice were injected
intraperitoneally with a bolus of glucose carried in saline and normalized to
their body weight (2g glucose/kg mouse). Plasma levels of glucose were
monitored from WT mice (filled diamonds) and TKO mice (open squares) by
glucometer over a time course of 2 hours. N=4 mice per group. WT=wild-type,
TKO=Txnip -/-. Results are presented as mean + S.D. * Denotes significant
statistical difference, p<0.01.
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Figure 7: Hyperinsulinemic-euglycemic clamp experiments. Awake
overnight fasted mice were subject to hyperinsulinemic-euglycemic clamp
studies. (A) Insulin-stimulated glucose uptake in gastrocnemius muscle. (B)
Steady-state glucose infusion rate during 80-120 minutes of clamps. (C)
Insulin-stimulated whole-body glucose turnover. (D) Basal hepatic glucose
production rate. N=8 mice per group. WT=wild-type, TKO=Txnip -/-. Results
are presented as mean = S.D. * Denotes significant statistical difference,
p<0.01.
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Figure 8: Akt signaling — Canonical pathway involved in Glut-4
recruitment to the plasma membrane. Growth factor stimulation of surface
receptors (in this case insulin and the insulin-receptor) leads to
autophosphorylation event of the receptor leading to the recruitment and
activation of insulin-receptor substrates (IRS) that a consequently activates
phosphoinositide 3-kinase (PI3K). This kinase phosphorylates plasma
membrane anchored phosphotidylinositol (3,4) —bisphosphate (PIP2)
converting it into phosphotidylinositol (3,4,5) —trisphosphate (PIP3) that acts
as a docking site for recruiting and activating phosphoinositide dependent
kinase 1 (PDK1) and the mammalian target of rapamycin (mTOR)/Rictor
complex. Together PDK1 and the mTOR/Rictor complex phosphorylate and
activate Akt at Thr 308 and Ser 473 respectively. Activated Akt then proceeds
to perform its positive influence in promoting/regulating survival, growth and
proliferation and metabolism. An important aspect of Akt activation is its
action of promoting Glut-4 carrying intracellular membranes to translocate to
the plasma membrane to allow the glucose transporters to increase glucose
uptake. Phosphatase and Tensin Homolog Deleted on Chromosome Ten
(PTEN) is the major phosphatase that attenuates this pathway at the level of
the PIPs. Txnip, through its relation with thioredoxin is associated to PTEN’s
action thus connecting Txnip to Akt signaling although the exact mechanism
of action is still uncertain.
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Figure 9: Initial finding of Akt activation state in Txnip -/- mice. Insulin-
stimulated and basal Akt phosphorylation in soleus muscle and hearts of
overnight fasted mice. WT=wild-type, TKO=Txnip -/-. * Denotes significant
statistical significance, p<0.05. A full description of the generation of this figure
can be found in Hui, et. al. 2008 [91]. The author of this dissertation is second
author on that manuscript, did not participate in the generation of this figure,
and has voiced his concern over the reproducibility of this finding.
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Figure 10: Reproducible finding of Akt activation state in Txnip -/- mice.
Representative blots are presented to show all relevant conditions illustrating
Akt activation at the basal state in soleus muscle and hearts of mice fasted
overnight, and when stimulated with an intraperitoneal injection of insulin as
described [91]. After insulin treatment mice were sacrificed after 8 minutes to
harvest tissues that were immediately snap-frozen in liquid nitrogen before
preparation for western analysis. These experiments were done with at least
three batches of mice. N=3 to 4 mice per group for each batch used.
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Figure 11: Hepatic expression of ketogenic and gluconeogenic enzymes.
Total RNA was isolated from the livers of overnight fasted mice. mRNA levels
of mitochondrial HMG-CoA synthase, HMG-CoA lyase and PEPCK were
determined by quantitative real-time PCR normalized to 18S RNA. N=5 mice
per group. Results are presented as mean £ S.D. WT=wild-type, TKO=Txnip -
/-. * Denotes significant statistical significance, p<0.05.
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Figure 12: Incorporation of 'C 3-hydroxybutyrate in muscle tissues.
Overnight fasted mice were injected intravenously with 0.05uCi of [1-"*C]-3-
hydroxybutyrate. After 30 minutes skeletal muscle from hind limbs were taken
for determination of 3-hydroxybutyrate incorporation. N=5 mice per group.
WT=wild-type, TKO=Txnip -/-. No statistical difference was seen between the
two groups.
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Figure 13: Mitochondrial ex vivo fuel substrate oxidation experiments.
Soleus muscle from overnight fasting mice were incubated, for 1 hour at
30°C, with (A) [1-"C]-3-hydroxybutyrate(0.5 uCi/mL). (B) [1-"C]-oleate (0.5
uCi/mL), and (C) [U-"C]-glucose. N=5 mice per group, for each fuel substrate
experiment. The amount of “CO, generated was quantified by scintillation
counting. Results are presented as mean £ S.D. WT=wild-type, TKO=Txnip -/-.
* Denotes statistical significance, p<0.05 for (A) and (C) and p<0.01 for (B).
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Figure 14: Plasma lactate concentrations. Plasma lactate levels of
overnight fasted mice (18 hours) were assessed by a standard colorimetric kit.
N=6 mice per group. WT=wild-type, TKO=Txnip -/-. Results are presented as
mean x S.D. * Denotes significant statistical significance, p<0.05.
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Figure 15: PTEN oxidation state. Protein extracts of soleus muscles from
overnight fasted mice were prepared in homogenization buffer containing
10mM N-ethylmaleimide and 10mM iodoacetate. 20ug of protein were then
added to reducing sample buffer of non-reducing buffers and fractions on Tris-
glycine gels and electroblotted onto PVDF membranes. Blots were then
probed with antibodies against PTEN and tubulin. N=4 mice per group.
WT=wild-type, TKO=Txnip -/-. Results are presented as mean = S.D. *
Denotes significant statistical significance, p<0.05.
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Figure 16: Plasma metabolite profile of liver-specific Txnip -/- mice (LKO)
compared to global Txnip -/- (TKO), and control wild-type mice (WT).
Plasma levels of triglycerides, 3-hydroxybutyrate and glucose were assessed
after overnight fast using standard calorimetric commercial kits. N=8 to10 mice
per group. Results are presented as mean = S.D. * Denotes significant
statistical significance, p<0.01.
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Figure 17: Txnip mRNA expression in wild-type mice under non-fasting
and fasting conditions. Total RNA was prepared from various tissues
harvested from non-fasted and overnight fasted wild-type mice. Levels of
Txnip mMRNA expression were determined by quantitative real-time PCR
normalized to 18S RNA. N=8 to 10 mice per group. White bars represent non-
fasted mice, and black bars represent overnight fasted mice. Results are
presented as mean = S.D. * Denotes significant statistical significance,
p<0.05.
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The text and figures presented in Chapter 2, in part, has been

submitted for publication of the material as it may appear in Hui, Simon T. Y.,
Andres, Allen M., Miller, Amber K., Spann, Nathanael J., Potter, Douglas W.,
Post, Noah M., Chen, Amelia Z., Sachithanantham Sowbarnika, Jung, Dae Y.,
Kim, Jason K., and Davis, Roger A. (2008) Txnip balances metabolic and
growth signaling via PTEN disulfide reduction. Proceedings of the National
Academy of Sciences. Vol. 105, No. 10: 3921-3926. The dissertation author

was the secondary investigator and author of this paper.



Chapter 3

Importance of Txnip in Energy Homeostasis of Muscle Tissues

In response to a fasting challenge, we and others have found that Txnip
expression becomes highly induced in heart and skeletal muscle [4, 91].
Previously we have shown that Txnip ablation in heart and skeletal muscle
alone is sufficient to elicit the abnormal fasting phenotype displayed in global
knockout mice that is characterized by hypoglycemia, hyperketosis and
hypertriglyceridemia [91]. Thus we sought to further investigate Txnip’s role in
the regulation of energy homeostasis specifically in muscle tissues.

AMP-activated protein kinase (AMPK) is a well conserved sensor of
energy status and is important in the ability of muscle tissue to regulate its
energy needs [151, 152]. Under conditions of low cellular energy levels (high
AMP:ATP ratio), the a-subunit of AMPK becomes activated through
phosphorylation at the Thr 127 site [151, 153-155]. The major kinases involved
in the activation of AMPK are LKB1, Ca®*-calmodulin-dependent kinase
kinase, and transforming growth factor--activated protein kinase 1 (TAK1)
[155]. LKB1 has been proposed to act as the primary kinase involved in AMPK
activation in skeletal muscles during energy stress conditions [155, 156].
Animals subject to an energy stress challenge such as fasting activate AMPK
leading to a cascade of downstream events ultimately increasing energy

generating (catabolic - fatty acid oxidation, glycogen breakdown and glucose
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uptake) processes and attenuating energy consuming (anabolic — glycogen,
fatty acid and lipid synthesis ) ones (see Figure 18) [153, 157, 158].

Heart and skeletal muscle tissues play a key role in facilitating an
appropriate metabolic response to fasting due to their ability to switch fuel
consumption towards fat-derived sources by increasing oxidative
phosphorylation to meet their energy needs. This ability to switch substrate
utilization in an effort to conserve glucose was first described as the glucose-
fatty acid cycle by Sir Philip Randle [144]. To date, it is accepted that there is a
reciprocal relationship between the utilization of fat-derived fuels (fatty acids
and ketone bodies) and the use of glucose where the use of one substrate
negatively affects the selection of the other as an energy substrate [143, 145,
159, 160]. The phenomenon of fuel switching has been validated over the
years by many laboratories and yet the complexity of this process remains
immense and there are still many unknowns despite the level of understanding
we possess so far.

We have observed in previous studies (Chapter 2) that deletion of
Txnip leads to a shift towards increased glycolysis and diminished use of the
mitochondrial oxidative machinery as a source for generating ATP in soleus
muscle of mice [91]. We hypothesize that loss of Txnip in muscle renders
these tissues unable to initiate the glucose-fatty acid cycle, which
consequently leads to an improper metabolic response to a fasting challenge.
Given the striking influence muscle-specific Txnip ablation has with regards to

disrupting the normal metabolic response to fasting, and the importance of
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AMPK in muscle tissue energy homeostasis, we were compelled to investigate
the possible association of Txnip to AMPK signaling. Here we have attempted
to shed light into this possible association to further elucidate the mechanism

of Txnip action with regards to metabolism.

RESULTS
Activation of AMPK is reduced in oxidative muscle tissues of fasting
Txnip -/- mice

Our previous characterization of muscle-specific Txnip -/- mice clearly
demonstrated that loss of Txnip in muscle tissue is sufficient to cause the
anomalous metabolic fasting response seen in global Txnip -/- mice which
leads to plasma hypoglycemia, hyperketonemia and hypertriglyceridemia,
increased glycolysis, and diminished oxidation of fuel substrates through the
mitochondria [91]. To investigate if Txnip ablation affects AMPK signaling in
muscle tissue, samples from overnight fasted mice were subject to western
blot analysis. We found that the activation of AMPK was markedly diminished
in oxidative muscle tissues such as soleus muscle and heart, but interestingly
no difference was observed in gastrocnemius muscle (Figure 19). As
expected, the phosphorylation of a downstream AMPK target, acetyl-CoA
carboxylase (ACC), was decreased in both soleus and hearts of Txnip -/-
versus their controls (Figure 20). Previously we reported that Akt signaling
may be increased in fasting Txnip -/- mice, and this may influence the

activation of AMPK. AMPK may be phosphorylated by Akt at Ser 485/491
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(AMPKa/B); sites that when phosphorlyated may inhibit the phosphorylation of
AMPK at its well known target site at threonine 172 (AMPKa). To see if Akt
signaling may be affecting the AMPK pathway directly in this manner, we
compared the phosphorylation level of AMPK at Ser 485/491 and found that
there is no difference between Txnip -/- mice and their wild-type littermates

(Figure 21).

Ablation of Txnip leads to decreased fasting basal levels of AMP:ATP in
oxidative muscle tissues

To gain some insight into the mechanism underlying the diminished
activation of AMPK observed in oxidative muscle tissues of fasting Txnip -/-
mice, we first examined the possibility that ablation of Txnip may affect the
function of LKB1, the major upstream kinase known to activate AMPK in an
energy stress-dependent manner [154]. To determine if LKB1 was functioning
normally in Txnip -/- mice, we examined total levels of LKB1 in whole tissue
homogenates, the nucleus, and in the cytosol. LKB1 is normally localized in
the nucleus due to a nuclear localization sequence and must translocate to the
cytosol in order to interact and activate AMPK (Figure 22) [161-163]. No
differences were found in total levels of LKB1, its abundance in the nucleus,
and its abundance in the cytosol (Figure 23) of fasted muscle tissues. To
confirm that LKB1 is functioning properly we examined the phosphorylation
status of an alternate downstream target, MARK1. There was no difference

found in the LKB1 phosphorylation site of MARK1 between Txnip -/- mice and
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their wild-type controls (Figure 24). This result strongly indicated that the
hypoactivation of AMPK observed in fasting Txnip -/- mice is not due to a
functional defect in LKB1, and may instead be due to a lower AMP:ATP ratio.

To directly examine this possibility, we quantified tissue nucleotide
levels by LC/MS processed through the Yale Mouse Metabolic Phenotyping
Center. We found that indeed AMP:ATP ratios were lower in oxidative muscle
tissues including soleus and hearts of Txnip -/- mice, and surprisingly also in
the more glycolytic gastrocnemius muscle in which we did not detect a
significant difference in AMPK phosphorylation at Thr172 (although we have
seen trends to show decreased AMPK activation through repetitions of the
experiment) (Table 1). Interestingly, we did not detect a significant decrease in
concentration of AMP in gastrocnemius muscle of Txnip -/- mice compared to
wild-type which may be the ultimate reason why we could not see a
statistically significant and visual decrease in the phosphorylation of AMPK in
this tissue as AMP has been shown to have a higher affinity for binding to
AMPK than ATP [164, 165] thus changes in its concentration are most
important in regulating AMPK activity.

To eliminate the possibility that Txnip ablation may affect another
kinase linked to AMPK activation (such as CaMKK or TAK1) and to ascertain
that AMP:ATP ratio is the underlying cause for hypoactivation of AMPK, we
examined the effects of acute AICAR treatment on the activation of AMPK in
soleus muscle in vivo. AICAR is an AMP analog that becomes metabolized to

AICAR monophosphate (ZMP) once inside a cell and mimics the effects of



54
AMP on inducing the activation of AMPK at Thr 172 [166]. Txnip -/- mice
subcutaneously injected with AICAR displayed a similar maximal activation
level of AMPK at the given treatment (0.5mg/g mouse for 1hr) when compared
to wild-type mice (Figure 25). The robust activation of AMPK by acute AICAR
treatment seen in Txnip -/- mice demonstrates that the hyopactivation of
AMPK is not due to deficiencies in upstream kinase function or the capability
of AMPK to become activated, but rather a consequence of having a
decreased basal fasting AMP:ATP ratio, and more importantly low AMP

concentrations.

Glucose transporter expression is not associated with increased glucose
uptake and glycolysis in muscle tissues of Txnip -/- mice

We previously found that Txnip -/- mice have an increased propensity to
utilize glucose and decrease their use of mitochondrial oxidation during fasting
[91]. To determine if ablation of Txnip leads to this phenomenon by increasing
expression of glucose transporters, we examined the expression of Glut-1 and
Glut-4, the glucose transporters most highly expressed in muscle tissues
[167]. To assess the contribution of Glut-1 to the increased utilization of
glucose in Txnip -/- mice we first looked at gene expression by quantitative
real-time PCR. Glut-1, which is expressed in many tissues [168], is
responsible for the basal uptake of glucose in muscle tissues [169] and its
functional expression is regulated at the level of transcription [170, 171]. Glut-

1 is mainly regulated at the transcriptional level and anchors to the plasma
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membrane upon synthesis of the protein [172]. We found that Glut-1 mRNA
expression was diminished in soleus, heart and gastrocnemius muscles
(Figure 26A) and this correlates well with its protein expression (Figure 26B).
Glut-4 expression was examined as its abundance on the plasma membrane.
Glut-4 is normally stored in intracellular membranes that are induced to
translocate to the plasma membrane by signaling pathways such as Akt or
AMPK activation [115, 173-175]. After plasma membrane enrichment of heart,
soleus and gastrocnemius muscles we found that there is no difference in
Glut-4 expression in these tissues between Txnip -/- mice and wild-type mice
(Figure 27). This finding along with the fact that there is an obvious decrease
in AMP:ATP ratio and attenuation of mitochondrial oxidative phosphorylation
strongly indicates that it is the increased glucose uptake and glycolysis
associated with Txnip ablation that leads to the high energy state of these

tissues (i.e. low AMP:ATP ratio).

Txnip ablation induces inhibition of the mitochondrial pyruvate
dehydrogenase complex and is associated with increased tissue
glycogen content

A high energy state (low AMP:ATP ratio) is known to potently activate
pyruvate dehydrogenase kinases (PDKs), which in turn phosphorylate and
inhibit the mitochondrial pyruvate dehydrogenase complex (PDC) (reviewed in
[176] and Figure 28). To determine if this was occurring in the tissues of

fasting Txnip -/- mice we examined the state of inhibition of the PDC by
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examining thephosphorylation state of its pyruvate dehydrogenase E1a
subunit. We found a markedly increased phosphorylation of the pyruvate
dehydrogenase E1a subunit of the PDC (Figure 29), which would be
consistent with the decreased fuel flux through the mitochondria we had earlier
observed when performing ex vivo substrate oxidation experiments on soleus
muscles of fasted mice [91].

Under various circumstances AMPK activity has been linked to the
regulation of glycogen content in tissues as it has been found to have
glycogen binding domains [177, 178]. Disruptions in the ability of AMPK to
become activated has been associated with increased cardiac and skeletal
muscle glycogen accumulation [179, 180]. Because we found that AMPK
activation is decreased in heart and soleus muscle of fasting Txnip -/- mice,
we hypothesized that these mice may also exhibit, to some extent, some form
of glycogen storage abnormality. To test this hypothesis, we measured muscle
tissue levels of glycogen in muscle tissues. Surprisingly tissues of overnight
fasted Txnip ablated mice displayed increased glycogen content in soleus and
heart muscle, but not in gastrocnemius muscle (Figure 30). For a brief review
of the regulation of glycogen content in tissue see Figure 31. In line with the
findings of others mentioned above, we found that the hypoactivation of AMPK
in heart and soleus muscle correlates with increased glycogen content in
these tissues. Likewise, glycogen content in gastrocnemius muscle and AMPK
activation display no differences when comparing Txnip -/- tissues to their wild-

type counterparts. Although we did not investigate the state of AMPK or
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nucleotide level in liver tissue we did find significantly increased levels of
glycogen in the liver of fasting Txnip -/- mice versus their controls.

To examine a proximal reason for why Txnip -/- mice have increased
glycogen content in their heart and soleus muscles, we examined the activity
state of glycogen synthase kinase 3 (GSK-3[3), which regulates glycogen
storage in an insulin-dependent manner and is inhibited by Akt
phosphorylation at Ser 9 [181, 182]. As its name implies, GSK-3[3
phosphorylates glycogen synthase (GS) at multiple sites to inhibit its ability to
promote glycogen storage (with Ser 640 as the most potent inhibition site)
[183-185]. We found that there was no difference in the phosphorylation
(inhibition) state between Txnip -/- mice and wild-type of GSK-3[3 at Ser 9.
This is consistent with our more recent finding that Txnip ablation does not
affect Akt activation in heart and soleus muscle during fasting. Surprisingly, we
found that phosphorylation of GS at Ser 640 is about 75% greater in Txnip -/-
soleus tissues compared to controls (Figure 32). This indicates that factors
other than GSK-3f are affecting this enzyme and, due to its increased
inhibition by phosphorylation at Ser 640, suggests that the increased glycogen
content in these tissues may be due to inhibition of glycogen break-down
rather than synthesis. We cannot fully exclude increased glycogen storage
though because GS is also controlled via allosteric activation by glucose-6-
phosphate (G6P) [186, 187], which may likely be increased in these muscle
tissues due to the increased glucose uptake and glycolysis we have observed.

On the other hand, glycogen phosphorylase (GP — which breaks down
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glycogen) is activated by AMP and inhibited by G6P and ATP [188]. Our data
of high energy metabolite content and the possibility of increase G6P in these
tissues strongly suggests that glycogen phosphorylase should be in a more
inhibited state in Txnip -/- mice. Clearly a more thorough investigation into the
activity states of glycogen synthase and phosphorylase and overall flux of
glucose into and out of glycogen stores in these muscle tissues would be an
interesting area to investigate to get a more concrete answer. Unfortunately,
given our financial situation and other academically related events, we were

constrained to end our research at this point.

EXPERIMENTAL PROCEDURES
Animal Studies

Txnip knockout mice and their wild-type (C57BL/6 background)
littermates were housed in a temperature controlled room (25+1°C) under a 12
hour light and 12 hour dark system (6PM-6AM dark). Mice were allowed free
access to water and standard mouse chow (Lab Diet 5001, Purina Mills). For
fasting experiments, mice were moved into a new cage without chow at 4PM
and sacrificed after ~18 hours. All experimental procedures were approved by
the Institutional Animal Care and Use Committee at San Diego State

University.
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Extraction of Total RNA and Quantitative Real-Time PCR

Frozen tissue samples were processed using an RNA isolation kit from
5-Prime according to the manufacturer’s instructions. Total RNA was
converted to cDNA using iScript (BioRad) according to the manufacturer’s
instructions. Quantitative Real-Time PCR was performed using the BioRad
iCycler system (BioRad). The primers used for Glut-1 mRNA expression were
5-GGTGTGCAGCAGCCTGTGTA - 3’ (forward) and 5'-
ACAAACAGCGACACCACAGT - 3’ (reverse). The house-keeping gene
Cyclophilin, 5 - TGGAGAGCACCAAGACAGACA — 3’ (forward) and 5" —
TGCCGGAGTCGACAATGAT — 3’ (reverse) was used as control. Primers
were designed using Primer 3 software. Results are displayed as percent

change relative to control mice.

Western Blotting

Tissues were homogenized in ice-cold buffer containing 50mM Tris pH
8, 150mM NaCl, 2mM EGTA, 1mM EDTA, 1% NP-40, 0.5% Sodium
Deoxycholate, 0.1% SDS, 20mM NaF, 1mM NaVO,4, 1mM PMSF, 10ug/mL
aprotinin, 10ug/mL leupeptin and 10ug/mL pepstatin. Proteins were
fractionated by SDS-PAGE using tris glycine gels (Invitrogen) and then
electroblotted onto polyvinylidene difluoride membranes. Blots were blocked
using 5% non-fat dried milk in tris buffered saline with 1% tween-20. The
following primary antibodies were used: phosphoAMPK Thr 172,

phosphoAMPK Ser 485/491, AMPK, phosphoACC Ser 79, ACC, Integrin 1,
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phosphoGlycogen Synthase Ser 640, phosphoGlycogen Synthase Kinase 33
(Ser 9), and phosphoMARK?1 (activation loop) were from Cell Signaling
Technology. Anti-Tubulin antibody was obtained from Sigma. Anti-
phosphoPDH-E1a (Ser 293) was obtained from Calbiochem. Antibodies for
LKB1, Glut-1 and Glut-4 were obtained from Santa Cruz Biotechnology. After
incubation in peroxidase-conjugated secondary antibodies (KPL), blots were
visualized using Super Signal West Dura Extended Duration Substrate

(Thermo Scientific).

AICAR Treatment Experiment

Mice were fasted over night prior to subcutaneous injection of AICAR
(Toronto Research Chemicals) (0.5mg/g mouse) in saline or just saline. After
1hr mice were sacrificed and soleus muscles were prepared for western blot

analysis.

Quantification of Tissue High Energy Metabolites
Snap-frozen tissues from overnight fasted mice (~18 hours) were sent
to the Mouse Metabolic Phenotyping Center at the Yale University School of

Medicine for quantification of nucleotide levels by LC/MS.
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Tissue Glycogen Content

Frozen tissues (~20-50mg) were dissolved in 1N KOH in a shaking
water bath for 20mins at 65°C. Samples were vortexed occasionally. A portion
of the resulting mixture was then treated with activated amyloglucosidase
(Sigma) in an acidic buffer overnight at room temperature to allow for the
breakdown of glycogen into free glycosyl units. Samples were neutralized with
1N NaOH and assayed using a standard glucose kit (Wako). Tissue glycogen

content is expressed as the amount free glycosyl units (umol)/gram tissue.

Subcellular Fractionation

Soleus, heart and gastrocnemius samples from overnight fasted mice
were processed for plasma membrane preparations as described in [189] with
minor modifications. Upon extraction tissues were immediately minced and
homogenized in ice-cold buffer containing 20mM HEPES, 250mM sucrose,
1mM EDTA, 10ug/mL aprotinin, 10ug/mL leupeptin, and 10ug/mL pepstatin,
pH 7.4 (Buffer 1). Large debris was discarded after a 2,000 g spin for 10min at
4°C. A portion of the resulting mixture was saved as the whole homogenate to
assess levels of Glut-1 protein. The remaining mixture was then centrifuged at
9,000 g for 20min at 4°C. The pellet was set aside as P1. The resulting
supernatant was then centrifuged at 180,000 g for 1.5hrs at 4°C to yield the
cytosolic fraction and new pellet containing the plasma and intracellular
membranes. The pellet was then resuspended in 20mM Hepes, 30% sucrose,

1mM EDTA, 10ug/mL aprotinin, 10ug/mL leupeptin, and 10ug/mL pepstatin,
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pH 7.4 (Buffer 2) and subject to a 216,000 g centrifugation step for 1hr at 4°C
to separate the intracellular membranes (supernatant) from the plasma
membranes (pellet, P2). P1 and P2 were combined and resuspended in buffer

1 for assessing the levels of Glut-4 found on the plasma membrane.

Statistical Methods
All data are reported as the average + S.D. The two-tailed Student’s t
test was used to analyze data. Results having p-values less than 0.05 were

considered significant.
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Figure 18: Actions of activated AMPK. Active AMPK promotes energy
generating catabolic pathways such as increasing glucose transport, fatty acid
oxidation, and mitochondrial biogenesis. Simultaneously, active AMPK inhibits
energy consuming anabolic pathways such as protein synthesis, glycogen
synthesis and the synthesis of fatty acids, triglycerides and cholesterol.
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Figure 19: Fasting activation state of AMPK. 20ug of protein from soleus,
heart, and gastrocnemius muscles of overnight fasted mice (~18 hours) were
fractionated on Tris-glycine gels and electroblotted onto PVDF membranes.
Blots were then probed with antibodies against phosphoAMPK (Thr 172). After
stripping, blot was then probed for total AMPK as a loading control. N=3 mice
per group. WT=wild-type, TKO=Txnip -/-. Results are presented as mean *
S.D. * Denotes significant statistical significance, p<0.05.
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Figure 20: Fasting inhibition state of ACC. 20ug of protein from soleus
muscle, and heart of overnight fasted mice (~18 hours) were fractionated on
Tris-glycine gels and electroblotted onto PVDF membranes. Blots were then
probed with antibodies against phosphoACC (Ser 79). After stripping, blot was
then probed for total ACC as a loading control. N=3 mice per group. WT=wild-
type, TKO=Txnip -/-. Results are presented as mean = S.D. * Denotes
significant statistical significance, p<0.05.
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Figure 21: pAMPK (Ser 485/491) — Akt target site phosphorylation. 20ug
of protein from soleus muscle, and heart of overnight fasted mice (~18 hours)
were fractionated on Tris-glycine gels and electroblotted onto PVDF
membranes. Blots were then probed with antibodies against phosphoAMPK
(Ser 485/491). After stripping, blot was then probed for total AMPK as a
loading control. N=3 mice per group. WT=wild-type, TKO=Txnip -/-. Results
are presented as mean = S.D. No statistical difference was seen between the
two groups for both soleus and heart tissues.
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Figure 22: LKB1 activation of AMPK. LKB1 is normally sequestered in the
nucleus and is considered to be a constitutively active kinase. Under
conditions of nutrient stress (such as fasting) (1) LKB1 complexes with mouse
protein 25 (MO25) and Ste20-related adaptor protein (STRAD) which allows
the complex to (2) translocate into the cytosol where LKB1 can then interact
and activate AMPK. Active AMPK then promotes catabolism, and inhibits
anabolism in general.

Catabolism
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Figure 23: LKB1 subcellular localization. Soleus muscles from overnight
fasted mice (~18 hours) were subject to subcellular fractionation to obtain
cytosolic and nuclear fractions. 10ug of protein from cytosol, nuclear fractions
and saved whole homogenate of soleus muscle were then fractionated on
Tris-glycine gels and electroblotted onto PVDF membranes. Blots were then
probed with antibodies against LKB1. N=3 mice per group. WT=wild-type,
TKO=Txnip -/-.
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Figure 24: pMARK1 (activation loop) — Alternate LKB1 target. 50ug of
protein from whole homogenate of soleus muscle was fractionated on a Tris-
glycine gel and electroblotted onto a PVDF membrane. Blot was then probed
with antibodies against phosphoMARK?1 (activation loop). After stripping, blot
was then probed for tubulin as a loading control. N=3 mice per group.
WT=wild-type, TKO=Txnip -/-. Results are presented as mean + S.D. No
statistical difference was seen between the two groups.
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Table 1: High energy metabolite concentrations in muscle tissues.

ATP, ADP, AMP and AMP/ATP ratios from soleus, heart and gastrocnemius
muscles were analyzed by the Mouse Metabolic Phenotyping Center at the
Yale University School of Medicine by LC/MS. Concentrations are expressed
as nmole/mg tissue. N=8 to 10 mice per group. WT=wild-type, TKO=Txnip -/-.
Results are presented as mean + S.D. * Denotes significant statistical
significance from control WT group, p<0.05. ** Denotes significant statistical
significance from control WT group, p<0.01.
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Figure 25: Effects of AICAR treatment on activation of AMPK. Overnight
fasted mice (~18 hours) were given a subcutaneous injection of saline or
AICAR carried in saline. After 1 hour mice were sacrificed and soleus muscle
was prepared for western analysis. 20ug of protein for each condition was
then fractionated on Tris-glycine gels and electroblotted onto PVDF
membranes. Blots were then probed with antibodies against phosphoAMPK
(Thr 172). After stripping, blot was then probed for total AMPK as a loading
control. N=3 mice per group. A representative blot is shown above to display
all sample categories. WT=wild-type, TKO=Txnip -/-. Cont=treated with saline
only, Aic=given AICAR carried in saline (0.5mg/g mouse). Results are
presented as mean = S.D. * Denotes significant statistical difference between
WT mice given the same treatment, p<0.05.



73

Figure 26: Glut-1 mRNA and protein expression. (A) Total RNA was
prepared from soleus, heart and gastrocnemius muscles harvested from
overnight fasted mice (~18 hours). Glut-1 mRNA expression was determined
by quantitative real-time PCR normalized to Cyclophilin RNA. N=5 mice per
group. Results are presented as mean = S.D. * Denotes significant statistical
significance, p<0.01. (B) 20ug of protein from soleus, heart, and
gastrocnemius muscles of overnight fasted mice (~18 hours) were fractionated
on Tris-glycine gels and electroblotted onto PVDF membranes. Blots were
then probed with antibodies against Glut-1. After stripping, blot was then
probed for total tubulin as a loading control. N=4 mice per group. WT=wild-
type, TKO=Txnip -/-. Results are presented as mean = S.D. * Denotes
significant statistical significance, p<0.05.
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Figure 27: Glut-4 plasma membrane expression. Subcellular fractionation
was performed on heart, soleus and gastrocnemius muscles of overnight (~18
hours) fasted mice to obtain enriched plasma membrane (PM) fractions. 10ug
of protein from the PM enriched fractions of (A) heart, (B) soleus, and
gastrocnemius muscles were fractionated on Tris-glycine gels and
electroblotted onto PVDF membranes. Blots were then probed with antibodies
against Glut-4. From those same samples, 40ug of protein were fractionated
on Tris-glycine gels and electroblotted onto PVDF membranes. Blots were
then probed with antibodies against integrin (A) as a loading control. Attempts
to probe for integrin in the soleus and gastrocnemius samples were
unsuccessful after many attempts. N=3 mice per group. WT=wild-type,
TKO=Txnip -/-. Results are presented as mean £ S.D. No significant statistical
differences were observed between the groups for (A) and no difference was
visually apparent for (B). (C) Assay control blot using overnight fasted mice. All
lanes were loaded with 30ug of protein from their respective samples as
indicated: (Lanes 1-6 are all plasma membrane fractions) Lane: 1=soleus of
WT, 2=soleus of WT treated with AICAR (0.5mg/g mouse) for 1 hour,
3=soleus of TKO,4=heart of WT, 5=heart of WT treated with AICAR (0.5mg/g
mouse) for 1 hour, 6=heart of TKO, 7=WT heart cytosolic fraction, 8=WT heart
intermembrane vesicle fraction, and 9=WT heart whole homogenate. Blot was
first probed for integrin, was stripped, and then probed for Glut-4.
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Figure 28: Inhibition of the pyruvate dehydrogenase complex. Under
conditions of high energy, high NADH/NAD+, and/or high Acetyl-CoA/CoA the
activity of pyruvate dehydrogenase kinases (PDK (PDHK)) is increased
markedly. This leads to increased phosphorylation of the pyruvate
dehydrogenase complex (PDC) which inhibits the entry of pyruvate into the
mitochondria to undergo B-oxidation, thus preventing oxidation of glucose
through the mitochondria. Because pyruvate entry into the mitochondria is
essential to replenish elements in the Krebs Cycle (anaplerosis), inhibition of
pyruvate entry into the mitochondria can slow the flux of all fuels into the
mitochondria leading to diminished mitochondrial oxidative phosphorylation.
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Figure 29: Inhibitory phosphorylation state of mitochondrial pyruvate
dehydrogenase E1a subunit. 20ug of protein from whole homogenate of
soleus muscle from overnight fasted mice (~18 hours) was fractionated on a
Tris-glycine gel and electroblotted onto a PVDF membrane. Blot was then
probed with antibodies against phosphoPDH E1a (Ser 293). Another blot was
run using the same samples and 20ug of protein as well. The finished blot was
probed for tubulin as a loading control. N=3 mice per group. WT=wild-type,
TKO=Txnip -/-. Results are presented as mean + S.D. * Denotes significant
statistical difference, p<0.05.
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Figure 30: Tissue glycogen content. Heart, soleus and gastrocnemius
muscle from overnight fasted mice (~18 hours) were processed to liberate
glycosyl units from tissues as described. Glycosyl concentration was then
assessed by a standard glucose colorimetric kit. Results are normalized to
tissue weight. N=4 mice per group. WT=wild-type, and TKO=Txnip -/-. Results
are presented as mean = S.D. * Denotes significant statistical difference,
p<0.05.
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Figure 31: Regulation of tissue glycogen content. Tissue glycogen content
is determined by the net action of glycogen synthase (GS) and glycogen
phosphorylase (GP). A high intracellular energy state and/or increased G6P
levels activate GS which promotes the build-up of glycogen. In contrast, the
above mentioned conditions inhibit glycogen phosphorylase which is
necessary for accessing glycogen stores.
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Figure 32: Phoshporylation state of key enzymes that regulate glycogen.
20ug of protein from whole homogenate of soleus muscle from overnight
fasted mice (~18 hours) was fractionated on a Tris-glycine gel and
electroblotted onto a PVDF membrane. Blot was then probed with antibodies
against phosphoGSKp (Ser 9). Another blot was run using the same samples
(20ug) to probe for phosphoGS (Ser 640). This blot was then stripped and
probed for actin as a loading control. N=3 mice per group. WT=wild-type,
TKO=Txnip -/-. Results are presented as mean + S.D. * Denotes significant
statistical difference, p<0.05.
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The text and figures presented in Chapter 3, in part, is currently being
prepared for publication of the material. Andres, Allen M., Ratliff, Eric P.,
Sachithanantham, Sowbarnika, and Hui, Simon T.Y. The dissertation author

was the primary investigator and author of this material.



Chapter 4

Discussion and Future Directions

Txnip’s importance to the fasting response

In a normal metabolic response, Txnip is upregulated in many tissues of
a fasting wild-type mouse to maintain whole-body energy homeostasis. As
evidenced in this work, genetic ablation of Txnip alone is sufficient to disrupt
this process, thus establishing Txnip as a keystone modulator of metabolic
response. As a consequence, when fasted, mice lacking Txnip become
characteristically hypoglycemic, hyperketotic and hypertriglyceridemic. The
exact mechanistic role Txnip plays in allowing for a coordinated set of
responses required for an appropriate metabolic response to fasting is poorly
understood to date. In this dissertation we have attempted to elucidate this
mechanism by examining in detail the phenotypic consequences that arise
during fasting because of Txnip ablation.

In this work we have shown that Txnip ablation is associated with
improved glucose tolerance. This is achieved by the increased propensity of
muscle tissues to increase glucose uptake and glycolysis which is
accompanied by attenuated mitochondrial oxidation of all major fuel types
including glucose, 3-hydroxybutyrate (ketone) and fatty acids. The increased
glucose tolerance is not due to altered circulating insulin or glucagon levels

and is not associated with increased insulin-sensitivity in the periphery.
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Rather, Txnip loss in muscle tissues leads to increased intracellular utilization
of promotes increased glucose tolerance.

The reasons for the hypertriglyceridemic phenotype exhibited by
overnight fasted Txnip -/- mice was not examined in detail in this dissertation
as it will be covered in detail in the dissertation of my colleague E.P Ratliff (to
be completed shortly after this dissertation’s submission). Our examination
into the reason for the build-up of plasma triglycerides in fasting Txnip -/- mice
demonstrated that these mice have an impaired ability to clear triglycerides
(intralipid clearance test). No differences were observed in the production of
triglycerides between Txnip -/- mice and wild-type as determined by monitoring
the build-up of plasma triglycerides over a time course after administration of a
lipoprotein lipase inhibiting drug. Finally, we determined that the impaired
ability to clear a bolus of intralipid is ultimately due to diminished lipoprotein
lipase activity in muscle tissues and heart.

From our studies using mice with liver-specific ablation of Txnip, we
found no noticeable fasting metabolic aberrancies, which suggested that Txnip
exerts its metabolic importance in energy homeostasis in extra-hepatic
tissues. Later, our group found that Txnip loss in the heart and skeletal
muscles alone is sufficient to elicit the majority of the characteristic fasting
metabolic phenotypes exhibited by whole-body Txnip -/- mice [91]. The
importance of muscle tissues with regards to the economics of fuel partitioning
was highlighted in 1963 by Sir Philip Randle who coined the term glucose-fatty

acid cycle to describe the events that occur in these tissues to allow an animal
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to survive an energy challenge [144]. Through the years Randle eventually
found that the use of glucose and fat-derived fuels is reciprocal in nature such
that that increased use of glucose inhibits fatty acid oxidation and conversely
fatty acid oxidation can attenuate glucose oxidation [143, 145, 190, 191]. As
we have seen, loss of Txnip in these tissues disrupts this metabolic process
and leads to the various phenotypic abnormalities exhibited by Txnip -/- mice
and thus we focused our attention into characterizing Txnip action in these

tissues.

Association of Txnip ablation with Akt and glycemic control

The cause for the fasting hypoglycemia associated with Txnip
disruption was first attributed to increased insulin production based on
previous work by our lab examining the Hcb-19 mouse strain that expresses a
truncated non-functional Txnip protein [110]. In that study, circulating levels of
plasma insulin were significantly increased in fasting HcB-19 mice versus their
controls. Moreover, gluconeogenesis in the liver appeared to be unchanged as
MRNA expression of a rate-limiting factor in this process, phosphoenol
pyruvate carboxy kinase (PEPCK) was decreased in the liver. Liver is an
insulin responsive tissue in which transcription of PEPCK is potently down-
regulated by insulin [192, 193]. Therefore, it was concluded that Txnip ablation
may cause selective insulin resistance in the liver. The increased insulin
levels, which decrease gluconeogenesis, could then be the underlying factor in

the hypoglycemia observed mediated through extra-hepatic tissues.
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Surprisingly, we did not see any difference in circulating insulin
concentrations between our Txnip -/- whole-body knockout mice versus their
control wild-type littermates. However Txnip -/- mice still exhibited the
characteristic hypoglycemia in a fasted state. The findings in our previous
strain using HcB-19 mice could then be attributed to other genetic factors in
that strain in addition to Txnip disruption. We then revised our hypothesis
concerning the hypoglycemia that arises in Txnip -/- mice: the loss of Txnip
may lead to increased insulin sensitivity. This notion was initially supported in
our lab upon the report of two previous members in our lab showing that there
was a drastic increase in Akt activation in heart and soleus muscles. Akt is a
well characterized downstream target of insulin signaling and its activation is
linked to increased glucose utilization [194-196].

One hypothesis at the time was based on the theory that lack of Txnip
would increase the chance for thioredoxin to bind to and inhibit PTEN, the
major attenuator of PI3K/Akt activation cascade. Inhibitition of PTEN would
then lead to increased Akt activation [128, 197, 198]. The possibility is
controversial in that thioredoxin was shown to bind to an inhibit PTEN in only
one study reported in a relatively obscure journal [199]. More accepted today
is the concept that many phosphatases, including PTEN, are rendered inactive
by increased oxidative stress, which leads to the oxidization of an
intermolecular disulfide bond located in their phosphatase domain thus
rendering it inactive [200-202]. In fact it has been recently demonstrated that

thioredoxin is the most important activator of PTEN through its action of
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reducing the key disulfide in its phosphatase domain to reactivate this
phosphatase [130].

Another hypothesis was that lack of Txnip may lead to a paradoxical
attenuation of the thioredoxin-NADPH circuit. The thought was that in non-
lipogenic oxidative tissues such as the heart and soleus muscles, which have
a reduced capacity to produce NADPH [132], the ablation of Txnip allows
thioredoxin activity to go unabated during a critical period occurring at the
onset of fasting, which depletes NADPH effectively inhibiting thioredoxin-
NADPH-dependent reactions. As a collateral consequence, NADH/NADPH
ratios would rise adding another level of negative regulation of PTEN;
increasing NADH concentrations in vitro is able to inhibit the reductive
reactivation of PTEN [134].

After painstaking attempts to recapitulate the previous finding
concerning Akt activation, | and others in our lab could not repeat these
findings, but consistently observed no difference in the activation of Akt in
heart and soleus muscles between fasted Txnip -/- mice and their wild-type
controls. Additionally, Txnip -/- mice and their wild-type littermates do not
exhibit any difference in insulin-stimulated Akt activation. Meticulous work has
shown that given a fair number of fasted mice to examine, Akt phosphorylation
levels of residues Thr 308 or Ser 473 in muscle tissues of Txnip -/- or wild-type
exhibit no differences under basal fasting conditions, or when insulin-
stimulated. Another thing to note, as mentioned earlier in Chapter 2, is that

insulin is really not a dominant hormone during the fasting state, which should
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have been a red flag to the senior members of our lab to be cautious about
publishing that Txnip ablation increases insulin sensitivity.

Many additional findings in our lab support the conclusion that there is
no real difference in Akt activation state in soleus and/or heart muscle tissue
between Txnip -/- mice and controls. Some of these that are found in this
dissertation which contradict our lab’s initial finding about Akt activation
include: 1) No differences seen in the Akt phosphorylation site of AMPK at Ser
485/491 (Figure 19), 2) Glut-1 mRNA expression is decreased in Txnip -/-
mice (Figure 23), and 3) no differences in phosphorylation of glycogen
synthase kinase 33 (GSK-3p) at Ser 9, which is a downstream target
phosphorylation site of Akt (Figure 27). Akt has been shown to phosphorylate
residue Ser 485/491 of AMPK in the heart which prevents further
phosphorylation of its activation site at Thr 172 [203, 204]. Aside from its well
know function to increase Glut-4 translocation to the plasma membrane, Akt
can affect glucose uptake by increasing Glut-1 expression indirectly through its
action on mTOR signaling and HIF-1a [205-207]. We found that Glut-1
expression in Txnip -/- mice is diminished at both the transcription and
translation levels which conflicts with the former finding that Akt is markedly
upregulated. Finally, Akt is known to phosphorylate and inhibit GSK-3f by
phosphorylating residue Ser 9 [181, 182], however we observe no noticeable
difference between Txnip -/- mice and wild-type. With all these downstream
targets not reflecting an increased activation of Akt, it is difficult to believe that

Txnip -/- mice have increased Akt activation in the fasting state that is
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physiologically meaningful, yet alone a ~3 to 4 fold increase in its
phosphorylation state to increase its activity as previously reported [91]. With a
building evidence of data against the previous finding that Akt activity is
increased, pursuit of dissecting a pathway linking Txnip ablation to increased

PI3K/Akt signaling in muscle tissues of fasted mice was eventually halted.

Txnip mediates cellular energy balance between glycolysis and
mitochondrial oxidative phosphorylation

Since there is support suggesting that Txnip ablation can both
contribute to insulin-dependent and/or insulin-independent regulation of
glucose homeostasis [92], we can only wait to see other works in the future
that may clarify this current ambiguity. However, what is clear in the realm of
Txnip is that lack of expression of this protein during fasting increases
utilization of glucose through the glycolytic pathway while concomitantly
attenuating mitochondrial oxidative phosphorylation. In this aspect, Txnip
takes center stage as a molecular switch that links and balances the reciprocal
nature of these two modes of energy generation.

Although Txnip is linked to the yin and yang relationship between
glucose utilization and mitochondrial oxidative phosphorylation, there remains
an uncertainty concerning the cause and effect relationship that exists here.
An important question to ponder, at the cellular level, is whether or not Txnip
ablation first leads to increased glucose utilization as fasting develops, which

in turn leads to the attenuation of mitochondrial oxidation of fuels, or vice-
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versa. The metabolic phenomenon of increased glucose utilization that then
leads to diminished mitochondrial oxidation of fuels, termed the Warburg
Effect, was first described by Otto Warburg in 1956 and has since been a topic
of great interest to many as it describes the metabolism exhibited by most
cancers [208-212] . In fact, so well established is the propensity for cancer
cells to shift their metabolism away from mitochondrial oxidation and towards
glycolysis that this property has been exploited as a means to detect tumors
using positron emission tomography (PET) scans [213-216]. Though we
cannot know for certain until the functionality of mitochondria is directly
addressed, based on our findings it appears as though loss of Txnip leads to
the classical Warburg Effect phenotype specifically in muscle tissues. Because
of the important role muscle tissues play in whole-body partitioning of fuels,
the effects of Txnip ablation at the cellular level in muscle tissues then extends
to affecting whole-body energy homeostasis. Given that the hallmark of many
cancer cell lines is the tendency to have an increased dependency on
glycolysis, the hypothesis that Txnip loss leads to the Warburg phenotype
complements very well the established role of Txnip as a tumor suppressor.

Because non-fasted Txnip mice show no observable metabolic
phenotype changes [91, 110], it appears that basal mitochondrial function
remains intact in these mice until they are challenged with fasting.
Understanding the molecular and biochemical events leading to the
attenuated function of mitochondria and the concomitant shift towards

increased glycolysis in muscle tissues of Txnip -/- mice should now be the
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focus of future studies of this topic. One possibility is that Txnip upregulation
during fasting could be a necessary step in maintaining mitochondrial quantity
and/or quality. Thus, without Txnip expression during the critical moments of
the onset of energy crisis brought about by fasting, mitochondria function fails
to meet energy requirements which then triggers an increase in glycolysis as a
measure to meet this demand. Characterizing mitochondrial oxidative capacity
and quality over the fasting period could be revealing in this aspect to see if
Txnip loss may negatively affect mitochondrial function in a more direct
manner.

In Txnip -/- mice, it is possible that the high rates of glycolysis in muscle
tissues leads to the reduction of mitochondrial oxidation through cellular
signaling mechanisms. In support of this hypothesis we found that the
pyruvate dehydrogenase complex (PDC), which serves as the gate-keeper for
pyruvate entry into the mitochondria, is in a more inhibited state in Txnip -/-
soleus muscle through increased phosphorylation of the pyruvate
dehydrogenase E1a subunit (Figure 25). Sequential phosphorylation of three
key serine residues in the E1 a-subunit of pyruvate dehydrogenase
increasingly renders the complex unable to facilitate oxidation of pyruvate
through the mitochondria [142, 176, 217]. Phosphorylation of pyruvate
dehydrogenase by pyruvate dehydrogenase kinases is a reversible process
that is balanced by pyruvate dehydrogenase phosphatases [99, 218].

Together the combined influence of pyruvate dehydrogenase kinases and
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pyruvate dehydrogenase phosphatases determine the activity state of the
pyruvate dehydrogenase complex.

High rates of glycolysis generate NADH which increase the intracellular
concentration of NADH/NAD+ in the cell. A high NADH/NAD+ ratio is known to
robustly activate the pyruvate dehydrogenase kinases, which subsequently
inactivate the PDC through multi-site phosphorylation of its pyruvate
dehydrogenase component [219-222]. Phosphorylation of the pyruvate
dehydrogenase E1a subunit of the PDC is known prevent the entry of
pyruvate into the Krebs cycle, thus reducing overall flow of all fuels through the
mitochondria [223-225]. Decreased pyruvate entry into the mitochondria then
would result in reduced anaplerosis to replenish citric acid cycle intermediates
thus slowing down the entire mitochondrial oxidative pathway [40, 41]. As high
rates of glycolysis continue in fasting Txnip -/- fasting mice and the PDC
complex continues to be relatively inhibited, pyruvate which is built up in the
muscle tissue is eventually exported into circulation as lactate. Lactate can
then beused by the liver as a substrate for gluconeogenesis (Cori cycle) [226,
227] to try to meet the increased demand for glucose exhibited by these mice.
Indeed our hyperinsulenimic-euglycemic clamp experiments reveal that
hepatic glucose production is increased, which complements our findings of
increased concentrations of plasma lactate that can provide the liver
substrates for facilitating gluconeogenesis.

In lieu of our findings in this dissertation, it is clear that in order to

further elucidate Txnip’s metabolic role in the fasting response, more
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emphasis needs to be placed in clarifying the cause and effect relationship
between glycolysis and mitochondrial oxidative phosphorylation in the context
of Txnip ablation. One major avenue to consider is to inhibit glycolysis in a
Txnip -/- model to see if mitochondrial oxidative capacity is able to be
increased to sustain energy homeostasis. If this were the case, then it would
be made clear that glycolysis is an event that is upstream of the attenuated
mitochondrial oxidative phosphorylation. Emphasis then should be placed on
examining factors that Txnip may affect in the glycolytic pathway. On the other
hand, a thorough characterization of mitochondrial quantity and quality could
be made to assess whether or not Txnip ablation has a more direct and
physical influence on attenuating mitochondrial function. If this were the case,
it is still plausible that glycolysis is then increased to compensate for the

inability of the mitochondria to sustain energy homeostasis.

Txnip is linked to fasting-induced AMPK activation in oxidative muscle
tissues

Given our findings that Txnip elicits its metabolic influence mainly
through heart and skeletal muscle tissues, and the importance of these tissues
in the glucose-fatty acid cycle and glucose disposal, we decided to explore the
possibility that AMP-activate protein kinase (AMPK — the master regulator of
energy homeostasis) may be affected by Txnip ablation in these tissues.
Interestingly we found that in response to fasting, mice lacking Txnip display a

markedly lower activation state of AMPK in soleus and heart tissues;
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surprisingly no differences in AMPK activation were observed in
gastrocnemius muscle of Txnip -/- mice versus their wild-type controls.

The hypoactivation of AMPK in heart and soleus muscle, and not in the
gastrocnemius muscle, provides a clue to the importance of Txnip within tissue
fiber types of muscles. The heart and soleus muscles are known to be highly
oxidative, while the gastrocnemius is mainly glycolytic. The hypothesis arises
then that perhaps Txnip more specifically exerts its role through oxidative
muscle tissues (with the added emphasis on its importance in the glucose-fatty
acid cycle). Oxidative tissues such as the heart and soleus muscle are
mitochondria rich tissues that have the unique ability to switch their fuel
substrate dependency towards more fat-derived substrates such as ketone
bodies and fatty acids in response to energy crisis such as fasting. This allows
for the sparing of glucose for other tissues such as the brain that cannot
efficiently use fats to meet their energy requirements especially during times of

energy crisis.

Txnip regulates AMPK activity through modulation of high energy
metabolites

Interestingly we have found that soleus and heart tissues, but not
gastrocnemius, of mice lacking Txnip display a low AMP:ATP ratio (high
energy state) despite enduring an overnight fast, which is consistent with the
observed activation state of AMPK. Although we did not find noticeable

changes in AMPK activation in a highly glycolytic tissue such as the
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gastrocnemius muscle, it would be naive to completely ignore the role of Txnip
in more glycolytic skeletal muscle tissue types like the gastrocnemius. Recall
that in our hyperinsulinemic-euglycemic clamp experiments we found that
glucose uptake is increased in gastrocnemius muscle when compared to
control mice. Additionally, ATP levels were statistically higher in this tissue
which lead to a significant difference in AMP:ATP ratios in this tissue despite
the lack of difference seen in AMP concentrations (Table 1). This
demonstrates that while Txnip ablation may affect AMPK signaling in oxidative
muscle tissues, there still are metabolic effects on the predominantly glycolytic
fiber type muscle tissues that appear to be AMPK-independent, but still alters
the levels of high energy metabolites. Given these findings, elucidating the
fiber type specific role of Txnip in muscle tissues may be a fruitful avenue to
investigate.

The paradoxical finding that oxidative muscle tissues of Txnip deficient
mice are in a higher energy state than their wild-type controls provides a
rationalization in part for why these mice do not respond normally to fasting.
Moreover, this finding eliminates to a great degree the potential contribution of
functional deficiencies in kinases upstream of AMPK. This is further supported
by the robust activation of AMPK after AICAR treatment in Txnip -/- mice
(Figure 22). Despite a prolonged fast, oxidative muscle tissues lacking Txnip
are not experiencing an energy deprived state at the biochemical level.
Therefore it is compelling to conclude that this state of muscle energy

homeostasis may be the primary factor that leads to the attenuation of



96
mitochondrial oxidative phosphorylation. Aside from increased NADH/NAD+
levels as discussed earlier, low AMP/ADP:ATP levels and high acetyl-
CoA:CoA ratios have been shown to greatly induce the activity of pyruvate
dehydrogenase kinases [219-222], again providing another factor that could

lead to blocking the PDC.

Hypoactivation of AMPK during the fasting state may contribute to the
attenuation of substrate oxidation through the mitochondria

Finally, another level of control that may add to the observed fasting-
induced attenuation of oxidation of fuel substrates through mitochondrial
oxidative phosphorylation is the influence of diminished AMPK activity in Txnip
-/- mice. AMPK protects against energy deprivation brought about by energetic
challenge such as fasting or exercise by increasing glucose uptake through
facilitating Glut-4 translocation to the plasma membrane [174, 175, 228-230],
and by increasing fatty acid oxidation through inhibition of acetyl coA
carboxylase (ACC) [175, 231, 232]. Inhibition of ACC prevents the generation
of malonyl-CoA, which relieves inhibition of carnitine palmitoyltransferase |
(CPT1) thereby allowing entry of long chain fatty acids into the mitochondria to
undergo B-oxidation and ultimately oxidative phosphorylation [135, 233, 234].
The hypoactivated AMPK in fasting Txnip -/- mice would allow for the
increased generation of malonyl-CoA to reduce fatty acid oxidation when

compared to wild-type mice.
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Additionally, there is a possibility that Txnip -/- mice may experience
chronic cycles of decreased AMPK activity (even when provided food ad
libitum) as the natural cycle of hunger eventually would affect these mice daily.
AMPK activation has been implicated as an important element in maintaining
mitochondrial quality/function in many contexts through its association with
inducing PGC-1a gene expression which controls mitochondrial biogenesis
[235-238]. Therefore, ablation of Txnip may attenuate the over all contribution
of mitochondria in maintaining energy homeostasis in a fasting mouse by
virtue of its negative influence on AMPK activation during energy crisis, thus

creating a necessity for increased glucose utilization to meet energy needs.

Increased glycolysis is not associated with increased glucose
transporter expression

In lieu of our findings, it became imperative to shed light on the
mechanism by which Txnip ablation increases the uptake and utilization of
glucose to sustain glycolysis. To this end we examined the expression of the
primary glucose transporters found in heart and skeletal muscle tissue: mainly
Glut-1 and Glut-4 [167]. Surprisingly we found no obvious difference in the
amount of Glut-1 expressed, nor in the abundance of Glut-4 found on the
plasma membranes. With these findings, and given the facilitative nature of
these glucose transporters, it is reasonable to conclude that the increased
glucose uptake and glycolysis observed is a consequence of Txnip loss that

shifts cellular metabolism towards increased glucose metabolism which



98
increases glucose flux through these tissues. Coupled to this is then the

attenuation of mitochondrial oxidative phosphorylation.

Txnip’s role in glucose homeostasis may be independent of thioredoxin
The possibility that Txnip may exert a metabolic role independent of
thioredoxin has been a lingering and untested possibility until recently. A
seminal paper just released by Patwari et. al. 2009 demonstrates that Txnip
can function as a metabolic regulator of glucose homeostasis independent of
its ability to bind to thioredoxin [239]. This article highlights Txnip as a member
of the alpha arrestin family of proteins whose properties may be what provide
Txnip its characteristic property of regulating glucose homeostasis
independent of its ability to bind to an inhibit thioredoxin. Arrestins are
generally known to mediate receptor signaling events as scaffolds that aid in
the recruitment of other elements of cell signaling [240]. Using adipocytes and
primary skin fibroblasts, they demonstrate that a mutated Txnip (C247S)
rendered unable to interact with thioredoxin still inhibits glucose uptake and
lactate output in these cells. Moreover, one arrestin family member Arrdc4
exhibits this same property. If these findings hold true, investigating the
thioredoxin-independent role of Txnip as an arrestin controlling glucose
homeostasis at the cellular level may be the path to fully unlocking Txnip’s role
in glucose homeostasis and the metabolic fasting response at the whole body

level.
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