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Abstract

Type 2 diabetes is characterized by insufficient insulin secretion to maintain
euglycemia in the setting of peripheral insulin resistance. The majority of insulin-resistant
diabetics are obese, yet not all insulin-resistant obese individuals develop diabetes. This
obesity/diabetes dichotomy suggests that genetic factors play a pivotal role in disease
pathogenesis.

Gene mapping has identified genetic quantitative trait loci (QTL) influencing
disease-related phenotypes. To uncover molecular pathways leading from genotype to
clinical trait, we classify phenotypes in greater depth and identify QTL that influence
combinations of physiological traits, mRNA levels, and metabolite abundance. A major
challenge then becomes deciphering the causal interrelationships among correlated
phenotypes.

In this dissertation, we develop methods for building causal direction into an
undirected network by including QTLs for each phenotype. We then apply and validate
these methods in an F2 intercross between the diabetes-resistant C57BL/6 leptin®®
(B6°°") and the diabetes-susceptible BTBR leptin®°® (BTBR”*") mouse strains. We
show that genomic analysis can be integrated with liver transcriptional and metabolite
profiling data to construct causal networks for specific metabolic processes in liver. This

causal network construction led to the discovery of a pathway by which glutamine

induces Phosphoenolpyruvate carboxykinase (Pckl) expression.
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To investigate glutamine induction of Pckl in the context of diabetes, we perform
mRNA expression analysis and metabolic profiling in liver of the parental strains. We
find glutamine is decreased with obesity in both strains; in the diabetes-resistant B6
strain, liver Pck1 expression parallels glutamine abundance, but in the diabetes-
susceptible BTBR strain, Pckl is elevated with obesity. Follow-up in vitro studies
indicate that a-ketoglutarate, which is elevated nearly two fold in the livers of BTBR
relative to B6 mice in vivo, may mediate the glutamine effect. We hypothesize that
hepatic Pckl is regulated by glutamine abundance in the liver of B6 animals, but in the
presence of high a-ketoglutarate, Pckl becomes uncoupled from glutamine regulation in
the livers of diabetes-susceptible BTBR mice.

Our method of causal network construction led to the discovery of glutamine
induction of a key hepatic gluconeogenic enzyme, a pathway potentially disrupted in the
diabetes-susceptible BTBR mouse. Future studies will include identifying hepatic
mediators of the glutamine effect, and applying QTL-directed networks to multiple
organs to ultimately define causal relationships between tissues involved in diabetes

progression.
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1. Introduction

1.1 Diabetes Pathogenesis

Type 2 diabetes mellitus affects over 5% of the US population, making it the most
common of all metabolic disorders [1]. The pathogenesis of type 2 diabetes often
involves an initial peripheral tissue insulin resistance, which increases the amount of
insulin required to maintain euglycemia. The pancreatic B-cell acutely increases insulin
secretion to meet this demand; however, if the insulin requirement is chronically
elevated, islet function and mass are decreased, eventually leading to insulinopenia [2,3].
This underlying B-cell decompensation manifests clinically as elevated fasting and
postprandial blood glucose levels, diagnostic criteria for diabetes [4,5].

In humans, diabetes is often correlated with obesity, leading to a long-standing
hypothesis that insulin resistance is a consequence of overnutrition and elevated dietary
fatty acids [6]. Chronic metabolic overload has a detrimental effect on whole body
metabolism, and there is increasing evidence that the liver and adipose play a “causal”
role to drive this metabolic disequilibrium (Figure 1). The adipose acts as a storage depot
for excess fatty acids and also serves as an endocrine organ, releasing adipokines and
inflammatory signaling molecules. The liver plays a pivotal role in whole body energy
homeostasis by handling all fuel types: the liver is one of two organs capable of glucose
production through gluconeogenesis; it manages fat load by oxidizing fatty acids for
energy or storing excess triglycerides as fuel; and the liver is involved in overall nitrogen
balance, utilizing tissue-derived amino acids as gluconeogenic precursors and eliminating

1



ammonia as urea[7]. Because the liver coordinates fuel usage and is thus in a position to
drive metabolic dysregulation, we have focused on the liver as our organ of study.

The ability of the liver to organize whole body fuel metabolism is altered
significantly by excessive nutrients, especially by elevated fatty acids. It has been shown
that liver metabolism is altered at the transcriptional level, indicating that lipid
metabolites can affect gene expression. Fatty acids can regulate transcription via
signaling pathways that converge on second messengers, such as protein kinase C, or by
activating transcription factors including, but not limited to PPARs, LXR, and FXR [8-
14]. Through transcriptional changes in key metabolic pathways, chronic overfeeding
impairs the liver’s ability to effectively oxidize fatty acids and increases triglyceride
production, thus elevating both intrahepatic and circulating levels of fatty acid
derivatives[6]. These accumulating intrahepatic lipid-derived metabolites, including
diacylglycerols and ceramides, not only exacerbate altered liver gene expression and
metabolic pathways, but also contribute to hepatic insulin resistance[15-22]. The loss of
insulin sensitivity further prevents the liver from sensing and managing nutrient overload.

The “reactive” tissues, importantly the skeletal muscle and pancreatic islets, are
now exposed to lipid-derived metabolites and inflammatory mediators produced in the
liver and adipose not only from nutritional overload, but also tissue malfunction. In the
skeletal muscle, the mechanism of fatty acid induced insulin resistance is still emerging
[6]. Elevated circulating plasma fatty acids can alter glucose transport into skeletal
muscles, and intramuscular accumulation of lipid-derived metabolites, including

cytosolic and mitochondrial metabolites, has been correlated with decreased insulin
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sensitivity [6,7,23]. While the effects on the skeletal muscle are important, clinical type 2
diabetes is defined by hyperglycemia, which only develops when the pancreatic islets no
longer can compensate for increased insulin demand. In the short-term, free fatty acids
actually stimulate insulin secretion, but after prolonged elevation, these metabolites
decrease B-cell function and survival [6,7,23]. It is this B-cell decompensation that leads
to progression from metabolic syndrome, initiated by driving organs such as the liver and

adipose, to hyperglycemia and type 2 diabetes.

1.2 Hepatic Gluconeogenesis

Elevated fasting and postprandial blood glucose levels are considered to reflect 3-
cell decompensation, and are thus diagnostic of type 2 diabetes. Islet insulin secretion is
required to maintain euglycemia following a meal, but growing evidence suggests that
increased hepatic glucose output is the main cause of fasting hyperglycemia [24]. To
comprehensively understand pathways of diabetes pathology, it is necessary to identify
the factors that cause increases in glucose production.

Gluconeogenesis is defined as the production of new glucose, and occurs in the
liver and the kidney. Synthesis of glucose from three and four carbon precursors is
essentially a reversal of the reactions of glycolysis; however, there are three enzymatic
steps of glycolysis that proceed with a large negative free energy, and are in effect
“irreversible.” These three glycolytic steps are carried out by: 1) Pyruvate kinase (Pklr),

which catalyzes the conversion of phosphoenolpyruvate (PEP) to pyruvate and ATP; 2)



Phosphofructokinase-1(Pfkl), converting fructose-6-phosphate to fructose-1-6-
bisphosphate and ADP; and 3) Hexokinase/Glucokinase (Gck) responsible for the first
step of glycolysis in which glucose is phosphorylated by ATP to produce glucose-6-
phosphate.

Unique enzymes have evolved to allow gluconeogenesis to bypass the irreversible
reactions of glycolysis (Figure 2). The first bypass converts glucose-6-phosphate to
glucose through the action of Glucose-6-phosphatase (G6pc), reversing the first step of
glycolysis catalyzed by Hexokinase/Glucokinase (glucose cycle). Secondly, fructose-1,6-
bisphosphate is converted to fructose-6-phosphate by Fructose-1,6-bisphosphatase
(Fbpl), thereby reversing the Phosphofructokinase reaction, a rate limiting step of
glycolysis (fructose cycle). Finally, the conversion of pyruvate to PEP, the reversal of the
Pyruvate kinase reaction, requires the action of two mitochondrial enzymes
(pyruvate/PEP cycle). The first enzyme is Pyruvate carboxylase (Pcx), which utilizes
ATP and bicarbonate to convert pyruvate to oxaloacetate. Since oxaloacetate cannot be
transported to the cytosol, it is converted to PEP by mitochondrial Phosphoenolpyruvate
carboxykinase (Pck2) or to aspartate or malate which can exit the mitochondria.
Cytosolic aspartate and malate are converted back to oxaloacetate via transamination or
oxidation, respectively, prior to conversion to cytosolic PEP by cytosolic
Phosphoenolpyruvate carboxykinase (Pckl).

Short and long-term regulation of these three key gluconeogenic steps are
required to maintain euglycemia[25]. The short-term regulation of the fructose cycle has

been well characterized. Glucagon, acting through cAMP and PKA, alters
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phosphorylation of the bifunctional enzyme PFK2/FBPase2 which serves as both a kinase
and a phosphatase. PKA-phosphorylated PFK2/FBPase2 promotes gluconeogenesis by
dephosphorylating fructose-2-6-bisphosphate, a negative allosteric regulator of Fbpl1.
Insulin activates protein phosphatases to dephosphorylate PFK2/FBPase2;
PFK2/FBPase2 then acts as a kinase and increases abundance of fructose-2-6-
bisphosphate, thus promoting glycolysis. Fructose-1,6-bisphosphatase is also regulated
by the ATP:ADP ratio. When this is high, gluconeogenesis can proceed maximally[26-
28].

The pyruvate/PEP equilibrium is also regulated by glucagon which, via PKA,
phosphorylates Pklr to inhibit endogenous activity and prevent glycolysis. In the
phosphorylated state, Pklr is also more susceptible to allosteric inhibition by alanine and
ATP. Just as the fructose cycle favors glycolysis when the ATP:ADP ratio falls, a
reduction in energy levels inhibits Pcx and Pck activities. Flux through the pyruvate/PEP
cycle and the fructose cycle are further interconnected by fructose-1,6-bisphosphate, a
product of glycolysis, which activates Pklr [26,27,29,30].

Long-term regulation of glycolysis and gluconeogenesis occurs via transcriptional
changes of pathway enzymes. In general, glucagon (via cAMP) and insulin act
reciprocally on expression; cAMP reduces expression of glycolytic enzymes Gck, Pfkl,
and PKIr, while insulin increases transcript levels. The reverse is true for the
gluconeogenic enzymes, where cCAMP increases transcription and insulin inhibits gene

expression[26,27].



Under physiologic conditions, the rate of gluconeogenesis is determined by flux
through the pyruvate/PEP cycle. The cytosolic form of Phosphoenolpyruvate
carboxykinase (Pckl) is considered to be the pace-setting enzyme and has such a
pronounced effect on gluconeogenic flux that it has become a marker gene for hepatic
glucose output[26,31]. Pckl transcription is under complex regulation by hormonal,
environmental, and nutritional inputs, which act at specific regions of the Pck1 promoter
(Figure 3) [32] . Region one contains the NF-1 site to maintain basal transcription, and
the CRE which mediates cAMP-stimulated transcription by binding transcription factors
including CREB and CAAT enhancer binding proteins [33]. The second region of the
Pck1 promoter binds proteins that interact with transcription factors binding to region
one. Importantly, this region contains a binding site for HNF-1, essential for basal gene
expression, and the C/EBP binding site, required for the full response to cAMP. The
glucocorticoid response element (GRU) in region three coordinates hormonal regulation
by glucocorticoids and insulin. The GRU also interacts with the cAMP response unit to
mediate the cAMP control of gene transcription. [32,34-50].

Transcriptional regulation of Pck1 is complex, and the resultant mRNA
abundance reflects inputs from nutritional, hormonal, and environmental factors.
Investigation of nutrient control of Pckl expression, however, has largely led to the
conclusion that nutrient-induced hormonal (insulin/glucagon) signals are responsible for
altered transcription [31,33,51]. While this may address how Pck1 expression is altered in
a diabetic state where insulin levels are dysregulated, diet-induced metabolic

perturbations precede diabetes onset and alter gene expression in primary tissues such as
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the liver. The islet is downstream of these events, and thus insulin secretion and ultimate
B-cell decompensation marking type 2 diabetes are reactive to previous gene changes in
other organs [6,7]. It is therefore important to isolate the metabolite-driven mechanism of

transcriptional regulation in the liver.

1.3 Metabolites in the Context of Diabetes

Metabolic Dysregulation

Metabolic dysregulation in type 2 diabetes involves all three major fuel types. As
peripheral insulin resistance prevents major organs from sensing nutrient load
appropriately, the body perceives that it is undergoing starvation. In the fasted state, the
majority of organs can utilize stored glycogen (liver and muscle) and lipid (adipose) for
energy; the central nervous system, however, relies heavily on blood glucose. Peripheral
organs therefore possess several regulatory mechanisms to use alternate fuel sources in
times of need, thus “sparing” glucose for the brain (Figure 4).

In starvation states, the liver increases hepatic glucose output and depends on
peripheral tissues for gluconeogenic precursors. Insulin resistant skeletal muscle, unable
to adequately take up circulating glucose, instead relies on stored glycogen for energy.
Intramuscular glucose is metabolized through glycolysis, but rather than being oxidized
completely via the TCA cycle, pyruvate is converted into alanine or lactate and released.
The muscle also breaks down its own proteins and releases amino acids, particularly

alanine and glutamine. These skeletal muscle protein-derived substrates are transported to
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the liver where they can be used for gluconeogenesis and glucose production (Figure 5)
[52,53].

Alanine delivered to the liver is transaminated by alanine aminotransferase,
converting alanine and a-ketoglutarate into pyruvate and glutamate. The carbon skeleton,
now in the form of pyruvate, is converted into glucose through the multi-step
gluconeogenic pathway while the amine nitrogen is eliminated via the urea cycle[54].
The urea cycle and gluconeogenesis are highly integrated, and glutamate is at the center
of these metabolic events. Glutamate serves as substrate for the synthesis of N-
acetylglutamate, an essential allosteric activator of Carbamoyl phosphate synthetase 1
(Cpsl) in the urea cycle. Liver glutamate is essential for disposal of amino acids even in
the fed state, as many of the dietary complement of amino acids are converted to
glutamate via transamination prior to their utilization [55-58] (Figure 6).

Over the past century, the Western diet has evolved such that nearly 40% of
caloric intake is in the form of fat, due in large part to fast food and high-fat, processed
meat. The Study of the Effects of Diet on Metabolism and Nutrition (STEDMAN) weight
loss project showed, not surprisingly, that plasma free fatty acids were elevated in obese
humans (BMI:30-50) compared to lean participants (BMI:18.5-24.9). Interestingly, a set
of eight plasma amino acids, were also significantly elevated in the obese subjects
relative to the lean group, including all three branched-chain amino acids (leucine,
isoleucine, valine)[59]. In a study comparing the Zucker db/db rat to their lean
counterparts, branched-chain amino acids were also elevated both in the liver and

plasma[60].



This dissertation will describe the metabolic profile of a mouse model of diabetes.
As is described in Chapters 4 and 5, the hepatic metabolite profiles of the C57BL/6
leptin®"®® (B6°”'®°, diabetes-resistant) mouse and BTBR leptin®®® (BTBR®®, diabetic)
mouse parallels that of the STEDMAN human study. The hepatic metabolites of the
BTBR”® mouse mimic the obese human profile with elevated amino acid species
(notably the branched-chain amino acids), as well as increased fatty acid derivatives,
compared to the B6°”®. Since both the BTBR®®® and the B6°”® are insulin resistant, the
differences in hepatic metabolite profile and susceptibility to hyperglycemia depend on
the genetic differences between the strains. These mouse strains therefore comprise a
model in which to study the genetic determinants of key metabolic changes that
contribute to diabetes pathogenesis, as well as the downstream effects of these metabolic

changes.

Amino Acids as Signaling Molecules

Branched-chain amino acids and alanine are of particular importance in catabolic
states such as diabetes because they are released from muscle during protein breakdown.
Plasma glutamine is the most abundant amino acid in the plasma, and its levels are
altered by starvation states [54,61-66] . Since plasma amino acid composition can reflect
either pathological or nutritional status, it is important to consider the signaling role that
these metabolites have on target tissues. In recent years, it has been shown that amino
acid availability alters expression of many genes, including amino acid transporters and
transcription factors[67,68]. Amino acids regulate multiple steps of transcription and

translation, from chromatin remodeling, to stabilization of spliced RNA, to protein
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translation[69], yet there is limited information on molecular signaling pathways of such
amino acid regulation [11,12,70-73].

The majority of studies of amino acid regulation of gene expression focus on
transcriptional responses to amino acid deprivation. Several genes that are altered by this
depletion contain amino acid response elements (AARE) or nutrient sensing response
elements (NSRE) in their promoter regions. The CHOP transcription factor is one such
gene that responds to amino acid deficit (specifically leucine scarcity). Amino acid
limitation increases uncharged tRNA, which activates Gen2p. This kinase phosphorylates
elF-2a of the translational machinery, making elF-2a inactive. Although the majority of
protein translation is halted, there is an increase in Gen4 protein which activates a CHOP
transcription factor ATF4[69]. Another characterized pathway of amino acid sensing is
the mTOR cascade, which regulates protein translation through 4EBPs and 6sk1 in
response to increased nutrients[74,75].

The aforementioned studies reveal limited information about the mechanism by
which amino acid excess can alter gene expression. Glutamine is an example of such an
amino acid that regulates transcription of hepatic enzymes when it is supplemented.
Importantly, glutamine increases expression of Argininosuccinate synthetase (Assl) and
Arginase (Argl), members of the urea cycle [56-58,76]. In some cases the ability of
glutamine to regulate transcription may be dependent on the presence of insulin or other
metabolites, such as additional amino acids or glucose[77,78]. Glutamine is not only at
the crossroads of amino acid and glucose metabolism, but it is also the most abundant

amino acid in plasma. Given that glutamine has both transcriptional and allosteric
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regulatory roles, and that plasma levels reflect nutrient status, we have focused our
studies on this amino acid (glx: glutamine+glutamate). Revealing the mechanism of
glutamine-induced transcription will enhance our understanding of glucose and amino
acid metabolism, two pathways that are often disrupted in states of insulin resistance and

diabetes.

1.4 Genetic Contribution to Diabetes Development

Lifestyle-induced hyperlipidemia and weight gain are experienced by many
individuals as a function of aging. There is increasing evidence that obesity-related
overnutrition leads to insulin resistance, but the link between metabolic overload and type
2 diabetes is less direct. Although the majority of insulin resistant type 2 diabetics are
obese, only a subset of insulin-resistant and obese subjects develop diabetes[79]. This
obesity/diabetes dichotomy indicates that while environmental factors do play a causal
role in diabetes, genetic differences are also very important[80].

The genetic element of type 2 diabetes has been extensively studied. Maturity
onset diabetes of the young (MODY) and permanent neonatal diabetes mellitus (PNDM)
are among the very few cases of diabetes in which a single gene disorder is responsible
for disease development. Through genome wide association scans, there have been 18
genetic loci linked to diabetes development [81]. Of the risk alleles identified, follow up
studies have confirmed that CDKAL1 and HHEX-IDE alter insulin secretion, while FTO

is predictive of increased adiposity[82]. The strongest genetic contributor, TCF7L2, was
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discovered by the DeCode group. This locus encodes a transcription factor that is thought
to be involved in the Wnt signaling pathway and in the production of incretin GLP-
1[81,83].

While there have been advances in unraveling the genetic aspect of diabetes, the
genes identified account for less than 5% of type 2 diabetes. The molecular pathways
leading from the identified genetic loci to diabetes pathology remain largely unknown,
and hypotheses mainly include altered pathways of insulin secretion. There is a
remarkable scarcity of insulin resistance genes that have been recovered by genome wide
association scans, likely due to the strong environmental factors that contribute to such a
state [84]. Insulin resistance is less heritable than insulin secretion; a further complication
arises in uncovering genetic aspects of type 2 diabetes is the fact that this disease is

polygenic, and individual genes show only a modest effect sizes [81,85-90].

Gene Mapping and Expression QTL (eQTL)

A powerful way to establish a causal link between genetic loci and disease
phenotypes is gene mapping [91,92]. Gene mapping requires an F2 population, a
scrambled genetic mix of the two parental organisms resulting from random
recombination events. As a result of this recombination, no two individuals of an F2
population are identical, and therefore segregate by genotype and phenotype. Genotypes
are measured at markers throughout the genome to determine which parental strain
contributed a specific genetic region in an F2 individual[93]. We then correlate genotype
at these markers with phenotype, at each marker asking, “If the genotype was changed

from A to B, would the phenotype be significantly different?” (Figure 7). A logarithm of
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the odds score (LOD score) represents the strength of this correlation, and one can
decipher distinct regions (quantitative trait loci, QTL) throughout the genome influencing
the phenotype considered. A LOD score above a determined threshold shows significant
linkage between the phenotype and that genetic marker; the “peak marker” is defined as
the genetic region with the most significant correlation to the phenotype (highest LOD
score).

We have the tools to explore the genetic contribution to the diabetes/obesity
dichotomy. At 10 weeks of age, the leptin-deficient BTBR®® mouse has severe diabetes.
Compared to the diabetes-resistant B6°”°° mouse, the BTBR®®® mouse has elevated body

R°® males at 10 weeks

weight, fasting blood glucose, and plasma triglycerides. The BTB
of age have insufficient plasma insulin compared to the male B6P (Figure 8). To
investigate the genetic contribution underlying the parental phenotypic differences, we
can generate an F2 population that will segregate genetically and also contain individuals
with a range of diabetes clinical phenotypes (body weight, plasma insulin, fasting blood
glucose). By studying this population through gene mapping, we will be able to explore
the genetic contributions to the diabetes clinical traits seen in the BTBR and absent in the
B6 strains[94].

We have shown that we can map clinical traits (fasting glucose, plasma insulin,
body weight) to genetic loci (clinical QTLs, cQTLs) in this F2 population, which
confirms that disease phenotypes are heritable and influenced by genetic factors (Figure

9) [94-96]. The central dogma dictates that DNA alters RNA which has downstream

effects, and it seems logical to ask if transcripts can also be mapped to genetic regions.
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Gene expression can be mapped to genetic loci (expression QTLs, eQTLs), indicating
that the definition of “phenotype” need not be limited to clinical or physiological traits.
When eQTLs co-localize with cQTLs, one can hypothesize that they share a common
regulator and propose potential pathways from genotype to phenotype through specific
transcripts [97].

Expression QTLs are complicated by the fact that transcripts can map in “trans”
or in “cis” fashion (Figure 10). A transcript is said to map in “trans” if the eQTL is a
region of the genome distinct from the physical location of the gene itself. For example,
consider that chromosome 2 encodes a transcription factor regulating gene n on
chromosome 5. The expression of gene N would therefore be influenced by chromosome
2, and expression levels of gene N would map to an eQTL on chromosome 2, in spite of
gene n being physically located on chromosome 5. It is conceivable that several
transcripts will map in trans to the same eQTL if a transcription factor alters the
expression of multiple genes. If, however, expression of gene N mapped in “CiS” to where
it is physically located on chromosome 5, that would indicate that gene n itself has

changed (e.g., mutation in the promoter region) leading to a change in gene n expression.

Metabolic QTL (mQTL)

Transcript mapping does provide one avenue for understanding genotype to
phenotype relationships, but gene expression does not always parallel physiological
outcome. Clinical phenotypes such as body weight and blood glucose levels are far
downstream of many biological inputs, and gene expression is often not predictive of

biological change. There are many ways that gene expression could be uncoupled from
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the phenotype, for example by failure of mRNA translation into a functional protein[98-
100]. In a disease such as type 2 diabetes, we know a priori that environmental factors
such as diet and inactivity interact with genetic factors, pushing a subset of individuals to
develop hyperglycemia while others remain unaffected[2].

The potential for gene expression to be dissociated from physiological phenotype
makes it necessary to incorporate additional intermediates to fully uncover the molecular
pathway from genotype to disease state. Metabolites are considered a response to genetic
and environmental factors, much like a clinical phenotype [101]. Mouse models of
neurological disease, muscular dystrophy, and diabetes are characterized by distinct
metabolic signatures reflecting pathology [102]. Of equal importance is the fact that a
metabolic profile may help to define a population at risk for disease development. A
human study of familial early-onset cardiovascular disease by Shah, et al. showed
specific heritable groups of plasma metabolites not only in diseased individuals, but also
in unaffected family members with a genetic propensity for this disease[103]. Identifying
specific “predictive” metabolic signatures will allow for pharmacological or lifestyle
intervention before disease onset.

Metabolite levels are particularly relevant for type 2 diabetes, characterized by
altered energy metabolism and often preceded by a “metabolic syndrome”. Metabolites
therefore serve as important predictive intermediates that link gene expression and
clinical measurements. The recent advent of technologies for quantitative measurement

of large clusters of metabolites (sometimes termed “metabolomics”) allow metabolites to
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be mapped to metabolic QTLs (mQTLs) to aid in understanding of pathways leading

from genotype to phenotype[104].

Genetic Networks of Causality

When considering correlations and co-mapping of clinical traits, metabolite
levels, and gene expression, the limitation remains that the only one-way arrow of
causality that can be confirmed is from genotype to phenotype, whether that phenotype
be mRNA, metabolite levels, or clinical traits. There are three ways in which a co-
mapping and correlated transcript and metabolite/clinical trait could be related[97]
(Figure 11). In the reactive model, the metabolite is downstream of both the genetic locus
and mRNA, for example an increase in Glucokinase expression results in increased
glucose-6-phosphate. The causal model suggests that the metabolite/clinical trait is
upstream of the RNA, which has been seen for example in glucose regulation of gene
expression via the ChREBP transcription factor[105,106]. Finally it is possible that the
correlated and co-mapping phenotypes are independent of one another, yet still dependent
on the genetic locus. An example of this would be a genetic locus encoded a transcription
factor that regulated both lipid oxidation and gluconeogenesis expression. An acyl-
carnitine (product of lipid oxidation) and Pyruvate kinase mRNA would still be
correlated and co-map, yet would not be causal or reactive to each other.

In past years, metabolite/transcript connections could only be described as a
correlation depicted in association networks. However, with the advancements in
transcriptomics and metabolomics, we now have defined eQTL and mQTL and identified

genetic regions as drivers for downstream phenotypes. By using QTL of metabolite and
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transcript nodes in the association networks, it is possible to infer directionality between
two phenotypes. In a causal network, one can generate data-driven hypotheses about the
entire pathway in which a genetic region can influence a biological response.

The causal versus reactive role of metabolites is important both for therapy and
diagnosis of type 2 diabetes. As the signaling role of metabolites is realized, their position
as “downstream” of gene expression is being re-evaluated, and it is important to integrate
this information. If a metabolite is found to be causal for gene expression change or a
clinical trait, it can serve as a therapeutic target for pharmacological intervention. If a
metabolite is reactive to a diabetic phenotype such as insulin resistance, it can be used as

a biomarker for diagnosis, disease development, or responsiveness to treatment.

1.5 Interorgan Communication

The pathogenesis of type 2 diabetes is clearly not limited to one organ. Insulin
resistance of the liver and other peripheral tissues is both causal and reactive to metabolic
disturbances; demands for increased insulin alter B-cell function; lifestyle and dietary
habits influence multiple aspects of disease progression. The ultimate progression from
insulin resistance to diabetes diagnosis requires -cell decompensation, such that secreted
insulin is insufficient to meet the increasing demand. While the focus of our studies has
been on the understanding the relationships between intrahepatic metabolites and hepatic
gene transcription in diabetic and non-diabetic states, the liver and the islet are in close

communication. It is therefore important to consider metabolic analytes secreted from the
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liver in response to metabolic overload and how these signals could influence insulin
output [6,7]

Insulin secretion is regulated in a biphasic manner by nutritional and hormonal
signals, but the primary regulator is glucose. Glucose metabolism in the normal -cell
increases the ATP:ADP ratio, which closes the Karp channels. This closure causes
membrane depolarization, which then activates voltage-gated calcium channels. Calcium-
mediated signaling pathways ultimately cause the exocytosis of insulin granules. There is
also a Karp independent component of insulin secretion which may play a role in the
second sustained phase of insulin secretion. Other secretagogues such as free fatty acids
and amino acids have a small effect on basal insulin secretion, but become significant
potentiators of insulin secretion as glucose concentrations rise above a threshold of 6-
8mM in the blood in the postprandial state.

Metabolism of glucose and other fuel secretagogues produces many downstream
byproducts that may not necessarily change the ATP:ADP ratio. As such, these
metabolite products may contribute to the less well characterized Katp independent
pathway of sustained insulin release. The liver integrates metabolism of carbohydrates,
proteins, and lipids, and to understand the liver/islet communication in diabetes
pathogenesis, we have therefore explored the effects of select non-glucose metabolites on
insulin secretion [6,7,107,108].

In the short-term fatty acids enhance glucose-stimulated insulin secretion, while
chronic exposure suppresses islet function[109,110]. Long-chain fatty acids make up the

bulk of lipid content in the Western diet, but in the liver, these are metabolized into their
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medium and short-chain acyl-carnitine derivatives. Under normal conditions, the liver
metabolizes fatty acids via mitochondrial f-oxidation, producing monocarboxylic acid
derivatives that are used for fuel. When mitochondrial oxidation capacity is exceeded
fatty acids are diverted to microsomal w-oxidation, producing dicarboxylic acids that are
subsequently degraded in the peroxisome [111-117] (Figure 12). This w-oxidation is
dramatically increased in times of elevated mobilization of free fatty acids, such as during
starvation and insulin resistance, or when consuming a high-fat diet [118]. Thus in
overnutrition, the liver metabolizes excess fatty acids both by conventional mitochondrial
B-oxidation, and “overspill” pathways, producing short and medium-chain acyl-carnitines
and dicarboxylates. Importantly, dicarboxylate products have a feedback effect on hepatic
oxidation pathways and can alter secretion of liver-derived products (Figure 13)
[113,119,120].

The STEDMAN study certainly found that there was a difference in circulating
plasma free fatty acids in obese versus lean subjects, but also found that obese subjects
had significantly elevated levels of short and medium-chain acyl-carnitines[59]. In a
study comparing control versus diabetic rat livers, m-oxidation was drastically increased
in the diabetic cohort[121]. The B6 diabetes-resistant and BTBR diabetic predisposed
mice also show a strain-dependent difference in their hepatic fatty acid profiles,
specifically in the shorter monocarboxylic and dicarboxylic acyl-carnitines (Chapter 5).
Several of these specific monocarboxylic and dicarboxylic fatty acids have been
implicated as serving a role in insulin secretion[122-124], placing these metabolites as

potential candidate interorgan “messengers” between the liver and islet.
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A dicarboxylic acid is an organic compound with two carboxylic acid functional
groups. As the chain length of these dicarboxylates decrease, the analytes begin to
resemble members of the TCA cycle: the five-carbon dicarboxylate (glutarate) is
structurally similar to a-ketoglutarate; the four carbon dicarboxylate is succinate itself.
Much recent work has been done on understanding the contribution of anaplerosis
(generation of new TCA intermediates) in fuel-regulated insulin secretion. These newly
formed TCA intermediates are cycled between the mitochondria and cytosol, and
disruption in this cycling has been implicated in diabetes pathogenesis[125] . The fact
that these intermediates are exported from the mitochondria suggests a signaling role
independent of their ability to generate ATP [108,125-133]. Short and medium-chain
dicarboxylates resemble these TCA intermediates, and we therefore consider their role in

insulin secretion via anaplerosis and as extramitochondrial signaling molecules.

1.6 Project Goals

At the time I began my dissertation, our laboratories had established a
B6%°"/BTBR® derived leptin-deficient F2 population that segregated by diabetes
phenotypes (blood glucose, plasma insulin, body weight, and liver triglycerides). We had
demonstrated strong correlations between these clinical traits and liver transcripts and
hepatic metabolites. While QTL had been identified for both liver mRNA (eQTL) and

these clinical traits (cQTL), thus revealing broad genomic regions where potential master
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regulator genes may reside, the molecular pathway from genotype to physiological output
was largely unknown.

One of the first challenges was to advance association studies linking phenotypes
(clinical traits, expression traits) to causal directed networks and establish relationships
between these correlated inputs. Secondly, we recognized that clinical trait was a
downstream product of molecular and transcriptional happenings, so we asked whether
hepatic metabolites map to genetic regions and thus complement the genomic and
transcriptomic data. I hypothesized that genetic regions (mQTL) would alter abundance
of hepatic metabolites, and that these analytes may not only be key intermediates between
gene expression and clinical trait, but may actually be upstream and causal for gene
expression changes.

To address these questions, I worked closely with the statistics department and we
developed a method to incorporate QTL data into an association network, using the gene
mapping information to infer causal versus reactive direction between two related
phenotypes. Once we established the methodology for developing a QTL-directed
dependency graph (QDG), we applied this to our segregating F200oP population and
incorporated the genomic information with hepatic metabolite and transcript data. We
perform studies on hepatocytes from the parental strains to validate network construction
in the liver. Finally, we address how tissues communicate by studying how potential
liver-derived metabolites alter insulin secretion in INS-1 cells and isolated rat islets.
These studies involved collaboration between the Sarah W. Stedman Nutrition and

Metabolism Center at Duke University and the Biochemistry and the Biostatistics
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Departments at the University of Wisconsin, Madison. Quantitative, analytical
measurements of organic acids and acyl-carnitines by GC/MS and MS/MS, respectively,
were conducted at the Stedman Center’s Metabolomics/Biomarker core laboratory and
microarray analysis was performed by Dr. Attie’s collaborator, Rosetta, Inc (a subsidiary
of Merck).

Ultimately, we would like to characterize all interconnections between causal
tissues, such as the liver and adipose, and reactive organs, the islet and the muscle. The
methods developed in the course of this dissertation for integration of information about
genetic variance, gene expression, and comprehensive metabolic profiling is widely
applicable to other tissues where gene mapping of an F2 population has been applied.
Just as we used genetic regions to identify a causal relationship between two liver
phenotypes (e.g., transcript and metabolite), we can also define causality between two
correlated nodes of different tissues (e.g., hepatic metabolite and islet mRNA
abundance). A causal network relating organ systems will again provide data-driven,
testable hypotheses about master regulators of diabetes pathology, and ultimately help us

focus on crucial targets for therapeutic intervention.
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Figure 1. Hierarchy of systemic metabolic changes in obesity-related overnutrition.

In states of metabolic overload, multiple organs are impacted. The adipose inadequately
sequesters excess fuel and secretes adipokines; the liver fails to oxidize fatty acids and
releases their excess fuels as VLDL and ketones. Adipokines, free fatty acids, and
triglycerides derived from “driving organ” dysfunction have downstream effects on the
islet and skeletal muscle. Ultimately the skeletal muscle fails to efficiently take up
glucose while the islet undergoes -cell decompensation, secreting insulin levels
inadequate to meet the increased demand. VLDL: very-low density lipoproteins; NEFA:
non-esterified fatty acids.

23



glucose 6-phosphatase

Y

Glucose
hexokinase
Glucose 6- phosphate

GLYCOLYSIS GLUCONEOGENESIS

Fructose 6 phosphate
Pfk ZIFBPase
phospho-
fructokinase-1
Fructose 1,6- blsphosphate
{ Phosphoenolpyruvate

fructose
1,6-bisophsphatase

O/

J

PEP carboxykinase

pyruvate kinase Oxaloacetate

pyruvate carboxylase

N

Pyruvate

http://www.biochem.arizona.edu/dasses/bioc462/462b/glycolysis.html

Figure 2. Substrate cycles in the glycolytic/gluconeogenic pathways.

The three steps of glycolysis that are irreversible are the conversion of glucose to
glucose-6-phosphate, fructose-6-phosphate to fructose-1,6-bisphosphate, and pyruvate to
phosphoenolpyruvate. Gluconeogenesis therefore has unique enzymes to catalyze the
reverse reactions, establishing three glycolysis/gluconeogenesis “cycles”: the glucose
cycle (A), fructose cycle (B), and pyruvate/PEP cycle. (C) The enzymes of the hepatic
substrate cycles are subject to short and long-term regulation by hormones, energy status,
and metabolites. PEP: phosphoenolpyruvate; Pfk2/FBPase: 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase 2.
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Figure 3. Phosphoenolpyruvate carboxykinase, cytosolic (Pckl) gene promoter.

CREB: cAMP regulatory binding protein; ATF3: activating transcription factor 3; NFkB:
nuclear factor kB; COUP-TF: chicken ovalbumin upstream promoter transcription factor
(NR2F); PPARa2: peroxisome proliferator-activated receptor 02; SREBP-1: sterol
regulatory element binding protein; HNF: hepatocyte nuclear factor; C/EBP:
CAAT/enhancer binding protein; NF1: nuclear factor 1; CREM: cAMP regulatory
element modifier; CBP/p300: CREB binding protein/p300; PGC-1y: peroxisome
proliferator activated receptor coactivator 1y; SRC-1: sterol receptor coactivator 1; RAR:
retinoic acid receptor; AF1: accessory factor 1; AF2: accessory factor 2; dAF1: distal
accessory factor 1; dAF2: distal accessory factor 2; TRE: thyroid hormone regulatory
element; Pol II: RNA polymerase II; GRE: glucocorticoid regulatory element; CRE:
cAMP regulatory element; P1, P2, P3(I), P3(II), and P4: protein binding sites.
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Figure 4. Metabolic changes during catabolic states.

In times of starvation (fasting, perceived starvation such as diabetes), peripheral tissues
spare glucose for the central nervous system and catabolize alternate fuel substances for
energy. As a result of this tissue breakdown, the liver receives tissue-derived amino acids
and fatty acids and, via gluconeogenesis and ketogenesis, respectively, converts them into

glucose and ketones to be used for energy by peripheral tissues and the central nervous
system.
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A. The Cori cycle involves the utilization of lactate, produced by glycolysis in non-
hepatic tissues, as a carbon source for hepatic gluconeogenesis. In this way the liver can

convert the anaerobic byproduct of glycolysis, lactate, back into more glucose for

peripheral tissues. B. The glucose-alanine cycle is increased during periods of fasting as
skeletal muscle protein is degraded for the energy value of the amino acid carbons.
Within the liver alanine is converted back to pyruvate which is then a source of carbon
atoms for gluconeogenesis; the amino group is converted to urea in the urea cycle and

excreted.
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Figure 6. Glutamate integrates carbohydrate and amino acid metabolism.

Amino acids from peripheral tissue degradation and the diet are transaminated in the liver
to glutamate and an a-keto acid. The a-keto acid carries the carbon chain to
gluconeogenesis while glutamate carries the nitrogen group to the urea cycle (purple
box). Glutamate not only delivers ammonia to the urea cycle, but is also the precursor for
N-acetylglutamate (NAG), a potent allosteric activator of carbamoyl phosphate
synthetase which catalyzes the first step of the urea cycle.
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Figure 7. Strategy for QTL mapping.

The phenotype mapped here is the density of hairs on a plant leaf. Inbred parental strains
that differ in the density of hairs are crossed to form an F1 population. This F1 population
has individuals with an identical genetic and phenotypic make-up and an intermediate
level of hairs. F1 individuals are crossed among themselves to produce an F2 population.
The F2 individuals are scored for several genetic markers, as well as for the hair density
phenotype. The arrow and boxed region indicates the section of the chromosome that
drives the density of hairs, the quantitative trait locus (QTL).
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Figure 8. C57BL/6 and BTBR mouse strain phenotypes.

Clinical phenotypes blood glucose (A), plasma insulin (B), body weight (C), and plasma
triglycerides (D) are shown for five animals for each of the eight groups of mice used in
the study. Open (lean) and closed (0b/ob) circles represent individual mice. Horizontal
bars show mean values for each group.
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Figure 9. Genome mapping reveals clinical QTLs (cQTLs).

Genome interval mapping indicates cQTL for (A) 10-week fasting plasma glucose on
chromosomes 16 and 19 and (B) 10-week plasma insulin on chromosomes 2 and 19 for
an F2 population derived from B6°® and BTBR °”° parental strains. Dashed lines
indicate genome-wide significance guidelines. Maximum likelihood interval mapping
techniques were used to generate LOD scores.
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Figure 10. Cis- and trans-regulation of transcript abundance.

A. A transcript maps in Cis if the eQTL is located at the gene encoding the transcript. In
the case of trans-regulation, the eQTL of a given transcript is at a location distinct from
the locus encoding the transcript. B. Gene expression from liver microarray show that the
majority of transcripts map in Cis to where they are physically encoded (diagonal). The
LOD score represents the strength of the relationship between the transcript and its
eQTL.
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Figure 11. Possible relationships between QTLs, metabolites, and mRNA.

There are three ways in which a correlating transcript (R) and metabolite (M) that have
eQTL and mQTL at the same locus (G) can be related. In the causal model (A), the locus
alters gene expression which has a downstream effect on metabolite levels. The reactive
model (B) suggests that the mRNA is modulated by metabolites. The metabolite and
mRNA may also be independently related (C), where the QTL acts on these traits but the
metabolite and mRNA do not influence one another. These models do not work in
isolation, and the complexity can generate secondary and tertiary metabolite and gene
expression changes (D).
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Figure 12. Hepatic fatty acid oxidation pathways.

In the liver, mitochondrial, peroxisomal, and microsomal fatty acid oxidation systems are
regulated by PPARa-mediated gene expression. Under normal conditions, the liver can
accommodate fatty acids via mitochondrial B-oxidation. In times of overnutrition which
exceed mitochondrial capacity, fatty acids are metabolized via w-oxidation to
dicarboxylic acids, which are subsequently broken down in the peroxisome.
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Figure 13. Cross-talk between fatty acid oxidation systems in times of metabolic
overload.

Elevated fatty acids increase PPARa signaling and gene expression changes in
microsomal m-oxidation and mitochondrial and peroxisomal -oxidation. If
mitochondrial oxidation capacity is exceeded or defective, microsomal w-oxidation
engages, producing dicarboxylic acids, which can be used for energy or secreted. At
elevated levels, however, the dicarboxylates inhibit the already obstructed oxidation
pathways, and un-metabolized fatty acid derivatives are released, further elevating
circulating plasma levels of these metabolites.
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2. Inferring Causal Phenotypes from Segregating Populations

2.1 Introduction

Network models derived from microarray experiments have shed light on the
manner and extent of connectedness among expressed genes. However, these networks
mostly summarize association, connecting phenotypes without causal direction. Genetical
genomic studies with microarray data in a segregating population have shown evidence
for both cis-acting and trans-acting genomic regions [134,135]. These studies yield
expression quantitative trait loci (eQTL) that provide a causal experimental system where
genotype at that loci drives phenotype[136]. Directed graphs inferred from such a system
can yield causal gene networks that predict biochemical pathways, generating new
hypotheses about functional relationships among expressed genes[137-141].

In the past, generation of networks has required a network node that consists of a
gene physically located within the QTL support interval of one or more transcripts; this
gene thus becomes a candidate regulator for the other transcripts[ 141]. Unfortunately,
phenotypes such as metabolites and physiological traits cannot serve as causal nodes in
these networks. Schadt, et al. was the first to consider causal clinical traits as network
nodes. By using pairs of phenotypes that share multiple QTLs, they defined directionality
between a clinical trait and transcript through likelihood-based causality model selection
tests, using conditional correlation measures to determine which trait/trait relationship is
best supported by the data [135]. Li, et al. proposed the application of structural equation
models (SEM) to genetic analysis of multiple traits. SEM allows for characterization of
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pleiotropic and heterogeneous genetic effects of multiple loci on multiple traits as well as
the physiological interactions among traits [142].

Several of these current methods require network nodes consisting of genes
physically located within the QTL support interval of other transcripts [137-141] or
require common QTLs [135], but despite these constraints have laid the foundation for
construction of more complex networks. We have derived a novel causal network
reconstruction method for genetical genomics experiments termed QTL-directed
dependency graph (QDG) which drops these QTL restrictions, permitting construction of
causal networks among phenotypes that may not have common QTLs. This also allows
for the use of phenotypes (e.g., body weight and blood glucose) other than gene
expression and considers covariates such as sex and age.

The QDG approach is widely applicable to human studies and outbred
populations. It also can accommodate feedback loops which are common in biology. We
present a series of simulation studies where we evaluate the recovery rate of undirected
graphs and compare the performance of the QDG and conventional PC-algorithm for
causal orientation in a network containing 100 phenotypes. We assess the accuracy of the
QDG method for the interference of small acyclic graphs, and show that the integrated
QDG approach overcomes serious limitations of both genetical genomics network

methods and the PC-algorithm.
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2.2 Network Construction

The QDG method first builds an undirected graph that infers associations among
phenotypes using an undirected dependency graph (UDG) or PC-skeletons [143,144].
These two methods are better suited to causal inference than other networks such as
Gaussian graphical models (GGM), which include edges between any pair of nodes that
has significant partial correlation [145]. However, partial correlations can exist even
when two nodes are uncorrelated, leading to spurious edges (Figure 14). In directed
acyclic graphs, UDGs and PC-skeletons avoid this problem by first removing edges
where there is no significant correlation (a=0.05). To avoid edges between two nodes that
are not directly connected, but are connected via an intermediate node, we test the partial
correlation between the nodes of interest, conditional on the intermediate. If it is not
significantly different from zero, we remove the edge between the two nodes, leaving
only connections to the intermediate node. In directed cyclic graphs, it may not be
possible to remove all spurious edges. In evaluating the two methods for edge recovery,
the PC-skeleton algorithm performs fewer computations than the UDG algorithm for
generating sparse graphs, but it is less accurate in small sample sizes [144].

The second step of the QDG algorithm is to causally orient every edge connecting
a pair of phenotypes in an undirected network by asking, “Does phenotype Yy, drive
phenotype y», or vice versa?

My: @_>@
M: @(_®
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Model selection procedures cannot distinguish between M; and M; because they
are distribution or likelihood equivalent:
f(yDf(yaly)=f(yLy2)=f(y2)f(yaly2)
where f( ) is the predictive density of the argument conditions. Including QTL
with genotypes q affecting y; and q; affecting y», we can resolve direction because new

models

v @O —®)
WE L @ —O—O—@

are not likelihood equivalent since the predictive densities disagree,
f(qOf(yrlqf(yzlynq2)f(d2)# f(q2)f(y2lq2)f(y1ly2,.q)f(qu).
Therefore, we distinguish between models M*; and M*; using a LOD score that
conditions on genotypes at multiple QTL (derived from earlier gene mapping of
phenotypes), and can now create a directed graph (DG).

It is possible that a strong QTL affecting an upstream trait may also be incorrectly
detected as a QTL for a downstream phenotype, so we must first distinguish QTLs with
direct and indirect effects. We employ the following to differentiate these direct and
indirect QTLs: 1) identify all pairs of connected phenotypes that share a common QTL,
and 2) apply a generalization of the method proposed by Schadt, et al. to each of these
pairs in order to determine if the common QTL directly affects both traits or if it has an
indirect effect in one of the phenotypes. This method includes comparing the “causal”,
“reactive”, and “independent” models for the genetic locus and the two co-mapping traits

(Figure 15). The log likelihood is calculated for each model and the number of
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parameters is taken into consideration to generate a model score. Based on each model
score, the relationship between the two traits is determined. Schadt used this method to
determine the causal direction between a pair of phenotypes, and we have applied this to
test direct versus indirect effect of a common QTL on two phenotypes[135]. Whenever a
pair of connected phenotypes have a common QTL, we test the null hypothesis that no
partial correlation between the phenotypes conditional on the common QTL. If the null is
accepted, the edge between the phenotypes is dropped and the common QTL is
considered to have pleiotropic effects.

The next step is to orient causal edges between all pairs of connected phenotypes
in the undirected network using associated multiple QTLs to break likelihood
equivalence. Edge orientation among pairs of phenotypes is based on a linear regression
model with phenotypes regressed on QTL genotypes and on additive or interacting
covariates such as sex, age, and other phenotypes. We orient each edge, conditional on all
other nodes (phenotypic, genotypic, or covariate) that affect the two nodes of the specific
edge under investigation.

For each determined edge, we now evaluate a LOD score comparing the two
possible orientations. We orient the edge in favor of the direction with the higher
likelihood in the ratio, thus creating a QTL-directed graph (QDG). For the simple
network presented above, this ratio is a contrast of LODs,

LOD=(LOD;+LOD,p;)- (LOD,+LODyp,)
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Where LOD;1+LODy); represents the likelihood that q affects y; and that y; is
causal for y, and LOD»+LODy, represents the likelihood that q, affects y, and that y is
causal for y;.

The p-values for the LOD scores are computed using 10,000 permutations. To
generate the null distribution for the direction, we permute blocks of data. Consider the

network:

(@)
@—W——0—=@

where we are interested in computing the p-value for the arrow Y12 Y, conditional
on covariates x and z. Here X represents a covariate on both phenotypes (x could be
another phenotype, age, sex, etc); Z is a covariate of y; only. q; and q; represent two sets
of QTLs affecting y; and Y, respectively. In order to break the connections that are
directly causal to the direction of the edge, we permutate the corresponding pairs of
nodes (and their common covariates) as a block. We permute Y1, Y2, X as a block (blue) by
breaking the connections with z, q;, and q, (which constitute another block, purple). The
data is permuted 10,000 times to generate the null distribution around a LOD of zero.

We then calculate the LOD scores of each 10,000 individual permutated blocks of
data; while we have broken connections that affect the direction of the edge, we are still
utilizing a QTL and covariate block z, q;, and q in each permutation, but these
permutated data sets do not correspond to the “true” yi, Yo, X block to which they belong

in the actual individual. These LOD scores will be approximately, but not exactly, equal
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to zero and these values are then plotted on a histogram. The p-value is calculated from
this histogram, allowing for 0=0.05.

In more complex networks, we orient edges in two steps: (1) build an initial
directed network orienting each edge as above; (2) recomputed the LOD score for each
edge connecting a pair of phenotype nodes by condition on all other phenotypes causative
to either or both nodes. We repeat the second step for all edges until no edge switches
direction which involves some iteration to find the best orientation across the entire
graph.

For example, consider a directed network with four phenotypes in which a
preliminary directed network may look like 1->2->3<4. The second step recomputes the
LOD score for the edges between nodes 2 and 3 conditioning respectively on nodes 1 and
4. [Note the edge 1-2 is not tested at first because neither node 1 or 2 is downstream of,
and therefore reactive to, any other node in the network considered.] Similarly, we
recomputed the LOD score for the 3-4 edge, conditioning on node 2 for phenotype 3. If
the direction of the edge 2-3 switches, the graph becomes 12>2<3<4. We then
recomputed the LOD scores for the 1-2 edge using node 3 as a covariate for 2, and again
for the 2-3 edge conditioning respectively on 1 and 4. We repeat this step until no more
edges change direction.

In complex networks, this algorithm may find more than one solution. That is,
starting the algorithm from a different edge orientation may yield a different graph. If the
graph oscillates between different directions without converging to a solution in 30 steps,

we include all distinct graphs as solutions. In order to get the best solution we: 1) re-run
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this algorithm using different initial edges to get all possible solutions 1000 times; 2)
score each solution using a likelihood-based overall measure of fit; 3) select the graph
with the overall highest score. Although we start the QDG method as a pairwise
algorithm considering the relationship between two nodes and their upstream effectors,
the last steps represent a multivariate algorithm, where we perform computations of
direction on subsets of the graph.
In summary, the QDG algorithm is as follows:
1. Construct an undirected dependency graph (PC-skeleton or association graph);
UDG
2. After removing indirect QTL, use QTL genotypes to direct each edge in the
UDG to create a directed graph; DG
3. Randomly choose an ordering of all edges in the DG to make an ordered
directed graph; ODG
4. For an edge in ODG, recompute the direction LOD score using all other
causative phenotypes to either or both nodes, according to the DG, in addition
to QTL genotypes. If the direction changes, update the DG and move to the
next edge in ODG.
5. Repeat step (4) until no edges change direction, providing one solution. If
graphs do not converge within 30 steps, these distinct graphs are distinct
solutions

6. Repeat steps (3), (4), and (5) 1,000 times and store all different solutions
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7. Score all solutions in (6) using a likelihood-based measure of fit of the whole

graph; that with the highest score is the solution; QDG

2.3 Results

In all simulation studies, we used the PC-skeleton to recover edges, if one existed,
between phenotypes. We then assessed the performance of the PC-skeleton to recover a
true edge by calculating the average (across all edges in the respective graphs) of the
percentage of times the algorithm recovered each of the true edges. Edge recovery rates
were strong, increasing with sample size. We then assessed QDG for power to determine
the correct direction for these previously PC-skeleton-derived recovered edges. Finally
we evaluate the QDG power to infer causality by contrasting it with the PC-

algorithm[146], which can orient some but not all edges in an undirected network.

Hundred Phenotypes Network

A complicated network with 100 phenotypes and 107 edges was used to assess
our methodology (Figure 16a). Each phenotype node was affected by two or three QTL
(not shown in figure), and we allowed for only additive genetic effects. The QTL for each
phenotype were randomly selected among 200 markers, with 10 markers unevenly
distributed on each of 20 autosomes. We allowed different phenotypes to potentially
share common QTL. Our 100 phenotype network results illustrate the percent of edges

recovered using the PC-skeleton increases with sample size (Figure 16b).
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When comparing the PC-algorithm and QDG methods to determine causal
direction, we see that as sample size increased, both methods showed an increase in the
percentage of recovered edges whose direction was correctly inferred and a decrease in
the percent of incorrect directions. In all cases, however, the QDG method resulted in
more correct directions than the PC-algorithm and when sample size was greater than 60,
fewer incorrect directions (Figure 17).

The network in Figure 16a demonstrates many features that can be inferred with
varying degrees of difficulty by the PC-algorithm. Nodes organized in an unshielded
collider pattern, such as x>z <y are easier to detect than nodes organized in a bifurcation
or line pattern such as Xx&z—2>y or X>z-2>y. The PC-algorithm performed better in the
unshielded collider pattern relative to other patterns, both in its ability to recover edges
and also to identify correct causal direction to these recovered edges. The QDG
algorithm, however, was able to infer correct direction equally well for all patterns and at
a greater rate than PC-algorithm (Figure 18).

The QDG method is robust with respect to the number of QTL per phenotype. If
only one QTL per phenotype is chosen at random among the total QTL affecting the

phenotype, there is a little loss in percent correct directions.

Cyclic Networks

We investigated the properties of three cyclic graphs simulated according to
Chaibub, et al (Figure 19)[147]. As sample size increased from 100 to 200, the average
percentage of true recovered edges using the PC-skeletons improved to nearly 100% for

graphs (a) and (b). In graph (c) with a direct reciprocal interaction between nodes 2 and 5,
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allows nodes 1 and 5 (and 4 and 2) to be connected in two manners. Node 1 can be
related to 5 via node 2 (4,2,5, respectively); on the other hand, node 1 and 5 are
independent of one another and both affect node 2 (4,2,5). Given the former relationship
it is possible a spurious edge may be detected between 1 and 5 (4, 2); however spurious
edges were only recovered two out of 100 realizations.

Just as increasing sample size allowed for the PC-skeleton to improve the number
of recovered edges detected, increasing sample size allowed QDG to correctly direct a
greater percentage of these recovered edges in cyclic networks. Although the QDG
method cannot detect direct reciprocal interactions (such as 2«<>5), it can infer the

stronger direction corresponding to a higher regression coefficient.

Metabolite and Gene Expression Network

We inferred a causal network among expression and metabolite traits and
validated the network with in vitro experiments[104]. Here we simulate from a connected
subset of this inferred network to study its statistical properties.

The causal network was constructed using in vivo gene expression and metabolite
data from a sample of 58 mice from an F2 leptin-deficient ob/ob population generated
from the C57BL/6 leptin® (B6°”°®) and BTBR leptin®® (BTBR®”®) founder
strains[95]. The B6 and BTBR strains, when made obese, differ in diabetes susceptibility;
The B6°”® are diabetes resistant where as the BTBR® develop severe diabetes. The
included transcripts had a high positive correlation with liver glx (glutamine+glutamate)

and/or had co-mapping eQTL and mQTL[104].
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In the construction and simulations, age was used as an additive covariate and we
allowed for sex-by-genotype interactions. Estimates from the real data were used as the
parameter values in the simulations and we adopted ¢=0.05 for the UDG algorithm to
recover edges. Our QDG algorithm with random edge orderings converged on two
solutions (Figure 20). We simulated 1,000 realizations from the network, recovering a
true edge 75% of the time, and correctly oriented those recovered edges on average 83%.
False edges were detected overall at rates below 2%.

Our network predicted six edge directions which were tested by isolating
hepatocytes from the B6 and BTBR parental strains. Real-time PCR was used to measure
gene expression changes in response to 10mM glutamine supplement in vitro[104]. We
confirmed causal network predictions through this subsequent laboratory work as
described in Chapter 3 and published [104], and thus showed our QDG method is valid

for hypothesis generation.

2.4 Discussion

In genetical genomics, or eQTL studies, we are increasingly interested in inferring
causal networks for sets of phenotypes that map to coincident genomic regions. We
typically believe that there is a “master regulator” and that most co-mapping is due to
indirect effects. Thus our objective is to untangle the direct and indirect effects of QTLs

and phenotypes. We provide a novel method that can first infer what phenotypes have
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proximal relationships (undirected graphs), and then orient these edges to infer causal
relationships and produce unified causal networks.

In recent years, there has been a large effort to model phenotypic networks.
Approaches began by constructing networks based on associations and correlations
[95,104,148,149] and since this early work, the goal has been to infer causality within
these networks [137,139-141,145,150]. These preliminary methods have developed the
foundations of causal network reconstruction from which we can now move onto
inferring causality in complex networks that more closely resemble biology.

We have proposed a simple approach for causal network construction that extends
existing causal network methods by accommodating phenotypes that do not share
common QTLs. We have shown how to infer causal direction in an association network
of phenotypes by conditioning on causal QTL, even when graphs include cycles. We
begin with feature selection to reduce from thousands of phenotypes to a manageable
number[95,149], followed by a focus on a particular functional group. We then use QTL
mapping methods to identify major QTL of phenotypes in this functional group[151].

This proposed method is advantageous in that it can handle multiple QTLs and
covariates (additive or interactive), with computing time proportional to the number of
edges. This can be readily extended to include discrete driving factors other than
genotypes, such as sex or treatment group. Furthermore, this method can be applied to a
wide variety of phenotypes. The incorporation of genotypes (or discrete driving factors)
allows for the reconstruction of a single directed network of phenotypes. This has

advanced previous work where reconstruction using Bayesian networks was limited to
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the inference of equivalence classes, that is a set of networks that have the same
likelihood[152]. Another advantage of QDG is that it does not require sequence
information, and can therefore be useful in the discovery process of a broader range of
genetical genomics experiments[139].

Our QDG method shows superior performance over the PC-algorithm to infer
pleiotropic effect of one gene expression phenotype on two other phenotypes, or more
broadly, the directions of edges that bifurcate from any node[146]. Both the PC-algorithm
and QDG are effective in detecting unshielded collider patterns, which correspond to the
epistatic effect of two gene expression phenotypes on a third phenotype. However, the
enhanced ability of the QDG algorithm to infer both pleiotropy and epistasis will make
QDG superior as eQTL and mQTL studies become more prevalent in experimental
Crosses.

In this work, we assume that a set of multiple QTLs affecting each of the
phenotypes had been previously determined. With sample sizes in the order of 300 to
500, we expect to have enough power to detect QTLs for a set of functionally related
phenotypes, rather than individual phenotypes, for our causal network methods. This will
become important as this method is applied to biological systems where inter-tissue
communication occurs. The QDG also can infer directionality in cyclic graphs containing
three or more phenotypes, representative of feedback loops.

A key feature of the QDG is that phenotypes with no detectible QTLs need not be
excluded in our analysis, and on a similar note, we can orient an edge between a pair of

phenotypes with common QTLs. The only requirement to determine directionality is that
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there be at least one QTL or causal phenotype uniquely affecting one of the pair of nodes
under consideration. Even in a situation where two connected y;1 and Yy contain only one
common QTL q and causal models are thus likelihood equivalent (e.g.,
f(Q)f(y1|q)f(y2ly1,q)=F(q) f(y2|q@)f(y1]y2,q)), our method may determine directionality. We
can modify the network by breaking genotype-phenotype edges to consider models
q2Y12Y2and q=2Y22Y1, in addition to the pleiotropic model where by q affects both
phenotypes[135]. Providing the pleiotropic model is not supported, we can infer a
direction between the two phenotypes.

In conclusion, we have presented a novel, efficient causal network construction
method QDG with four main advantages: 1) we screen out edges associated with partial
correlation that are not causative in directed acyclic graphs; 2) we have overcome the
previous QTL constraints, dropping requirements that a phenotype have a QTL, that two
phenotypes share common QTLs, and that an expression trait be physically located
within the QTL; 3) we can infer feedback loops, common in genetic, metabolic, and
biochemical networks; and 4) we can infer a single network instead of an equivalence
class of networks. The QDG network method developed in the course of this dissertation
research is appropriate for a range of population structures, including but not limited to
inbred crosses, outbred crosses, and natural populations. The causal networks that emerge
form the basis for hypotheses about critical pathways that can be individually tested and

aid in our understanding of phenotype relationships.
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Figure 14. Spurious edges and partial correlations.

A. The Gaussian graphical model (GGM) will recover an edge between any two nodes
where there is a correlation, and is unable to distinguish partial correlation relationships.
B. The undirected dependency graph (UDG) and PC-skeleton methods indicate that
nodes 1 and 2 are independent, and removes edge 1-2 which is a partial correlation, given
3. UDG or PC skeletons eliminate spurious edges and are therefore better suited to build
the framework of the true network (C).
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Figure 15. Distinguishing direct and indirect effects of a common QTL.

Suppose that QTL mapping of phenotype y1 detected QTLs q and q;, and mapping of
phenotype Yy, detected the common QTL q plus QTL qa. A strong QTL directly affecting
an upstream trait may also be (incorrectly) detected as a QTL for a downstream
phenotype. In order to resolve this situation, we apply a generalization of Schadt, et al.
2005, allowing for multiple QTLs q; and q; and use these to infer direction; we then
score the three models above. Model A supports both traits being directly affected by the
common QTL q. Model B implies that q directly affects y; but should not be included as
a QTL of phenotype y,. Model C supports the reverse situation where y; is downstream of
Y2 which is directly impacted by q.
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Figure 16. Directed acyclic graph (DAG).

A. This graph was composed by 100 nodes (phenotypes) connected by 107 edges using
the random DAG function in the pcalg R package B. Average percentage of recovered
edges and average percent of edges that could not be detected by the PC-algorithm
relative to the total number of true edges existing in the network.

53



2
=7 I —
g o
§ _|o
o B A
g
s
ha) =1
@ " } - .
E N Ll
5
F
o .
2
“ on
2 ---  PC-algoritim
) T T
100 200 300 400 500
sample size
B'I-
e
"E ] %,
=]

TN

-

% of incorrect direction

I T
100 200 k)] 400 500
sample size

Chaibub, et al (2008) Geneatics, 179:1029-1 100,

Figure 17. QDG performance in inferring correct direction of recovered edges.

Comparison of the average percent of correctly inferred directions (A) and incorrectly
inferred directions (B) by QDG and PC-algorithm for DAG of Figure 16a.
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Figure 18. QDG performance of inferring direction in various patterns.

Comparisons of PC-algorithm (A) versus QDG (B) success in detecting unshielded
collider pattern 1->2<3 (solid line) and other patterns (dotted line) of the network in
Figure 16a.
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Figure 19. Cyclic networks.

Graphs A and B show simple cyclic graphs. Graph C contains a reciprocal interaction
between nodes 2 and 5.
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Figure 20. Causal network from a segregating F2 sample.

The F2 population from the B6°”°® and BTBR®”®° parental strains segregate by genotype
and phenotype as published in Ferrara, et al. 2008. Values represent the proportion of
times the edge was detected, and the proportion of times this edge was given the correct
direction (e.g., (0.99,0.96) from Argl to Pckl indicates a 1% chance that this is not truly
and edge and that 96% of the time, the edge arrowhead is Arg—>Pck1 as indicated).
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3. Genetic Networks of Liver Metabolism Revealed by
Integration of Metabolic and Transcriptional Profiling

3.1 Introduction

Genetic linkage and association studies have the power to establish a causal link
between gene loci and physiological traits. These studies can make novel connections
between biological processes that would not otherwise be predictable based on current
knowledge. The pace of gene discovery has greatly accelerated in recent years, and
numerous quantitative trait loci (QTL) influencing disease-related phenotypes have been
identified through gene mapping and positional cloning. While it has become relatively
straightforward to map a phenotype to a broad genomic region, identification of the
individual gene(s) driving phenotype changes remains difficult. Consequently, only a few
percent of the many QTL that have been mapped have had their underlying gene(s)
identified [153-159]. Another limitation of traditional QTL mapping is that it is based on
association with a physiological phenotype, but often does not reveal the molecular
pathways leading to that phenotype.

One way to uncover molecular mechanisms of disease states is to broadly expand
the types of phenotypes analyzed in genetic screens. For example, with microarray
technology, one can measure the abundance of virtually all mRNAs in a segregating
sample. Importantly, mRNA abundance shows sufficient heritability in outbred
populations and experimental crosses to allow mapping of gene loci that control gene

expression, termed expression QTL (eQTL) [95,135]. When eQTL co-localize with a

58



physiological QTL, one can hypothesize a shared regulator and offer a potential pathway
leading to the physiological trait [135,160].

The pathway between a QTL and a physiological trait often involves changes in
the steady-state levels of metabolic intermediates, in addition to changes in mRNA
abundance. These metabolites can correlate with the genetic, transcriptional,
translational, post-translational, and environmental influences on phenotype [101,159].
Moreover, metabolites are intermediates in signaling pathways that can regulate gene
expression. For example, fatty acids act as ligands for several of the PPAR nuclear
hormone receptors, bile acids activate FXR in liver, and diacylglycerol regulates protein
kinase C [161-163]. Metabolite abundance reflects a biological response to exogenous
and endogenous inputs, and when investigating pathways from genotype to phenotype,
metabolites can provide a powerful complement to gene expression data and give novel
insights into disease pathogenesis mechanisms [59,94,96,101,108,132,159,164-169].

Our laboratories have begun to apply targeted metabolic profiling to study
mechanisms underlying obesity-induced diabetes [59,108,132,164-166], but have not yet
attempted to integrate these methods with genotyping and transcriptional profiling. This
has included the application of gas chromatography/mass spectrometry (GC/MS) and
tandem mass spectrometry (MS/MS) for measurements of acyl-carnitine, organic acid,
amino acid, free fatty acid, and long and medium-chain acyl-CoA metabolites in tissue
extracts and bodily fluids. Herein, we have applied these methods to measure various
metabolites in liver samples from mouse strains that differ in susceptibility to obesity-

induced diabetes.
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C57BL/6 leptin®"® (B6°”°") mice are obese but essentially resistant to diabetes,
whereas BTBR leptin®® (BTBR®°") mice are severely diabetic [96]. In an F2 cohort
derived from these parental strains, we have shown that the range of blood glucose,
insulin levels, and body weight exceeds that of either the B6°”*® or BTBR®™® parental
strains. We went on to identify several diabetes-related QTL in this F2 sample [94,96]. In
the current study, we focused on a subset of 60 F2 mice that have previously been
evaluated in detail with regard to liver gene expression profiles [168] to ask if the
abundances of hepatic metabolic intermediates would show sufficient heritability to
enable us to map metabolic QTL (mQTL). Because we previously performed mRNA
expression profiling on liver samples from this F2 sample, we were also able to
investigate the potential for integrative analysis of the expression profiling and metabolite
data sets.

We show that liver metabolites do map to distinct genetic regions, thereby
demonstrating that tissue metabolite profiles are heritable. In addition, we show that
mQTL co-localize with eQTL, suggesting common genetic regulators. Finally, as a proof
of principle of the practical significance of this multi-disciplinary approach, we illustrate
the construction of a specific causal network that links gene expression and metabolic

changes, and demonstrate its validity by targeted gene expression analysis.
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3.2 Materials and Methods

Animals

BTBR, B6, and B6°* mice were purchased from The Jackson Laboratory (Bar
Harbor, ME) and bred at the University of Wisconsin. The lineage and characteristics of
the BTBR strain have been reviewed by Ranheim, et al. Mice were housed in an
environmentally controlled facility (12-hour light and dark cycles) and were weaned at 3
weeks of age onto a 6% fat diet (Purina; #5008). Mice had ad libitum access to food and
water, except for 4-hour fasting periods before blood draws and sacrifice (by CO,
asphyxiation). Plasma glucose levels were measured using a commercially available kit
(994-90902; Wako Chemicals). Plasma insulin levels were measured by
radioimmunoassay (RI-13K; Linco Research).

The facilities and research protocols were approved by the University of

Wisconsin Institutional Animal Care and Use Committee.

Genotyping

ob/ob

Sixty F2 leptin™""" mice ranging in age from 13 to 26 weeks were genotyped as

previously described [96]. Mapmaker/EXP was used to compile genotype data into

framework map.

RNA Collection and Microarray

Liver RNA was arrayed as described in Lan, et al [95]. Ten to 12-week-old male

ob/ob

and female F2 leptin mice were sacrificed by CO, asphyxiation after a 4-hour fast.
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Total RNA from sixty F2 mice using RNAzol reagent (Tel-Test) and was further purified
using an RNeasy kit (Qiagen). The sample labeling, microarray hybridization, washing,
and scanning were performed according to the manufacturer’s protocols (Affymetrix).
Labeled cRNA was prepared and hybridization assay procedures including preparation of
solutions were carried out as described in the Affymetrix GeneChip Expression Analysis
Technical Manual. A total of 60 MOE430A and MOE430B arrays were used to monitor
the expression levels of approximately 45,000 genes or ESTs. The distribution of
fluorescent material on the array was obtained using G2500A GeneArray Scanner
(Affymetrix). Microarray Suite (MAS) version 5.0 and GeneChip Operating Software
(GCOS) supplied by Affymetrix was used to perform gene expression analysis.

Expression levels of all the transcripts were estimated using the RMA algorithm [170].

Liver Metabolite Quantification

Amino acids, acyl-carnitines and organic acids were measured using stable
isotope dilution techniques [15, 18, 56]. Amino acids and acyl-carnitine species were
measured using flow injection tandem mass spectrometry and sample preparation
methods described previously [15, 56]. Briefly, samples were equilibrated with a cocktail
of internal standards, de-proteinated by precipitation with methanol, aliquoted
supernatants were dried, and then esterified with hot, acidic methanol (acyl-carnitines) or
n-butanol (amino acids). The data were acquired using a Micromass Quattro micro TM
system equipped with a model 2777 autosampler, a model 1525u HPLC solvent delivery

system and a data system controlled by MassLynx 4.0 operating system (Waters, Milford,
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MA) [15, 56]. Organic acids were quantified using a previously described method that
utilizes Trace GC Ultra coupled to a Trace DSQ MS operating under Excalibur 1.4
(Thermo Fisher Scientific, Austin, TX) [132].

Sixty-seven liver metabolites were measured, comprised of 15 amino acids and
urea cycle intermediates, 45 acyl-carnitine derivatives, and 7 organic acids (TCA cycle
intermediates and related analytes). The specific metabolites are listed in Table 1 and
Table 2. All MS analyses employed stable-isotope-dilution. The standards serve both to
help identify each of the analyte peaks and provide the reference for quantifying their
levels. Quantification was facilitated by addition of mixtures of known quantities of
stable-isotope internal standards from Isotec (St. Louis, MO), Cambridge Isotope
Laboratories (Andover, MA), and CDN Isotopes (Pointe-Claire, Quebec, CN) to samples,
as follows: Acyl-carnitine assays--Ds-acetyl, Ds;-propionyl, Ds;-butyryl, De-isovaleryl, Ds-
octanoyl, and Ds-palmitoyl carnitines; Amino acid assays--'’N;,"*C-glycine, D,-alanine,
Dg-valine, D7-proline, Ds-serine, Ds-leucine, Ds-methionine, Ds-phenylalanine, D4-
tyrosine, Ds-aspartate, Ds-glutamate, D,-ornithine, D,-citrulline, and Ds-arginine;
Organic acid assays--Ds-lactate, Ds-pyruvate, 13C4-succinate, D,-fumarate, D4-glutarate,
13 C;-malate, D¢-a-ketoglutarate, and Ds-citrate. In addition to mass, analytes are
identified on the basis of the particular MS/MS transitions that we monitor for each class
of metabolites. For example, all acyl-carnitine methyl esters produce a fragment m/z 99.
We make the assumption that all even mass precursors ions of m/z 99 are acyl-carnitines
to which we assign plausible molecular structures. We differentiate isobaric structures

e.g., dicarboxylic and hydroxylated acyl-carnitines, by comparing of MS/MS spectra for
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precursors of m/z 85 butylated acyl-carnitine species. We can infer whether the original
compound had one or two carboxyl groups on the basis of the mass change from methyl
to butyl esters.

Given our sample size, we initially analyzed metabolite abundance by hierarchical
clustering using the distance function 1-correlation [40, 57-60]. Pairwise Spearman
correlation coefficients of r>0.254 and r>0.330 reflected p-values p<0.05 and p<0.01,
respectively. To test whether the 15 amino acids are significantly correlated as a group,
groups of 15 metabolites were permuted 1,000 times and the percentage of pairwise
correlations exceeding 0.5 was recorded for each group. The 15 amino acids cluster

significantly as a group based on 1,000 permutations (p<0.001).

QTL Analysis

Detection and mapping of QTL was performed as previously described [9, 21].
Briefly, genotypes of 512 F2 mice at 293 markers were assembled using
MAPMAKER/EXP [171] . A previously established subset of 60 mice with transcript
data was used for expression QTL analysis [168]. Interval mapping methods adjusted for
sex as implemented in R/qtl were used to compute linkage to the traits of interest and to
investigate mode of inheritance [172]. The traits included the 45,265 probe sets surveyed
by microarray analysis, and the 67 liver metabolites assayed by MS methods.

We used standard interval mapping implemented in R/qtl to map each of the
transcripts and liver metabolites at 1-cM resolution with age as additive covariates and

sex as both additive and interactive covariates [172]. A LOD threshold of 5.0 is required
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to reach a level of p<0.05 in this data set with sample size 60 based on 10,000
permutations. We used threshold of 3.0 in order to highlight genetic regions to which
groups of metabolites map. To visualize regions of mQTL co-localization in highly
correlated metabolites (Figure 23), we constructed heat maps where metabolites are
ordered as in hierarchical clustering using 1-correlation, as in Figure 22. When mice with
the B6 allele at a marker have greater levels of metabolites on average than mice with the
BTBR allele at that marker, the LOD score at that marker is multiplied by -1. This
adjustment allows us to visualize whether the B6 or BTBR allele results in elevated

metabolite abundance.

Networks

Causal networks were constructed using the methods described in Chapter 2 and
in Chaibub, et al [147]. Although the network has the ability to accommodate 100 or
more transcripts, we chose a limited number of transcripts passing several selection
filters. The transcripts for the glx network were derived from the top 250 most correlated
transcripts (p<0.002) according to the WebQTL software (www.genenetwork.org). A
hypergeometric test was performed and identified the GO term category “metabolism” as
one of the two processes significantly enriched by these correlates (p<0.004). Transcripts
were chosen from this category, with an additional requirement being that they have at
least one eQTL overlapping with the glx mQTL (Table 5). QTL in the genetic region
encompassing a 1.5 LOD support interval around LOD peaks that are at least 3.0 are also

included [40, 41]. Based on 10,000 permutations for each of the transcripts, the LOD
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threshold is significantly higher to reach significance (LOD>5.0 is required for p<0.05),
but the 3.0 threshold was used include major and minor putative QTL [9, 23].

If more than one probe set was used to identify a transcript of interest, only probe
sets with a grade A annotation by Affymetrix were considered. For these probe sets, only
those with all eleven oligonucleotides aligning (via BLAST) to their appropriate target
sequence provided by the National Center for Biotechnology Information
(www.ncbi.nlm.nih.gov) were considered acceptable. If more than one primer set still
identified the transcript, an average of the probe sets in the network.

We built an undirected dependency graph (UDG) of order 6 with glx and these
transcripts as nodes with a two-tailed significance level of 0.05 [173]. We remove edges
that are based on spurious or partial correlations, and then orient causal edges between all
pairs of connected phenotypes using associated multiple QTLs to break likelihood
equivalence. Quantitative trait loci for glx and the selected transcripts were identified
with R/qtl [172] using a 3.0 LOD cutoff; the marker closest to each peak provided key
information for inferring causal direction. We oriented phenotype edges using our QTL-
directed dependency graph (QDG) approach. For any two phenotypes connected by an
edge, the direction LOD score was computed by regressing these phenotypes on each
other and on their respective multiple QTLs, adjusting for age and for QTL-sex
interactions, and by other phenotypes that might be directly connected to either
phenotype by an UDG edge. Our QDG algorithm used random starts to converge to
possible solutions. The best solution was determined by an approximate Bayes factor
(BF)[65, 66].
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We estimated network parameters from the true data and simulated synthetic data
according to the causal network in Figure 25. We simulated 1,000 realizations from the
causal network and for each edge, we recorded the percentage of undirected edges
recovered by the UDG algorithm and the percentage correctly inferred direction by the
orientation steps of the QDG algorithm. Overall, the average percentage of true recovered
edges was 75% and the average percentage of correctly inferred direction was 83%. False
edges were detected at a rate below 2%. To calculate the false discovery rate for the
network, we simulated 1,000 data sets from the true network. For each data set, the UDG
algorithm was used to infer the network topology, and computed the fraction of false
edges (those detected that do not exist in the true network) relative to the total number
edges detected by the UDG algorithm. The FDR for the network topology, computed as

the average fraction for these 1,000 simulations, is 0.014.

In Vitro Hepatocyte Experiments

Hepatocytes from 10-week-old lean male B6 and BTBR parental strain mice (n=5
for each genotype) were isolated by liver perfusion [174]. Hepatocytes were seeded at
subconfluency (3.5 x 10° cells/6 well plate) in low glucose DMEM (Gibco) supplemented
with FBS (10% vol/vol; Gibco), pen/strep antibiotic (1%, Gibco), glutamine (2mM;
Gibco), and pyruvate (1mM; Gibco). Cells were left to attach for 3 hours in an incubator
at 37°C, 5% CO,. After washing with PBS, the cells were treated with unsupplemented
DMEM (Sigma) with 1g/L glucose, pen/strep (1%), +/- 10mM glutamine. Cells were

treated for 24 hours.
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RNA was extracted from hepatocytes using RNeasy kits (Qiagen) after treatment
described above. Hepatocytes in 6-well plates were homogenized in 0.35 mL RLT buffer
and stored at -80 C. RNA was purified using RNeasy-mini columns (Qiagen) according
to the manufacturer’s directions. The ratio of the optical densities from RNA samples
measured at 260 and 280 nm was used to evaluate nucleic acid purity and total RNA
concentrations were determined by the absorbance at 260 nm. The quality of total RNA
was estimated based on the integrity of 28S and 18S rRNA separated using 1% agarose
gel electrophoresis.

Gene expression was measured using a 7500 fast real-time PCR system (Applied
Biosystems). cDNA was synthesized from lug of total RNA using the SuperScriptIII
first-strand cDNA synthesis kit (Invitrogen) primed with a mixture of oligo-dT and
random hexamers. Primers were obtained from Integrated DNA Technologies and MWG
Biotechnology. The SYBR Green PCR core reagent kit (Applied Biosystems) was used
to determine relative expression. The housekeeping gene Actb was used as a
normalization control. Primer sequences for transcripts of the glx network are provided in

Table 3.

Gene Expression Analysis

The fold changes relative to the untreated hepatocytes for each animal were
calculated. An overall ANOVA analysis was performed with gene transcripts nested
within subject; interest focused on gene transcript effects and possible gene transcript

differences between strains. This analysis showed that glutamine-induced expression
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change differed by gene (p<0.0001). Significant overall gene transcript effects allows
separate transcript-specific paired t-tests between the difference in delta CT values of
untreated and glutamine-induced gene expression (relative to Actb) in each strain
separately. Statistics on these data were analyzed with Prism software version 4.02

(Graph Pad Software) and the aov command in R (www.r-project.org).

3.3 Results

Individuals of the F2 population segregate by physiological phenotype

At 10 weeks of age, the BTBR*”® mouse has severe diabetes compared to the
diabetes-resistant B6°® mouse, manifesting fasting hyperglycemia and insulin
resistance. To investigate the genetic contribution underlying these phenotypic
differences in the parental strains, we performed breeding studies to generate a

oblob population. Individuals in the F2 population exhibited a wide

segregating F2 leptin
range of “clinical phenotypes,” which we defined by traditional markers such as blood
glucose, plasma insulin levels, plasma triglycerides, and body weight. In fact, the range in
these markers in the sixty individuals of the F2 population was greater than the range

represented by the parental strains (Figure 21). This suggests that we have animals with

extreme phenotypes due to additive effects of alleles at distinct loci [94,96].
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Metabolites of similar function are highly correlated across the F2 population

We determined the concentration of 67 liver metabolites, comprised of 15 amino
acids and urea cycle intermediates, 45 acyl-carnitines, and 7 organic acids (TCA cycle
intermediates and related metabolites) in the F2 sample.

We created a correlation matrix of all pairwise comparisons among individual
metabolites. Unsupervised hierarchical clustering revealed “hot spots” of highly
correlated metabolites (Figure 22). It is striking that several hot spots correspond to the
biochemical pathway to which the metabolites belong. For example, 12 of the 15 amino
acids cluster in this matrix. Moreover, when we consider pairwise correlations between
all amino acids, 75% had absolute correlation coefficients greater than 0.5 (p<0.01)
(Table 4). Permutation analysis of these pairwise correlations confirm that the 15 amino
acids correlate as a functional group (p<0.001). Several specific acyl-carnitine derivatives
are also clustered, such as hexadecadienoyl carnitine (C16:2), 3-hydroxy-tetradecanoyl
carnitine or dodecenedioyl carnitine (C14:1-OH/C12:1-DC), and 3-hydroxy-palmitoleoyl
carnitine or Cis-5-tetradecenedioyl carnitine (C16:1-OH/C14:1-DC). The fact that
metabolites of a common functional group are highly correlated suggests that there are
potential regulators of these biochemical pathways segregating in this F2 sample.

In another cluster, pyruvate correlates most highly with alanine (r=0.53, p<0.01),
and also with lactate and tiglyl carnitine (C5:1) (p<0.01). Alanine and short-chain acyl-
carnitines are products of peripheral protein and fatty acid catabolism, respectively, and
are delivered to the liver. The liver uses alanine, along with pyruvate and lactate, as
gluconeogenic substrates and rapidly interconverts these metabolites through
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transamination and oxidation/reduction. The clustering of these metabolites based on
their relative concentration in F2 animals suggests that static metabolic profiling can be
used as a marker for changes in flux through certain metabolic pathways.

It has been demonstrated that mRNA abundance, as determined with microarray
technologys, is sufficiently heritable to map QTL [95,150,159,160,167-169,175]. Lan, et
al. showed that using expression mapping, specifically in this F2 intercross, can uncover
mechanisms that explain correlations between specific transcripts [95]. We therefore
sought to determine if metabolite abundance, as measured in F2 liver samples by mass
spectrometry, was similarly heritable. If so, resulting metabolic QTL (mQTL) could be
integrated with expression QTL (eQTL) to form network models of gene expression that
might ultimately help to explain diabetes susceptibility and resistance in the BTBR®
and B6°”'® strains, respectively [176,177].

We found that individual metabolites mapped to specific regions of the genome.
By permutation analysis, 21% of the metabolites map significantly to genomic regions
(LOD>5.0, p<0.05), indicating those genomic regions could potentially influence (either
directly or indirectly) the abundance of these metabolites. We used LOD threshold of 3.0
to investigate both major and minor putative mQTL where groups of metabolites map.
Figure 23 displays a heat map, with metabolites organized by hierarchical clustering as in
Figure 22. The 12 amino acids that clustered based on correlation (citrulline, tyrosine,
and alanine are the exceptions) map to common mQTL, e.g., an overlapping region of

chromosome 9. Amino acids that act together in specific pathways show additional

common mQTL. For example glx (glutamine+glutamate) and urea cycle intermediates
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arginine, asx (asparagine+aspartate), and ornithine, map to a common region of
chromosome 7. The gluconeogenic substrates alanine and pyruvate have a mapping
profile distinct from the majority of amino acids in that they lack the prominent mQTL
on chromosome 9 (Figure 23). This unique alanine/pyruvate mQTL may explain why
alanine clusters with pyruvate rather than the amino acids in the correlation matrix

(Figure 22).

Expected and novel correlations between transcripts and metabolites

The foregoing results demonstrate that metabolites of a functional class often are
correlated with one another and have common mQTL. To better understand how gene
expression and metabolites are related, we adopted the approach used by Carrari, et al.
[178] and created a correlation matrix between liver metabolites and selected liver
transcripts of our 60 F2 mice. Three categories of transcripts were chosen, based on gene
ontology terms relating to the biological process in which they play a role: 1)
carbohydrate metabolism (glucose metabolism, gluconeogenesis, glycolysis,
carbohydrate biosynthesis, TCA cycle, glucose transport, and glycogen metabolism); 2)
lipid metabolism (fatty acid biosynthesis, fatty acid oxidation, steroid metabolism,
cholesterol metabolism and biosynthesis, and lipid biosynthesis); and 3) protein
metabolism (urea cycle, amino acid biosynthesis, protein catabolism, and amino acid
transport). We organized the metabolites into functional classes to reveal whether
biochemical groups of metabolites correlated in a specific pattern with transcripts of a

particular pathway (Figure 24).
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We found evidence for correlations among functionally similar metabolites and
transcripts when organized by biological process. For example, several long-chain acyl-
carnitine species show a positive correlation with groups of transcripts involved in
glycolysis, fatty acid biosynthesis, steroid metabolism, cholesterol metabolism, and lipid
biosynthesis. In contrast, a subset of medium-chain acyl-carnitines and short-chain acyl-
carnitines exhibit a negative correlation to these same individual transcripts. These
findings are consistent with recent studies from our laboratories showing that long-chain
acyl-carnitines accumulate in muscle of animals with diet-induced obesity at the expense
of short-chain acyl-carnitines, and that this abnormality is resolved when obese animals
are exercised [165].

The 15 amino acids displayed a common correlation pattern with mRNA
transcripts in pathways of protein metabolism, as well as glycolysis, the TCA cycle, and
several lipid metabolism transcripts. These amino acids are very tightly correlated with
one another, leading us to investigate the role played by individual transcripts in control
of amino acid abundance. Our data show that two very highly correlated metabolites
often correlate with the same set of individual transcripts. However, we also see that
within this metabolite group, subsets of amino acids will have a unique transcript
correlation pattern. For example, thirteen of fifteen amino acids correlate (r>0.35,
p<0.01) with Slc38a3, a sodium-dependent transporter that mediates entry of a select
group of amino acids across the plasma membrane. There are pathways by which the few
known Slc38a3 amino acid substrates (alanine, asparagine, histidine, and glutamine)

could serve as precursors for biosynthesis of non-substrate amino acids that also correlate
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with this transporter [179,180]. In contrast, only valine and leucine+isoleucine correlate
as highly (r>0.35, p<0.01) with Ppargcla mRNA, and could represent a unique

metabolic pathway involving the branched-chain amino acids.

Correlations and co-mapping of transcripts and metabolites produce causal
network models

One hypothesis that follows from our results is that unique genetic regulators
could affect the abundance of clusters of metabolites. Unlike mRNA transcripts,
metabolites can be interconverted with other metabolites, generating a cluster to which
the precursor metabolite will be highly correlated [181]. The downstream product
metabolites will also be correlated with the regulatory transcript and co-map with the
eQTL of the regulatory transcript [138,159].

Glutamate is a substrate and product in amino acid catabolic and biosynthetic
pathways. Glutamate can act either as an ammonium donor or acceptor in transamination
reactions (via a-ketoglutarate) and the glutamate dehydrogenase reaction, and can also be
rapidly synthesized from glutamine via glutaminase, thus providing precursor metabolites
for the generation of other organic acids and amino acids. Glutamine can also act as a
signaling molecule to alter expression of urea cycle and gluconeogenic enzymes [55-
58,76]. Given that glutamine and glutamate (glx) can generate a network of related
metabolites and can also change gene expression, we focused on glx as the start-point for
building a proof-of-principle causal network from the F2 liver expression and metabolite
profiling data sets. We generated a network featuring glx and a limited number of

transcripts that passed multiple, stringent selection filters (see materials and methods).
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This provided a testable network that would enable us to gain insights into metabolite-
transcript relationships.

Transcript nodes of the network are highly correlated to glx (p<0.05 by 10,000
permutations) as well as other amino acids (Table 5, Table 6). Table 5 depicts the overlap
of the glx mQTL interval and the physical location of the transcripts or their eQTL
encompassing a 1.5 LOD support interval around LOD peaks that are at least 3.0
[182,183]. We note that glx is correlated with mRNA of two transporters: sodium-
dependent amino acid transporter SIc38a3 and glutamate transporter Slcla2, whose genes
are located on chromosomes 9 (102.5Mb) and 2 (107.5Mb), respectively. Additionally,
the glx mQTL on chromosome 9 spans a region containing SIc38a3 and the mQTL on
chromosome 2 and 9 overlaps with the eQTL of Slcla2 (Table 5). We hypothesize that
both Slcla2 and Slc38a3 could mediate the entry of glx into liver cells, but that Slcla2
may also have expression regulated by glx abundance.

Table 5 also shows that glx is significantly correlated to Argininosuccinate
synthetase 1 (Assl), Arginase 1 (Argl), Phosphoenolpyruvate carboxykinase 1 (Pckl),
Isovaleryl coenzyme A dehydrogenase (lvd) and Alanine:glyoxylate aminotransferase
(Agxt) mRNAs. The physical location and/or mapping location of these transcripts with
respect to the glx mQTL indicates that the metabolite-transcript relationship may go
beyond correlation. For example, on chromosome 2, we see that the glx mQTL co-maps
with the eQTL for Agxt, Argl, Assl, and Ivd [183]. This is consistent with network

models in which the QTL regulates glx, which then regulates gene expression or
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conversely, the QTL regulates mRNA abundance of the four transcripts, which then
regulate glx [135].

Using the method described by Chaibub, et al.[147], we generated a causal
network consisting of glx and these highly correlated transcripts (FDR=0.014),
incorporating mQTL and eQTL to determine directionality between the nodes (Figure
25). This network model predicts that modulation of glutamine and/or glutamate levels
should lead to a change in the expression of Agxt, Argl, and Pckl. To test this prediction,
we isolated hepatocytes from lean B6 and BTBR parental strains and measured changes
in gene expression as a result of addition of 10 mM glutamine to the cultured cells.
Glutamine exposure changed transcript abundance, and no transcript-specific strain
differences in glutamine effect on gene expression were found (p=0.53) (Figure 26).
Glutamine significantly increased expression of Agxt, Argl, Pckl, and Assl in both
strains (p<0.05 for both strains); the increases in Pckl and Ass1 confirm prior studies [56-
58,76].

Given its role as a glutamate transporter, it is not surprising that Slcla2 is
upstream of glx in the best proposed causal network (BF=163) (Figure 25, solid lines).
However, glutamine exposure in vitro reduced Slcla2 expression in isolated hepatocytes
from either mouse strain, supporting the second-best causal network solution (Figure 25,
dotted lines). Glutamine also reduced Ivd expression in the B6 strain but showed no
effect in the BTBR strain, despite Ivd being upstream of glx in our best causal network.
Our causal network predicts Slc38a3 should be unchanged by glutamine treatment. Our

hepatocyte experiments confirm this prediction (Figure 26). Argininosuccinate lyase
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(Asl), which is neither correlated nor co-maps with glx, served as a negative control and

indeed was not altered by glutamine treatment.

3.4 Discussion

Genomics, transcriptomics, proteomics, and metabolomics have delivered large
arrays of data, allowing one to correlate physiological states with patterns of gene
expression, protein levels, and metabolite abundance. A major challenge in the analysis
and interpretation of this data is delivering models of causation from correlations
[97,135]. Mouse models of diabetes provide a unique method for exploring correlation
structure since metabolic dysregulation creates a window for simultaneous application of
multiple “omic” technologies.

We have previously shown that diabetes traits show strong heritability in an F2
intercross between the diabetes-resistant B6°° and the diabetes-susceptible BTBR*”®
mouse strains. We assume that the disease phenotype is brought about by a complex
pattern of gene expression changes in key tissues [94,96]. However, we also recognize
the complexity inherent in discriminating the gene expression changes that cause diabetes
from those that occur as a consequence of the disease. For example, many genes are
known to be responsive to elevated blood glucose levels [184]. Through correlation
alone, it is difficult to distinguish these “reactive” genes from ones that are “causal” for

the disease.
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We have taken advantage of the high heritability of mRNA abundance
phenotypes, and via microarray technology, have mapped gene loci controlling gene
expression at the genome-wide level [95]. This establishes at least one node in a network
simply because genetic variation leads to changes in gene expression and not vice versa.
However, it does not establish whether the link between a locus and a phenotype is direct
or via multiple steps and pathways [150,185].

The purpose of the current study was to explore the possibility that the levels of
metabolites in tissues are sufficiently heritable in an F2 intercross to provide significant
linkage signals, leading to metabolic QTL. Given that many pathways converge upon
common metabolites and that these pathways have multiple controllers, any one genetic
locus may not alter metabolite levels significantly, and therefore may not be identified as
a metabolite QTL. Nonetheless, in our F2 sample, we found significant linkage signals,
including some that are quite strong (e.g. tyrosine: LOD>7, p<0.005; chromosome 2).

Our results reveal that metabolites can be mapped to distinct genetic regions,
much like mRNA transcripts. Although QTL mapping in an F2 sample does not provide
sufficient resolution to identify individual genes with high certainty, it can yield novel
information about regulatory networks. Phenotypes mapping to the same locus can be
hypothesized to be co-regulated by that locus. With our definition of “phenotype” now
including transcripts, metabolites, and physiological traits, we can begin to devise
relationships between these phenotypes and genetic regions.

This F2 study provides evidence of co-regulation of biologically related

pathways. An example is the correlations we found between amino acids and short-chain
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acyl-carnitine derivatives. These findings are consistent with our understanding of
metabolic physiology. In a catabolic, “glucose starved” state, muscle degrades proteins
and delivers amino acids to the liver for glucose production. The liver transaminates
amino acids to corresponding a-keto acid gluconeogenic substrates. Alpha-ketoglutarate
is often the a-keto acid acceptor for these transaminase reactions, generating glutamate as
a product. Glutamate, which can also be generated from glutamine in the glutaminase
reaction, is then deaminated to produce ammonia by glutamate dehydrogenase, to be
fixed through the urea cycle. Additionally, hepatic fatty acid oxidation and amino acid
catabolism yield even and odd-numbered short-chain acyl-CoAs, which can be used for
fuel and for production of ketone bodies. These short-chain acyl-CoA species are readily
converted to the cognate carnitine esters, which we have profiled by MS/MS in this
study.

The amino acid metabolites provide the most striking evidence of functional
clustering. We see in both the correlation matrix (Figure 22) and the genetic linkage data
(Figure 23) that the majority of amino acids group together. However, a subset of the
amino acids, asx, glx, arginine, and ornithine uniquely map to chromosome 7. Our data
predict that these metabolites are driven by different genetic regulators, leading to a
unique mapping signature, even within a group of highly correlated metabolites. The
C/EBP transcription factors have been shown to alter expression of enzymes acting in the
urea cycle and gluconeogenic pathway [170,186-191], and the C/EBPa isoform is

encoded on chromosome 7. Although we cannot determine that metabolites are mapping
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to the same individual genes, we can identify genetic regions that coordinate groups of
metabolites and transcripts and contain plausible candidate genes.

The relationship between mRNA transcripts and metabolites, however, can be bi-
directional. Our network identifies a specific metabolite, glx that regulates gene
expression. This is consistent with previous studies where glutamine alone increases
hepatic expression of Argininosuccinate synthetase and Phosphoenolpyruvate
carboxykinase, but when combined with other essential amino acids, alters additional
transcripts of urea cycle and gluconeogenic pathways [56,57,76,77]. Our work extends
these prior observations by showing that glutamine also changes expression of Agxt,
Argl, lvd, and Slcla2, but does not alter Slc38a3, despite the positive correlation with
this transcript. The combination of pathway construction based on transcriptional and
metabolic profiling and direct model testing in living cells provides evidence for a new
pathway by which glx can regulate a key gluconeogenic enzyme. Future studies will be
needed to investigate if this pathway is perturbed in development of diabetes.

The glutamine-induced reduction in Slcla2 expression was unexpected given that
this glutamate transporter is upstream of glx in the best-proposed causal network (Figure
25, solid lines). Slcla2 mRNA abundance, however, maps in trans (to a locus distinct
from the physical location of the gene) to chromosome 9, its eQTL overlapping with the
glx mQTL. It is therefore possible that glutamine could regulate Slcla2, as indicated by
the second causal network (Figure 25, dotted lines). Several studies have shown that
Slcla2 expression in astrocytes is reduced by increased ammonia [186-188,191-194].

Despite the positive correlation between Slcla2 and glx in vivo, the glutamine-treated
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hepatocytes produce ammonia via glutaminase, and could decrease expression of hepatic
Slcla2 in vitro. We also did not predict altered expression of Ivd, an enzyme of leucine
oxidation. It is interesting to note that lvd is a case where a gene maps both in Cis (to the
locus containing the Ivd gene) and in trans, here overlapping with the glx mQTL on
chromosomes 2 and 13. Studies have shown that glutamine has an inverse relationship
with leucine oxidation, and this could be mediated by glutamine-induced decreased Ivd
expression [189,190].

We show that the combined use of eQTL and mQTL, with correlations allows one
to derive a network and establish data-driven hypotheses about metabolite and gene
expression relationships. For example, glycine and serine are the two amino acids most
highly correlated with glx, and the transcript most highly correlated with glx is Agxt
(Table 4, Table 5). Indeed, in our experiments, Agxt was upregulated by glutamine. We
hypothesize that the upregulation by glx of Agxt is one mechanism by which glx is
correlated with glycine and serine since Agxt catalyzes the transamination of glyoxalate
to form glycine, which can then be converted to serine. In further support of this
hypothesis, in the F2 sample, serine and glycine correlate (r>0.5, p<0.01) to Agxt.

The concurrent use of transcriptomics and metabolomics is not limited to one
biochemical pathway. For example, the correlation between amino acids and transcripts
of carbohydrate and lipid metabolism might reflect a broader signaling function of amino
acids beyond pathways of protein metabolism. Furthermore, this correlation, co-mapping,
and causal network analysis can uncover roles for transcripts of unknown function. We

note Riken clones and ESTs are among the transcripts highly correlated to individual
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metabolites. By incorporating these transcripts of unknown function as nodes into causal
networks, along with transcripts from known pathways, we may infer the functions of
these previously unidentified mRNA species.

In conclusion, this study shows that metabolites, in addition to transcripts and
physiological traits, can be mapped to genetic regions, providing a powerful tool to
establish connections between genetic loci and physiological traits. The groups of
metabolites and transcripts that are correlated or co-map to physiological traits in our F2
sample may offer insight into metabolic pathways that are causal or reactive to diabetes

pathology.
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Table 1. Metabolite Codes (Acyl-carnitines)

Metabolite Symbol Trivial name(s)

C2 Acetyl carnitine

C3 Propionyl carnitine

Ci4-DC/C4-DC Methylmalonyl carnitine or Succinyl carnitine

C4/Ci4 Butyryl carnitine or Isobutyryl carnitine

C4-OH 3-Hydroxy-butyryl carnitine, b-hydroxy butyryl carnitine
Cs:1 Tiglyl carnitine

C5's Isovaleryl carnitine, 3-methylbutyryl carnitine or 2-Methylbutyryl carnitine
C5-DC Glutaryl carnitine

C5-OH/C3-DC 3-Hydroxy-isovaleryl carnitine or Malonyl carnitine

Cé6 Hexanoyl carnitine

C6-DC Adipoyl carnitine

C7-DC Pimeloyl carnitine, heptanedioyl carnitine

C8 Octanoyl carnitine

C8:1 Octenoyl carnitine

C8:1-DC Octenedioyl carnitine

C8:1-OH/C6:1-DC

3-Hydroxy-cCis-5-octenoyl carnitine or Hexenedioyl carnitine

C10:3

Decatrienoyl carnitine

C10:2 Decadienoyl carnitine

C10:1 Decenoyl carnitine

C10 Decanoyl carnitine

C10-OH/C8-DC 3-Hydroxy-decanoyl carnitine or Suberoyl carnitine

C12:1 Dodecenoyl carnitine

C12 Lauroyl carnitine

C12-OH/C10-DC 3-Hydroxy-dodecanoyl carnitine or Sebacoyl carnitine

C14:2 Tetradecadienoyl carnitine

C14:1 Tetradecenoyl carnitine

C14 Mpyristoyl carnitine

C14:1-OH 3-Hydroxy-tetradecenoyl carnitine

C14-OH/C12-DC 3-Hydroxy-tetradecanoyl carnitine or Dodecanedioyl carnitine
C16 Palmitoyl carnitine

C16-OH/C14-DC 3-Hydroxy-hexadecanoyl carnitine or Tetradecanedioyl carnitine
C16:2 Hexadecadienoyl carnitine

C16:1 Palmitoleoyl carnitine

C16:1-OH/C14:1-DC 3-Hydroxy-palmitoleoyl carnitine or Cis-5-Tetradecenedioyl carnitine
C18:2-OH 3-Hydroxy-linoleyl carnitine

C18:2 Linoleyl carnitine

C18:1 Oleyl carnitine

C18 Stearoyl carnitine

C18:1-OH 3-Hydroxy-octadecenoyl carnitine

C18-OH/C16-DC 3-Hydroxy-octadecanoyl carnitine or Hexadecanedioyl carnitine, thapsoyl carnitine
C18:1-DC Octadecenedioyl carnitine

C20 Arachidoyl carnitine, eicosanoyl carnitine

C20-OH/C18-DC 3-Hydroxy-eicosanoyl carnitine or Octadecanedioyl carnitine
C22 Behenoyl carnitine, docosanoyl carnitine

C20:4 Arachidonoyl carnitine
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Table 2. Metabolite Codes (Amino Acids and Organic Acids)

Metabolite Symbol Trivial name(s)
Ala Alanine

Arg Arginine

Asx Asparagine+Aspartate
Cit Citrulline

Citrate Citrate

Fumarate Fumarate

Glutarate Alpha-Ketoglutarate
GIx Glutamine+Glutamate
Gly Glycine

Lactate Lactate

Leu.lle Leucine+Isoleucine
Malate Malate

Met Methionine
Ornithine Ornithine

Phe Phenylalanine

Pro Proline

Pyruvate Pyruvate

Ser Serine

Succinate Succinate

Tyr Tyrosine

Val Valine
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Table 3. PCR Primer Sequences.

Gene

Symbol Gene Accession | Forward Reverse

Actbh NM 007393 ACTATTGGCAACGAGCGGTT ATGGATGCCACAGGATTCCA
Agxt NM 016702 CCCACTGAGGAGAGGGTGCT GCCACACGGTCCACATTCTC
Argl NM 007482 CATGGGCAACCTGTGTCCTT CAGGGAGTCACCCAGGAGAA
Asl NM 133768 TGATGTGAGTCACGTGTGGGA | TTCGACACTGGATTTCGCTGT
Assl NM 007494 CAACAGCCCAGATGTCCTTGA CGGGTTGTGCCATCTTTGAT
Gls2 XM 125928 CAGGAGCCATCCTCCTGGTT GGCTGTTCCCCAGCTTGTCT
Glud1 NM 008133 TTGGGCTCCCTGTTTGGAGT AAGCCTTGGAAGGGGACACA
Gotl NM 010324 GCCCTGGGTTTTGCCAGTAG TGGGCAGGTACTCGTGGTTG
Got2 NM 010325 AGCGGCTGACCAAGGAGTTC CCCACATTGCCAGAGGTGAC
Gptl NM 182805 GGTCCTGGCCCTCTGTGTCT TGCGTTCTGCCCTTCTCTTG
Gpt2 NM 173866 CAGGTTTGCCTGAGCCTTGA CCTCCATTTTCAGCCCTTGC
Ivd NM 019826 CATGTGAGGGAAGCCTTTGG CATGAGGCGGGTGTACATGTC
Oat NM 172478 GAGGAGGAGCGTGAGGTGGT ACCGCAAAAGAGCGGAACTC
Pckl NM 011044 CAACCTGAGCTGACCCTGA TTCCCACCATATCCGCTTCC
Sicla2 NM 001077514 CCTTTCCAAGTCTGAGCTGGA AATGGACTGCGTCTTGGTCA
Slc38a3 NM 023805 GCCAATACGGGCATCATCCT TGAGGAGCAGGTGGATGGAA
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Figure 21. Clinical phenotypes of the leptin-deficient F2 population.

The F2°P/° population shows a range of clinical phenotypes commonly associated with
diabetes: body weight (A), plasma insulin (B), fasting blood glucose (C), and plasma
triglycerides (D). Within this population are individuals with phenotypes more extreme
than either the C57BL/6°® (black triangle) or BTBR® (white triangle) parental strains.
Graphically depicted are boxplots for each phenotype; the boxes represent 50% of the
population and bars are = 1.5 standard deviations.
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Figure 22. Heat map of correlations between liver metabolites.

Each square represents the Spearman’s correlation coefficient between the metabolite of
the column with that of the row (|r[>0.254, p<0.05; |r|>0.330, p<0.01). Metabolite order is
determined as in hierarchical clustering using the distance function 1-correlation. Self-
self correlations are identified in black. Metabolite codes are listed in Table 1 and Table
2. Individual correlation coefficients between the amino acids can be found in Table 4.
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Table 4. Amino acid correlation matrix.

Pairwise correlations between the 15 amino acids were calculated and recorded as the Spearman's correlation coefficient
(Ir[>0.254, p<0.05; |r[>0.330, p<0.01). Metabolites are ordered according to the strength of their correlation as in Figure 22.

Spearman's Correlation
Coefficient
(Metabolite with METABOLITE
Metabolite)
Metabolite Symbol | Tyr Ala Glx His Arg | Asx | Orn | Pro Gly Val | Leudle | Ser | Met | Phe Cit
Tyr 1.00 -0.24 0.37 0.25 0.42 0.38 043 0.05 0.15 0.15 0.26 0.20 0.18 0.21 -0.12
Ala -0.24 1.00 0.25 0.42 0.22 0.38 0.30 0.77 0.61 0.56 0.55 0.61 0.65 0.65 0.41
Glx 0.37 0.25 1.00 0.62 0.58 0.56 0.61 0.48 0.71 0.59 0.65 0.65 0.58 0.61 0.46
His 0.25 0.42 0.62 1.00 0.70 0.73 0.52 0.58 0.68 0.64 0.67 0.69 0.71 0.71 0.52
E Arg 0.42 0.22 0.58 0.70 1.00 0.85 0.56 0.38 0.56 0.53 0.60 0.61 0.57 0.59 0.30
5 Asx 0.38 0.38 0.56 0.73 0.85 1.00 0.69 0.56 0.67 0.66 0.72 0.73 0.69 0.72 0.39
8 Orn 0.43 0.30 0.61 0.52 0.56 0.69 1.00 0.70 0.72 0.74 0.79 0.76 0.74 0.77 0.46
< Pro 0.05 0.77 0.48 0.58 0.38 0.56 0.70 1.00 0.85 0.83 0.84 0.85 0.89 0.89 0.64
: Gly 0.15 0.61 0.71 0.68 0.56 0.67 0.72 0.85 1.00 0.88 0.90 0.92 0.90 0.90 0.74
E Val 0.15 0.56 0.59 0.64 0.53 0.66 0.74 0.83 0.88 1.00 0.96 0.92 0.91 0.93 0.61
fo%e) Leu.lle 0.26 0.55 0.65 0.67 0.60 0.72 0.79 0.84 0.90 0.96 1.00 0.95 0.95 0.97 0.61
o Ser 0.20 0.61 0.65 0.69 0.61 0.73 0.76 0.85 0.92 0.92 0.95 1.00 0.96 0.95 0.66
Met 0.18 0.65 0.58 0.71 0.57 0.69 0.74 0.89 0.90 0.91 0.95 0.96 1.00 0.99 0.67
Phe 0.21 0.65 0.61 0.71 0.59 0.72 0.77 0.89 0.90 0.93 0.97 0.95 0.99 1.00 0.63
Cit -0.12 0.41 0.46 0.52 0.30 0.39 0.46 0.64 0.74 0.61 0.61 0.66 0.67 0.63 1.00
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Figure 23. Linkage hot spots for metabolic quantitative trait loci (mQTL).

Each row represents a marker; each column represents a metabolite. Metabolites are
ordered as in hierarchical clustering using the distance function 1-correlation (as in
Figure 22). The LOD color scale is indicated, showing blue (red) when the B6 (BTBR)
allele at that marker results in an elevated level of metabolite. Metabolite codes are listed
in Table 1 and Table 2.
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Figure 24. Heat map of correlations between liver metabolites and select liver

transcripts.

Each square represents the Spearman’s correlation coefficient between the metabolite of
the column with the transcript of the row (|r[>0.254, p<0.05; |r[>0.330, p<0.01).
Metabolites are organized into their biochemical class; transcripts are selected based on
gene ontology terms relating to biological processes in which they play a role.
Correlation coefficients between individual amino acids with select transcripts are found

in Table 6.
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Table 5. GIx network correlations and mapping.

The Spearman's correlation coefficient of glx with the transcripts of the network is recorded. The physical location (Mb) of
each transcript is noted (boxed and in bold), and eQTL or mQTL LOD>3.0 +1.5 LOD interval are given (Mb).

16

Gene/Metabolite
Symbol GLX Agxt Argl Asl Assl Ivd Pckl Pckl Slcl1a2 Slc38a3
Spearman's
Correlation to
Glx 1.00 0.55 0.35 0.23 0.40 0.33 0.36 0.39 0.49 0.42
1 95.0 13.0-171.5 13.0-156.6
2 114.0-178.5 68.2-178.5 145.3-171.9 31'?;71;3'7_ 1181'56;1%'9_ 172.8 172.8 102'13;11%5'2_
- 3
E 4 3.5-150.1 22.6-150.1 40.8-121.5 | 3.6-144.6
é 5 | 393-117.7 1303 47.7-129.2
S 6
w 7 13.9-35.1 13.9-28.7
‘-I-I: % 8 48.5-119.5 46.0-170.7 36.6-100.0
7\’ 4 9 85.1-112.0 54.2-74.5 90.2-117.6 107.5
g g 10 24.6 107.2-120.4
21§ 1
= 12
< 13 | str4-1120 33.1-86.4
E 14 19.2-23.1 21.1-98.3
o 15 3.3-91.8 3.3-76.0
= 16
17
18 15.5-85.7 30.7-48.3
19




6

Table 6. GIx network correlations of amino acid biochemical group.

The Spearman's correlation coefficient of the 15 individual amino acids with the transcripts of the glx network is recorded

([r>0.254, p<0.05; |r[>0.330, p<0.01). Amino acids are ordered as in Figure 24.

Spearman's TRANSCRIPT
Correlation
Coefficient Gene Symbol Agxt Argl Asl Assl Ivd Pckl Pckl Slela2 Slc38a3
(Tlr\?lztssggtit‘gith Gene Location
chr (Mb) 1 (95.0) 10 (24.6) 5(130.3) 2 (31.3) 2 (118.6) 2 (172.8) 2 (172.8) 2 (102.6) 9 (107.5)
Tyr 0.33 0.20 0.22 0.16 0.35 0.04 -0.02 0.44 -0.06
Cit 0.33 0.25 -0.01 0.14 0.00 0.44 0.36 0.22 0.52
Ala 0.19 0.09 0.00 0.12 -0.18 0.24 0.21 -0.16 0.33
Arg 0.49 0.43 0.20 0.27 0.20 0.30 0.25 0.24 0.35
Asx 0.47 0.37 0.14 0.22 0.09 0.31 0.20 0.15 0.37
a GIx 0.55 0.35 0.23 0.40 0.33 0.36 0.39 0.49 0.42
=
g His 0.51 0.42 0.16 0.31 0.11 0.46 0.40 0.17 0.46
% Orn 0.40 0.28 0.01 0.15 0.12 0.36 0.23 0.26 0.38
% Pro 0.37 0.22 -0.05 0.12 -0.10 0.45 0.32 0.04 0.46
Gly 0.51 0.33 0.14 0.35 0.18 0.56 0.45 0.36 0.54
Ser 0.54 0.40 0.17 0.36 0.18 0.54 0.41 0.33 0.53
Phe 0.50 0.39 0.11 0.34 0.08 0.57 0.42 0.26 0.60
Met 0.48 0.39 0.06 0.30 0.07 0.56 0.43 0.25 0.58
Leu.lle 0.52 0.42 0.20 0.40 0.16 0.60 0.41 0.32 0.55
Val 0.53 0.44 0.23 0.42 0.19 0.64 0.46 0.32 0.55
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Figure 25. GIx network.

This network consists of a select number of transcripts (grey circles) among the 250
mRNA that are most correlated to glx (black rectangle) (p<0.002). The microsatellite
marker (Mb) for peak eQTL or mQTL altering levels of transcripts and metabolites,
respectively, are given. For any two phenotypes connected by an edge, the direction LOD
score and p-value are indicated (insert). The best solution was determined by an
approximate Bayes factor (BF) and indicated in solid lines, the second best solution in
dotted lines
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Figure 26. Glutamine changes hepatic gene expression.

Hepatocytes from 10-week-old lean B6 (A) and BTBR (B) were treated overnight +/-
10mM glutamine (n=5 per strain). Transcripts were measured by RT-PCR and expression
was normalized to Actb control. Significance calculated based on the difference of delta
CT value of each transcript between the untreated and glutamine-treated hepatocytes for
each individual animal (*p<0.05, **p<0.005)
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4. Glutamine Regulation of Hepatic Transcription: Mechanism
and Implications in Diabetes Phenotypes

4.1 Introduction

The liver organizes whole body energy homeostasis under fasting and fed
conditions. Dietary and hormonal signaling pathways can modify hepatic metabolic
processes either by acute changes in enzyme activity, or by long-term transcriptional
regulation of enzyme abundance. In the context of obesity-induced insulin resistance,
there are multiple exogenous and endogenous inputs affecting hepatic function [6,7].
Overnutrition is a main feature of obesity-associated diabetes, and it is therefore
important not only to identify the nutrient signaling pathways involved in hepatic gene
expression, but also to distinguish these pathways from hormonal influences.

Several studies have investigated the effects of obesity and insulin resistance on
plasma and tissue metabolite levels. In the STEDMAN study, human subjects with
obesity-related insulin resistance had anticipated increases in plasma medium and long-
chain fatty acids, as well as elevation in plasma amino acids (notably the branched-chain
amino acids, aromatic amino acids, and “glutamine family” of amino acids) [59]. A study
analyzing amino acid metabolism in Zucker diabetic fatty rats in both the pre-diabetic
and diabetic stages found that plasma and hepatic gluconeogenic amino acids were
reduced, suggestive of increased utilization for glucose production [60]

Studies on nutrient regulation of liver metabolism have identified nuclear

receptors and transcription factors that mediate fatty acid induced gene expression
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changes [195-199]. Amino acid abundance also impacts liver function, affecting virtually
every step from gene transcription initiation to protein translation. Unlike fatty acids,
however, the key mediators of such amino acid induced effects are not well
characterized[56,57,76,77,200]. The mammalian target of rapamycin (mTOR) pathway
detects elevated amino acids and integrates this input with insulin signals, altering protein
translation initiation and gene transcription through downstream effectors [201-204].
Amino acid deprivation is also known to regulate gene expression and translation in a Cis-
regulated fashion, with effector proteins binding to amino acid response elements
(AARE) and nutrient sensing response elements (NSRE) within promoter regions
[67,69,73,74,201,205-215].

Although recent work has identified several molecular mechanisms of amino
acid-dependent transcription, the critical signaling intermediates are largely unknown.
Studies summarized in Chapter 3 and in a published study outlined a causal network
whereby glutamine acts to increase Phosphoenolpyruvate carboxykinase (Pck1)
expression, which we tested in isolated hepatocytes from lean C57BL/6 (B6) and BTBR
mice[104]. In order to further investigate the mechanism of glutamine regulation of Pckl
expression, and to separate the effects of glutamine from the effects of hormones and
obesity, we have performed additional studies in hepatocytes from the lean B6 mouse
strain [26,31]. Our data indicate that a-ketoglutarate may be a key glutamine-derived
mediator of Pckl induction. Phosphoenolpyruvate carboxykinase is implicated in

diabetes development, and we find that the B6 and BTBR strain show a very different
96



hepatic expression profile. The leptin-deficient B6%°" mouse has decreased levels of
Pckl while the BTBR®®® mouse has increased expression compared to their respective
lean counterparts, despite the fact that both strains show an obesity-dependent decrease in
glx levels. In addition, we find that liver a-ketoglutarate is nearly two fold higher in the
BTBR strain than in the B6 mouse, and we postulate that this elevation of liver a-

ketoglutarate is responsible for uncoupling glutamine abundance from Pckl expression.

4.2 Materials and Methods

Animals

BTBR, B6, and B6*™* mice were purchased from The Jackson Laboratory (Bar
Harbor, ME) and bred at the University of Wisconsin. The lineage and characteristics of
the BTBR strain have been reviewed by Ranheim, et al. Mice were housed in an
environmentally controlled facility (12-hour light and dark cycles) and were weaned at 3
weeks of age onto a 6% fat diet (Purina; #5008). Mice had ad libitum access to food and
water, except for 4-hour fasting periods before blood draws and sacrifice (by CO,
asphyxiation). The facilities and research protocols were approved by the University of

Wisconsin Institutional Animal Care and Use Committee.
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Plasma measurements

Glucose was measured by the glucose oxidase method using commercially
available kits (Sigma-Aldrich, St. Louis MO). For lean mice, insulin was measured by
radioimmunoassay. For ob/ob mice, insulin was measured by an in-house developed
ELISA using a pair of insulin/proinsulin antibodies (clones D6C4 and D3E7-BT;

Research Diagnostics, Concord, MA) according to procedures previously described[216].

RNA Collection and Microarray

Only male mice at the 4 and 10-week time point were considered and five mice of
each strain and condition were used (five B6 lean 4-week-old, five B6 oblob 4_week-old,
five B6 lean 10-week-old, five B6 ®° 10-week-old; similar for BTBR). RNA
preparations and all hybridizations were performed at Rosetta Inpharmatics (Merck &
Co., Seattle, WA). The procedure for gene expression profiling, data normalization, and
GO term enrichment analysis is described in Keller et al., 2008 [216]. Custom ink-jet
microarrays used in this study (Agilent Technologies, Palo Alto, CA) consisted of 4,732
control probes and 39,558 non-control oligonucleotides extracted from mouse Unigene
clusters and combined with RefSeq sequences and RIKEN full-length cDNA clones.
Mouse tissues were homogenized and total RNA extracted using Trizol reagent
(Invitrogen, CA) according to manufacturer’s protocol. Total RNA was reverse
transcribed and labeled with either Cy3 or Cy5 flurochrome. For a given strain, labeled

complementary RNA (cRNA) from each animal of that strain was hybridized against a
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pool of labeled cRNAs constructed from equal aliquots of RNA from all the animals for
that strain (over both time points). All hybridizations were performed in fluor-reversal for
48 hours in a hybridization chamber, washed, and scanned using a confocal laser scanner.
Arrays were quantified on the basis of spot intensity relative to background, adjusted for
experimental variation between arrays using average intensity over multiple channels,
and fitted to a previously described error model to determine significance [217]. Gene
expression measurements are reported as intensity values or re-ratio values. The re-ratio
values are derived from a ratio splitter pairwise ratio builder function in Resolver 6.0 to
account for strain-specific reference pools (Rosetta Biosoftware, Seattle, WA). The ratio
splitting operation generates intensity profiles, including error modeling of the channels
of the ratio scan group normalization, forward transformation of intensities, group de-
trending, and inverse transformations. Experiments are then rebuilt by rationing each
sample to a new baseline value which is a super-pool average of all array hybridizations

in the experiment.
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Liver Metabolite Quantification
Amino acids, acyl-carnitines and organic acids were measured using stable

isotope dilution techniques [132,164,218] as described in Chapter 3.

In Vitro Hepatocyte Experiments

Hepatocytes from lean 10-week-old male B6 parental strain mice were isolated by
liver perfusion [174]. Hepatocytes were seeded at subconfluency (3.5 x 10° cells/6 well
plate) in low glucose DMEM (Gibco) supplemented with FBS (10% vol/vol; Gibco),
pen/strep antibiotic (1%, Gibco), glutamine (2mM; Gibco), and pyruvate (1mM; Gibco).
Cells were left to attach for 3 hours in an incubator at 37°C, 5% CO,. After washing with
PBS, the cells were treated with unsupplemented DMEM (Sigma) with 1g/L glucose,
pen/strep (1%), +/- appropriate concentration of glutamine, alanine, dimethyl-glutamate,
dimethyl-2-oxoglutarate, or 2-Aminobicyclo[2.2.1]heptane-2-carboxylic acid (BCH)
(Sigma). Cells were treated for 24 hours.

RNA was extracted from hepatocytes using RNeasy kits (Qiagen) after treatment
described above. RNA isolation and gene expression measurements by real time
quantitative PCR was conducted as described in Chapter 3. Primer sequences and gene
accession codes for transcripts measured are listed in Table 3. For amino acid
measurements, hepatocytes were plated as above and lysed in 500uL. H,O. Organic acid

measurements were made on hepatocytes plated at subconfluency on a 100mm dish (4-8
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x 10° cells/dish), lysed with 750puL 0.1M HCI. Sample metabolites were profiled as

previously described [132,164,218] in Chapter 2.

Statistical Analysis

To analyze in vivo data, we classified liver genes and hepatic metabolites into
differential expression or abundance patterns, respectively, according to methods
described in Keller, et al[216]. Briefly, we used an empirical Bayes hierarchical
modeling approach called EBarrays [136,168,219], which is implemented in R, a publicly
available statistical analysis environment and available through Bioconductor
(www.bioconductor.org). EBarrays describes the probability distribution of a set of
expression measurements, accounting for differences among values in their true
expression/abundance levels, measurement fluctuations, and distinct
expression/abundance patterns for a given gene/metabolite among different conditions.

Given that there are four conditions within each strain (4-week-old vs. 10-week-
old; lean or obese), 15 expression patterns are possible. These patterns include changes
seen in obesity only, age only, and strain only, as well as combinations of these major
patterns. Each gene or metabolite was assigned to the expression pattern with the
maximum posterior probability (MPP); significance was determined at MPP <0.7,
suggesting a 30% chance that it could be one of 14 other patterns (0=0.02).

The in vitro data was analyzed with Prism software version 4.02 (Graph Pad

Software). The number of biological replicates for each experiment is indicated in the
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figure legend. Analysis of amino acid and organic acid measurements in response to
glutamine used a paired t-test between the untreated and glutamine-treated hepatocytes.
For gene expression data, the fold change of mRNA relative to the untreated hepatocytes
for each animal is depicted graphically. Expression of each gene was normalized to Actb.
Statistical analysis was performed on the difference in delta CT values of metabolite-
induced gene expression versus gene expression in the untreated (or glutamine-treated)
hepatocytes, as indicated in figure legends. The transcriptional effects of glutamine, a-
ketoglutarate, glutamate and alanine were analyzed by paired t-test to the untreated and
glutamine-treated hepatocytes. The glutamine effect on Gls2, Gludl, Gotl, Got2, Gptl,
Gpt2, Oat, and Pckl was analyzed by one-way ANOVA, with a Dunnet’s post test
comparing values to the untreated hepatocytes. The dose response curves for glutamine
and o-ketoglutarate utilized a sigmoidal (variable slope) equation; significance was
determined by a one-way ANOV A with a Dunnet’s post test relative to untreated

hepatocytes.

4.3 Results

Glutamine treatment elevates a unique subset of hepatic metabolites

Our previous work has defined a causal network by which glx
(glutamine+glutamate) alters gene expression in an F2 population generated from the

B6°”°® and BTBR®”® parental strains. The component of this causal network for which
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we have the most confidence is glx altering Phosphoenolpyruvate carboxykinase (Pckl)
expression through transcript nodes Alanine:glyoxylate aminotransferase (Agxt) and
Arginase (Argl) (inferred direction significance, p<0.001). Importantly, the function of
this network was confirmed in our published in vitro hepatocyte study described in
Chapter 3[104,147].

Our F2 metabolite correlation analysis shows that liver glx groups with many
other amino acids, but is also at the interface between the amino acids and a-
ketoglutarate. This correlation data makes biological sense given that glutamate is both a
substrate and product of transamination reactions in amino acid biosynthesis and
catabolism, respectively. In order to uncover glutamine-derived metabolites that could
mediate the glutamine effect, we profiled metabolites in isolated hepatocytes exposed to
10mM glutamine.

In response to glutamine, hepatocyte alanine, asx (asparagine+aspartate) and
ornithine levels were significantly elevated (Figure 27a). Alanine is of great interest
because it is an important gluconeogenic precursor which plays a role in the glucose
sparing effect. Alanine is also a substrate and product of Agxt, the transcript to which glx
is most highly correlated. As a group, alanine, asx, and ornithine are significant because
their biosynthesis from glutamate each involves a specific transaminase enzyme which
catalyzes the production of a-ketoglutarate.

Organic acid profiling of glutamine-treated hepatocytes is consistent with

glutamine production of a-ketoglutarate. There is a slight elevation in a-ketoglutarate and
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a significant elevation in TCA cycle intermediates (succinate, fumarate, malate)
downstream of the a-ketoglutarate entry site (Figure 27b). Citrate is significantly
decreased whereas lactate is increased, which suggests shunting of pyruvate away from

pathways of glucose oxidation.

Glutamine metabolism and glutamine-derived metabolites play a role in
altered Pckl1 expression

In attempts to identify the mechanism of glutamine action, we first tested whether
glutamine alters transcription of specific transaminase enzymes required to produce the
aforementioned amino acids. We find no change in Glutaminase (Gls2), Glutamic
oxoaloacetate aminotransferase (Gotl, Got2), Glutamic pyruvate aminotransferase
(Gptl), Ornithine aminotransferase (Oat), or Glutamate dehydrogenase (Gludl) mRNA
in response to 10mM glutamine, indicating that glutamine treatment does not act at the
transcript level to stimulate important genes of exogenous and endogenous glutamine
metabolism (Figure 28a). We next tested whether enhancing glutamine metabolism by
stimulating enzyme activity would alter the glutamine effect. BCH is an analogue of
leucine that activates glutamine metabolism via allosteric stimulation of glutamine
dehydrogenase activity and may increase glutaminase activity [220,221]. Preliminary
data reveals that 10mM BCH not only potentiated the glutamine effect, but that BCH
alone acting on endogenous glutamine stores could elevate Pck1 expression (Figure 28b).

Our data thus far suggests that glutamine-derived metabolites may contribute to

the induction of Pckl expression, and we therefore investigated candidate metabolites, -
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ketoglutarate, glutamate, and alanine. We find that 10mM a-ketoglutarate not only
recapitulates the glutamine effect to stimulate Pckl transcription, but like glutamine, also
causes upregulation of Argl and Agxt mRNA levels. Furthermore, 10mM dimethyl-
glutamate elicits a similar pattern of gene induction as that observed with 10mM
glutamine. In contrast, alanine treatment did not significantly induced Pck1 and had no
effect on Argl and Agxt expression (Figure 29).

In the B6 strain, we illustrate that both the glutamine and a-ketoglutarate
induction of Pckl is dose-dependent (Figure 30). At physiological plasma concentrations
(~1-2mM), the glutamine response is one half of the response observed at 10mM
[78,222,223]. The a-ketoglutarate dose response curve is shifted relative to glutamine.
Glutamine has a significant inductive effect above 3mM, with the ECsy of 3.1mM; a-

ketoglutarate induces Pckl significantly at 7mM, and has an ECsp of 6.1mM.

Glutamine regulation of Pckl in the context of diabetic states

Increased gluconeogenesis is the primary cause for increased hepatic glucose
output and fasting hyperglycemia in type 2 diabetes[24,224,225], making Pckl a
candidate driver for diabetes phenotypes. In order to define the causal role of Pckl in
development of diabetes, we considered a time course of liver Pckl expression and
related hepatic metabolites in both the BB6 and BTBR strains. We analyzed the obese
“pre-diabetic” state at 4 weeks, prior to elevated blood glucose, and the obese “diabetic”

state at 10 weeks, where both strains are insulin resistant but only the BTBR display
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hyperglycemia. For comparison, we studied the lean counterparts of both strains at the
two time points.

Our microarray data shows that hepatic Pckl expression has a drastically different
expression profile across the eight subsets of animals (Figure 31a). In the B6 animal, at
both 4 and 10-weeks of age, there is an obesity-dependent decrease in hepatic Pckl
expression, yet in the BTBR animal, there is an obesity-dependent increase in liver Pckl
mRNA. Importantly, at 10 weeks, the BTBR'® diabetic animal has elevated levels of
Pckl mRNA compared to the B6°°°" but this difference is not seen in the lean
counterpart.

We have shown previously in vitro that there is no strain difference in induction
of Pckl expression in response to a supraphysiological 10mM dose of glutamine[104],
but the data in Figure 30 shows that glutamine and a-ketoglutarate induction of Pckl are
dose dependent. To relate this to the differences in Pckl profiles in our time course study,
we measured endogenous hepatic metabolite levels in the two strains at different ages by
MS-based methods. Our in vivo data shows that in both strains there is an obesity-
dependent decrease in hepatic glx at both the 4-week and 10-week time points (Figure
31b). While both strains decrease liver glx levels in response to obesity, hepatic a-
ketoglutarate is elevated nearly two-fold in the BTBR strain relative to the B6 at all time
points and in both lean and obese physiological states (Figure 31c¢). This data reveals that

at all times the BTBR strain preserves at least one metabolite capable of inducing Pckl at
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(lean:glx+aKG; ob/ob:aKG), whereas the B6 strain is without either inducer in the obese
state.

We had shown previously in vivo that a-ketoglutarate was able to recapitulate the
glutamine-induction of Agxt and Argl mRNA, the two transcript nodes between glx and
Pckl in our proposed network[104]. If elevated hepatic a-ketoglutarate in vivo is
sufficient to uncouple glx regulation of Pckl expression in the livers of the BTBR strain,
we predict that Agxt and Argl should show different in vivo profiles between the strains.
We in fact do find that liver Agxt expression profile in the B6 animal parallels the obesity
dependent decrease in hepatic glx; however, Agxt mRNA is unchanged in the BTBR®
animals (Figure 31d). Liver Argl shows an obesity dependent increase in the BTBR, very
similar to the Pckl mRNA profile, but Argl mRNA is not elevated in the B6 obese state
(Figure 31e). While we cannot rule out that other glutamine-derived metabolites are
involved in Pckl mRNA induction, this data does suggest that a-ketoglutarate may be

able to disrupt the specific network pathway from glutamine (through Agxt and Argl) to

Pck1.

4.4 Discussion

In patients with type 2 diabetes, the degree of fasting hyperglycemia is highly
dependent on the rate of hepatic glucose production. Gluconeogenesis has been shown to

be exaggerated in patients with non-insulin-dependent diabetes, resulting from an

107



increase in availability of endogenous glucose precursors, diminished secretion of insulin,
or hepatic insulin resistance [24,225]. The relationship between insulin secretion and
hepatic glucose production is reciprocal such that the degree of fasting hyperglycemia is
closely related to the degree of impaired islet responsiveness to secretagogues[226].
Hepatic gluconeogenesis clearly is an integral part of diabetes pathology, such that it has
become a target for therapeutic intervention in diabetes treatment[227].

In those with type 2 diabetes, there is an increased production of gluconeogenic
precursors which fuels the increased gluconeogenesis. In both human and rodent models
of obesity and insulin resistance, the “pre-diabetic” state is characterized by altered levels
of tissue and plasma fatty acids, amino acids, and organic acids[59,60]. In diabetic
patients, however, there is an additional intrahepatic mechanism to increase conversion of
these precursors into glucose; this is not present in normal individuals where substrate-
induced stimulation of gluconeogenesis fails to increase total glucose
production[225,228]. In this study, we investigate the role of metabolites as
transcriptional regulators contributing to this intrahepatic mechanism and compare
metabolite sensing in two mouse strains which differ in diabetes susceptibility.

Phosphoenolpyruvate carboxykinase catalyzes one of the irreversible steps of
gluconeogenesis, and is regulated primarily at the transcriptional level. Our previous
work shows that Pckl expression is increased in isolated hepatocytes in response to
glutamine treatment[104], thus making Pck1 a candidate gene involved in the metabolite

driven hepatic glucose production. We explored the mechanism of glutamine-induced
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Pckl expression in the B6 lean animals to isolate metabolite driven effects from
hormonal or obesity- induced changes.

We measured metabolites in isolated hepatocytes from the B6 strain in response
to 10mM glutamine to characterize glutamine-derived intermediates that are instrumental
in induction of Pck1l. We find that glutamine elevates alanine, asx, and ornithine, all non-
essential amino acids that use glutamate as an ammonia donor in transamination
reactions. Glutamine also elevated TCA cycle intermediates distal to a-ketoglutarate
entry. Citrate, the first intermediate of the TCA cycle after acetyl-CoA entry, was
decreased, suggesting that pyruvate is being shunted away from oxidation pathways.
Lactate is also increased, further supporting our theory that gluconeogenesis is
proceeding while glucose oxidation pathways are shut down.

While glutamine did not induce expression of the specific transaminase enzymes
required to produce our specific elevated amino acids, preliminary data suggests that
accelerating the metabolism of glutamine via BCH enhances the glutamine effect. We
therefore considered glutamine-derived metabolites that could mediate the induction of
Pckl and show that at 10mM, a-ketoglutarate, glutamine, and glutamate are equally
effective at inducing Pck1l. Moreover, a-ketoglutarate recapitulates the glutamine-
induction of Alanine:glyoxylate aminotransferase and Arginase expression, the two
network transcript nodes between glx and Pckl.

When treated with supraphysiologic concentrations of glutamine (10mM),

approaching saturating concentrations for transport[78], the B6 and BTBR hepatocytes
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have a similar induction of Pck1[104], but to give physiological credence to these
findings, we tested the dose-dependency of the glutamine and a-ketoglutarate effect. In
fed rats, plasma glutamine is approximately 0.6mM, while the estimated concentrations
of this metabolite in the cytosol and mitochondria are 7 and 20mM respectively[53,229].
The a-ketoglutarate concentrations are estimated to be much lower, with levels of
approximately 10uM and 1-1.5mM in the plasma and cytosol, respectively[230,231]. Our
data shows a dose dependency of both glutamine and a-ketoglutarate with the a-
ketoglutarate curve slightly right shifted. The ECs, for glutamine and a-ketoglutarate are
3.1mM and 6.6mM, respectively. We also find that at concentrations of either metabolite
resembling physiological levels in plasma, neither metabolite alters Pckl expression.
While this data does indicate that in vitro glutamine is more a potent activator of Pckl
transcription than is a-ketoglutarate, no hormones were added to hepatocyte cultures, and
glucagon or insulin may alter the dose-dependence of the metabolites in vivo.

We next investigated changes in these metabolites relative to changes in gene
expression in livers from the B6 diabetes-resistant and BTBR diabetes-susceptible
strains. The leptin-deficient B6 and BTBR mice are both insulin resistant, but only the
10-week-old BTBR®®® mouse develops diabetes. Our results show that in the B6 °°°
strain, despite being insulin resistant, has suppressed liver Pckl mRNA compared to the
B6 lean counterpart at both 4 and 10 weeks of age. The B6 hepatic Pckl expression
profile parallels glx metabolite abundance; at 4 and 10 weeks, the B6 0b/b animals have

both decreased glx and Pckl mRNA. The BTBR strain shows a similar obesity-
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obiob ice have elevated Pckl

dependent decrease in liver glx abundance, yet the BTBR
mRNA at both time points. Interestingly, liver a-ketoglutarate in the BTBR strain is
nearly twice that of the B6 strain. Based on these data, we hypothesize that in the
presence of elevated a-ketoglutarate, liver Pckl becomes uncoupled from glutamine
regulation in the BTBR strain, contributing to elevated Pckl expression and increased
hepatic gluconeogenesis. In support of this hypothesis we find that Agxt is also shows an
obesity-dependent decrease in the B6 strain that parallels glx abundance, yet is uncoupled
from glx regulation in the BTBR strain. Additionally, the lack of an obesity-dependent
increase in B6 hepatic Argl expression could be due to the absence of inducing
concentrations of liver a-ketoglutarate in this strain.

While further studies are needed to fully characterize glutamine induction of
Pckl mRNA, this study illustrates one molecular pathway that is potentially dysregulated
in the diabetes-susceptible strain. Our results suggest that elevated liver a-ketoglutarate
could be a means by which regulation of hepatic gluconeogenesis is disrupted in the
BTBR strain. The implications of hepatic a-ketoglutarate as a potential contributor to
development of diabetes is underscored by previous work in our lab showing that the
BTBR is more responsive to the secretagogue a-ketoisocaproate (KIC), which acts via
conversion to a-ketoglutarate and leucine[232]. Future studies on the BTBR strain will

determine whether a similar phenomenon occurs in the liver with hepatic glutamine being

more efficiently converted to a-ketoglutarate. If so, this may provide a unifying
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mechanism for development of dysfunction in two key organs of metabolic fuel

homeostasis.
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Figure 27. Glutamine alters abundance of liver metabolites.

Amino acids (A) (n=5) and organic acids (B) (n=8) were profiled in isolated hepatocytes
from 10-week-old lean male B6 mice treated +/- 10mM glutamine. For each metabolite,
statistical significance was determined by a paired t-test between the glutamine-treated
and untreated hepatocytes (*p<0.05, **p<0.01, ***p<0.001). Metabolite codes are
provided in Table 1 and Table 2.
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Figure 28. Relationship between glutamine metabolism and Pckl expression.

Hepatocytes from 10-week-old male B6 mice were isolated and treated with 10mM
glutamine (n=6) (A), or 10mM glutamine +/- 10mM BCH (B). Transcripts were
measured by RT-PCR and expression was normalized to Actb. Statistics are based on the
difference of delta CT of each transcript between the untreated and treated hepatocytes
(*p<0.05, **p<0.01). Preliminary data in (B) was not analyzed.
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Figure 29. Glutamine related metabolites alter hepatic gene expression.

Hepatocytes from 10-week-old male B6 mice were isolated and treated with 10mM of the
indicated metabolite (glutamine, black n=9; a-ketoglutarate, light grey n=7; glutamate,
dark grey n=2; alanine, hatched n=2). Transcripts were measured by RT-PCR and
expression was normalized to Actb. Statistics are based on the difference of delta CT of
each transcript between the metabolite-treated compared to untreated hepatocytes
(*p<0.05, **p<0.01, ***p<0.001) or compared to the corresponding gene treated with
10mM glutamine (§p<0.05).
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Figure 30. Induction of Pckl expression by glutamine and a-ketoglutarate is dose
dependent.

Hepatocytes from 10-week-old male B6 mice were isolated and treated indicated dose of
metabolite (n=5-6). Transcripts were measured by RT-PCR and Pckl expression was
normalized to Actb. Statistics are based on the difference of delta CT between the
untreated and metabolite-treated hepatocytes (*p<0.05, **p<0.01).
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Figure 31. Liver Pckl mRNA, glx and a-ketoglutarate show strain-specific
differences.

Liver Pckl expression (A), glx (glutamine+glutamate) (B) and a-ketoglutarate (C)
profiles (nmol/100mg liver tissue) as well as intermediate glx network nodes Agxt (D)
and Argl (E) are shown for the five animals in each of eight subsets. Open (lean) and
closed (ob/ob) circles represent individual mice. Horizontal bars show mean values for
each group.
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5. The Role of Metabolites in Inter-tissue Communication

5.1 Introduction

Type 2 diabetes is characterized by fasting hyperglycemia associated with defects
in the pancreatic islet, the liver, and the peripheral tissues. Identification of “causal”
elements that serve to trigger progression to such broad tissue failure remains a major
challenge in developing effective treatment plans[233]. There is increasing evidence that
the liver and adipose act as “driving” organs while defects in the muscle and islet occur in
response to adipokines and other factors that are secreted by the former tissues[6,7,234].
Just as adipose-derived signaling molecules affect downstream tissues, liver-derived
metabolites may contribute to the B-cell decompensation that marks diabetes.

Hepatic insulin resistance often results from obesity-related metabolic overload.
Excess circulating free fatty acids from the diet or delivered from insulin-resistant
adipocytes impair liver insulin signaling and alter hepatic lipid metabolism, resulting in
decreased lipid oxidation and increased triglyceride synthesis[235]. Hepatic lipid
oxidation occurs primarily in the mitochondria, but in times of increased lipid
mobilization and mitochondrial overload, the oxidation takes place in alternate
organelles. In the endoplasmic reticulum the cytochrome P450 enzymes catalyze the first
step to convert monocarboxylic fatty acids to dicarboxylates in a process referred to as ®-
oxidation; these dicarboxylic acids undergo chain shortening via B-oxidation in the

peroxisome. In states of hepatic insulin resistance, generation of malonyl-CoA diverts
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fatty acids away from CPT-1 and mitochondrial fatty acid oxidation towards
esterification pathways, further enabling these alternate routes for oxidation
[113,115,121,123]. Accumulation of lipid-derived metabolites not only alters hepatic
metabolism, but can lead to release of these substances into the plasma where they can
affect other peripheral tissues.

The potential for fatty acids to stimulate insulin secretion has been extensively
studied, revealing fatty acids acutely enhance secretion, but that chronic exposure alters
islet function and contributes to B-cell decompensation [6,122,125,236,237]. Moreover,
the “glucolipotoxicity” concept proposes that free fatty acids and hyperglycemia are
synergistic in their detrimental effects on islet function[6]. Recent work has also shown
that fatty acyl derivatives, including dicarboxylic acids, have the potential to stimulate
insulin secretion through both metabolism and signaling pathways[238].

Our mouse model of type 2 diabetes shows several strain differences in fatty acid
oxidation between the diabetes-resistant C57BL/6 leptin®® (B6°”°") and diabetes-
susceptible BTBR leptin®°® (BTBR*) . The BTBR®”® mice have elevated hepatic
transcripts acting in mitochondrial B-oxidation, but display decreased expression of
enzymes necessary for complete usage of these fatty acids. Our data also reveals an
obesity-dependent increase in expression of transcripts of the w-oxidation and
peroxisomal B-oxidation pathways in both strains, but with more pronounced

Rob/ob

upregulation in the BTBR strain. Moreover, the BTB strain also exhibits

upregulation of w-oxidation transcripts that redirect dicarboxylic acids from pathways of
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complete oxidation within the peroxisome, and therefore makes these derivatives
available to other tissues. Metabolic profiling reveals that strain-specific differences in
mRNA levels are accompanied by strain-specific differences in select liver
monocarboxylic and dicarboxylic acyl-carnitine derivatives; the diabetes-resistant B6
strain shows an obesity-dependent decrease in the concentrations of these analytes, while
in the BTBR strain these metabolites are either unchanged or increased in response to
obesity.

We hypothesize that release of these metabolites and delivery to the islet could
modulate B-cell function, and in this study we explore the role of fatty acid-derived
dicarboxylate metabolites as insulin secretagogues. We reveal that adipic acid, a six-
carbon dicarboxylic acid, enhances glucose-stimulated insulin secretion. Fuel
secretagogues can stimulate insulin secretion via TCA anaplerosis and
extramitochondrial signaling[6,108,125,132,133,239-241], and there is increasing
evidence that fatty acids serve as mediators of the Karp independent pathway[238]. To
investigate the signaling potential of fatty acid derivatives, we explore the insulin-
secreting mechanism of non-metabolizable dicarboxylic acid, and suggest that the site of

action may include processes distal to fuel metabolism.
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5.2 Materials and Methods

Animals

BTBR, B6, and B6°* mice were purchased from The Jackson Laboratory (Bar
Harbor, ME) and bred at the University of Wisconsin. The lineage and characteristics of
the BTBR strain have been reviewed by Ranheim, et al. Mice were housed in an
environmentally controlled facility (12-hour light and dark cycles) and were weaned at 3
weeks of age onto a 6% fat diet (Purina; #5008). Mice had ad libitum access to food and
water, except for 4-hour fasting periods before blood draws and sacrifice (by CO,
asphyxiation). The facilities and research protocols were approved by the University of

Wisconsin Institutional Animal Care and Use Committee.

RNA Collection and Microarray and Metabolite Profiling

Only male mice at the 4 and 10-week time point were considered and five mice of
each strain and condition were used (five B6 lean 4-week-old, five B6 0blob 4_week-old,
five B6 lean 10-week-old, five B6 °°° 10-week-old; similar for BTBR). RNA collection,

gene expression analysis, and liver metabolite profiling was conducted as in Chapter 4.

Islet Cell Lines
All reagents for islet related experiments were purchased from Sigma (St. Louis,
MO), unless otherwise indicated. 832/3 cells were derived from parental INS-1 cells by a

transfection-selection strategy and exhibit a robust insulin secretion response[242]. Cells
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were cultured in RPMI 1640 medium containing 11.1mM glucose and supplemented with
10% FBS, 10mM HEPES, 2mM glutamine, 1mM sodium pyruvate, and 50uM (-

mercaptoethanol at 37° C in a humidified atmosphere containing 5% CO..

Insulin Secretion Assay

Insulin secretion from cell lines was measured by preincubating cells in glucose-
free secretion buffer (114mM NaCl, 4.7mM KCI, 1.2mM KH;POy4, 1.16mM MgSQOy4,
20mM HEPES, 2.5mM CacCl,, 0.2% bovine serum albumin, pH 7.2) for two hours. Cells
were then incubated for in secretion buffer containing 2.5mM or 15mM glucose, +/-
appropriate amount of indicated test compound. After two hours of cell incubation,
insulin accumulation in the assay buffer was measured by radioimmunassay (Coat-A-
Count kit, DPC, Los Angeles, CA; RI-13K, Linco Research, St. Charles, MO) or ELISA

(Linco Research, St. Charles, MO), as described previously[216].

In vitro islet experiments

Islets were harvested from adult Spague-Dawley rats weighing approximately
250g as previously described [243,244]. Islets were initially incubated in RPMI 1640
medium containing 8mM glucose and supplemented with 10% FBS, 10mM HEPES,
2mM glutamine, ImM sodium pyruvate, S0uM B-mercaptoethanol, 20U/mL penicillin,
20ug/mL streptomycin, 0.05ug/mL amphotericin B (Gibco, Carlsbad, CA) for 24 hours

prior to insulin secretion assay. Islets were washed and incubated for one hour in
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secretion buffer containing 114mM NaCl, 4.7mM KCl, 1.2mM KH,PO,, 1.16mM
MgSO,, 20mM HEPES, 2.5mM CaCl,, 25.5mM NaHCOs, 0.2% bovine serum albumin,
pH 7.2, supplemented with 2.5mM glucose. Islets were then divided into groups and
incubated in 500uL secretion buffer containing 2.5mM or 16.7mM glucose for two hours.

Insulin secretion from islets was measured by RIA (Coat-a-Count).

Insulin Secretion Measurements

All insulin measurements were normalized to protein concentration. Islets protein
was measured via the BCA protein assay (Pierce, Rockford, IL), while 832/3 protein
content was measured by either the BCA protein assay or Bradford assay (Sigma). Cell
samples were homogenized on ice in lysis buffer containing 0.1% Triton X-100. The
BCA assay consisted of adding 200uL bicinchoninic acid and copper sulfate (50:1) to
protein lysates, incubating at 37° C for 30 minutes, and calculating protein concentration
by measuring absorbance at 340nm. The Bradford assay consisted of adding 200uL of
Bradford reagent to protein lysates, incubating at room temperature for 15 minutes, and

calculating protein concentration was by measuring absorbance at 540nm.

Calcium Imaging
Calcium influx was estimated using calcium-sensitive flurophore fura 2 as
previously described[245]. INS-1 cells were plated onto 25-mm glass coverslips (Fisher,

Pittsburgh, PA) in RPMI 1640 media four days prior to imaging. Confluent slides were
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washed and incubated in solution containing 2.8mM glucose, 125mM NaCl, 5.9mM KCl,
1.28mM CaCl,, 1.2mM MgCl,, 17mM HEPES, pH 7.4 containing 2.5mM glucose for
one hour. Cells were incubated with fura 2-AM for 30 min at 37°C in a loading solution
that contained the measurement solution plus 5 uM fura 2-AM and 5uM pluronic acid.
After 20 minutes, the loading solution was replaced with measurement solution
containing 2.8mM glucose, 85mM NaCl, 50mM KCI, 2mM CaCl,, ImM MgCl,, 15mM
HEPES, pH 7.4. Calcium flux was measured via an inverted microscope in conjunction
with a 175-W Xenon arc lamp Metafluor Imaging System (Nikon Instrument, Lewisville,
TX) as described [245]. Treatments were 25mM glucose+0.4%DMSO vehicle or 25mM

glucose+0.5mM DEPDC. Reactions were quenched by 30mM KCI.

Statistical Analysis

The in vivo gene and metabolite analysis was conducted as described in Chapter 4
and in Keller, et al [216]. For a metabolite to be “causal” it must meet several
requirements. At the 4-week time point (the pre-diabetic stage), it must show a change
with obesity in the B6 that is different than the change seen in the BTBR. We assume
here that a change with obesity in the B6 is an “obesity only” metabolite; in the BTBR
strain however, this metabolite could be a “diabetes risk” metabolite or an “obesity only”
metabolite. By eliminating those metabolites that change in the same direction in both
strains, we eliminate the “obesity only” metabolites. We repeat the same procedure for

the 10-week time point, at which stage the BTBR® has diabetes. Here we assume again
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that a metabolite changing in the B6 strain with obesity is an “obesity only” metabolite,
while that changing in the BTBR strain with obesity is a “diabetes responsive”
metabolite, a “diabetes risk” metabolite, or an “obesity only” metabolite. Again, by
eliminating those metabolites that change in the same direction at 10 weeks, we eliminate
the “obesity only” metabolites. Finally, we compare the 4-week metabolites (causal
“diabetes risk’), with the 10-week metabolites (causal “diabetes risk” + reactive “diabetes
responsive”), and those common are determined to be the causal metabolites.

The in vitro insulin secretion data was analyzed with Prism software version 4.02
(Graph Pad Software). For dose response curves to DEPDC in INS-1 cells and islets, the
basal insulin secretion induced by DEPDC and stimulated insulin secretion induced by
DEPDC and adipic acid were analyzed separately to determine significant changes as a
result of the dicarboxylates. These data were analyzed by ANOVA and Dunnett’s post
test compared to untreated conditions at corresponding glucose concentrations. To
analyze the effects of known secretagogues (a-ketoglutarate, KIC, dimethyl malate, and
KCl), we conducted ANOVA and Dunnett’s post test compared to untreated conditions at
corresponding glucose concentration. To determine the effect of DEPDC, an ANOVA
with Bonferroni correction comparing ImM DEPDC to no DEPDC at otherwise identical

secretagogue and glucose concentrations.
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5.3 Results

BTBR mice have specific defects in liver mitochondrial lipid oxidation
pathways

In previous chapters, the B6 and BTBR mouse strains were shown to differ in
their susceptibility do diabetes development. The leptin-deficient B6°”° and BTBR*”
mice are both insulin resistant at 10 weeks, but only the 10-week-old BTBR mice
develop hyperglycemia indicative of B-cell decompensation and type 2 diabetes [95,216].

Our microarray data shows an obesity-dependent increase in liver transcripts
encoding enzymes of mitochondrial fatty acid oxidation in both strains (e.g., medium and
long-chain acyl-CoA dehydrogenase; enoyl-CoA hydratase). This suggests that in both
the B6 and BTBR mice, obesity causes an increase in fatty acid oxidation via
conventional mitochondrial -oxidation at the level of liver mRNA. The BTBR®”
mouse, however, has specific defects in the ability to completely metabolize certain acyl-
carnitine species. Compared to the B6 strain, the BTBR strain has lower levels of
Methylcrontonoyl-CoA carboxylase, 1 (Mcccl) and Isovaleryl-CoA dehydrogenase (Ivd)
mRNA levels in the liver. At both 4 and 10 weeks of age, Holocarboxylase synthetase,
alpha (Hlcs) is increased in the B6 strain in the obese state, but remains unchanged in the
BTBR mouse (Figure 32a).

The aforementioned enzymes are specifically required for the breakdown of odd-

chain acyl-carnitines which are produced during branched-chain amino acid catabolism.

We profiled liver metabolites and find strain-specific differences in short and medium-
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chain liver acyl-carnitines which are consistent with the defects in mitochondrial 3-
oxidation seen at the transcript level. Relative to the B6 strain, the BTBR has increased
levels of the five-carbon acyl-carnitine species, which reflects the relative decrease in
Mcccl and Ivd that act in the catabolic pathways of C5:1 (tiglyl carnitine) and the C5’s
(isovaleryl, 3-methylbutyryl, or 2-methylbutytyl carnitine), respectively.
Holocarboxylase synthetase is involved in metabolism of biotin, an essential cofactor for
carboxylase reactions. The B6 strain shows an obesity-dependent decrease in propionyl
carnitine (C3) at both 4 and 10 weeks, suggestive of decreased activity of biotin-requiring
propionyl-CoA carboxylase. The BTBR strain, which does not show an obesity-
dependent increase in HIcs transcription also does not exhibit the decrease in propionyl
carnitine with obesity as seen in the B6 livers; rather the BTBR has an increase in this

metabolite with obesity consistent with reduced catabolism (Figure 32b).

The BTBR strain has increased hepatic mocrosomal and peroxisomal lipid

oxidation

Fatty acids are primarily oxidized in the mitochondria under normal conditions.
However, during times of metabolic overload and increased fatty acid mobilization, or
defective mitochondrial oxidation, lipids can be converted to dicarboxylic acids by
microsomal m-oxidation and are subsequently broken down in the peroxisome [113]. We
find a strain difference in hepatic expression of Peroxisome proliferator receptor, alpha

(Ppara), a transcription factor responsible for regulating both w-oxidation and
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peroxisomal B-oxidation. Ppara shows an obesity-dependent decrease in the B6 mouse,
but an obesity-dependent increase in the BTBR strain. Several Ppara target genes show
increased hepatic expression only in the BTBR strain. Cytochrome P450 members
Cyp4al0 and Cyp4ald, important enzymes of w-oxidation, are only increased in the
BTBR strain in response to obesity. Acyl-CoA thioesterase, isoform 8 (Acot8), which
alters metabolism of dicarboxylates and promotes their release from the peroxisome prior
to complete oxidation[113], also shows a more pronounced obesity-dependent expression
elevation in the BTBR strain (Figure 33a)

Several medium-chain dicarboxylates show strain-specific differences consistent
with the gene expression data for pathways of w-oxidation and peroxisomal B-oxidation.
Glutaryl carnitine (C5-DC), adipoyl carnitine (C6-DC), hexenedioyl carnitine (C6:1-DC)
and octenedioyl carnitine (C8:1-DC) show an obesity-dependent decrease in the B6 and
are either increased or unchanged in response to obesity in the BTBR (Figure 33b).
Importantly, glutaryl carnitine, adipoyl carnitine, and hexenedioyl carnitine are
considered “causal” metabolites, that is at both the 4 and 10-week time point, these liver
metabolites showed a different response to obesity in the B6 versus BTBR strain (e.g., in
response to obesity C6:1-DC at 4 weeks is decreased in the B6 but unchanged in the

BTBR; at 10 weeks, is decreased in the B6 but increased in the BTBR; see methods).

Dicarboxylate fatty acids and dicarboxylate derivatives alter insulin secretion

Studies have shown that liver-derived acyl-carnitine species and dicarboxylic

acids have the potential to be released into the blood stream [59,113], and we therefore
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considered that specific members of these metabolites could modulate islet function. We
were particularly interested in the medium-chain dicarboxylic acids which our statistical
analysis identified as causal metabolites. Given that even-numbered medium-chain
dicarboxylic acids are the primary urinary dicarboxylate species of patients with
mitochondrial B-oxidation defects[113], we tested adipic (C6) acid, in our 832/3 INS-1
cell line. Preliminary data shows that adipic acid potentiates glucose-stimulated insulin
secretion in INS-1 cells, with a trend towards increased basal insulin secretion (Figure
34).

Liver-derived dicarboxylic acids can enter the mitochondria via a CPT-
independent pathway, and if delivered to the islet these metabolites could therefore
potentially enter the mitochondria and contribute to anaplerosis [111]. Insulin
secretagogues are thought to act via conversion to TCA cycle intermediates, which alter
the ATP:ADP ratio through the oxidative pathway. However, there is emerging evidence
that extramitochondrial TCA intermediates, which are generated by pyruvate cycling
pathways, also have a key signaling role [6,107,108,129,132,239,240] To characterize the
signaling role of dicarboxylic fatty acids derivatives we investigated the secretagogue
potential of a non-metabolizable dicarboxylic acid, diethyl-3,4-pyridinedicarboxylate
(DEPDC) (Figure 35a).

DEPDC is unable to enhance basal insulin secretion, but potentiates glucose-
stimulated insulin secretion in a dose-dependent manner in both INS-1 cells and primary

rat islets. We show that ImM DEPDC enhances insulin secretion by nearly five-fold
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compared at 15mM glucose (Figure 35b,c). We subsequently tested whether DEPDC was
dependent on stimulatory glucose for its effect, or if it could potentiate the effects of
other metabolic fuels. Our data reveals that DEPDC can potentiate insulin secretion
initiated by a-ketoglutarate, and a-ketoisocaproate (KIC) at basal glucose (Figure 36a,b),
but not that of dimethyl-malate, which has no secretory capacity at basal glucose (Figure
36¢). DEPDC potentiates insulin secretion initiated by depolarizing KCl, even in the
absence of glucose (Figure 37a,b), as well as insulin secretion induced by calcium
ionophore ionomycin (not shown). We find also that DEPDC requires extracellular
calcium entry, as blocking L-type calcium channels with verapamil, abolished DEPDC

action even in the presence of high KCI (Figure 37c¢).

Dicarboxylic acids may act as signaling molecules in insulin secretion

Our data thus far indicates that DEPDC may act downstream of calcium entry to
amplify insulin secretion initiated by other secretagogues. Extracellular calcium entry is
required for DEPDC secretory action, and we therefore considered calcium-dependent
processes on which this compound could act. There are several intracellular calcium
stores in the B-cell including the acidic vesicles and the ER, and these stores have been
shown to alter insulin secretion. Release of calcium from these stores is a calcium-
dependent process requiring second messengers cyclic ADP-ribose (cADPR) [246-

249]and nicotinic acid adenine dinucleotide phosphate (NAADP) [250-254]. The
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structural similarity of DEPDC and these second messengers led us to consider that
DEPDC enhances calcium mobilization in the islet.

Preliminary data shows that DEPDC enhances calcium mobilization in INS-1
cells compared to a stimulatory concentration of glucose by altering the kinetics, but not
the magnitude of the response. Thus, we observe a much more immediate influx of
calcium when DEPDC is applied, but at later time points, cells treated with glucose alone
attain the same amplitude of calcium flux as those treated with glucose and DEPDC

(Figure 38).

5.4 Discussion

The causal factors driving progression from metabolic dysregulation to frank
diabetes are numerous. No one tissue is responsible for diabetes pathogenesis; rather it is
communication between organs that contributes to disease progression. Obesity and diet-
induced changes in plasma nutrients cause hepatic insulin resistance and transcriptional
changes which disturb key metabolic processes. Since the liver is responsible for
regulating whole body energy homeostasis, such alterations can have drastic effects on
downstream tissues[226]. The clinical hallmark of type 2 diabetes is elevated fasting and
postprandial plasma glucose, indicating both increased hepatic glucose output and

inadequate insulin secretion from the B-cell. To effectively treat diabetes, a better
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understanding of pathways that facilitate communication between such organs will be
required.

While we have evidence that metabolic pathways are altered in primary tissues at
the transcriptional level, messenger RNA can only mediate its effects within the tissue
where it is expressed. It is the products of such altered biochemical pathways that have
the potential to link changes in one tissue with another. A well-characterized example of
such mediators are adipokines, which signal changes in the adipose energy status to other
organs that control whole body metabolism[7]. Tissue metabolites also have the potential
to serve as such interorgan mediators, and represent the biological output of
environmental, genetic, nutrient, and hormonal influences on a tissue. We therefore
focused our attention on changes in specific liver metabolites occurring in response to
obesity and development of diabetes in mice, and tested the idea that these metabolites
could alter islet function.

We performed microarray analysis of mRNA expression profiles and
comprehensive MS-based metabolic analysis in livers from two mouse strains that differ
in their susceptibility to disease. In our time-course analysis summarized in this chapter,
we were able to assess transcripts and metabolites from 4-week “pre-diabetic” and 10-
week “diabetic” lean and obese mice from both strains. Our data reveals that the BTBR
strain has decreased hepatic expression of enzymes required to catabolize certain acyl-

carnitines (Mcccl, Ivd, Hlcs). These defects result in elevated concentrations of several
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odd-numbered, short-chain acyl-carnitines (C5s, C5:1, and C3) specifically in the
BTBR”® compared to the B6°”* at 10 weeks of age.

Our data also indicates that at the transcriptional level, the BTBR strain
experiences hepatic fatty acid overload that exceeds the mitochondrial capacity for
oxidation, possibly causing diversion of excess lipids towards m-oxidation and
subsequent peroxisomal B-oxidation pathways. The key transcriptional mediator of these
pathways, Ppara, is downregulated with obesity in the B6 strain at 4 and 10 weeks; yet in
the BTBR strain, this transcript is either unchanged or increases in the obese state.
Expression of several Ppar target genes are upregulated in the BTBR strain, including
Cyp4al0, Cypdald, and Acot8. These cytochrome P450 isoforms catalyze the first step of
w-oxidation, and the increase seen in the BTBR diabetes-susceptible strain is consistent
with other studies finding an induction of the CYP4A family in diabetic states[255].
Acot8 redirects dicarboxylic acids away from oxidation to succinate, and thus medium-
chain dicarboxylates are released from the peroxisome prior to complete catabolism. The
strain-specific differences in the medium-chain dicarboxylic acids glutaryl carnitine,
adipolyl carnitine, hexenedioyl carnitine, and octenedioyl carnitine correlate with
anticipated changes in metabolic byproducts. Importantly, our analysis reveals that the
five-carbon and six-carbon dicarboxylate acyl-carnitines may be considered “causal” for
diabetes development.

To characterize the liver/islet communication, we show that adipic acid (a six-

carbon dicarboxylic acid) potentiates glucose-stimulated insulin secretion in a dose
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dependent manner in 832/3 INS-1 cells, which is consistent with the potentiating effect of
non-esterified fatty acids on insulin secretion[256]. Our data also indicates that
dicarboxylic acids have a trend to elevate basal insulin secretion suggests that they can be
metabolized by the islet and participate in anaplerosis. This has been seen for other
nutrient secretagogues such as a-ketoisocaproate, which alters basal insulin secretion via
conversion to a-ketoglutarate [232]. It is known that in the hepatic peroxisome medium-
chain dicarboxylates may be completely metabolized to succinate [113], and it is
plausible that dicarboxylic acids are metabolized in the islet to contribute the pool of
TCA cycle intermediates, pyruvate cycling, and secretory signals.

Non-glucose fuel secretagogues are thought to alter insulin secretion in part by
anaplerosis, but there is evidence that these intermediates may also serve as signaling
molecules to promote insulin secretion independent of their metabolism[257]. Export of
TCA cycle intermediates and derivatives from the mitochondria provides the cytosol with
dicarboxylic acids (citrate, malate, isocitrate, glutamate) [129,239,257,258]. It has been
shown that as signaling molecules, these metabolites affect the amplifying pathway of
insulin secretion independent of ATP by acting via unidentified extramitochondrial
pathways that may alter exocytosis machinery[239,258]. To characterize the signaling
role of liver derived medium-chain dicarboxylates, we studied the secretory potential of a
non-metabolizable dicarboxylic acid, diethyl-3,4-pyridinedicarboxylate.

DEPDC enhances glucose-stimulated insulin secretion in 832/3 INS-1 insulinoma

cells by five-fold compared to stimulatory glucose alone; this strong potentiating effect is

134



also seen in primary rat islets. We find that while DEPDC is unable to stimulate basal
insulin secretion, it can potentiate insulin secretion from non-glucose secretagogues
including a-ketoglutarate and a- ketoisocaproate, and also non-fuel secretagogues KCl (a
depolarizing agent) and ionomycin (cell membrane calcium ionophore). This data
indicates that the site of action of DEPDC may be downstream of the triggering pathway
of insulin secretion and is dependent on extracellular calcium entry.

DEPDC is structurally similar to nicotinic acid, a moiety found on second
messengers NAADP and cADPR which act in calcium-dependent signaling pathways.
NAADP and cADPR are involved in the calcium-dependent calcium release from
intracellular stores in the lysosome and ER, respectively [259,260], and we investigated
whether DEPDC could alter calcium flux in INS-1 cells. We show in two independent
experiments that, while DEPDC does not increase the amplitude of calcium flux in
response to glucose, it does hasten the intracellular calcium increase. Several studies have
shown that the intracellular calcium stores play a role in B-cell insulin secretion.
Mechanisms by which the increased cytoplasmic calcium contributes to secretion include
contributing to membrane depolarization and thus enhancing extracellular calcium entry,
or by acting directly on the exocytosis machinery[261].

While the direct target of DEPDC remains to be characterized, our results show
that dicarboxylic acids can serve as signaling molecules and alter islet insulin secretion.
We hypothesize that upon release from the liver, these dicarboxylates serve to stimulate

islet insulin secretion to handle acute nutrient excess. However, similar to the effects of
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chronic elevated non-esterified fatty acids, it is possible that these dicarboxylates cause
overstimulation of islets and eventual development of dysfunction, causing -cell
decompensation and resulting hyperglycemia.

The glucolipotoxicity model of B-cell dysfunction states that islet functional
impairment results from free fatty acid excess in the presence of stimulatory levels of
glucose[262,263]; this concept is important in our mouse model system where only the
10-week-old BTBR™®® mouse is hyperglycemic. Our in vivo data indicates that in the
obese state, the B6 animal has a decrease in liver medium-chain dicarboxylate
production. In contrast, the BTBR strain lacks this downregulation, and in some cases has
elevated hepatic dicarboxylate levels in response to obesity. In a model consistent with
the glucolipotoxicity concept, we propose that the presence of medium-chain
dicarboxylates in the hyperglycemic 10-week-old BTBR®® mouse contributes to islet
dysfunction and diabetes progression, whereas the B6 mouse decreases production of
hepatic dicarboxylates to preserve an appropriate glucose-stimulated insulin secretion

responses.
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Figure 32. Liver monocarboxylic fatty acid oxidation differs by strain.

A. Intensity 2 values (arbitrary units) of specific liver transcripts of mitochondrial (3-
oxidation as measured by microarray. B. Liver monocarboxylic acyl-carnitine derivatives
(nmol/100mg liver tissue). Open (lean) and closed (ob/ob) circles represent each of the
five individual male mice in each subset. Horizontal bars show mean values for each

group.
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Figure 33. Strain differences in hepatic microsomal and peroxisomal oxidation

A. Intensity 2 values (arbitrary units) of liver transcripts of w-oxidation and peroxisomal
B-oxidation, measured by microarray. B. Liver dicarboxylic acyl-carnitine derivatives
(nmol/100mg liver tissue). Open (lean) and closed (ob/ob) circles represent each of the
five individual male mice. Horizontal bars show mean values for each group.
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Figure 34. Adipic acid alters insulin secretion in INS-1 cell line.

The 832/3 INS-1 insulinoma cell line was treated with indicated amounts of adipic acid at
basal glucose (2.5mM, white bars), or stimulatory glucose (15mM, black bars) . Analysis
compared the effect of adipic acid relative to no treatment at the corresponding glucose
concentration (*p<0.05, **p<0.01) (n=3).
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Figure 35. Diethyl-3,4-pyridinedicarboxylate (DEPDC) enhances glucose
stimulated insulin secretion.

DEPDC (A) was added at indicated concentration to either 832/3 INS-1 insulinoma cell
lines (B) (n=3) or primary rat islets (C) (n=3) at basal (white bars) or stimulatory (black
bars) glucose concentrations. Statistical analysis compared the effect of adipic acid
relative to no treatment at the corresponding glucose concentration (*p<0.05, **p<0.01).
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Figure 36. DEPDC enhances insulin secretion from non-glucose secretagogues.

832/3 INS-1 cells treated with a-ketoglutarate (A), a-ketoisocaproate (B), and dimethyl-
malate (C) +/- ImM DEPDC in 2.5mM or 15mM glucose. Effects of aKG, KIC, DMM
are relative to the untreated cells (*p<0.05, **p<0.01) at corresponding glucose level.
DEPDC effect (blue bars) determined vs. identical conditions without DEPDC (§p<0.05,
§8§p<0.01, §§§p<0.001). D: DEPDC, LG: 2.5mM glucose, HG: 15mM glucose (n=3).
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Figure 37. DEPDC and calcium-induced insulin secretion

832/3 INS-1 cells treated with KC1 +/- ImM DEPDC in 2.5mM or 15mM glucose (A) or
OmM glucose (B), and +/- 50uM verapamil (C). Analysis compared the effects of KCl
relative to untreated (*p<0.05, **p<0.01 vs. corresponding glucose level). DEPDC effect
(blue bars) determined vs. identical conditions without DEPDC (§p<0.05, §§p<0.01,
§§§p<0.001) D: DEPDC, LG: low glucose, HG: high glucose, NG: no glucose. (n=3)

142



2.5+

B 25mM glucose
A 25mM glucose + 1TmM DEPDC

o

KCl Quench

2.0+

340/380 ratio

0-0 ] ] ] ] ] ] ] ] |
0 50 100 150 200 250 300 350 400 450

time (s) after treatment

Figure 38. DEPDC alters calcium flux dynamics in INS-1 cells.

832/3 INS-1 cells were treated with 25mM glucose (black) or 25mM glucose with 1mM
DEPDC (blue) (n=2). Depicted is a representative image of calcium mobilization in
response to treatments. The x-axis shows the time (in seconds) relative to the
administration of the treatment. The reaction was quenched with 30mM KCl as a positive

control.
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6. Future Directions and Concluding Remarks

Type 2 diabetes now affects more than 200 million people worldwide, and nearly
one third of these individuals are undiagnosed. Type 2 diabetes is often preceded by a
“metabolic syndrome,” which is characterized by insulin resistance and impaired glucose
tolerance, yet is a potentially reversible metabolic state. Although the metabolic
syndrome is clinically silent, it is associated with increased risk for cardiovascular
disease and by the time of diabetes diagnosis, a significant fraction of patients exhibit
both microvascular and macrovascular complications [264]. As metabolic syndrome
progresses to type 2 diabetes, hyperglycemia exacerbates the already compromised
vascular system, increasing the potential for life-threatening cardiovascular events. Given
that diabetes comorbidities are often established during the preceding metabolic
syndrome, therapeutic intervention prior to islet dysfunction and hyperglycemia is
essential [265].

Current management of hyperglycemia and insulin resistance involves a stepwise
approach of diet and exercise modifications followed by pharmaceutical intervention.
There are several classes of medications designed to reduce fasting blood glucose and
HBAc, and each drug class targets a specific dysregulated process [264]. The most
common initial drug of choice is metformin which activates AMPK and inhibits hepatic
glucose output. Additional drug classes include the sulfonylurea compounds which

increase insulin secretion, the thiazolidinediones (PPAR activators) that increase insulin
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sensitivity, and a-glucosidase inhibitors which block the digestion and absorption of
starch and other glucose-containing polymers in food[266,267]. While these medications
have been shown to improve glycemic index nearly two times more effectively than diet
and exercise alone, the side effects are numerous. Metformin, often the initial drug of
choice, can cause fatal lactic acidosis in patients with kidney disease[268]. The
sulfonylurea compounds can cause hypoglycemia, which is not only dangerous, but also
increases appetite and weight gain, counterproductive in a disease where obesity is
causal. In 2007, the FDA issued a safety alert on GlaxoSmithKline’s Avandia
(rosiglitazone of the thiazolidinediones) after a study showing a nearly seven-fold
increase in heart failure in patients treated for three years [264,268-272].

One of the major challenges in treating type 2 diabetes is that side effects of
hyperglycemia range from kidney disease to gallstones to sleep apnea, and monotherapy
is often ineffective [268,269]. The likelihood of single-therapy failure is proportional to
elevated baseline obesity (BMI, waist circumference), elevated initial fasting plasma
glucose and plasma triglyceride values, and younger age at time of diabetes diagnosis
[266]. In isolation, metformin, sulfonylurea compounds, and thiazolinediones have a
failure rate of 20-30% at five years, and at nine years, less than 25% of patients achieve
their target fasting blood glucose or HbAlc [266,267,270]. Insulin injections have been
shown to improve glycemic index when added in combination with oral drugs. Incretin
mimetics (DPP4 inhibitor sitaliptin; GLP1 analog exenatide; amylin analog pramlintide)

have recently gained interest as diabetes therapeutics. These newer peptide analogs do
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not cause hypoglycemia and have the potential to aid in weight loss, however they are
very costly[266,267,270].

Despite the shortcomings of current pharmacological intervention, the need for
timely management of blood sugar in diabetic patients is clear. Hyperglycemia has
predictable toxic effects on multiple organs, and the duration of unmanaged blood
glucose is positively correlated with the risk for vascular-related adverse events
[273,274]. As diabetes progresses, the number of organ systems disturbed by
hyperglycemia increases, as does the number medications required to treat all symptoms
of disease. However, if we can establish how metabolic syndrome progresses to diabetes,
this may provide opportunities to identify the early pathogenic processes that affect
multiple tissues. In identifying upstream drug targets in tissues causal for whole body
metabolic dysregulation, we will aid in development of monotherapy that may be

effective in a broader patient population, and can intervene prior to frank diabetes.

6.1 Intrahepatic Studies

In vitro Mechanistic Studies

In states of hepatic insulin resistance caused by obesity-related overnutrition, liver
gluconeogenic and lipid oxidation pathways are dysregulated, leading to increased
plasma glucose and exacerbation of already elevated plasma free fatty acids. In the

insulin resistant state, the liver is unable to perform its role in organizing whole body fuel
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metabolism. The liver is a critical driver for metabolic dysregulation in diabetes
development[7,226,234], and many drugs (including metformin and PPAR agonists) have
been designed to correct hepatic processes that are dysfunctional [264,269,271,275-279].
These drug classes, however, are not effective in all diabetic individuals, which could
indicate the presence of unidentified pathways that contribute to liver malfunction.

Hepatic glucose output is not only a major contributor to overall hyperglycemia,
but is also used as a marker of disease progression and severity[24,224,228]. Our F2
study revealed a pathway by which glutamine can regulate expression of
Phosphoenolpyruvate carboxykinase (Pckl), a key gluconeogenic enzyme, in isolated
hepatocytes[ 104]. While we have gained insights into what glutamine-derived
metabolites may be mediating the Pckl response, we would like to extend these studies to
understand how several metabolic pathways are coordinated by individual, or groups of,
regulatory analytes.

Our in vitro hepatocyte experiments reveal that glutamine not only alters
gluconeogenic pathways via Pck1, but also induces expression of Argl and Assl acting in
the urea cycle. We also show that glutamine increases hepatic levels of ornithine and
decreases hepatic citrulline, consistent with the changes in Argl and Ass1 mRNA,
respectively (Chapters 3 and 4). It is interesting to note that amino acids involved in the
urea cycle (asx, glx, ornithine, arginine) are among the subset of the highly correlated
amino acid group that uniquely map to a region of chromosome 7 [104], colocalizing

with the eQTL of Pckl and urea cycle enzymes Argininosuccinate lyase (Asl), Arginase 1
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(Argl), Carbamoyl-phosphate synthetase 1 (Cpsl), and Argininosuccinate synthetase 1
(Assl) mRNA (Figure 39). Of potential interest, also located in this broad region of
chromosome 7 is transcription factor CCAAT enhancer binding protein o (C/EBPa). The
Cebpa’ mouse shows reduced transcription of all enzymes of the urea cycle except for
Ornithine transcarbamylase (Otc), which does not map to this region in our F2
population (Figure 40). Additionally, this mouse displays hypoglycemia, presumably
from reduced Pckl and G6pc expression[280]. While gene mapping does not provide the
level of resolution necessary to identify individual genes, it does provide us with a list of
candidate genes, such as C/EBPa, for further testing.

We have begun to explore our C/EBPa hypothesis and find that glutamine does
not alter expression of Cebpa mRNA (data not shown). However, given that
transcription factors are altered via post-translational modifications, glutamine could
modify C/EBPa activity to mediate these changes in gene expression. One way to test
this is via a C/EBP reporter assay in which a C/EBP responsive luciferase construct is
transfected into isolated hepatocytes receiving control media or 10mM glutamine, and the
reporter plasmid containing the C/EBP binding site will provide luciferase readouts. One
of the drawbacks of this type of assay is that the glutamine effect on Pckl expression is
time limited; after 24 hours, the hepatocytes no longer show the glutamine-induced
elevation. It will therefore be critical to transfect the plasmid in the presence of the

glutamine treatment, and to interpret results anticipating submaximal luciferase readouts.
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The C/EBPa hypothesis just described illustrates one way to use gene mapping
(eQTL and mQTL) to identify transcription factors that may orchestrate entire pathways
driven by a single metabolite. We would also like to identify novel transcription factors
and regulatory mechanisms that mediate metabolite-induced gene expression. One means
by which this can be done is chromatin immunoprecipitation-on-chip (ChIP-on-chip)
assays, which allows us to investigate group of genes and identify DNA sequences
occupied by specific binding proteins in response to treatment. The majority of these
DNA binding proteins will be those involved in chromatin remodeling such as
transcription factors, replication machinery, and histone modifying proteins. The ultimate
goal of the ChIP-on-chip method is to localize protein binding sites in order to identify
functional elements in the genome or a group of genes [170,281].

To apply this technology to our system, we first design a chip containing genes
most highly correlated to and sharing QTL with a metabolite of interest. We can then
compare metabolite treatment induced specific common modifications in this group of
genes [281]. We can ask whether a transcription factor (C/EBPa in the case of glutamine)
is involved, but this analysis is not restricted to a pre-identified candidate protein such a
known transcription factor. This technique allows us to test for the presence of RNA
polymerase II binding (transcription initiation complex), phosphorylated RNA
polymerase II (active transcription), and epigenetic factors; we are thus not limited to
utilizing antibodies directed at known transcription factors such as C/EBPa. We can

assess whether two genes that are altered by a metabolite also have similar modifications
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in their promoter regions. From this data we can hypothesize and test likely effectors are
responsible for the intermediate step between metabolite and transcription. For example,
our F2 data indicates that Argl, Pckl, and Ass1 co-map and are transcriptionally induced
by glutamine. If we show by ChIP-on-chip analysis that glutamine-treatment alters the
acetylation status of the promoter region, we can hypothesize that a the glutamine
mechanism may involve histone deacetylase or related enzyme.

A major advantage of ChIP-on-chip analysis is that we can develop the molecular
pathway upstream of gene transcription to identify therapeutic targets in steps prior to
protein production and enzymatic reactions. Many of the current drugs that target hepatic
glucose production are aimed at reducing the activities of gluconeogenic enzymes
including Glucose-6-phosphatase and Fructose 1,6-bisphosphatase[275,279,282], yet
targeting specific enzymes may be too narrow of an approach to treat dysregulated
glucose metabolism. With this ChIP-on-chip technology, we can examine entire
metabolic pathways that are altered transcriptionally by a given metabolite(s), and can
include genes of different pathways such as lipid oxidation and gluconeogenesis, to see if
distinct metabolic processes are coordinated by a common upstream process. We can
reveal not only cooperative regulation between pathways, but can also uncover the
mechanism by which these pathways are co-regulated. This allows for identification of
therapeutic targets very upstream of individual enzymes, and development of such drugs

will limit the need for combination therapy.
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Another benefit of ChIP-on-chip technology is that our analysis is not limited to
the proximal promoter region of the genes of interest. For decades, traditional assays for
measuring transcriptional activity included generating plasmids containing the proximal
promoter of a gene of interest and tagging it with a reporter gene. The drawback of such a
method is that it only allowed for a few kilobases of DNA to be assessed due to plasmid
construction and subsequent transfection. It is becoming increasingly apparent that there
are regulatory regions both significantly upstream and downstream of the promoter start
site [282]. The chip analysis allows us to look at entire genes to define unique sequences
in exons, UTRs, and distal promoters that alter regulation. Identifying these regions in
multiple genes that control relevant metabolic pathways could provide insights into new

therapeutic targets.

In vivo Significance of Hepatocyte Discoveries

Glutamine regulation of gluconeogenesis in Vitro is a novel and exciting
mechanism by which amino acids could alter hepatic metabolism. Glutamine is the most
abundant amino acid in the plasma, and in states of catabolism, including starvation and
diabetes, muscle protein breakdown delivers amino acids in the form of glutamine and
alanine to the liver for glucose production. Hence, plasma glutamine is similar to the free
fatty acids in that both are metabolites that reflect of altered nutritional status and have

the ability to transcriptionally regulate liver metabolism.
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Our hepatocyte experiments have only started to uncover the molecular
mechanism of metabolite-induced transcription. A longer-term goal will be to
characterize the biological effects of glutamine in vivo and to describe how this single
amino acid may contribute to diabetes clinical traits (in this case, hepatic glucose output
manifesting in hyperglycemia). We show in the time course data that often the stress of
obesity is required to reveal strain-specific differences between the B6 and the BTBR
metabolite and gene expression profiles. It is therefore more probable that obesity
aggravates the genetic predisposition in the BTBR and it is only when environmental and
genetic factors combine that we see hyperglycemia.

The extension of our glutamine studies must consider both the lean and obese
states of both strains. The time course data shows an obesity-dependent decrease in
glutamine and glutamate in both strains at 10 weeks, but that a-ketoglutarate is increased
in the livers of the BTBR. We hypothesize that this increased level of a-ketoglutarate
prevents the BTBR from detecting relative glx depletion the obese state, and thus Pckl
expression is not downregulated in the BTBR®® mice. We did not see a strain-specific
difference in the lean hepatocyte Pckl response to 10mM glutamine and this could be
because it was not confounded by obesity; for example, counter-regulatory mechanisms
to prevent Pckl may remain intact in the B6 animal when made obese but are
dysfunctional in the BTBR®® mice.

We can administer metabolites to lean and obese mice via tail vein injection,

intraperitoneal injection, or oral gavage and measure hepatic gene expression in the
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context of other physiological changes that come with obesity (hypertriglyceridemia,
hyperglycemia in the BTBR, etc). In these animals receiving metabolites, we can also
measure hepatic glucose output and hepatic insulin sensitivity via hyperinsulinemic
euglycemic clamp to see if individual analytes can change liver physiology as a whole.
In these in vivo studies, we would like to not only verify that both 10-week-old
lean B6 and BTBR mice recapitulate our in vitro glutamine induction of Pck1, but also
test our hypothesis that increased levels of hepatic glutamine and a-ketoglutarate in an
obese background promotes gluconeogenesis and hepatic glucose output. To determine
whether glutamine is sufficient to regulate Pckl, we can administer glutamine to the
obese B6 and BTBR mice at 4 and 10 weeks of age to elevate hepatic levels of glx to that
of their lean counterparts. If glutamine is sufficient, then maintaining elevated glx should
maintain Pckl expression at the level seen in the lean animals. To determine whether
increased o-ketoglutarate is sufficient override glx regulation and prevent the obesity-
dependent decrease in Pckl mRNA, we can administer a-ketoglutarate to the diabetes-

resistant B6°”/P

animals at 4 and 10 weeks of age.

Our in vitro data suggests that enhancing glutamine metabolism by BCH
potentiates the glutamine-induction of Pckl, and that a-ketoglutarate is a key mediator.
We would like to test whether hyperglycemia in the 10-week-old BTBR®”® mice can be
prevented by knockdown of Glutamate dehydrogenase either by adenovirus-mediated

delivery of Glud1shRNA or by conditional gene knock-out in transgenic mice. It would also

be instructive to determine if progression to hyperglycemia occurs in the 4-week-old
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BTBR*" mice if we elevate certain hepatic metabolites or express a constitutively active
(GTP-inhibition insensitive) Glud1 enzyme.

This glutamine study has only scratched the surface of identifying metabolite
regulators of transcription. Our laboratory and others have shown that in the “pre-
diabetic” state, obese subjects display unique hepatic and plasma metabolic profiles. We

show in our time course study that at 4 weeks, the BTBR®

animal, which will become
diabetic, has an elevation in several hepatic amino acids (alanine), organic acids (a-
ketoglutarate and pyruvate) and acyl-carnitine derivatives (isovaleryl, 3-methylbutyryl, 2-

6°°°° animal. The

methylbutyryl, and tiglyl carnitine) relative to the 4-week-old B
STEDMAN study, involving comprehensive metabolic profiling of obese and insulin
resistant, but non-diabetic humans revealed significant increases in eight of 15 amino
acids surveyed, as well as select short-and medium-chain acyl-carnitines compared to
lean controls [59]. The aforementioned techniques can easily be applied to other

metabolites or groups of metabolites to identify novel mediators of transcriptional and

physiological changes.

6.2 Interorgan Studies

Broad Application of Causal Network Construction

Studying the F2 liver in isolation has been enlightening, but we recognize that

liver reacts to peripheral tissues and has effects on other organs, including the pancreatic
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islets. We showed in Chapter 3 and 4 that various metabolites affect hepatic transcription,
yet we understand that the liver is part of a larger, whole-body system. We attempt to
address this by showing that dicarboxylates (potentially liver-derived) can alter insulin
secretion, both by metabolic and more distal mechanisms (Chapter 5).

In Chapters 4 and 5, we discussed a time course study and focused on liver
metabolite levels and hepatic expression data. In that study, the islet, gastrocnemius,
soleus, hypothalamus, and adipose were analyzed by microarray as well, generating
unique profiles for each gene depending on the strain (B6 vs. BTBR), age (4 week vs. 10
week), and physiological state (lean vs. obese). Our laboratory has attempted to
characterize the interorgan communication of diabetes by defining modules of transcripts
with “like expression profiles” across all six tissues [216]. This analysis initially looked
at tissues independently and categorized the transcript into one of 15 patterns based on
strain-dependent, age-dependent, and/or obesity-dependent changes in expression. This
approach allowed for identification of primary and secondary drivers of changes in gene
expression in the various tissues profiled. For example, a gene module that shows an
elevation in the 4-week-old BTBR®® but not the 4-week-old B6°”®" is considered to be
causal since it was differentially expressed in the “pre-diabetic” state; a module that only
is elevated in the diseased 10 week BTBR®®is considered to be a result of diabetes. We
also identified modules that show a strict age-effect or obesity-effect.

Transcripts of similar pattern were grouped into modules for each tissue and a

first principal component was identified for each module. The first principal component
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of each module was then correlated to that of the other modules not only within the same
tissue, but also between tissues (Figure 41). These modules gain physiological relevance
when showing a correlation to physiological traits such as plasma insulin or fasting
glucose (Figure 42).

The above approach has demonstrated that there is high correlation between
transcript groups of different tissues, suggesting interorgan communication. It has not,
however, allowed us to infer causality between modules within or between tissues. As we
described in Chapter 2, to define a causal relationship between two correlated
phenotypes, we need a variable uniquely affecting one phenotype to infer direction. Our
method for building a QTL-directed dependency graph (QDG) describes using a genetic
locus as this variable, but this variable could be other covariates as well. We validated
this methodology in a small F2 population in Chapter 3, and have now expanded on our
initial F2 study. We currently have gene expression data from a much larger F2
population from tissues that were analyzed in the time course study (liver, islet,
hypothalamus, adipose). By using the methods developed in Chapter 2 and 3, we are
currently generating more complex tissue mega-networks by including up to a thousand
transcripts. One organ will have several of these mega-networks, each mega-network
consisting of several thousand transcripts.

These mega-networks within a single organ will be characterized by a principal
component, similar to what was done in the time course study. Now, however, because

we have QTL data, we can define causality between correlated networks. The causal
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relationship between mega-networks is not confined to one organ, and therefore one can
demonstrate the causal role that a mega-network in the liver has on a mega-network in
the islet. When characterizing interorgan communication, it is essential to include tissue
metabolite measurements with expression data, since it is the chemical changes induced
by the transcriptional changes, not the mRNA itself that physically bridges the gap
between the tissues. Metabolites generated in an individual organ can be transported in
the plasma, and thus serve as the mobile mediator of communication between the tissues.
We have demonstrated in Chapter 3 that metabolites are a powerful complement to gene
expression data when investigating the pathway from genotype to phenotype in a single
organ. In our in vitro experiments, we have shown that amino acids can alter gene
expression, thus adding this class of analytes to a growing list of metabolite signaling
molecules [161-163]. Just as was done for the liver in Chapter 3, one can use mQTL and
eQTL of individual tissues to construct causal networks within each tissue.

To truly understand interorgan communication, it is essential to construct a
plasma network. Using QTL data, we will then be able to draw a causal arrow from a
primary tissue network to the plasma network to a reactive tissue network. Plasma
metabolite data will be of great importance to elucidate interorgan communication, but
other secreted factors should be considered in building this soluble network. We have
measured approximately 50 plasma proteins including growth factors (FGF, EGF, growth
hormone) and inflammatory mediators (IL6, INFy). Cytokines, whether derived from

adipose tissue or peripheral blood cells, act through inflammatory signaling pathways and
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alter intermediates of the insulin signaling cascade. Additionally the cytokines are causal
for the cardiovascular consequences of obesity and insulin resistance[283-285]. Adipose
tissue also secretes several adipokines that alter function of peripheral tissues:
adiponectin increases insulin sensitivity, reduces hepatic glucose output, and is inversely
related to diabetes risk; leptin decreases appetite and increases energy expenditure[286-
288]. We also can include blood glucose, insulin, and plasma triglycerides as phenotypes
within this plasma network, just as they were included in correlation analysis in the time
course study.

In identifying the role of plasma intermediates in whole body networks we not
only can understand interorgan communication in a systemic disease, but we also may
identify specific, accessible biomarkers of diabetes development and improve current
screening procedures. By defining plasma metabolites/factors that cause dysfunction in
“primary” organs (liver or adipose), we can identify those at risk for developing
metabolic syndrome. Plasma free fatty acids, the majority of which are derived from the
diet, are an example of this class of initial causal metabolites, and have led to lifestyle
and pharmacologic interventions in individuals with elevated cholesterol levels.
Additionally, plasma factors may be reflective of organ pathology. By defining agents
that serve as an intermediate between the liver and islet, we can identify those individuals
that have hepatic insulin resistance before 3-cell decompensation occurs. Finally, by

defining plasma metabolites that ultimately result from diabetes, we can use this
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biomarker in place of fasting plasma glucose to monitor disease progression and response

to treatment.

In vivo Investigation of Regulatory Genetic Regions

One of the challenges in the mega-network experiment is identifying “master
regulators” that significantly alter downstream events, whether these regulators are
individual transcripts, metabolites, or entire tissue/plasma networks. In a disease as
complex as diabetes, it is likely that there are several master regulators that act in concert
to cause one to manifest clinical diabetes. It is therefore unrealistic to attempt single
gene/metabolite manipulations in attempts to see whole body physiological changes.
What we can hope to find, however, are genetic regions that control entire networks in
one or several tissues. We can imagine metabolites and transcripts of a given mega-
network having overlapping mQTL and eQTL such that the entire mega-network maps to
a common genetic region(s) (Figure 43a).

We can also imagine that a mega-network in one tissue maps to a similar QTL as
downstream/upstream mega-network in another tissue or in the plasma. From this data,
we can identify causal regions on multiple chromosomes and assess whether interaction
between these various regions is required. If we were to map only gene expression or
only metabolite abundance, we would be left with perhaps hundreds of candidate regions.
While our analysis may still suggest that several regions of the genome containing causal

driving genes, we will be left with fewer false positive regions by virtue of mapping
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entire networks (containing metabolite and expression data) from multiple tissues to these
loci, and thus have more confidence to follow up on these specific QTL.

To explore the contribution of one particular genetic region to these phenotypes—
remembering again that phenotype includes gene expression, metabolite abundance,
clinical traits, and perhaps entire networks—we must analyze this genetic locus in
isolation. Since a congenic mouse has only one region of the genome that differs
genetically from a parent strain, it is a model for such a confirmation study. Consider a
congenic strain containing genetic region derived from B in a genomic background of
strain A. If this congenic strain (with an introgressed region from strain B) recapitulates
the phenotype seen in the homozygous parental strain B, then it suggests that this specific
genetic region contains genes contributing to the phenotype appearance.

While production of congenic strains takes several generations, our laboratory has
already produced congenic strains for chromosomes 2 and 16 with BTBR chromosomal
regions introgressed into the B6 background. The chromosome 2 and 16 congenic strains
contain peak markers for plasma insulin and glucose, respectively, but the regions to
which these diabetes phenotypes map remains broad. With the addition of tissue network
mapping we can gain insight into which smaller genetic regions to focus on for
construction of sub-congenics (Figure 43b). We can measure tissue metabolites and gene
expression and also assess the clinical phenotypes of these congenic strains. Plasma
insulin and glucose levels can be measured, glucose-stimulated insulin secretion assays

can be performed, and insulin sensitivity can be determined via hyperinsulinemic
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euglycemic clamp. To investigate smaller regions of the genetic loci, these congenic mice

are further back-crossed to B6°”°

mice heterozygous to produce sub-congenic strains.

Congenic experiments will most likely confirm that isolated genetic regions do
have an influence on the transcripts, metabolites, clinical traits, and perhaps whole
networks that map to these loci. The difficulty will come in interpreting these results
since it is likely that one genetic region will be necessary but not sufficient to completely
alter the aforementioned measurements. When comparing the phenotypes of any single
congenic strain to the parents, we will probably achieve intermediate values between the
parental strains, indicating that other genetic regions or environmental factors contribute.
A further complexity arises from the fact that the only one-way arrow of causality that
can be drawn from genotype to phenotype (clinical traits, expression, metabolites). While
the co-mapping does generate hypotheses about how genotype could affect pathways
related to clinical traits or how a genetic region regulates two tissue networks, it does not
indicate causality between the phenotypes that map. Additional in vivo or in vitro
experiments are required to test the causal relationship between these two phenotypes as
was done in the glutamine experiment described in Chapters 3 and 4.

While congenic studies do leave questions unanswered, they provide invaluable
information. Congenic strains do not provide the level of resolution to investigate
individual genes within that region, but the technique of overlaying cQTLs, eQTLs, and

mQTLs or entire network QTL from several tissues and plasma gives a region that can

affect multiple aspects of diabetes pathology, and thus contains key targets for therapy.
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The genetic regions that affect phenotype measurements in numerous tissues will not
only be fewer in number across the genome, they should also be narrow with fewer
individual genes to screen. This will hasten identification of targets as this smaller list of
genes is systematically analyzed and also provide candidate regions that affect multiple

organs of diabetes pathophysiology.

6.3 Summary

In conclusion, we began by using metabolic and microarray data in an F20b/eb
population segregating for genotype and diabetes phenotypes to define metabolites and
transcripts that are correlated and share QTL. From this data we constructed a causal
network, providing a data-driven hypothesis about how a metabolite and select transcripts
could be related. We validated this network in an in vitro system, and this served as a
pilot study for generation of more complex hypotheses about groups of metabolites and
entire metabolic pathways. We focused on glutamine and glutamine-derived metabolites
(a-ketoglutarate, glutamate, and alanine) and how these regulate a single transcript, Pck1.

Still to be determined is the more precise mechanism by which a single metabolite
can regulate groups of genes in a single or multiple related pathways and the in vivo
significance of such regulation. New technologies, including, but not limited to the ChIP-
on-chip analysis, will allow us to fill in the gaps of the molecular mechanisms in which

metabolites alter expression of biochemical pathways of an entire organ. We are currently

162



expanding our initial liver studies to the whole body by constructing multi-tissue
networks in attempts to understand interorgan communication in vivo. We have
subsequently tested the in vitro insulin secretory capacity of select liver-derived
metabolites to explore the role metabolites play in this organ cross-talk. By identifying
upstream dysregulated metabolic pathways and causal metabolite mediators we may
pinpoint ways to block the progression of clinically silent metabolic syndrome to frank

type 2 diabetes.
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Figure 39. Expression QTL (eQTL) of urea cycle enzymes in liver tissue.

Liver samples from 500 leptin-deficient F2 mice were analyzed by microarray.
Transcripts of the urea cycle enzymes Arginase 1 (Argl, green), Argininosuccinate lyase
(Asl, purple), Argininosuccinate synthetase 1 (Assl, red), Carbamoyl-phosphate
synthetase 1 (Cpsl, blue) have putative eQTL common with Phosphoenolpyruvate
carboxykinase, cytosolic (Pckl1, pink) mRNA on chromosomes 7 and 17. Ornithine
transcarbamylase (Otc, black) does not map significantly to these regions
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Figure 40. Liver mRNA for urea cycle enzymes in C/EBPa knockout mouse.

Total liver RNAs from wild type (+/4), homozygous (-/-), and heterozygous (+/-)
littermates within 2 hours (newborn) and 5-7 hours after birth were examined for urea

cycle enzymes. Expression data was normalized to Actb. Significant difference from +/-
animals was determined by Student’s t-test (*p<0.05, **p<0.01).
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Figure 41. Gene expression network model shows strain-specific differences between B6 and BTBR mice.

Within each of the six tissues, transcripts displaying “like patterns” of gene expression across the eight subsets of mice were
organized into a modules (colored bricks). A gene-gene network was constructed based on the partial correlation between the
PCI1 of each module. This was done both within and between the six tissues profiled. Inter-tissue edges within the network
are shown as lines connecting the inside modules; intra-tissue edges are depicted as arcs connecting outside modules. Green
indicates a positive partial correlation, red is negative.
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Figure 42. Modules can be correlated with physiological phenotypes.

Within each of the six tissues, transcripts displaying “like patterns” of gene expression across the eight subsets of mice were
organized into a modules (colored bricks). A gene to clinical trait network was constructed for each strain based on the partial
correlation between the module PC1 and either glucose or insulin. Line thickness is proportional to the magnitude of the
partial correlation coefficient. Green indicates positive partial correlation, red is negative.
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Figure 43. Hypothetical co-mapping QTL strategy.

A. Shown is a hypothetical illustration of how cQTL (for example insulin), eQTL and
mQTL for individual or groups of transcripts and metabolites, respectively, could co-
map. B. Schematic of the chromosome 2 congenic strains currently in the Attie lab
(purple=B6; grey=BTBR; green=unknown genotype). The genetic region containing any
one QTL is broad, but the region common to all traits helps to narrow the focus. In this
example, subcongenic strains E3a, E3, E1b, and E1 likely contain a driver candidate gene
affecting gene expression, metabolite abundance, and a clinical phenotype.
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