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CHAPTER |

INTRODUCTION

Impact of Stress on Glucose Homeostasis

Stress has a major impact on whole-body metabokbioh can be characterized
by changes in the body’s ability to control glucod, and protein metabolism. This
stress response consists of hypermetabolism, ardymemic cardiovascular state, and
inflammation (19). Cytokines released during inflaation can affect glucose
metabolism directly or indirectly by augmenting ghuegulatory hormone secretion and
curtailing insulin release (107). Hyperglycemia gi&is as a result of amplified
gluconeogenesis, which is activated due to a magkadtion in the circulating levels of
glucagon, catecholamines, cortisol, and growth looenin combination with increased
insulin resistance despite hyperinsulinemia (99icGse is shunted away from its normal

sites of utilization to sites that assist in ovenaag infection.

In the clinical setting, sepsis is a condition tisatharacterized by a whole-body
inflammatory state and the presence of known opetted infection (19). Severe sepsis
results in ~750,000 affected persons annually inUhéed States and 67% of those
infected require intensive care unit services. tiditon to the cardiovascular and
pulmonary complications a hallmark of critical #ss is dysregulation of glucose
homeostasis even without a previous diagnosis abbedes. Current treatment of the
accompanying hyperglycemia in the ICU involves aggive management of glucose

levels through administration of exogenous ins(li66). Initial studies suggested that
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the aggressive management of hyperglycemia imprawgdomes. However, with this
treatment there runs a risk of inducing hypogly@emvhich can be just as detrimental.
The increase in the incidence of hypoglycemia meaglagn the conflicting outcome
reports in subsequent studies (72, 106). Therefoderstanding the principal mechanism
for the underlying insulin resistance may allow tlevelopment of new tools to control
the hyperglycemia without the confounding effectsirsulin which can lead to an

increased incidence of hypoglycemia.

Previous work in the McGuinness lab utilizing thenscious dog model has
examined the impact of inflammation on glucose hostesis. Hepatic blood flow was
found to be decreased by ~20% in the presence oferated endotoxin (108). The
presence of endotoxin was found to increase theasel of counterregulatory hormones
such as glucagon, cortisol and epinephrine, whictuin lead to an increase in hepatic
gluconeogenic precursors. This led to a signifigaotease in gluconeogenesis and was

accompanied by increased hyperglycemia and hypgimesnia (105).

While the previous work in the lab focused on hamfection impacted hepatic
carbohydrate metabolism, the major focus of myeattasion examines glucose disposal
by the periphery. Specifically, | look to defineetiunderlying mechanisms that lead to
decreased insulin-stimulated muscle glucose uptEkeU) during acute inflammatory
stress. To help understand this problem, | wibtfiook at how glucose homeostasis is
maintained and discuss the major tissues thanamved in this process. | will examine
how physiologic regulators (insulin and exercisayraent and inflammatory stressors

inhibit MGU.



MGU is a three-step process: the delivery of gledmsthe muscle cell, transport
of glucose into the muscle cell, and phosphorytatemd subsequent metabolism of
glucose within the muscle cell (Figure 1.1). Eatbpscan be modulated by both
physiologic and pathophysiologic processes. | wiiimarily focus on which step or
combination of steps are affected by acute inflatonya stress induced by
lipopolysaccharide (LPS) and how LPS limits theligbof insulin to augment MGU.
The following chapters will discuss how the mangtidn of key proteins involved in this
process affect insulin’s ability to increase theoamt of glucose taken up by the muscle
cell in this setting. | have concluded that acutBammatory stress decreases insulin-
stimulated MGU in a manner that is independentedéds in insulin signaling, whidn
vitro data suggest might also explain a decrease itinngation. My data suggest that
defects in glucose delivery secondary to the caedioular response to LPS is a major
contributor to a decrease in insulin stimulated M@Uaddition we found that increasing
muscle glucose transporter (GLUT4) capacity co@dially overcome the impairment in
MGU while increased muscle glucose phosphorylaticapacity (hexokinase 1)
expression had no effect. Interestingly, the béseff GLUT4 may be mediated by an

indirect benefit on cardiovascular function.



Determinants of MGU

Delivery Transport Phosphorylation

Extracellular Membrane Intracellular

glucose 6-
phosphate

glucose

* blood flow « transporter # * hexokinase #

* capillaryrecruitment . transporter activity ’ hCXOki:aSC alizati
compartmentalization

Wassermanetal., 2009

Figure 1.1: Distributed control of muscle glucose uptake. Owetli how the three steps
involved in the process of MGU are coupled to onetlaer and illustrates the factors that

influence each step.

Adapted from: Wasserman, DH (2009) Four Grams ot@e. Am J Physiol Endocrinol
Metab., Jan;296:E11-21.

Glucose Homeostasis Maintenance

Glucose is a major source of energy in the body #sdevels are tightly
regulated. Plasma glucose concentrations are ama@ut despite fluctuations in the
body’'s supply and demand of glucose. During a 24ehod, glucose concentrations

average approximately 90 mg/dl with excursionskout 160 mg/dl after a meal. Mild



hypoglycemia (~60 mg/dl) can develop during prolahgexercise or fasting (63).
Maintenance of euglycemia is very important becaustonged hypo- or hyperglycemia
can have detrimental consequences on the bodye Toer network of organs including

the pancreas, liver, muscle, and brain that hefustain normal blood glucose levels.

Glucose comes from two sources, ingested or pratume the body. The
endogenous source is primarily the liver which gamoduce glucose through the
processes of glycogenolysis, the breakdown of @goo or gluconeogenesis, the
formation of new glucose from other substrates. tMiogested glucose that is not
oxidized is stored as glycogen in the liver and cleysbut it can also be stored as fat in
the setting of caloric excess. Glycogen storesbmabroken down in the liver to offer a
supply of glucose to the brain and other neuralugs that require glucose as the major
oxidizable fuel. On the other hand, muscle glycogerves as a local source of glucose
due to the fact that muscle lacks glucose-6-phdsgbaand therefore is unable to release
free glucose into the circulation. Several sourcegply precursors to support
gluconeogenesis primarily in the liver, but it calso take place in the kidneys after a
prolonged fast (121). The muscle provides lactaimfincompletely oxidized glucose or
from muscle glycogen breakdown and amino acids frooscle proteolysis. Adipose
tissue releases glycerol. Several hormones arelviedaon these processes including
glucagon, which stimulates glucose production, ataaamines, which mobilizes
gluconeogenic precursors from muscle and adipssedias well as stimulates glucose

production, and insulin, which opposes their adi(#v).

Maintenance of plasma glucose levels requiredhanges in the rates of glucose

delivery into the circulation are balanced by paftathanges in glucose removal by

5



peripheral tissues and vice versa. The major tssgesponsible for the removal of
glucose from the systemic circulation are brairletal muscle and liver (80). The liver,
adipose tissue, and muscle are all influenced agrpa glucose and insulin levels. While
the liver and adipose tissue both play a centrig@ mo metabolic homeostasis, skeletal
muscle compromises the bulk of insulin-sensitigsue in the body and therefore plays

an integral role in the maintenance of plasma gadevels (Figure 1.2).

Insulin

Insulin

Glucagon

Figure 1.2: Major organs involved in maintaining glucose hontasis.

The Liver's Role in Maintaining Glucose Homeostasis

The liver is unique in the fact that it is the omygan that is capable of both

producing and consuming substantial amounts ofogleic During the fasted state a



continuous supply of glucose is essential for geitiasues, such as the brain, to function
properly. The production of glucose by the liver hgghly responsive to hormone
secretions from the pancreas. Falling blood gludesgels leads to a decrease in insulin
and an increase in glucagon release from the pasic€ucagon leads to an increase in
cAMP levels, which is critical to the production giuicose. Hepatic glucose production
on a minute to minute basis is primarily controldthe stimulatory effects of glucagon
and inhibitory effects of insulin (16, 97). Glucagstimulates the mobilization of
glycogen stores in a process known as glycogemly§his occurs through the
stimulation of the enzyme glycogen phosphorylasechvinitiates the breakdown of
glycogen to become free glucose. This process eah o increases in glucose output

within minutes.

However, during an extended fast, glycogen stores depleted and
gluconeogenesis becomes the primary source of ggufar the body. Gluconeogenesis,
which is the metabolic pathway that results in femeration of glucose from non-
carbohydrate carbon sources, is also stimulateglugagon. Gluconeogenesis occurs if
there is adequate delivery of precursor substratieh as lactate, glycerol, and alanine,
which are by-products of carbohydrate, fat, andgimometabolism, respectively to the
liver. Through a series of reactions these sulestrate converted to glucose. A portion of

this glucose will be delivered to the bloodstreanpiiovide energy to peripheral tissues.

During the fed state glucose enters the body asdakaess to the liver via the
portal vein. This leads to an increase in both gbecand insulin levels which act to
suppress glucose output and stimulate glucose @akhe liver. Insulin can act directly

and indirectly on the liver to modulate the hepatitput of glucose. Indirectly insulin



has the ability to decrease hepatic glucose pramubly inhibiting glucagon secretion by
the pancreas, reducing free fatty acid levels dodogeogenic precursors, and causing
changes in neural signaling relayed to the livaesulin acts directly on the liver by
binding to hepatic insulin receptors and activatingulin-signaling pathways (52).
Chronically, insulin modulates the gene expressibkey enzymes of gluconeogenesis
(118). Once in the liver glucose can be incorparateo glycogen or be utilized for
glycolysis. Through a sequence of enzymatic eveysplysis leads to the production of
lactate and pyruvate. On a minute to minute bassthe direct rather than the indirect
effects of insulin that play a dominant role in thegulation of hepatic glucose
production. In the case of endogenous insulin siecreéhe direct actions of insulin are
responsible for 60-85% of the hormones inhibitdifee on the liver with the remainder

being due to its indirect actions on muscle, fat the alpha cell (28).

Glucose has the ability to autoregulate its pradacand uptake by the liver,
independent of changes in insulin and glucagon. (8&)ile insulin has the ability to
stimulate glucose uptake by the liver, physiologibgperinsulinemia by itself is
relatively ineffective in promoting net hepatic ghse uptake. At basal levels of insulin
and glucagon, hyperglycemia results in a modegpreggion of glucose release from the
liver and supraphysiological hyperglycemia is regdito achieve substantial hepatic
glucose uptake (17, 122). However when hyperglyaeisiicombined with an elevated
insulin concentration the liver can be a significaansumer of glucose. Liver glucose
uptake can be further augmented if glucose is dediy into the portal vein to create a
negative arterial portal vein ([P]>[A]) glucose drent as would occur following glucose

ingestion (4).



An example of how rapidly the liver can augmentdtgpglucose production to
meet increased glucose demands is exercise. Hgpatmgenolysis and gluconeogenesis
increase during exercise to equal the increasedofainuscle glucose utilization in order
to maintain euglycemia. Glucose output rises 50%@ring short durations of exercise
and can increase 2 to 5 fold during moderate torthexercise(174). Increases in
glycogenolysis and gluconeogenesis contribute te itncrease in glucose during
moderate intensity exercise. During prolonged dasergluconeogenesis contribution to
total glucose output increases as hepatic glycageres are gradually depleted. The
increase in gluconeogenesis is facilitated by tharked increase in hepatic
gluconeogenic precursor uptake (increases by 50%008%6) during mild to moderate
exercise, mostly due to the augmented availakalitgg uptake of lactate (accounting for

30% to 40% of total glucose outpyit)74).

Insulin and glucagon play an important role in fafng hepatic glucose release
during exercise. Insulin concentrations decreasen egiuring light exercise, while
glucagon levels rise during exercise, particularlynypoglycemia ensuedkesearch in
humans and dogs has demonstrated that the exerdiseed changes in insulin and
glucagon account for a major proportion of the @ase in hepatic glucose output. This
takes place through augmentation of glycogenolgsid stimulation of both glucose
precursor extraction and intrahepatic conversiogltieose (33, 177, 185). It is the tight
coupling between the increase in glucose demandaapdrallel increase in glucose
production that allows euglycemia to be maintairtkding a metabolic stress like
exercise. This contrasts with inflammatory strebeme this tight coupling does not occur

and hyper- or hypo- glycemia can develop.



Hepatic Glucose Production and Stress

During stressful situations changes occur that kbame profound effects on
glucose homeostasis. A prime example of this imduendotoxemia. The stress response
associated with this condition consists of hypeabelism, a hyperdynamic
cardiovascular state, and inflammation (19). Dustrgss, whole-body glucose uptake is
increased due to increased non-insulin stimulatadoge uptake in tissues involved in
the immune response such as the liver, lung, splaed wound organs (101, 110).
Changes in glucose flux from the liver during tb@sdition can be derived from changes
in glycogenolysis, gluconeogenesis, or both. Thederations in carbohydrate

metabolism can result in either hypo- or hyperghyize

Trauma and infection are generally hypermetabot&tes characterized by
increased energy expenditure, increased mobilizatfeendogenous fuels, and a marked
elevation in the circulating hormone levels (99uring the early phase of endotoxemia
the hyperglycemia seen during infection is duentyeases in gluconeogenesis as well as
glycogenolysis. Lactate and alanine are the malvstsates for stress-related hepatic
gluconeogenesis (182). McGuinness found that neatie alanine and lactate were
increased by 34 and 54%, respectively during irdactnduced by a fibrinogen clot
containing E. coli in the chronically catheterized dog model and railar amount
following the acute administration of endotoxin 041 108). Lactate is converted to
glucose in the liver. During sepsis the combinentaase in lactate concentration and the
net extraction of lactate by the liver (increasedold) supports the increase in
gluconeogenesis from lactate (180). This can leaddreased gluconeogenesis, which is

normally suppressed by insulin but in the preseatencreased inflammation this
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regulation is lost, resulting in increased hepgticose output despite hyperinsulinemia.
Hyperlactatemia is a common complication in patewith sepsis as well as animal
models of endotoxemia with increased levels closelyelated with increased mortality
(3, 18). In human subjects Gageal. found that an increased rate of pyruvate prodaoctio
during sepsis leads to the accumulation of ladtatdese patients (66). Bellonei al.
found that in dogs treated with a bolus infusionEofcoli endotoxin (1mg/kg) mean
arterial blood lactate levels increased from 0.99.#1 to 1.60 £ 0.15 mmol/L (15).
Similar increases in lactate levels due to endotdseatment have been seen in other
studies (108, 157, 182). Catecholamine releasedaedt sympathetic stimulation elicit
hepatic glycogenolysis, promoting hyperglycemia.udcagon levels are normal or
elevated during this phase while insulin levelslare relative to the hyperglycemia (54).
Increased muscle glycogenolysis also promotes teadi@armation by increasing the
proportion of glucose that is directed to lactat@ch in turn can be used as a substrate

for glucose production (6).

The increase in glucose production that occursnduthe early phases of
endotoxemia is not maintained and severe hypogligcégncommon in the latter stages
(183). During endotoxemia there is increased glecaslization via macrophage rich
tissues such as the liver and spleen which redaigee amounts of glucose to function
(92, 111). This coupled with reduced hepatic glecosutput via impaired
gluconeogenesis serves to potentiate the hypogigceeen in this setting (53, 103). In
human studies, it was found that there is incregsedpheral and hepatic insulin

sensitivity, which was assessed using a hyperimsolic-euglycemic clamp 2 h
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following the administration of a low dose of LHE68). This can also lead to the

development of hypoglycemia.

Phosphoenolpyruvate carboxykinase (PEPCK) is anoitapt enzyme in
gluconeogenesis and has been associated with emdoboduced hypoglycemia.
Deutschmaret al. found that the induction of sepsis in rats wa®eissed with a 66%
reduction in levels of PEPCK mRNA and an attenuatsgponse of PEPCK expression to
stimulation by glucagon (42). This was also conédrin studies by Cantogt al. who
found that hepatic mitochondrial PEPCK enzymatiiviyg is decreased by 38% in rats 6
h after LPS administration and this decrease coatbiwith decreases in glucose-6-
phosphatase play a key role in the manifestationypibglycemia and hyperlactatemia

during endotoxemia (23).

Sepsis has been shown to induce hypertriglyceridéma variety of species (51,
79, 186). This increase in triglyceride productaam be due to increased VLDL secretion
from the liver, a decrease in the removal of VLDAG from the circulation, or a
combination of both. It is believed that both pesxs contribute to the increase. Fatty
acids in the liver are re-esterified rather thamdimed resulting in increased VLDL-TAG
synthesis. Jacobst al. found that after injection witk. colito induce sepsis followed by
a 24 h fast, there was a 2-fold increasaénnovofatty acids and triglycerides in the
livers of rats compared to fasted controls (95).wkleer the rate of VLDL-TG
appearance was decreased by 30% in these rats i@mhipdasted controls. This resulted
in an accumulation of lipids in the liver. Despiite fall in VLDL-TG appearance plasma
TG concentration increased due to a decrease inLM(LD66%) clearance rate. Others
have found that VLDL production can increase (188)e decrease in VLDL clearance
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was attributed to a decrease in lipoprotein lipd@$t.) activity in adipose tissue, soleus,
and heart. Indeed, Scho#it al. found that sepsis induced hypertriglyceridemia is
associated with the decreased ability of LPL-comt@ tissues to clear circulating

triglycerides in rats (147). Muscle and adiposesuts biopsies from septic patients
showed decreased LPL activity which is believed cantribute to the resulting

hypertriglyceridemia (139). Hypertriglyceridemsthought to be a protective response
because it provides a readily available sourcenefgy as well as has the ability to bind

endotoxin and render it inactive.

The liver represents an important organ in the teasnce of glucose
homeostasis due to its ability to both consume @mdiuce glucose. There are many
hormones that play a significant role in preseniimg proper function of the liver during
normal as well as stressful situations. The immdoendotoxic shock on the liver has
been demonstrated in numerous studies. The chamgepatic carbohydrate metabolism

may serve as a metabolic adjustment to limit hemltmage initiated during sepsis.

Adipose Tissue’s Role in Maintaining Glucose Hometesis

While it was once believed that adipose tissue @elywed as a storage site for
energy, it is now known to play an active role mergy homeostasis. The predominant
type of adipose tissue is white adipose tissue (YW#hich is mainly found in the
subcutaneous region and around the viscera. ltesepts a major storage site for

triglycerides which play an integral role in gluedsomeostasis.
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Hormones, as well as the autonomic nervous sysgenern the storage in and
mobilization of lipid from the adipose tissue. Aeiin circulating insulin levels during
the fed state promotes triglyceride storage in ddeose tissue. Insulin has a dual
function when it comes to the storage of triglydes: it inhibits lipolysis, which is the
breakdown of lipids into fatty acids. This takesagd by a mechanism involving the
dephosphorylation and thus inhibition of hormonas#éve lipase (HSL), which is the
rate-limiting enzyme in the hydrolysis of triglyodes to glycerol and free fatty acids.
vivo, selective inhibition of PDE-3 can completely abllthe antilipolytic effect of
insulin in human adipose tissue (68). Simultangouskulin stimulates triglyceride
assembly from acylCoA and glycerol via acylCoA aylase (ACC) and fatty acid
synthase (FAS). Thus insulin promotes both re-giststion of fatty acids as well as the

de novosynthesis of fatty acids from glucose.

Insulin is also involved in promoting glucose updaknd utilization by fat cells.
Fat tissue does not represent a major site of guagptake from the whole-body
perspective however altered adipose tissue ins@insitivity appears to be an early and
potentially pivotal phenomenon in the developmehtinsulin resistance and type 2
diabetes. The biological actions of insulin in @dipose tissue are mediated by high-
affinity cell-surface receptors with intrinsic twioe kinase activity (26). Multiple studies
have demonstrated that intracellular GLUT4 residesvo distinct, but related vesicular
pools in adipocytes. Immunofluorescence analysed auobcellular fractionation
techniques show that a significant fraction of Gl4J§ localized in endosomal vesicles
constitutively recycling to the plasma membrangetber with other recycling proteins,

including GLUT1 and the transferrin receptor (38).3However, GLUT4 located in the
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‘GLUT4 storage vesicle’ compartment, which lacksl@esomal markers, may contain
more than 50% of the GLUT4 present in adipocytes] & highly insulin-responsive
(135). Thus, in the basal state, GLUT4 slowly réeydetween the plasma membrane
and the endosomal compartment. Insulin induces a&kedaincrease in GLUT4
exocytosis, mainly from the insulin-responsive ekspool, and a small reduction in the
endocytotic rate, leading to a net increase of GdLWiolecules at the cell surface and of
glucose uptake rates. Although adipose tissue atscior only a small fraction of
insulin-dependent glucose disposal, experimentahas with fat-selective knock-out of
the GLUT4 gene show impaired glucose tolerancegesigng that the functional

integrity of adipose tissue is crucial in regulgtintermediate metabolism (2).

Adipose tissue synthesizes and secretes cytokiraecan affect the metabolism
of adipose tissue as well as other organs (34)okiy release can be triggered by
inflammatory stimuli and is also regulated by vasdormones such as insulin, cortisol
and catecholamines (50). Although fat cells arevkmdo have the capacity to produce
several cytokines, the greater part of cytokindsased from adipose tissue have been
argued to originate in cells of the stromal-vascirdaction of the tissue (48). Blood cells,
e.g. monocytes, have been shown to migrate intpoadi tissue and form resident
macrophages, which seems to be enhanced in ol§@8jtySuch cells could substantially

contribute to cytokine release of adipose tissue.

In adipocytes, energy is stored primarily as tghydes, through increased
glucose uptake and activation of lipid syntheticzyenes, including pyruvate
dehydrogenase, fatty acid synthase and acetyl-GoBogylase. In the fasted state the

fall in insulin triggers lipolysis through the addtion of the sympathetic nervous system
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and a rise in glucagon, epinephrine, and glucammds. This process allows fatty acids
to be released, which in turn can be oxidized leyliver and muscle. Lipolysis requires
three enzymes: hormone sensitive lipase (HSL), kvhi& regulated by reversible
phosphorylation, is a key enzyme which mediatestiolysis of triacylglycerol (TAG)

to monoacylglycerol (MAG), monoglyceride lipase (MGto hydrolyse MAG to
glycerol and free fatty acids, and adipose tridggerol lipase which works in
partnership with HSL to lead to the efficient matation of triglyceride stores. HSL also
requires Perilipin proteins to enhance lipolysiséaese these proteins are necessary for its

translocation to lipid droplets.

The main activators of the lipolytic cascade areted@olamines (88).
Catecholamines are elevated in situations of erdthramergy demand, e.g. physical
exercise, trauma and stress, and this occurs ir aodensure the short-term delivery of
fuel to tissues. They bind fd-adrenergic receptors at the cell surface whichiateda
cascade of reactions via elevated levels of cAMRwktimulates cAMP protein kinase
(PKA) and in turn activates HSL. HSL activation yides glycerol and NEFA that can

be further metabolized by various energy-demantigsyes.

Insulin resistance can originate in adipose tisSeweral factors secreted from the
adipose tissue, including pro-inflammatory cytolinend NEFA, can impair insulin
signaling, altering insulin-mediated processesudiclg glucose homeostasis and lipid
metabolism. Insulin resistance can lead to aneas® in lipolysis, with a subsequent
release of glycerol and NEFA into the circulatidiime increased availability of NEFA
can modulate endogenous glucose production by irajtethe contributions of
glycogenolysis and gluconeogenesis to this pro¢@8s 149). The secretion of pro-
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inflammatory cytokines as well as NEFA from adipdissue can also lead to skeletal
muscle insulin resistance through impairments isulim signaling and substrate

competition (129, 179).

Adipose Tissue and Stress

Profound changes in lipid metabolism can occur sgbsis. Fat is the preferred
fuel for oxidation in individuals with sepsis (155Fytokines have been shown to
increase lipolysis directly and indirectly and theasre increased cytokine levels in
response to endotoxin which are associated withk@damcreases in lipolytic activity
(131, 169). Sepsis can impair the actions of imsah fat metabolism, which can lead to
increased plasma NEFA. In human patients with seveepsis during an
hyperinsulinemic-isoglycemic clamp there was a distied sensitivity of lipolysis to an
insulin infusion (24). The increased lipolysis pdms increased plasma NEFA. The
NEFA can be utilized in hepatocytes to enhance g@adaus glucose production, for the
formation of triglycerides, or synthesis of ketones\d supplies glycerol for
gluconeogenesis. Fat mobilization induced by stcassincrease glycerol’s contribution

to glucose production by as much as 30% (181).

Septic patients have increased fat mobilizationmaned to fat oxidation. NEFAs
are often released by adipose tissue in excesshatf 18 needed for oxidation. Their
subsequent metabolism represents a substrate gycditted the triglyceride-fatty acid
cycle. Plasma NEFA are taken up by the liver andsterified into triglycerides, a key

determinant of this is the rate of delivery of NEFFese triglycerides are secreted into
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the blood stream where they are eventually brolkemdnto NEFA, taken up by adipose
tissue and re-esterified into triglycerides compbetthe cycle (20)Patients with sepsis
have a 4-fold increase in NEFA to triglyceride aygl(65). Nordenstronet al. found in
traumatized and/or septic patients, that with TPNré was a significant increase in
NEFA turnover rate and yet there was a significdedrease in NEFA oxidation. This
implied there is an increased rate in the “futjyelng” of FFA in the presence of glucose

in ill patients (117).

However, in severe cases of sepsis there can Bctoal a decrease in fat
oxidation.In the dog, Saakurait al found that acute (4 h) high-dose TNFRafusions led
to a 20 and 42% decrease in the rate of appeadcdmtgcerol and NEFA, respectively as
well as a 23% decrease in fat oxidation (144). éaddRomanosket al. found that there
was a 37% decrease in whole-body NEFA turnover agsdfollowing endotoxin
treatment (140). A possible explanation for thighe significant reduction in adipose
tissue perfusion post-endotoxin treatment. Compsethiadipose tissue blood flow can
lead to reduced transport of NEFA which can accdantchanges in whole body fat

oxidation (84).

Although adipose tissue was once thought to playnsignificant role in glucose
homeostasis, it is now known to contribute gretdlyhe process. Hormones, cytokines,
and changes in NEFA released by adipose tissuaftart a host of tissues including the
brain, liver and muscle. Sepsis leads to alteratiarthe metabolism of lipids which can
lead to increased or in severe cases, decreasedizandn of fat. These alterations can
occur due to changes in hormones and/or cytokislesised in response to endotoxemia

which can have profound effects on lipid metabolisrthis and other tissues.
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Distributed Control of Muscle Glucose Uptake (MGU)

Glucose uptake by the skeletal muscle is a tiglethypled process that is
distributed over several steps which include the of delivery of glucose from the blood
to the sarcolemma, transport of glucose acrosgldmma membrane, and intracellular
phosphorylation which represents the committed sfefine process (Figure 1.1) (176).
Each step is regulated by a number of factors. @mv and capillary recruitment are
important determinants of glucose delivery to thesate. Transport of glucose across the
plasma membrane takes place via facilitated diffusby the GLUT family of
transporters. Under basal conditions GLUT1 is prilpaesponsible for glucose uptake
by the muscle. However, during insulin-stimulatezhditions or exercise, GLUT4 is
translocated from intercellular pools to the califace and leads to an increase in
permeability of the membrane to glucose. Once enthe cell, glucose is phosphorylated
to glucose-6-phosphate (G-6-P) by hexokinase (HKg insulin-regulated form of this
enzyme found in skeletal muscle is HKII. The phasplation of glucose is determined
by several factors including the localization okbkinase within the cell, its activity, as
well as the amount of any substrates (such as ggu6ephosphate) located within the cell

that have the ability to regulate this process.

Seminal studies by Dr. Park’s laboratory found timathe basal state glucose
transport was the primary limitation to MGU and tthhis shifts to phosphorylation
during insulin-stimulated conditions (112, 113, 13®Vith increasing glucose levels,
delivery of glucose became a factor. Since thisetitme belief that the regulation of
MGU is distributed has been challenged. The disgoeé the requirement of insulin-

stimulated glucose transporter translocation froa-cellular compartments to the
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plasma membrane for glucose uptake have led mabglieve it is the rate-limiting step
in the process (37, 156). However, many of thégdies have examined the muscle in
isolation and did not take in to account what osaumder physiological conditions (70,
136) . Recently, elegant studies performed by tlass&rman laboratory examined mouse
models overexpressing key proteins involved in MGhdler physiological conditions.
These studies have shown that, as Ragd. suggested, the regulation of MGU can occur
at all three steps (57, 59, 61, 69). However, ddpgnon the condition the primary
control may shift from one step to another or barett among multiple steps. Thus
depending on the physiological or pathophysioldgsedting one or more steps may play
a role in determining how much glucose is takerbyphe cell. Therefore, each of these

steps may become a barrier to determining MGU tnesponse to insulin.

Glucose Delivery

Glucose must travel from the blood to the interstit and then be transported to
the intracellular space where it is phosphorylat@dylucose 6-phosphate. The blood
glucose concentration, muscle blood flow, and néoent of capillaries to muscle
determine glucose movement from the blood to therstitium.Clark et al. and others
determined that capillary recruitment is increaseltbwing insulin infusion and that
insulin stimulation of capillary recruitment mayogeed changes in total blood flow (31,
171, 172). Increased muscle capillary recruitmecrteases the surface area for diffusion
from the blood and decreases the diffusion distdacglucose to muscle. This is turn

influences how much glucose is taken up by the teusc
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Endothelium-derived nitric oxide (NO) mediates iimsinduced stimulation of
the perfusion of skeletal muscle which can leathtoeased glucose disposal (86, 146).
Insulin enters the endothelium via caveolae aftedibg to its receptor. Activation of the
insulin receptor leads to phosphorylation of midtigubstrates including AKT and
endothelial nitric oxide synthase (eNOS) which gates NO. eNOS is expressed in
skeletal muscle where it can play a role in reguaglucose homeostasis. Duplanal.
found there was a 40% decrease in insulin-stimdlgtecose uptake in eNOS knockout
mice compared to control mice and this insulingsice was related to impaired NO
synthesis (44). Indeed, when the nitric-oxide sgséhinhibitor L-NMMA was used,

there was diminished blood flow and glucose uptakaimans (8).

There have been studies in animal and human matlials demonstrate a
correlation between delivery and muscle glucoseikgtWork done by Baroet al.
demonstrated that in humans insulin-stimulated teuslood flow contributes to insulin-
responsiveness and sensitivity (9, 10). Conversghpairments in insulin-induced
capillary recruitment result in decreased skeletascle glucose uptake (30, 87, 187). In
rats administered with an agent to prevent insstlimulated capillary recruitmeirm vivo

there was an impairment in muscle glucose upta&4)(1

Exercise increases both muscle blood flow and gleagptake. Exercise is an
effective way of increasing muscle glucose uptal@dependent of increases in insulin.
During exercise, there is a marked increase in hausiood flow that replenishes the
interstitial glucose as it perfuses the working abeis In humans there is a tight
correlation between muscle blood flow and glucoptake by the working limb (76).
Exercise-induced increases in glucose deliverycatffely maintain interstitial glucose in
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the muscle such that an increase in fractionalagle@xtraction is not required to sustain

an increase in MGU

While there are multiple ways in which delivery loibod flow to the skeletal
muscle can be increased, there are also settinghiah it is inhibited. During the stress
response peripheral vasoconstriction and vasaalilatiave been observed. Sepsis
produces relative hypovolemia from venous and iaitélilatation, which reduces right
ventricular filling. Investigators have shown thidiere is a reduced left ventricular
ejection fraction, increased end-diastolic and seystolic volumes (increased
compliance) and normal or decreased stroke volureduced systemic vascular
resistance, and compensatory tachycardia as thaatbastic pattern of sepsis-induced
heart dysfunction (41, 124, 125). Tissue hypopé&sfusan be present in the presence of
normal blood pressure and adequate cardiac oufpig.is related to the maldistribution
of blood flow at the regional and microvasculardie{143). The changes in flow can be
due to endothelial cell dysfunction, altered loparfusion pressures due to regional

redistribution of blood flow and functional shurgi(75, 152).

Another way that delivery is inhibited is throudtetrelease of pro-inflammatory
cytokines. Pro-inflammatory cytokines are believednhibit insulin action, leading to
insulin resistance. A 3 h TNé&-infusion in rats prevented the insulin-mediatect@ase
in femoral blood flow and capillary recruitment.i$talso led to a 61% decrease in hind-
leg glucose uptake as well as ~50% decrease in engkatose uptake as measured by 2-
deoxy glucose (187). IL-6 through activation of TMhas also been shown to decrease

capillary recruitment in human aortic endothelialls (188).
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Glucose Transport

Insulin is released by the pancreaficells and binds to its receptors on the
skeletal muscle surface where it activates a casaddsignaling events. Insulin is
distributed more slowly to the compartment corregfiog to the skeletal muscle than to
other compartments (11). Chet al. demonstrated that an injection of insulin directly
into the interstitium of skeletal muscle is follodvby a prompt increase in glucose uptake
(29). They concluded that it is the transport afuiim, and not the diffusion within the

interstitial space that accounts for the slow imsaffect on glucose disposal.

Skeletal muscle contains two glucose transport&hicose transporter 1
(GLUT1) is the basal glucose transporter respoesibt the low-level basal glucose
uptake required to maintain respiration in all €elblucose transporter 4 (GLUT4) is
translocated to the plasma membrane in responsesutn or independent of insulin in
response to exercise (83, 138). In the skeletalclauglucose is stored as glycogen,
released as lactate, or is oxidized. GLUT4 is higddpressed in both the adipose tissue
and skeletal muscle. Insulin released by the paticrf-cells bind to its cell surface
receptors, leading to a cascade of signaling evemlsch begins with the
autophosphorylation of the insulin receptor. Selvesignaling events including the
phosphorylation of the insulin receptor substra(@®S) and AKT lead to the
translocation of GLUT4 from intracellular vesiclesthe plasma membrane (Figure 1.3)

(126).
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Figure 1.3: Insulin stimulates AKT activation through the phbspylation of upstream
mediators IRS-1 and PI3-K. Activated AKT phosphatgs AS160 on threonine
residues. Phosphorylation of AS160 inhibits Rab-&3&Ractivating protein (GAP)
which promotes the conversion of GDP Rab to theenamtive GTP Rab. This allows

GLUT4 storage vesicles to move to and fuse withplhema membrane.

Genetically engineered mouse models have offersighhto the importance of
GLUT4 in whole-body metabolism. Due to the upretgala of compensatory
mechanisms, the GLUT4 mouse does not provide much information regarcime
importance of GLUT4 in the maintenance of glucosenkostasis (78, 153). However,
heterozygous GLUT4 mice have been shown to be insulin resistant (154) and
overexpression of GLUT4 in the skeletal muscle lnése mice normalizes insulin
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sensitivity and glucose tolerance (163). Conditiatepletion of GLUT4 in the skeletal
muscle causes insulin resistance (2, 190). In reegmécific GLUT4 knockout mice,
MGU is impaired but despite insulin resistance #ecompanying hyperglycemia
partially overcomes the defects in glucose trartspapacity (81). On the other hand,
mice that overexpress GLUT4 in the skeletal muscke highly insulin sensitive and

glucose tolerant (161, 162).

Cytokines released during inflammation can affégetgse metabolism directly or
by augmenting glucoregulatory hormone secretiontokiges can also inhibit insulin
release (107). In endothelial cells TNFeduces tyrosine phosphorylation of the insulin
receptor. It also blunts tyrosine phosphorylatidniRS-1 in muscle, hepatocytes, and
adipocytes. Furthermore lipopolysaccharide, thhotlge Toll-like receptor 4 (TLR4)
pathway activates nuclear factor-kappa B R} which triggers the pro-inflammatory

cascade further inducing insulin resistance.

Inflammation has also been shown to increase treddef glucose transporter in
a non-insulin stimulated manner. In L6 myotubeated with endotoxin, Leet al.found
that there was increased glucose extraction fraamtkdium accompanied by increased
production of glucose transportarsvitro (96). Varyet al. found that sepsis induced a
67% increase in glucose uptake compared to corateland led to a 1.7-fold increase in
GLUT1 protein expression in rat skeletal muscleOjlBimilar results were seen in the
muscle of 10-day old rats treated with LPS compaoeshline controls. GLUT1 mRNA
was also increased 1.5-fold in LPS-treated rat$. (b2reased basal glucose transporters

can lead to increased glucose uptake without hypelinemia. This stress-induced
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glucose uptake promotes glycolytic flux with incsed pyruvate and lactate production

or aerobic glycolysis (184).

Glucose Phosphorylation

The enzyme hexokinase (HK) catalyzes the commiteg in muscle glucose
metabolism, the phosphorylation of glucose to fogilucose-6-phosphate (G6P),
essentially trapping glucose in the muscle. Thipshdo maintain the downstream
concentration gradient which permits facilitatedagise transport into the cell. Once G6P
is formed in the muscle there are two possiblesfatke glucose can be stored as

glycogen or it can be further metabolized in theonyye.

HK is regulated by many factors. HKII, which is faliin skeletal muscle, is a
low Ky, isozyme meaning it has a high affinity for its strhte glucose however it has a
relatively low Vinax. The activity of the enzyme in skeletal muscled(adipose tissue) is
regulated by insulin and is proportional to the nfRNvels located in the tissue (133).
HKIl activity can be inhibited through feedback wéation by its product G6P. HKII
location in the cell plays an important role aslwilis associated with the mitochondria
through binding at the porin providing direct accds ATP which is necessary to

catalyze the reaction.

Glucose phosphorylation and transport are tightlypted with one another. The
rapid translocation of GLUT4 to the plasma membrangimulated by insulin which in
turn stimulates the rate of transcription of the IHgene. This combination leads to

increased glucose utilization. It has been sugdesiat while glucose phosphorylation is
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not a barrier to glucose uptake during the baséé stinder conditions where the plasma
membrane becomes very permeable to glucg&d WT4, i.e. insulin-stimulation or
exercise) phosphorylation becomes a site of regist469, 77). Thus HK becomes an
important site of regulation (57). The fraction l6KIl bound to mitochondria, which
constitutes the active state, increases in humatetsk muscle from 50% in the basal
state to 75% after 30 min of exposure to physiaalginsulin (173). Studies have been
performed utilizing mice that over- and under-esgrédKIl to determine its role in
MGU. Overexpression of HKII increased glucose mdtion in the presence of
physiological hyperinsulinemia (25, 57, 61). Partiaxokinase knockout mice (HK)
have a 25% decrease in insulin action and are megbauring insulin-simulated glucose

uptake (60).

A serious problem that occurs during severe sapsisgan hypoperfusion. This
can have effects at the cellular level on mitochi@avhich are provided with inadequate
oxygen. Lack of oxygen delivery to the cell promatstall in the transfer of electrons to
the mitochondrial electron transport chain subsetiyelecreasing acetyl CoA entry into
the TCA cycle. Mitochondrial oxidative phosphorytet fails and energy metabolism
becomes dependent on anaerobic glycolysis, HKikgebn its association with the
mitochondria for the conversion of glucose to GBRis interaction supplies hexokinase
with direct access to ATP generated by the mitodharnwhich is a necessary substrate
for this enzyme’s function. When mitochondrial ftina is impaired, there is an increase
in the production of cellular lactate which is icalive of widespread inadequate tissue
oxygenation (178). This limits glucose oxidatiorgreases lactate levels, and can in turn

lead to hyperglycemia.
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Figure 1.4: Proposed mechanism by which LPS inhibits gluagsteke by the muscle.
LPS binds to its receptor on TLR4 and activates XIN&/IKK pathway. This leads to
inhibitory phosphorylation of key enzymes in theuhn signaling pathway. This in turns
inhibits GLUT4 tranlocation to the plasma membrasewell as HKII binding to the
mitochondria. LPS is known to impair tissue blodaln which by decreasing glucose

delivery could in turn decrease muscle glucosekgpta

Current Treatments and Controversies

While hyperglycemia during the stress responséhasight to be necessary to
maintain fuel to the non-insulin-dependent obligatglucose consuming tissues such as

the brain, phagocytes, and reparative cells, thasebeen evidence that preventing even
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moderate hyperglycemia during critical illness io@s outcomes (166). van den Berghe
et al. reported that intensive insulin therapy (maintagnglucose levels between 80 and
110 mg/dl) was effective to control glycemia in theensive care unit (ICU) (166). It led
to a reduction in mortality in the intensive camtiby 8% while conventional insulin
treatment (maintaining glucose levels between 18® 200 mg/dl) only led to a 4%
decrease. These results lead to administrationxofjenous insulin as the primary
treatment for hyperglycemia in the ICU. In addiabstudies, this same group found that
following intensive insulin therapy post-mortem lkgtal muscle biopsies contained
significantly higher GLUT4 and HKII mRNA expressiolevels by 70 and 36%,
respectively leading to increased peripheral glaagstake (109). This was corroborated
by an increased IRS-1-PI3-kinase association anteased AKT phosphorylation in

skeletal muscle (94).

However, a recent large scale randomized trialceted that such glycemic
control is not effective in reducing mortality intecally ill patients. The Normoglycemia
in Intensive Care Evaluation — Survival Using GlsecAlgorithm Regulation (NICE-
SUGAR) study sought to compare intensive insulierdpy to conventional insulin
therapy and determine mortality (67). The studynfibthat patients did not benefit from
intensive insulin therapy regardless of whethey tlvere in the surgical or medical ICU
setting. This tight glycemic control actually inased the risk of hypoglycemia and
complications arising from hypoglycemia. Conseqlyerthere was no overall survival

benefit in critically ill patients.
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Clinical Significance

There is a dysfunction of glucose homeostasis itically ill patients which
results in hyperglycemia, regardless if the patiess$ previously been diagnosed with
diabetes. Correlations have been made betweensgluewels and mortality. A major
cause of the hyperglycemia is insulin resistanckichvis characterized by increased
gluconeogenesis and impaired insulin-mediated @gkicaiptake. Sepsis increases
proinflammatory cytokine production which is a nragontributor to the underlying
insulin resistance. The mechanisms underlying edtgglucose metabolism and insulin
action in the setting of sepsis need to be undedsibetter to permit rational and targeted

applications of protocols for intensive glycemiatrol.

The Leuvan SICU study delineated peripheral MGlthasmajor glucoregulatory
target for exogenous insulin in these patients. dlbereased morbidity and mortality
among acutely ill patients managed in a surgicd) Fr more than 3 days and treated
with intensive insulin therapy has been suggesidoketdue to multiple factors including
improved glucose transport via GLUT4 as well asraased hexokinase expression.
Although the outcomes regarding intensive insulerapy have been mixed, one
common theme in the ICU is marked increases in glypemia and/or glucose
variability, both of which are associated with wased morbidity and mortality. By
defining how inflammation affects the controllefsMGU, therapies can be incorporated
to correct insulin resistance thereby lowering limstequirements and increasing positive

patient outcomes in this setting.
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Research Objectives

Glucose delivery, transport, and phosphorylatian @dosely coupled to one another
which can present difficulties in assessing impainis in the distributed control of
MGU. The general aim of this body of work was tosess the effect of acute
inflammatory stress on skeletal MGuh vivo. Specifically we are interested in
determining which of the 3 steps controlling MGUwvas as the major barrier to the
uptake of glucose by the skeletal muscle in thiSrgg To assess the role of a given step
we use mice that overexpress key proteins involaeithe process and examine if they
modulate MGU. To induce inflammation we utilizeddpolysaccharide (LPS), which is
found in the outer membrane of gram-negative becterd acts as an endotoxin, to elicit

an immune response in C57BL/6J mice. The follovaipgcific aims were addressed:

1. To elucidate the physiological dose-dependent &ffet LPS on the delivery of

glucose and on insulin-stimulate MGiJvivoin C57BL/6J mice.

2. To determine if overexpression of the protein priflgaresponsible for insulin-
stimulated glucose transport in skeletal musclecage transporter 4 (GLUT4),
will lead to a decrease in the impairment in inswiimulated MGU caused by

acute inflammatory stress in conscious C57BL/6knmwivo.

3. To delineate whether increased glucose phosphmylatapacity through
overexpression of hexokinase Il (HKII) in skelemaliscle will improve insulin-
stimulated MGU induced by acute inflammatory stresgonscious C57BL/6J
micein viva
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CHAPTER Il

MATERIALS AND METHODS

Animal Care and Husbandry

The Vanderbilt University Institutional Animal Carand Use Committee
approved all procedures performed and the NIH duweg for the care and use of
laboratory animals were followed. All of the expeents were performed on male mice
with the C57BL/6J background at three months of a§jethree weeks of age mice were
weaned and separated by gender. A tail biopsy vained to isolate DNA by the
DNeasy Tissue Kit (Qiagen, Valencia, CA.) Identfion of transgenic mice was
performed by polymerase chain reaction (PCR). TGR Primers used to determine the

genotype were as follows:

GLUT4'"% 5-GGTTACAAATAAAGCAATAGCATCAC-3’

S'-GAGTATTTAGGGCCAGATGAGAAC-3’

HKII % 5-GATATCGACATTGTGGCTCTGGTG-3'

S-GTTCAGTGAACCCATGTCAATCTC-3'

Mice were maintained at 23°C in micro-isolator caga a 12-h light/dark cycle with free

access to food and water. Mice were fed a standaleht chow.
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Mouse Models

Genetic Manipulations

Mouse models with increased capacity for glucoaesport and phosphorylation
were utilized. Transgenic mice on a C57BL/6J baskgd for the hGLUT4-11.5
construct (GLUT29) were originally created by Dr. Bess Adkins-Maislaad obtained
from Dr. David Wasserman (119). The GLUYihcreases the GLUT4 protein content 2-
to 4-fold in the skeletal muscle of C57/BL/6J middice that overexpress HKII
specifically in skeletal muscle (HR) were created by Dr. David E. Moller and obtained
from Dr. David Wasserman (25). The mice were oatiinon a FVB/NJ background.
HKII overexpression in the skeletal muscle was te@aising a transgene containing the
human HKIl cDNA driven by the rat muscle creatinedse promoter. These mice were
backcrossed on a C57BL/6J background for at leagerterations in the Wasserman
laboratory. The HK activity in the transgenic miseincreased 3-, 5-, and 7-fold in the

soleus, gastrocnemius, and superficial vastusai@giSVL) muscles, respectively (25).

Surgical Procedures

The surgical procedures utilized to implant chraratheters have been described
previously (5, 115). Catheters are prepared poosurgery. The arterial catheters are
made from polyethylene tubing (PE-10) that is cated to silicone tubing (0.3 mm I.D.,
and 0.64 mm O.D.) 25 mm long while jugular veinhedérs are made from silicone
tubing (0.3 mm I.D., and 0.64 mm O.D.). These dattseare connected to stainless steel

tubes (0.3 mm I.D., 0.41 mm O.D., 15 mm) bent antd- shape. On the free end of the L
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shaped stainless steel tube a 20 mm piece of MRermathane tubing (0.36 mm 1.D., and
0.84 mm O.D.) is attached. The L shaped stainkesd tubes attached to an arterial and a
jugular vein catheter are bundled together witlc@ile tubing (0.76 mm 1.D. and 1.65
mm O.D.) and anchored with Silastic medical adreg&ilicone Type A). The catheters

and the Micro-Renathane-stainless steel tubingpea¢ sterilized.

Mice were anesthetized with isoflurane. Followingesthesia, the skin on the
interscapula and the right and left hand side efriack was shaved and sterilized with
10% povidone-iodine. Surgery was initiated with tbes of foot withdrawal and corneal
blinking reflex. A longitudinal incision (~5 mm) wasade over the spot where the
anterior jugular, acromeodeltoid, and cephalic sgoin together. The connective tissue
surrounding the junction was removed and two thimedds of silk (6-0 Silk,
Davis+Gech) were passed under the jugular veinvbéhe@ junction, separated by ~ 3
mm. The cephalic thread is placed below the jomt #ed as well as a clamp on the
artery to prevent bleeding. An incision is madeobethe ligature and the catheter is
inserted 10 mm into the lumen. A blunt needle (A6gg) is inserted through the incision
on the interscapula and pushed subcutaneously tngtilend comes out through the
incision in the neck. The catheters were pulledufh the needle and the incisions were
sutured. The catheters are connected to stairiesistsbes and the tubing was implanted
under the skin on the interscapula. The implantathater was flushed with saline
containing 200 IU heparin/ml and 1 mg ampicillin/mlhe mice were injected
subcutaneously with 150 mg/kg ampicillin. Animalere individually housed after

surgery and body weight was measured daily betwreerurgery and experiment.
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In Vivo Metabolic Experiments

Hyperinsulinemic-Euglycemic Clamp and Saline ContrbExperiments

All metabolic experiments were performed as followsice were not used in
experiments unless their body weight was within 16f4heir body weight prior to
catheter implantation. Following a ~5-day postopeeat recovery period a
hyperinsulinemic-euglycemic clamp and saline cdraxperiments were performed. For
metabolic studies conscious, unrestrained mice wkeed in an ~1-L plastic container
lined with bedding at 7:30 am and fasted for 5 f1 {BOO min). The mice were
immediately connected to a Dual Channel Stainléssl Swivel (Instech Laboratories,
Plymouth Meeting, PA) to allow simultaneous jugulaain infusion and sampling of
arterial blood. Mice were not handled and werevedid to move freely to eliminate
stress. At t= -240 min measurements of mean arteivad pressure (MAP) were taken
from the carotid artery utilizing a Micro-Med, InBlood Pressure Analyzer (Louisville,
KY). An arterial blood sample (~5d) was drawn for measurement of blood glucose and
plasma cytokine levels. Mice then received a bolugehicle orE. coli endotoxin (LPS;
0111:B4) (Lot#129K4025, Sigma-Aldrich, St. LouisQYat a dose of |ig/gBW (low-
dose) or 1Qg/gBW (high-dose) into the jugular vein cathetdveRCi bolus of [3°H]-
D-glucose was given into the jugular vein at t=0-12in followed by a constant infusion
at a rate of 0.0pCi/min. After a 2 h equilibrium period at t= 0 mam additional MAP
was taken followed by a baseline arterial blood gan{~150ul) for measurement of
blood glucose, [3H]-D-glucose, hematocrit, plasma insulin, and plasiytokine levels.

Red blood cells from a donor mouse on a C57Bl/@&kdraund were washed with 0.9%
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heparinized saline and reconstituted in an equainve of 0.9% heparinized saline
(hematocrit ~50%) and infused at a rate ofilAin for the duration of the study to
minimize falls in the hematocrit. Insulin or salim&as infused at 4.0 mU/kg/min, 2.5
mU/kg/min, or 2.0 mU/kg/min depending on the treatim Euglycemia was maintained
by measurement of arterial blood samples(kjlevery ten minutes and infusion of 50%
dextrose as necessary. At t= 70, 80, 90 and 100 btond samples (~50l) were taken
to determine [3H]-D-glucose. At t= 100 min, a 18Ci bolus of 2-deoxy{'C] glucose
([2-*C]DG) was administered into the jugular vein cathetAt t = 102, 105, 110, 115,
and 125 min arterial blood (~p0) was sampled to determine blood glucose, plasgna [
®H]-D-glucose and [2?C]DG. At t= 125 min, a final arterial blood samitel50ul) was
withdrawn to assess circulating hormones and pla@it&C]DG. The mice were then
anesthetized with an infusion of pentobarbital (@@/kg body weight) and the soleus,
gastrocnemius, superficial vastus lateralis (SMignadal adipose tissue (AT), liver,

heart, and brain were excised, immediately frondiquid nitrogen, and stored at -70°C.
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Figure 2.1: Protocol for thein vivo metabolic experiments Experimental protocol for
the hyperinsulinemic-euglycemic clamp and salineti@d experiments. Mice were fasted
for 5 h (t= -300 min) prior to the beginning of teeperiment. A 13.Ci bolus of*C-
2DG was injected after 100 min of the insulin ofireinfusion. § indicates arterial

blood sampling.

Indirect Calorimetry

Oxygen consumption (V£ and carbon dioxide production (VGO were
measured by an Oxymax indirect calorimeter (Colusnimstruments, Columbus, OH)
Air flow was set at 0.60 I/min and mice were housedividually for 1 day before
entering the calorimeter. After a 1 h adaptationtite metabolic chamber, \(\Qvas
measured in individual mice for 1 min at 15-mineivals for a total of 48 h under a
consistent environmental temperature (22°C). Fahgwt8 h of baseline measurements,
food was removed and intraperitoneal injectionyadficle (n= 5), low- (n= 6) or high-

dose (n= 9) LPS were administered. ¥@as calculated for 8 h following the IP
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injections. VQ is expressed as the volume af @nsumed per kilogram body weight per

hour.

Echocardiography

Transthoracic echocardiography was performed usingystem (Sonos 5500,
Agilent, Andover, MA) with a 15-MHz high frequendiyear transducer at a frame rate
of 100 frames/sec. All images were acquired atmhdsetting of 20 mm. Images were
acquired at two time points: t= 0 min, which regms the time immediately prior to an
injection of VEH or LPS and at t= 360 min. The mewgas picked up at the nape of its
neck and an ultrasound-coupling gel was appliethéoprecordium, with the ultrasound
probe. Two-dimensional targeted M-mode echocardigigic images were obtained at
the level of the papillary muscles from the panasteshort-axis vies and recorded at a
speed of 150cm/s (maximal temporal resolution) rfeasurements of heart rate. All
other measurements were made on screen using gitallgirecorded signals. These

measurements were used to calculate stroke volatheadiac output (142, 158):
End Diastolic Volumel{L) = (7/(2.4+LVIDd))*(LVIDd?)
End Systolic VolumelL) = (7/(2.4+LVIDs))*(LVIDs®)
Stroke Volume |{L) = End Diastolic Volume — End Systolic Volume
Cardiac Output (mig*min™) = (Stroke Volume * Heart Rate)/(Body Weight (g)dD)

Where LVIDd and LVIDs are left ventricular interrdimensions during diastole and

systole, respectively.
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Blood Flow Analysis

Renal blood flow was estimated utilizing the clea of para-amino hippuric
acid (PAH). At t= -120mins, mice received a constarfusion of PAH dissolved in
saline into the jugular vein at a rate of 24 pglglnPlasma samples were taken at t= -
120, 0, 60, and 120 min. The plasma was dilutédriBa(OH) and ZnSQ, centrifuged
at 13,000rpm for 5 min, and the supernatant wagetil 1:6 in ddHO. The samples were
then diluted 1:6 in the PAH reagent (5g dimethylambienzaaldehyde, 300mL 95%
ethanol, 20mL 2N HCI, and ddB to a final volume of 500mL) and the absorbance of
PAH was determined at 465 nm. The PAH clearance/Kgiinin) was calculated as

follows:

PAHi 1
£ 3
[PAH] (1— Hct)

PAH clearance =

Where:

PAHi= PAH infusion rate (mg-kgmint)

[PAH]= arterial plasma PAH concentration (mg/ml)
Hct=hematocrit ratio

Microsphere | solation. Microspheres were utilized to measure the effeahftddmmation
on tissue blood flow. Mice were fasted at t=-30(h rand at t=-240 min they received a

bolus of either VEH or LPS. At t=120min, mice wangected with 50uL of microspheres
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(Dye-Trak VII, Triton Technology, INC, San DiegoALfollowed by 50uL saline into

the carotid artery. Mice were anesthetized andissvere excised.

Processing of Plasma Samples

Blood Glucose Concentration

Blood glucose concentrations were measured evemihO(beginning at t=-10)
during the hyperinsulinemic-euglycemic clamp an@ thaline control experiments.
Approximately 1ul of whole blood was obtained and blood glucoseceoirations were
determined using the BD Logic Blood Glucose Moni{eranklin Lakes, NJ). The

monitor has a glucose oxidase biosensor.
Glucose + Glucose OxidaseGluconic Acid
Gluconic Acid + Potassium Ferricyanigd’otassium Ferrocyanide

The electrode oxidizes the ferrocyanide, which getles a current directly proportional

to the glucose concentration.

Plasma Immunoreactive Insulin

Immunoreactive insulin was measured on plasma ssmgdl t=0, 100, and 125
min. The samples were analyzed via Linco Rat Ratimiinoassay kit (Linco Research,
Inc., St. Charles, MO) using a double antibody pchre. This assay utilized-rat

insulin and a guinea pig-anti-rat insulin primamtibody that equally cross-reacts with
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mouse and porcine insulin. A secondary antibody weasl to precipitate insulin bound to
the primary antibody. Following centrifugation adédcanting, pellets were counted in a
Packard Gamma counter. The insulin concentrationthe sample is inversely
proportional to the radioactivity in the pellet.stiiin concentrations were determined
using a standard curve generated from known coreteris of insulin and resultant

radioactivities.

Plasma Cytokines

Plasma cytokine levels were measured at baselihd &nafter a bolus of VEH or
LPS. Cytokines were analyzed using multiplexing inem xMAP technology (Luminex,
Austin, TX). Plasma samples were prepared usingsecytokine/chemokine Lincoplex
kit (Linco Research, St. Charles, MO). These ardtirplexed assays using x-map
technology via the Luminex100 system. The react@msantibodies) in these assays are
attached to the surfaces of tiny, fluorescent, asigheres. Each set of microspheres carry
a unique biological reagent distinguishable by rimaé dye ratios. Identification of an
analyte is based upon specific fluorescent emisspmctra of the bead associated with
the analyte. Two laser beams with high speed digignal processors and computer
algorithms distinguish which assay is being carried each microsphere while
guantifying the reaction based on fluorescent reposignals. This instrumentation
allows for the analysis of multiple analytes fronsiagle 25ul aliquot of sample. The

sensitivity for luminex detection however is lelar conventional RIA.
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Plasma Non-Esterified Fatty Acids

Non-esterified fatty acids (NEFAs) levels were mead enzymatically on
plasma samples obtained at time = 0 and 125 mar afthyperinsulinemic-euglycemic
clamp using a commercially available kit (NEFA Q;RWVako Chemicals USA Inc.,

Richmond, VA). The principle for the assay is afofes:

NEFA + ATP + CoA  acyl-CoA synthase  Acyl-CeAAMP + PPi

Acyl-CoA +O acyl-CoA oxidage 2,3-trans-Enoyl-CeAl,O,

2 H,O, + MEHA + 4-aminoantipyrine peroxidage purple adduct + 4 40

where MEHA is 3-methyl-N-etyl-Nf-hydroxyetyl)-aniline. The absorbance was
measured at 550 nm using a 96-well plate on a &pdtax Plus (Molecular Devices,

Sunnyvale, CA).

Plasma Lactate

Plasma lactate levels were measured on samplesethta O and 125 min after a
saline infusion or hyperinsulinemic-euglycemic cfarfiwo-hundrediL of lactate buffer,
which is made up of 24 mL glycerol buffer (glycineiagnesium hexahydrate, and
hydrazine hydrate, pH of 9.5) and 11.6 mg NAD wddeal to a 96-well plate. TarL of

either the sample (1 part plasma: 3 parts 4% P@Ajpses were centrifuged and the
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supernatant was used) were added to the lactdfer bAfstandard curve was constructed
using known concentrations of the analyte preparé® PCA. The samples were mixed
and allowed to rest at room temperature for 5 nesutBaseline fluorescence was
measured at an excitation of 340 nm and emissigb0fnm. Next, 1L of the enzyme
solution (1.8uL lactate buffer and 12gL lactate dehydrogenase) was added to the plate,
mixed, and allowed to rest for 1 h and 49 minuldse fluorescence was re-measured at
an excitation of 340 nm and emission of 450 nm. &ksay involved the following

reaction:

Lactate + NAD lactate dehydrogenase Pyruvate + NADH + H

Plasma Radioactivity

Plasma 33H]-D-glucose levels were determined by the methédSomogyi-
Nelson (151). Ten ul of plasma was added in a &tio rwith saline followed by
deproteinization with 100 pl each of barium hyddexi(Ba(OH); 0.075N) and zinc
sulfate (ZnS@, 0.075N). The samples were vortexed to ensure cdenphlexing and
placed at 4°C overnight. They were next centrifuged3,000 rpm for 5 min. A 100 pl
sample of the supernatant was pipetted into a gdastillation vial and placed in a
heated vacuum oven to evaporate $HeO. The residue was reconstituted in 1 ml of
ddH,O and 10 ml of liquid scintillation fluid was adddd the vial (EcoLite, MP
Biomedical, Solon, OH). Concurrently, a 40 ul saenpf supernatant was added into a
glass scintillation vial and 960 ul of ddBl was added followed by 10 ml of liquid
scintillation fluid. Standards were created to nueador loss of labeled glucose during

deproteinization. Ten ul of the 3] infusate was diluted with 1990 ul of saturated
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Benzoic Acid (1:200). Ten pl of the diluted stardigin triplicate) was treated in the
exact matter as the plasma samples (chemical rgcetendard, CRS), while 100 pul of
the supernatant was added to glass scintillatiais vand dried in the heated vacuum
(chemical standard evaporated, CSE). One ml of,@dMas added to the vials, followed
by 10 ml of scintillation fluid. All samples werelgeed in the Perkin Elmer Liquid
Scintillation Counter and the radioactivity was m@@d. The ratio of radioactivity in the
CSE compared to CRS samples were used as a rectasor to determine the

radioactivity in the plasma samples accountingdes during sample processing.

Processing of Muscle Samples

Muscle Radioactivity

Excised soleus, gastrocnemius, SVL, gonadal adipissee (AT), heart, and
brain were deproteinized with perchloric acid ahent neutralization to a pH of ~7.5. A
portion of the sample was counted {fZ]DG and [2}*C]DG-G-phosphate ([2-
1“CIDGP) and a portion was treated with Ba(@Hihd ZnSQand the supernatant was
counted ([2X*C]DG). Both [2}'C]DG and [2}*C]DG-G-phosphate ([2*C]DGP)

radioactivity levels were determined using liquaihsillation counting.

Calculations Glucose flux rates were assessed using nonystetatle equations (8)
assuming a volume of distribution (130 ml/kg). Stis-specific clearance gKof [2-

“CIDG and an index of glucose uptake)Ras calculated as previously described (9):

Kg = [2-"*C]DGPissud AUC [2-*C]DGpiasma

44



Ry = Ky X [glucose}iasma

where [23*C]DGPyssue is the [22*C]DGP radioactivity (dpm/g) in the tissue, AUC [2-
YCIDGpiasmais the area under the plasma'{2]DG disappearance curve (dpm/mL/min),
and [glucosglasmais the average blood glucoseg(ul) during the experimental period
(t=102-125 min). Data are presented as mean + S#adMthe significance level was set

at p< 0.05.

Immunoblots

Protein from skeletal muscle, liver, and cardigsuewas extracted with a buffer
containing 50 mM Tris, 1 mM EDTA, 1 mM EGTA, 10%ygkrol, and 1% Triton X-100
at pH 7.5. Before using 1 mM DTT, 1 mM PMSF (dissal in ethanol), 5 ug/mL
protease inhibitor cocktail, 10 ug/mL trypsin inidds, 50 mM NaF, and 5 mM NaPP
were added to the buffer. The tissues were homegdnin ice and centrifuged for 20
min in the cold room. The protein extract was adte and stored at -80°C until used.
Protein extracts (20 pgyere combined with NuPage LDS sample loading buie),
NuPage reducing agent (10X) (Invitrogen, Carlsléad), and distilled water up to 25uL.
This was placed in a 75°C water bath for 10 miml sime-fractionated by electrophoresis
on 10% SDS-polyacrylamide gel (Invitrogen, Carlsbad).CProteins were transferred
fromthe gel to a PVDF transfer membrane by electrabiptiMembranewere incubated
at room temperature with 5% nonfat dried milk, insfbuffered saline-Tween (TBS-T)
(Sigma, St. Louis, MO) for 2 h, washed 3X for 54hih in TBS-T, and then incubated

overnight at 4°Qwith mouse anti-pAkt (S&F) antibody (1:1,000), mouse anti-pAkt
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(Thr*®®) antibody (1:1,000), mou anti-GSK antibody (1:1,000),mouse anti-Akt
antibody (1:500),mouse an-pIRS-1 (Tyf®) antibody (1:1000),mouse an-pIRS
(Ser®) antibody(all antibodies purchased at Cell Signaling Tecbgg) Danvers, MA)
After incubation, sampli were washed 3X for 5-10 min in TBE-incubated witl
peroxidasezonjugated seconde¢ antibody, and analyzed wusing enhan

chemiluminescence (GE Healthcare, Piscataway,

In a separate group of studies the effects of LP$e acute activation of insu
signaling was examined. Mice were placed on . fast (=300 min) and received eith
an L.V. bolus of vehicle or hic-dose LPS 1 h after the fast began Z&6 min). Four |
later (t=0 min),mice received an I.V. bolus of insulin (10U/kg bodwight). At t=10
min, the mice wereanesthetized. The gascnemius muscle and liver were excis

immediately frozen in liqui nitrogen, and stored atQ°C until future tissue analys

Real Time PCR

Total mMRNA was extracted from the skeletal muscié Bver using th RNeasy
fibrous tissue kit (Qiagen Scien, Germantown, MD). cDNA wasynthesized from 2.
Hg RNA with the SuperScript Il fir-strand synthesis system f-strand cDNA
synthesis kit (Invitrogen, Carlsbad, CA). PCR arigdtion reactions were performed
triplicate using the ABI detection sem (Applied Biosystems, Foster C CA) and the
AACT method was used to quantify mRNA levels. Genaressiolwas normalized t
18S rRNA levels. PCR amplification to detinducible nitric oxide syntha (iNOS) and

the housekeeping 18S rRNA v performed with TagMan gene expression as
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(proprietary primerand probes designed and synthesized by AppliedyBiesis) Data

are presented as fold increase relative to measumsim vehicle-treated mice.

Microsphere Isolation

The soleus, gastrocnemius, SVL, kidneys, intestilmesr, heart, and brain were
excised. The tissues were digested overnight inKIlH at 60°C. Following vortex and
centrifugation, the pellet containing the microggsewvas re-suspended with TritonX-100
and centrifuged. The pellet was re-suspended ianethcontaining 0.2% (v/v) HCL,
centrifuged and re-suspended in ethanol. The regufiroduct was centrifuged and a
small amount of ethanol was left on the pellet atldwed to evaporate at room
temperature overnight. Cellosolve acetate (250ud3 added to the microsphere:ethanol
solution to elute the fluorescent dye from the wspheres. The absorbance was
determined at 440 and 672 nm. Tissue blood flow gadsulated as the product of the
ratio of microspheres in a tissue relative to nspteeres in both kidneys and PAH

clearance (ml/min) divided by tissue weight @rtissué-min™).

Mitochondrial Extraction

Mitochondria were extracted from the gastrocnemimsscle of mice that
underwent a hyperinsulinemic-euglycemic clamp zitij a mitochondrial extraction kit
(IMGENEX, San Diego, CA). Approximately 30-50 mg ofuscle was placed in a
centrifuge tube on ice. Fivgl/mg tissue of Homogenization Buffer was addedhe t

muscle and the muscle was manually homogenizedingla small pestle. The samples
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were centrifuged at 3000 rpm for 10 min at 4°C Hresupernatant was transferred to a
clean centrifuge tube and the pellet was discartled.supernatant was centrifuged again
at 12,000 rpm for 30 min at 4°C and the supernatahich represented the cytosolic
fraction, was transferred to the clean centrifugiget The pellet was resuspended in 5
ul/mg of the original tissue weight in ice cold Semspion Buffer and centrifuged at
12,000 rpm for 10 min at 4°C. The supernatant wasatdded and the pellet was
resuspended again inpg¥mg of the original tissue weight in ice cold Saspion Buffer
and centrifuged at 12,000 rpm for 10 min at 4°Ce Bhpernatant was discarded and the
mitochondrial pellet was lysed in ll/mg of the original tissue weight in Complete
Mitochondrial Lysis Buffer by mixing for 30 min d°C. The sample was centrifuged at
12,000 rpm for 5 min at 4°C and the supernatantchvhepresented the mitochondrial
fraction, was placed in a clean centrifuge tubes Plotein concentration was measured

and an Immunoblot was used to compare HKII bindanthe cytosol and mitochondria.

Immunofluorescence Microscopy

Tissues isolated from mice that have undergoneparimnsulinemic- euglycemic
clamp were embedded in optimal cutting temperatorapound. The frozen tissue cross
sections (1Qum) were blocked with 3% BSA in PBS for 60 min abmo temperature.
Primary antibodies were used at the following dbins: GLUT4 polyclonal antibody
(1:1000) anda-dystroglycan ¢-DG) antibody (1:50) as previously describ€b1).
Fluorescently conjugated secondary antibodies @1:10ackson ImmunoResearch

Laboratories) were added to the sections for 30ahimom temperature. After extensive
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washing with PBS, the slides were mounted with ®&ltield Mounting Medium (Vector
Laboratories). The slides were visualized by coalffdtuorescent microscopy (model
LSM510; Carl Zeiss Microlmaging, Inc.). Quantifitat of cell surface
immunofluorescence was performed using NIH Imagigwsoe. radioactivity in the

plasma samples accounting for loss during samjpleessing.

Statistical Analysis

Data are presentealks the mean + SEM. Paired comparisons were pertbrmith the
two-tailed Student’d test. Differences between groups were determinedNMOVA.

The significance level was set at p < 0.05.
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CHAPTER IlI

DISASSOCIATION OF MUSCLE INSULIN SIGNALING AND INSU LIN-
STIMULATED GLUCOSE UPTAKE FOLLOWING LPS INDUCED
INFLAMMATION

Aims

The aim of the studies in this chapter was to datel the relationship between
cardiovascular dysfunction, insulin signaling, amecreased muscle glucose delivery
when mice are challenged with LR$ vivo. We hypothesized that in the presence of
LPS, impaired muscle glucose uptake is due mamlynpairments in the tissue blood
flow as opposed to insulin signaling which leactdecrease in the delivery of glucose to

the muscle.

Mediators of the inflammatory response have beemwshto impair muscle
insulin signaling and blood flow however little vkonas been done to examine how these
factors interact with one anothar vivo. Youd et al. has shown thain vivo a 3 hour
infusion of TNFe into anesthetized rats inhibited insulin-stimuthtsicrovascular
recruitment and lead to a decrease in insulin-déted hind-leg glucose uptake, however
they did not measure insulin signaling (187). TWHas been shown to impair the
vasodilator effects of insulin in skeletal musabsistant arteries through impairments of
insulin activation of AKT in ratex vivo(47) as well as impaired insulin signaling and
insulin-stimulated glucose uptake in cultured céB). In vivo Fanet al. has found that
LPS lead to whole body insulin resistance in rat$ ianpaired insulin signaling (49) yet a

recentin vivo study utilizing a hyperinsulinemic- euglycemicrola in mice was unable
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to detect an impairment in glucose uptake by thedesl muscle following an i.p. LPS
injection (123). Therefore it is unclear how mudhtlee impairments seen with acute
inflammatory stress are signaling- and/or cardious—mediated. Interestingly the
majority of the work has been done in rats, witmiled and apparently different

responses in mice.

While any number of factors can contribute to imiolm of insulin-stimulated
glucose uptake in the presence of an LPS challehges has been little work to examine
the relationship between the LPS induced inflamnyatoesponse and cardiac
dysfunction, insulin signaling, and decreased neugtlicose deliveryn vivo. Therefore
the objective of this chapter was to investigae whscular as well as metabolic events
occurringin vivo during acute inflammatory stress that can havesfégct on glucose
metabolism. Specific Aim | will address the relasbip between cardiovascular
dysfunction, insulin signaling, and decreased neugglicose delivery when mice are

challenged with LP$ vivo.

Experimental Approach

Wild-type C57BL/6J mice approximately 12 weeks gfeawere treated with
either vehicle, low- (ig/g BW), or high-dose (1@/g BW) LPS. A hyperinsulinemic-
euglycemic clamp was performed to assess the dopomse effect of acute

inflammatory stress on insulin action, specificatiyscle glucose uptake.
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Results

LPS Increased Plasma Cytokine Levels.

Arterial plasma TNFe, IL-6, IL-18, and IL-10 levels were measured 4 and 6-h
post-vehicle or LPS injection (Figure 3.1). At 4after LPS injection, the mice that
received low-dose LPS had significantly higher TANE3-fold), IL-6 (3-fold), IL-18 (3-
fold), and IL-10 (5-fold) above mice that receiveghicle. The mice that received high-
dose LPS also had significantly higher levels ofFfdN(7-fold), IL-6 (4-fold), IL-13 (7-
fold), and IL-10 (6-fold) over vehicle-treated amils. Only IL-13 levels was
significantly increased in high-dose LPS compaednice that received low-dose LPS
(2-fold). At 6 h post-LPS injection only TNé-and IL-6 remained significantly
increased in mice having received low dose LPS eoatpto vehicle-treated mice (3-
and 6-fold respectively). In mice that receivedhhdpse LPS significant increases in
TNF-o, IL-6, IL-1B, and IL-10 still remained 6 h post injection comgzhto vehicle-
treated animals (4-, 12-, 8-, and 2-fold, respetyivand in IL-6, IL-B and IL-10

compared to low-dose LPS treated animals (2-, d-2afold, respectively).

LPS Inhibited Insulin-Stimulated Muscle Glucose Upake.

During the saline infusion, there was no significdifference in fasting arterial
glucose concentrations between mice that receivadche, low-, or high-dose LPS
(Figure 3.2). However, insulin levels (ng/mL) wesignificantly lower 4-h post injection
(t=0 min; 0.51£0.10 vs. 0.17+0.01) and 6-h posedtipn (t=125 min; 0.47+0.05 vs.

0.22+0.04) with high-dose LPS administration, whitere was an increase with low-
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dose LPS administration at t=0 min (0.51+0.10 v8880.07) and t=125 min (0.47+0.05
vs. 1.16+0.22). Basal endogenous glucose produétiankg'-min') was decreased in
mice that received both low- and high-dose LPS e to vehicle treated animals
(10£1.9, 7.4+£1.2, and 6.3+0.9; vehicle, low-dosad digh-dose LPS, respectively).
Basal tissue glucose uptake was also assessedsi@ thice. Basal tissue glucose uptake
was significantly decreased by high-dose LPS intialues in which it was assessed
except for the soleus. The response in the low-dpeap was highly variable which

prevented us from detecting a decrease in basaktiglucose uptake (Figure 3.2).

Insulin action was assessed in mice that receiedicle, low-dose, or high-dose
LPS under hyperinsulinemic-euglycemic clamp coodsi (Table 3.1). Because LPS
decreases insulin clearance the insulin infusidesravere varied between the three
groups to match insulin concentrations. While ghecdevels were maintained at
~120mg/dl between all groups, there was a signifid#ference in the glucose infusion
rate (GIR; mekglmin?) necessary to maintain euglycemia between the rthie¢
received vehicle and mice that received low- armghidose LPS (54.2+0.5 vs. 38.6+1.1
vs. 35.4+0.6; Figure 3.3). Endogenous glucose mtimlu was below zero in all groups
indicating complete suppression of liver glucosedpiction by insulin. Low-dose LPS
markedly inhibited Rg in the gastrocnemius and SMuscles with no significant
difference in any other tissues measured compareethicle. High-dose LPS inhibited
Rg in all tissues measured (Figure 3.4). HowevdrerwRg was compared to the fold-
change over basal, low-dose LPS did not lead tagaifeant decrease in the fold

increase in glucose uptake in any of the tissuessared while mice that received high-
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dose LPS, still had a significant decrease in thid increase in glucose uptake in the

SVL and gastrocnemius muscles when compared taleeftigure 3.4).

LPS Does Not Decrease Insulin Signaling

We assessed the effects of high-dose LPS treatareitsulin signaling in the
gastrocnemius muscle by measuring insulin-medigtiedsphorylation of Akt, a key
protein involved in insulin-stimulated MGU. When wempared levels of pAkt (S€p)
between control and LPS-treated mice from tissutgimed at the end of the clamp, we
found there was no significant difference betwewa tivo groups (Figure 3.5). Similar
results were seen for GSK (Figure 3.5). When weessssl liver there was also no

difference in the phosphorylation of AKT (Figuré&3g.

To determine if LPS altered the magnitude of thiainincrease in insulin
signaling acutely, 4 h after LPS or vehicle treattmmice received a bolus of insulin
(10U/kg body weight) and were sacrificed 10 minetatThere was no significant
difference in the acute phosphorylation of IRS-1A&t signaling between the vehicle-

and LPS-treated mice (Figure 3.6). Similar reswise seen in the liver (Figure 3.6).

LPS Increased iNOS Expression in Muscle

We examined the effect of LPS administration on éxeression of inducible
nitric oxide synthase (iNOS) in skeletal musclarireehicle- and LPS-treated mice. LPS
significantly increased the expression of INOS mRigA similar extent in the muscle of

both low- and high-dose LPS treated mice compaoedeticle controls (Figure 3.7).
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Similarly, low- and high-dose LPS resulted in andigant increase in the expression of

INOS in the liver (Figure 3.7).

High-Dose LPS Treatment Decreased Muscle Blood Flow

Mean arterial blood pressure (mmHg) was unchangedehicle treated mice.
High-dose, but not low-dose, LPS lead to a sigaiftcreduction in mean arterial blood
pressure (115.845.3 vs. 96.6+5.3 [vehicle]; 119.9+8s. 86.5£3.9 [low-dose LPS],
123.7+£3.2 vs. 77.4%£3.2 [high-dose LPS], -240 min @smin, respectively). We next
determined if high-dose LPS treatment caused dasimeduction in blood flow. High-
dose LPS treatment led to a ~65% decrease in réoadl Hlow compared to vehicle
treated mice. This also resulted in ~65% decreasmusacle blood flow (Table 3.2).
There was no significant difference in blood floetween the right and left kidney (data

not shown).

High-Dose LPS Impaired Cardiac Function.

The effect of LPS-treatment on cardiovascular patams and whole body
oxygen consumption (V£) was examined. There were no significant diffeesnn
stroke volume, heart rate, and cardiac output moke and low-dose LPS treated mice 6
h after LPS treatment. While \\Owvas decreased in the low-dose LPS treated mice
compared to vehicle it was not significant. Howevke administration of high-dose LPS
led to a ~30% decrease in heart rate and strokeneknd a ~50% decrease in cardiac

output and VQ(Table 2.3).
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Discussion

The aim of the present study was to use a conscitusse model to test the
hypothesis that there is a significant vascular poment to impaired insulin action
vivo resulting from an LPS challenge. Skeletal nheisepresents an important site for
insulin-stimulated glucose disposal. It is well tmo that insulin-stimulated muscle
glucose uptake is impaired in the presence ofnmit@tory mediators. While it has been
suggested fronm vitro studies that the underlying factors leading t@ impairment is
defective insulin signaling, the mechanigmvivo remains to be clearly elucidated (14,
128). Our findings indicate that the inflammatotyess induced by LPS in the mouse
impairs MGUin vivo without affecting insulin signaling. The impairnmteén MGU was
associated with decreases in muscle blood flowgesting that alterations in muscle
glucose delivery play a critical role in the insuliesistance that accompanies acute

inflammatory stress (114).

Hyperinsulinemic-euglycemic clamps in chronicalbtleeterized conscious mice
were used to determine insulin-stimulated glucgstake. In initial studies vehicle and
high-dose LPS treated mice were both infused withUtkg'-min™ of insulin during the
clamp. There was no difference in glucose requirgmbetween the groups. However,
arterial insulin was two-fold higher in mice thateived LPS (5.0 vs. 2.5 ng/ml; LPS vs.
vehicle) implying that LPS impaired insulin cleatan In subsequent studies the insulin
infusion rate was reduced to 2.5 mU*kgini* in an attempt to match circulating insulin
levels in LPS treated mice to those having receivelicle. Although insulin levels
remained somewhat higher, glucose requirements eeieced by 35% and there was a

significant decrease in glucose uptake in multiplescles. When the dose of LPS was
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decreased to 1 mg/kg, impairments in insulin-stated MGU were not as robust. These
results are consistent with findings in a varietyspecies (91, 98, 130). Our results
suggest that decreased insulin clearance by LPS seaye to normalize insulin-
stimulated glucose uptake. In a recent study, Petrkal. found that during a
hyperinsulinemic-euglycemic clamp LPS did not afi@esulin actionin vivo (123). In the
presence of LPS, there was either an increase diffecence in the glucose infusion rate
versus animals that received saline. Similar resuéire seen when they examined whole-
body glucose disposal. They found that while LP&l1l& a decrease in hepatic glucose
production, muscle glucose uptake was unalteretrdstingly insulin concentrations
were not reported (123, 128). Pilenhal. did observe a decrease in whole body glucose
uptake during the hyperinsulinemic-euglycemic claénp after administering a dose of
LPS. In contrast to our study, insulin-stimulatddcgse uptake by the soleus (other
tissues were not evaluated) was markedly decreéls2s). However they utilized a
higher dose of LPS than our high dose group (20g)glkke Parket al, they also did
not report insulin concentrations during the cla(p3). We found that LPS impaired
insulin clearance. Therefore the insulin infusiaterduring the clamp was decreased to
maintain similar arterial insulin concentrationgviee@en groups. Thus, it is likely that in
that study, an impairment in insulin clearance #mel consequent increase in arterial
insulin concentrations following LPS treatment effsany underlying impairment in

insulin-stimulated tissue glucose uptake.

Defects in insulin signaling in the muscle during BPS challenge do not
contribute to impaired glucose uptake. Consistétit wur previous work, LPS treatment

increases the plasma levels of inflammatory cyteki(l64).de Alvaroet al. found that
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in cultured rat skeletal muscle cells TNHead to a decrease in insulin signaling through
the IR/IRS-1/AKT pathway (39). Impairments in insusignaling are mediated in part by
the increase of cytokines and subsequenkB\fpathway activation that occurs in
response to LPS (22, 55). We observed an increaga@ssion of INOS in muscle and
liver, which is consistent with recent reports (l2ZBespite the robust activation of the
inflammatory response, Akt phosphorylation in gastemius muscle at the end of the
clamp was unaltered by LPS. Pilenal. observed a decrease in insulin stimulated IRS-1
associated Pl 3-kinase activity in soleus (otheisclas were not examined) obtained
from control and LPS treated mice (6 h after LP8iadstration) stimulate@x vivowith
insulin (128).Ex vivothe vascular-dependent effects of insulin are rab&&hilein vitro
models can unmask insulin signaling defects it @nés detection of any vascular
dependent alterations in insulin action. An addiiloconsideration is that the impairment
in insulin signaling may be dependent upon the tohexposure to the inflammatory
environment, the dose of LPS administered, andspexific muscle group examined.
Pilon examined insulin action utilizing a 2-foldghier dose of LPS than our high-dose
group (128). To assess whether the peak phosphiorylavents were missed during the
120 min clamp study, Akt phosphorylation was exadii0 minutes following a bolus
of insulin. This experiment confirmed the findinfyem the insulin clamp studies; LPS
administration in vivo did not blunt insulin signaling in the muscle. &n Akt
phosphorylation can be influenced by multiple esemte next looked upstream in the
insulin signaling pathway at IRS-1 phosphorylatigvie found that LPS administration
did not blunt tyrosine phosphorylation nor didntiease serine phosphorylation of IRS-1

compared to vehicle treatment. These data sugesttiiere is dissociation between
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insulin-stimulated muscle glucose uptake and phoagbétion of key proteins in the
insulin signaling pathway. This strongly suggesist tother factors limit muscle glucose

uptakein vivo.

Consistent with the insulin signaling data we fouhdt despite the absolute
decrease in MGU the fold increase above basal M@ wnaltered in several tissues.
Insulin-stimulated MGU increased ~10 fold above ekhinfused mice irrespective of
whether they are given LPS. This suggests thaigbees were very responsive to insulin
but that other factors such as a decrease in mataemand or vascular delivery of
glucose limited the absolute magnitude of glucqsake. Cardiac output following low-
dose LPS was not significantly altered. However, feend that high-dose LPS
significantly decreased cardiac output by ~50% arehmmarterial blood pressure by
~50%. In conjunction with these results, we founat Y0, was significantly decreased
with high-dose LPS (~50%) while low-dose LPS (~20%6) mbt significantly decrease
metabolic demand (i.e. VM@ A correlation between metabolic demand and insul
stimulated glucose uptake is well established asasing metabolic demand by exercise
can compensate for underlying insulin resistan&e 182, 138). This may in fact explain
why in humans it has been reported that during Enxa@onia insulin can initially improve
insulin action (168). The low dose of LPS used umhan studies induced modest
cardiovascular alterations (tachycardia and milddtgnsion). In contrast to the mouse,
in both the human and pig the dose of LPS usededatyperthermia, presumably
increasing the metabolic rate and limiting cardsmdar disturbances. Therefore
depending on the species, the duration of expasuead the dose of LPS used among

other factors such as the metabolic rate and agsdccardiovascular events, may offset
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any negative effects of LPS on tissue glucose @ptdkus, the combined decrease in
tissue blood flow and V©following LPS may explain the accompanying impamnhin
MGU seen in our mouse model. Our data suggesthieahccompanying cardiovascular

events should be considered when interpretingnipact of LPSn vivo.

Previous studies have shown that increased blavd |#ads to increased glucose
uptake provided the muscle membrane is sufficiepdismeable to glucose, such as it is
during insulin stimulation (9, 148). The impairmem MGU following LPS
administration could be due to the combined effe€tseduced tissue blood flow and/or
extraction of glucose. Using PAH and microsphemesneasure tissue blood flow we
found that after high-dose LPS muscle blood flows waynificantly impaired compared
to vehicle-treated animals. This would decreasectauglucose delivery and, in the
absence of a compensatory increase in fractiongoge extraction, MGU. Blood flow
and glucose uptake decreased proportionally in whSVL and gastrocnemius muscle
(~69%), which suggests that fractional glucose ektta was unaltered. In contrast,
blood flow to the heart and soleus decreased taeatgy extent (~70% and 65%,
respectively) than the fall in glucose uptake (~58d 25%, respectively). This suggests
that these tissues had a compensatory increasedtiohal extraction of glucose and
were able to minimize the decrease in tissue gkiaq#take. As fat is the preferred
substrate in these tissues they may switch to gricilization as the preferred substrate
in low flow states. Indeed, studies by Petersenl. demonstrated that the extracellular
barrier to glucose uptake was lower in Type | maddbers (127). Thus tissues with
greater oxidative capacity and capillary densiflesart and soleus) have a greater ability

to extract glucose in a setting of insulin resistaand low flow states.
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An inflammatory state can lead to decreased miarolatory flow velocity and
the density of perfused capillaries in rat modedthbof which are important factors in
determining MGU (46, 89). Our data suggests thgh4dose LPS decreases blood flow
to the muscle which subsequently impairs MGU. Téisonsistent with data that there is
a redistribution of blood flow during inflammatosyress (93). Unlike glucose, decreased
muscle insulin delivery would not necessarily résual decreased insulin signaling
because insulin is not consumed by the muscle.€eftwer the concentration of insulin
presented to muscle cells would be unaltered ietiing of decreased tissue blood flow.
The lack of difference in IRS and Akt signalingweéen vehicle- and LPS-treated mice
indicates a disassociation of insulin-stimulatedcgke uptake and insulin signaling in
muscle. Similar results in insulin signaling werbserved by Orellan@t al. in the
neonatal pig (120). The impairment in tissue blod following LPS administration is
consistent with studies suggesting that skeletakabeu perfusion could act as an
independent determinant of insulin stimulated ghecaptake (7-9). Piloat al. observed
that mice lacking INOS are protected from LPS-iretlidnsulin resistance due to
diminished nitrosylation of IRS-1 in the soleus wrlas(128). However an equally
plausible explanation is that these mice are ptetefrom the hypotension and decrease

in tissue perfusion that accompanies the excess akide generation from LPS.

In summary, we have provided evidence that an LR&lenge significantly
impairs MGU in mice but does not affect the stiniola of insulin signalingn vivo. Our
conclusions strongly suggest that the cardiovasampairments resulting from exposure

to LPS impair muscle glucose uptake in the presesfcénsulin stimulation. Thus
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impairments in effective tissue perfusion can adbote to the decreased glucose uptake

observed during endotoxemia.
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Figure 3.1. Plasma cytokine levels following VEH &PS treatment. (A) Plasma
concentration of tumor necrosis factor-alpha (T&yF{B) interleukin-B (IL-1(), (C)
interleukin-6 (IL-6), and (D) interleukin-10 (IL-)04- and 6-h following VEH, low-
(1pg/g BW) orhigh- (10ug/g BW) dose LPS treatment in chronically cathetsti
conscious C57BL/6J mice. Data are expressed as ef®BM. * p<0.05 vs. VEH, #
p<0.05 vs. low-dose LPS.
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Figure 3.2: Basal glucose concentrations and tissugucose uptake following VEH
or LPS treatment. (A) Basal arterial glucose and (B) basal tissuec@gde uptake in
chronically catheterized 5-h fasted C57BL/6J nileat received VEH, low- (1pg/gBW),
or high- (10 pg/g BW) dose LPS. Data are expreasatiean SEM. * p<0.05 vs. VEH,
# p<0.05 vs. low-dose LPS.
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Figure 3.3: Glucose concentrations and glucose infusion rate (B) following VEH
orLPS treatment. (A) Arterial glucose concentrations and (B) glucostusion rate
(GIR) during a hyperinsulinemic-euglycemic clampchronically catheterized 5-h fasted
C57BL/6J micethat received VEH, low- (1pg/g BW) LPS, or highO(ftg/g BW) dose
LPS.
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Figure 3.4: Insulin-stimulated tissue glucose uptake followingVEH orLPS
treatment. (A) Tissue (soleus, gastrocnemius, superficial wasateralis (SVL), heart,
and brain) glucose uptake and (B) fold-change fl@sal of insulin-stimulated glucose
uptake during a hyperinsulinemic-euglycemic clamp chronically catheterized 5-h
fasted C57BL/6J micthat received VEH, low- (1pg/g BW), or high- (10/g&@W) dose
LPS. Data are expressed as mean +SEM. * p<0.08BAMd, # p<0.05 vs. low-dose LPS.
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Figure 3.5: Effect of VEH orLPS treatment on insuln signaling in skeletal muscle
and liver. (A) Akt phosphorylation (S&F), (B) GSK phosphorylation in the
gastrocnemius muscle, and (C) Akt phosphorylati®ef(d in the liver of C57BL/6J
mice that received VEH or high-dose LPS (@@/g BW) after a hyperinsulinemic-

euglycemic clamp (n= 6/group). Data are expressadean +SEM. *p<0.05.
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Figure 3.7: Effect of VEH or LPS treatment on the &pression of iINOS in skeletal

muscle and liver. Expression of inducible nitric oxide synthase (iINOBRNA in the

gastrocnemius muscle (A) and liver (B) of C57BLi®ice that received VEH, low-
(Apng/g BW), or high- (10 pg/g BW) dose LPS aftehyperinsulinemic-euglycemic
clamp. Data are expressed as mean +SEM. *p<0.05.
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Insulin (ng/ml)

Treatment Basal (4 h) Clamp (6 h)
Vehicle 0.33+0.09 2.54+0.19
Low-Dose LPS 0.88+0.07 3.04+0.30
High-Dose LPS 0.32+0.04 3.73+0.25

Table 3.1: Arterial plasma insulin levels after a lyperinsulinemic-euglycemic clamp
following VEH or LPS treatment. Arterial plasma insulin levels in response to VEH
(n=8), low- (1pg/g BW; n=8), or high- (10pg/g BWs=8) dose LPS in chronically

catheterized conscious mice during the basal (##elh seatment) and clamp period (6 h

after treatment). Data are expressed as mean +SEM.
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Tissue

Treatment

VEH

LPS

Renal blood flow ( mtkg BW™ -min™)

Kidneys 363+94 126+8*
Tissue blood flow ( mlg tissué* -min™)

Soleus 6805+3440 2219+659*

Gastrocnemius 583+134 194+29*

SVL 976+183 359+88*

Heart 1389+362 416x£53*

Table 3.2:Renal and tissue blood flow following VEH or LPS teatment. Renal and
muscle (soleus, gastrocnemius, superficial vasitesdlis (SVL), and heart) blood flow
were compared in mice that received either VEH igh410ug/gBW) dose LPS. Data

are expressed as mean +SEM. * p<0.05.
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Treatment Baseline (0 h) 6 h
Stroke Volume (uL)
Vehicle 363 48+7
Low Dose LPS 6319 51+6
High Dose LPS 4812 3227
Heart Rate (bpm)
Vehicle 720+14 648+21t
Low Dose LPS 667+4 667+28
High Dose LPS 678+19 450+491*#
Cardiac Output ( ml-g BW™! -min™?)
Vehicle 0.67+0.07 0.82+0.16
Low Dose LPS 1.21+0.19 0.99+0.12
High Dose LPS 0.91+0.17 0.42+0.121*#
VO, (ml/kg/h)
Vehicle 3187+161 3044+249
Low Dose LPS 3346+116 2636293t
High Dose LPS 3212461 1653+2181*#

Table 3.3: Cardiovascular

parameters

following VEH or

LPS

treatment.

Comparison oftroke volume, heart rate, cardiac output, and exygpnsumption (V&)

in mice at baseline (t=0) and 6 h after receivirigHV low- (1ug/g BW), or high- (10ug/g

BW) dose LPS. Data are expressed as mean +SEMO0.Dpws. baseline; * p<0.05 vs.

VEH at 6 h; # p<0.05 vs. low-dose LPS at 6 h.
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CHAPTER IV

ENHANCED GLUCOSE TRANSPORT CAPACITY AMELIORATES
INFLAMMATION INDUCED IMPAIRMENTS IN INSULIN STIMULA  TED
MUSCLE GLUCOSE UPTAKE

Aims

The aim of this chapter was to determine if overegpion of the glucose
transporter GLUT4 in skeletal muscle will lead tdexrease in the impairment in insulin-
stimulated MGU when mice are challenged with LP®. Mypothesized that in the setting
of acute inflammatory stress induced by LPS, immdaglucose transport capacity would

not lead to an increase in skeletal muscle gluopsake.

Skeletal muscle is an important site for the refjutaof glucose disposalt
represents the bulk of insulin-sensitive tissuéhagnbody. The process by which glucose
is taken up by skeletal muscle is complex and ibigied over three-steps: delivery of
glucose from the blood to the interstitium, faaléd transport into the intracellular space
by glucose transporters, and irreversible phospaboy of glucose to glucose-6-
phosphate (G6P) by hexokinase (178)the insulin-stimulated state, glucose transort
determined by the amount of the insulin-stimulagketose transporter, GLUT4, located
at the plasma membrane as well as the intrinsivigcof these transporters. Glucose
transport can be regulated in multiple ways. Edep s important; however, depending
on the setting, the control may shift allowing @tep to play a more dominant role in the

process (57).
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Several studies have attempted to overcome thaseerbaby manipulating the
amounts of the proteins that regulate these presed¥hile overexpression of GLUT4
has been shown to increase muscle glucose uptatteeibasal state under conditions
where there was an increase in GLUT4 translocatoinhe plasma membrane (e.g.
increase in insulin), this offered no added ben@R, 61). In fact, phosphorylation

becomes the major barrier to glucose uptake institing (58).

Manipulations of key proteins involved in metabg@thways can provide insight
into how these pathways are regulated. Specificaltilization of transgenic mouse
models with overexpression of GLUT4 in skeletal olewill allow the characterization
of barriers to MGU in the presence of acute inflaatony stress. The objective of this
chapter was to determine the extent to which glkeidosnsport in skeletal muscle is a
barrier to glucose uptake in the presence of amftammatory stress in conscious
C57BL6/J micean vivo. Bédardet al. demonstrated that when cultured L6 skeletal muscle
cells were incubated for 24 h with cytokines (TMRBnd interferons) and LPS there was
a significant increase in nitric oxide productionWhile basal glucose uptake was
increased in these cells, insulin-stimulated glecagtake was markedly decreased. This
also led to increased GLUT1 transporter proteirelewhile GLUT4 expression and
protein content were decreased (14). A 4 h infusiomNF-o in healthy human subjects
led to an inhibition of whole-body glucose uptaked anduced skeletal muscle insulin
resistancen vivo (130). Specific Aim Il will address whether incsea glucose transport
capacity through overexpression of GLUT4 can imprglucose uptake by the skeletal
muscle in the setting of acute inflammatory str¥gkile increased GLUT4 expression in

skeletal muscle has been shown to increase basebsg uptake, it becomes a minor

74



barrier in the insulin-stimulated state (61, 13¥Ye therefore hypothesized that

overexpression of GLUT4 will not overcome impairrteeim MGU induced by LPS.

Experimental Approach

Chronically cathetertized conscious wild-type arldJ&4™ C57/BI6/j littermates
approximately 12 weeks of age were treated witheeitvehicle (VEH) or high-dose
(10ug/g BW) LPS. A hyperinsulinemic-euglycemic clamp swperformed to assess
whether increased muscle glucose transport capaaityovercome the impairment in

glucose uptake due to acute inflammatory stresscied by LPS.

Results

GLUT4-overexpression Inhibits LPS-induced Decreasesn Basal Muscle Glucose

Uptake.

It has previously been shown that the GLUT4 transegacreases GLUT4 protein
content 2- to 4-fold in skeletal muscle of C57BLf#ice (119). In the presence of a
saline infusion, GLUT® mice had lower insulin levels (ng/mL) 4- and 6dspinjection
after VEH treatment compared to their WT litternsaf@able 4.1). While LPS led to a
significant decrease in insulin levels in WT mitlee insulin levels with LPS treatment
were similar to VEH in GLUT® mice (Table 4.1). Similarly, fasting glucose lesrelere
higher in WT mice that received VEH compared to \Wice that received LPS and
GLUT4™ mice that received VEH or LPS (Figure 4.1). Basatogenous glucose

production (mg-kg-min‘) was increased in GLUT%compared to WT mice treated with
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VEH but decreased to similar levels in the presearidePS (10.2+0.3 vs. 16.3+0.6, VEH
and 5.7+0.2 vs. 5.3+0.8 LPS; WT vs. GLU¥4respectively). Interestingly, while basal
tissue glucose uptake fell significantly with LP@atment in WT mice, there was no
decrease in the GLUT#mice in the presence of LPS and soleus muscle@sguaptake

was significantly higher with this treatment (Figut.2).

GLUT4--overexpression Inhibits LPS-induced Decrease in Insulin-Stimulated

Muscle Glucose Uptake.

A hyperinsulinemic-euglycemic clamp was used tessdifferences in insulin
action between WT and GLUT#%mice. Insulin levels during the clamp were matched
between VEH and LPS treated groups (Table 4.2) glndose concentrations were
maintained at ~120 mg/dl (Figure 4.3). Endogenousagle production was suppressed
to below zero in all groups. Both GLUTand WT mice had a similar glucose infusion
rate (GIR; megkg™min™) with VEH treatment (59.5 + 0.2 vs. 54.2+ 0.5, pestively),
however GLUT4? mice had a slightly higher GIR than WT mice witR$ treatment
(45.6 £ 0.2 vs. 35.4 £ 0.6; Figure 4.3). While LR&d to a significant decrease in
glucose uptake in the gastrocnemius, SVL, and h&faWWT mice compared to VEH
treatment, there was no difference in glucose @ptalany tissue due to LPS treatment in

GLUT4™ mice (Figure 4.4).
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GLUT4-overexpression Leads to Increased Non-Esterdd Free Fatty Acids

(NEFA).

The effect of overexpression of the GLUT4 transgeneplasma FFAs under
hyperinsulinemic-euglycemic clamp conditions wasaswed. With VEH treatment,
during the basal period GLUT4 and WT mice had similar plasma NEFA levels.
However, after 125 min plasma NEFAs were signifisaincreased in the GLUT4
compared to the WT mice. With LPS treatment, pladla&A levels were increased ~2-
fold during the basal period and at the end ofdlaenp in GLUT49 compared to WT

mice (Table 4.3).

GLUT4-overexpression Leads to Increased Lactate Lels.

The effect of overexpressing the GLUT4 transgenplasma lactate levels under
basal conditions was measured. GLUPT#ice had significantly higher lactate levels
following VEH treatment compared to WT mice. WhilBS treatment did not lead to a
change in plasma lactate levels in GLUS4nice compared to VEH, WT lactate was

increased to plasma levels similar to GLU¥thice. (Table 4.4).

GLUT4-overexpression Increases Plasma Membrane Assated GLUT4 with VEH,

but not LPS Treatment.

GLUT4 association with the plasma membrane in gasgmius muscle of mice
that underwent a hyperinsulinemic-euglycemic clamwas examined by

immunohistochemistry. With vehicle treatment, th@ras an increase in cell surface
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associated GLUT4 in transgenic compared to WT mit@wever, when treated with
LPS, both WT and transgenic mice had a decreasmelbfsurface GLUT4 to similar

levels (Figure 4.5).

GLUT4-overexpression Improves Cardiac Function.

The effect of LPS-treatment on cardiovascular paters in GLUT4? (VEH,
n=6; LPS, n=5) compared to WT (VEH, n=5; LPS, nate was examined. There was
a decrease in stroke volume and cardiac outpubtim groups treated with LPS compared
to their vehicle-treated counterparts. However, levHiPS-treatment led to a ~50%
decrease in stroke volume and cardiac output inahimals and the fall was attenuated

in GLUT4™ mice (Table 4.5).

Discussion

The aim of the present study was to determine denoiverexpressing GLUT4 in
skeletal muscle could compensate for impaired insattion resulting from an LPS
challengein vivo. Insulin-mediated translocation of glucose tramsge to the plasma
membrane is an important mechanism for the remalvglucose during hyperglycemia.
In the setting of sepsis, there is an impairmenthis process which in part leads to
elevated glucose levels. Our previous finding sstggethat alterations in muscle glucose
delivery played a critical role in the insulin r&since resulting during acute

inflammatory stress (114). Here we show the in@dadility to transport glucose vivo
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limits the impairment in MGU and this protectionyrize secondary to protection against

the cardiac dysfunction associated with endotoxemia

During the basal state overexpression of GLUT4 tlech decrease in fasting
glucose levels and a higher level of basal gluctgigation. We were unable to detect an
increase in Rin any tissues studied except for the soleus Wi treatment. However
Ky (muscle glucose clearance) was improved. Thisordrary to previous data which
found that GLUT overexpression augments basal M&kidgesting that glucose transport
is the primary site of resistance in the basakdfat, 70, 160, 161). It is possible that the
lower glucose concentrations in the present study have limited our ability to detect a
decrease in R As has been previously shown, we found that the® an increase in the
availability of the liver gluconeogenic precursactate in GLUTZ4? mice, which may
serve to maintain the increase in endogenous ghupgmEuction in GLUT® mice with
VEH treatment (137). However, while there was aificant decrease inRn WT mice
treated with LPS compared to VEH treatment, GLUTthice maintained levels of

glucose uptake similar to the mice that receivedH\Eeatment.

During the hyperinsulinemic-euglycemic clamp WT aGdlUT4™® mice had
similar GIR and tissue glucose uptake with VEH tmeant. We did not expect
overexpression of GLUT4 to increase glucose uptakaer these conditions because
previous studies have shown that increased GLUTeod does not offer any benefit
under insulin-stimulated conditions in normal mi@éith insulin-stimulation the control
of MGU is believed to shift to glucose phosphorngat(61). When mice were treated
with LPS, GLUT4¢ mice required higher exogenous glucose infusioesré&~45 mkg
L.min™) during the insulin clamp. This was an improvemeht90 mgkg*min™ over
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WT mice. When we examined tissue glucose uptake tt®8ment led to a significant
decrease in MGU compared to VEH treatment in WTemkdowever, LPS did not limit
the ability of the gastrocnemius and SVL muscle téke up glucose in mice
overexpressing GLUT4 compared to VEH treated mideese results on the surface
indicate that in conditions of insulin resistant&tegies that augment glucose transport
capacity can attenuate barriers to insulin-stineadaglucose uptake. Indeed, during
conditions characterized by insulin resistance saghigh-fat diet and Type Il diabetes,
insulin-stimulated glucose transport has been shtwvbe markedly impaired (62, 82,
85). However as will be discussed later, this pitw@ may be secondary to differing

cardiovascular responses to LPS.

The transgenic mouse model used for these studépday increased GLUT4
protein not only in muscle but also in adiposeuts$119). Therefore we compared
plasma NEFA levels in WT and GLUT%mice. Increased NEFA levels are associated
with a decrease in the responsiveness of adipsseetito insulin and/or to an increase in
autonomic tone and to the lower prevailing artegiaicose concentrations in GLU4
mice. We found no significant difference in glucesetake by adipose tissue in GLU¥4
compared to WT mice. Since GLU™mice exhibited increased plasma NEFA levels
with VEH and LPS treatment compared to WT mice duld reflect an increase in
lipolysis and a decrease in re-esterification (1IMR). The lower insulin concentration
in GLUT4™ micemay in part explain the higher NEFA levels. Howeas they also
remained elevated when insulin concentrations wieaeased during the clamp

alteration in autonomic tone likely also contrikdite
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Taken together, the basal and clamp data suggasbverexpression of GLUT4
results in a benefit during acute inflammatory sgreéOverexpression of GLUT4 has been
shown to alleviate insulin resistand&emoto et al. found that a 2-fold increase in
GLUT4 at the tissue level improved glycemic contasl measured by an oral glucose
tolerance test when mice were fed a high-fat did).(This increase in glucose uptake
was attributed to an increase in glucose transggoatethe plasma membrane resulting in
increased glucose uptake by skeletal mus@eUT4 protein content in the plasma
membrane has been shown to be markedly increasepaced to WT mice (21). db/db
mice overexpressing GLUT4 had improved glucoseraolee that was associated with
increased levels of membrane-associated GLUT4 iproi@®4). Indeed, using
immunohistochemistry we found that there was ame@mse in GLUT4 cell surface
expression in gastrocnemius muscle compared to Wde nwith VEH treatment.
However, when mice were treated with LPS the amaintell surface GLUT4 was
equivalently decreased in both WT and GLUSTice. These results were interesting
due to the fact that our previous data showed imsugnaling through the PI3-K pathway
was not impaired with LPS treatment. This pathveaelieved to be the major stimulator
of GLUT4 translocation to the plasma membrane undsulin-stimulated conditions.
This is consistent with a recent report that TiNAmpairs GLUT4 translocation

independent of the PI3 kinase pathway6).

Previous data by our lab showed that there wasgaifisant cardiovascular
impairment resulting from LPS treatment (114). 8inihe improvement in MGU
resulting from overexpression of GLUT4 did not agp® be a consequence of increased

transporters at the plasma membrane, we next eraniirthe transgene, which is also
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overexpressed in the heart, offered a cardiovasdutmefit. The overexpression of
GLUT4 attenuates the impairments in stroke volume @ardiac output following LPS.
WT mice treated with LPS had a ~50% reduction ink&rvolume and cardiac output.
While GLUT4' mice treated with LPS had a decrease in strokanweland cardiac
output compared to GLUT2 mice treated with VEH, it was increased compaceWVir
mice treated with LPS. In fact, GLUT%mice had a similar stroke volume and cardiac
output to WT mice treated with VEH. Under normahdiions cardiac muscle utilizes
the oxidation of fatty acids to cover its energynd@ds, however the failing heart shifts
its substrate preference to glucose utilizationneivethe presence of insulin resistance

(165).

Hruz et al. utilized a mouse model of dilated cardiomyopathyglémonstrate that
the protease inhibitor ritonavir acutely worsenddcgse homeostasis in these animals
(73). Ritonavir, which directly inhibits GLUT4, siicantly decreased cardiac glucose
uptake and led to diastolic dysfunction. In addifidack of GLUT4 aggravates stress
induced cardiac dysfunction (159). This sugges#t th the setting of cardiac stress,
cardiac function is sensitive to GLUT4 activitydeed, in disease states such as diabetes
there is a downregulation of GLUT4 expression ie tieart which is proposed to
contribute to myocardial dysfunction (150). In GLUMull mice Katzet al observed
that while there was a compensatory increase inGh®&T1 transporter, there was a
decrease in insulin sensitivity as well as markggentrophy (~2-fold) and heart failure
(78). With cardiac specific inactivation of GLUTHetre was also a significant increase in
cardiac weight as well as the development of cartigertrophy (1). While Abett al.

did not observe contractile dysfunction in this miodsolated perfused GLUT4hearts
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had increased susceptibility to ischemia and deeslarreversible diastolic dysfunction
in the presence of significant stress. Similarly @L.UT4"" mice there is cardiac
hypertrophy that is consistant with diabetic cansyopathy. These mice also exhibited
elevated arterial blood pressure when comparedg&naatched controls (154). The
introduction of muscle-specific GLUT4 into thesecmiead to a reversal of the adverse
cardiovascular pathology (163). Since a decreaséLidT4 expression has a negative
affect on cardiac function, it would lead one tdidee that overexpression of GLUT4
would improve cardiovascular function. Therefore tmprovement in MGU with LPS
treatment in GLUTZ® mice could be due to maintenance of cardiac ouapdt tissue

glucose delivery.

In conclusion, our data demonstrate that overesmesof GLUT4 in muscle
limits the fall in insulin-stimulated glucose up&akn the presence of an acute
inflammatory stress. We have shown that while th&/T4™ does not lead to increased
glucose transporters at the plasma membrane oétakahuscle in this setting, the
cardiovascular benefit it provides can overcome ithpairment in MGU. These data
further strengthen our conclusions that cardioviascunpairments caused by an LPS

challenge serve as the major barrier to muscleogkiciptake in this setting.
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Figure 4.1: Basal glucose concentrations and tissugucose uptake following VEH
or LPS treatment in WT and GLUT4'® mice. (A) Basal arterial glucose and (B) Basal
tissue glucose uptake in chronically catheterizddfasted C57BL/6J micthat received
VEH or high-dose LPS (10pg/g BW). Data are expréssemean +SEM. * p<0.05 VEH
vs. LPS, # p<0.05 WT vs. GLUT#%

84



—e— WT-VEH
250 1 —o— G4™-VEH
—v— WT-LPS
200 1 —— G4™-LPS
Glucose
Concentration
(mg/dl)
0 T T T T T T T
100 -
80 -
Br 0
(mg/kg/min)

40 -

20 1

0 20 40 60 80 100 120

Time (min)

Figure 4.2: Glucose concentrations and glucose infusion rate (B) following VEH

or LPS treatment in WT and GLUT4" mice. (A) Arterial glucose concentrations and
(B) Glucose infusion rate (GIR) during a hyperimseimic-euglycemic clamp in
chronically catheterized 5-h fasted C57BL/6J nileat received VEH or high-dose LPS
(10pg/g BW).
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Figure 4.3: Insulin-stimulated tissue glucose uptake followingVEH orLPS
treatment in WT and GLUT4 " mice. Tissue (soleus, gastrocnemius, superficial vastus
lateralis (SVL), heart, adipose tissue, and braiglucose uptake during a
hyperinsulinemic-euglycemic clamp in chronicallyttegterized 5-h fasted C57BL/6J
micethat received VEH or high-dose LPS. Data are esaeas mean £tSEM. * p<0.05
VEH vs. LPS, # p<0.05 WT vs. GLUT%
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Figure 4.4: Translocation of GLUT4 to the cell surface in the gstrocnemius of WT
and GLUT4'™ mice following VEH or LPS treatment. (A) Representative images and
(B) quantification of the relative extent of cellriace distribution of GLUT4 was Data

are expressed as mean +SEM.
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Genotype Insulin (ng/ml)
Basal (4 h) Saline (6 h)
VEH
WT 0.51+0.01 0.56+0.16
GLUT4'™ 0.40+0.14 0.27+0.04
LPS
WT 0.17+0.01 0.22+0.04
GLUT4'™ 0.28+0.09 0.26+0.08

Table 4.1: Basal arterial plasma insulin followingVEH or LPS treatment in WT
and GLUT4'™ mice. Arterial plasma insulin levels (ng/ml) in chronically cawted
conscious mice during the basal period (t= 4 h) salthe infusion (t= 6 h) following
VEH or high- (10png/g BW) dose LPS. Data are exméss mean +SEM.
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Genotype Insulin (ng/ml)
Basal (4 h) Clamp (6 h)
VEH
WT 0.33+0.09 2.54+0.19
GLUT4™ 0.35+0.07 2.99+0.24
LPS
WT 0.32+0.04 3.73+0.25
GLUT4'™ 0.40+0.07 4.61+0.43

Table 4.2: Arterial plasma insulin following VEH or LPS treatment in WT and
GLUT4™ mice. Arterial plasma insulin levels (ng/ml) in response to VEH high-
(10pg/g BW) dose LPS in chronically catheterizeshsooous mice during the basal
period (t=4 h) and hyperinsulinemic-euglycemic gaf=6 h). Data are expressed as

mean +SEM.
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Genotype NEFA (mM)
Basal (4 h) Clamp (6 h)
VEH
WT 2.1+0.1 0.740.2*
GLUT4™ 3.0£0.6 1.7+0.1%
LPS
WT 3.840.3 1.4+0.2*
GLUT4™ 6.3+0.8 2.7+0.5%

Table 4.3: Plasma NEFA levels following VEH or LPStreatment in WT or
GLUT4 ™ mice. Plasma NEFA levels (ng/ml) in response to VEH ghhi(10pg/gBW)
dose LPS treatment during the basal period (t=4rd hyperinsulinemic-euglycemic
clamp (=6 h). Data are expressed as mean +tSEMO*0% O vs. 6 h, # p<0.05 WT vs.
GLUT4'™,
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Genotype Plasma Lactate (umol/L)
Basal (4 h) Clamp (6 h)

VEH

WT 811459 691+152

GLUT4™ 19624670 1374+306
LPS

WT 972483 876149

GLUT4'™ 1983389 2145+194

Table 4.4: Plasma lactate levels following VEH or BS treatment in WT and

GLUT4 ™ mice. Plasma lactate levels (umol/L) in response to VEthigh- (10pg/g
BW) dose LPS treatment during the basal period (f=dnd following a saline infusion
(t=6 h). Data are expressed as mean +SEM. * p<0.05. 6 h, # p<0.05 WT vs.
GLUT4™
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Genotype Baseline (0 h) 6h

Stroke Volume (uL)

WT VEH 31.1+1.8 327+19
GLUT4" VEH 33.6+1.8 36.2+3.3
WT LPS 35.2+25 17.4+0.8
GLUT4"YLPS 31.5+55 26.2+1.6

Heart Rate (bpm)

WT Vehicle 690 £ 15 660 £ 14
GLUT4'? Vehicle 697 + 22 587 + 18
WT LPS 649 + 10 473 + 40
GLUT4"LPS 656 + 8 570 + 32

Cardiac Output (ml-g™*-/min™)

WT Vebhicle 0.57 £0.03 0.56 + 0.03
GLUT4' Vehicle 0.63 +0.05 0.57 +0.07
WT LPS 0.62 + 0.05 0.22 +0.02
GLUT4"YLPS 0.54 + 0.04 0.36 + 0.04

Table 4.5: Cardiovascular parameters following VEHor LPS treatment in WT and
GLUT4 ™ mice. Comparison oftroke volume, heart rate, and cardiac output icenait
baseline (t=0) and 6 h after receiving vehicleighh(10ug/g BW) dose LPS.
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CHAPTER V

INCREASED GLUCOSE PHOSPHORYLATION CAPACITY IN SKELE TAL
MUSCLE DOES NOT REDUCE THE INFLAMMATION INDUCED
IMPAIRMENTS IN INSULIN-STIMULATED MUSCLE GLUCOSE UP TAKE

Aims

The aim of this chapter was to delineate whethecremsed glucose
phosphorylation capacity through overexpressiohlkfl in skeletal muscle leads to an
improvement in MGU in the presence of an LPS chagke We hypothesized that
increased skeletal muscle phosphorylation capaaityld lead to an increase in MGU in

the setting of acute inflammatory stress inducetl$.

The phosphorylation of glucose to G6P represergscttmmitted step in MGU.
Once phosphorylated, glucose is trapped in thedissd is either stored as glycogen or
undergoes further oxidation. Glucose phosphorytatapacity is determined by
hexokinase activity, its relationship to its suasdr ATP, and the concentration of its

inhibitor, G6P.

There are many factors that can augment glucosekepby the muscle.
Depending on the setting each step’s contributtoMGU may increase/decrease. While
glucose transport is a significant barrier to mesglucose uptake in the basal state, in

insulin-stimulated states phosphorylation becomggificant barrier (61)

Glucose transport and phosphorylation are tightbupted to one another.
Transgenes that alter the expression of protensved in both of these processes have

provided insight into how each step individuallguéates MGU. Therefore, the objective
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of this chapter was to determine if overexpressibiiKIl capacity in skeletal muscle
can overcome decreases in the proceeding steply@avim MGU in the setting of acute
inflammatory stress in conscious C57BIl/6J mit&ivo. Several studies have found that
during acute inflammatory stress there is an irsgea the basal glucose transporter,
GLUT1, which could augment glucose uptake by theagtes. Therefore, if we are able
to maintain the downhill concentration gradientibgreasing phosphorylation capacity,
we may see an improvement in MGU in this settinge \Wypothesized that by
overexpressing HKIl in skeletal muscle we would roye the impairments in MGU

induced by LPS.

Experimental Approach

Wild-type and HKI® C57BI/6J littermates approximately 12 weeks of agee
treated with either vehicle or high-dose &y BW) LPS. A hyperinsulinemic-
euglycemic clamp was performed to assess whethereased muscle glucose
phosphorylation capacity can overcome the impaitnrerglucose uptake due to acute

inflammatory stress induced by LPS.

Results

HKIl-overexpression Does Not Inhibit LPS-induced Dereases in Basal Muscle

Glucose Uptake.

It has previously been shown that the HKII tranggksads to a 3-, 5- and 7-fold

overexpression of HKII in the soleus, gastrocnemam SVL muscles, respectively in
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the C57BL/6/j mice (25). In the presence of argalnfusion, there were no significant
differences in insulin levels (ng/ml) between HEland WT mice with VEH treatment.
While HKII™ mice had elevated insulin levels at t= 0 min coragao WT mice, by t=
125 min the levels were similar (Table 5.1). Bagacose concentrations were similar
between HKII® and WT mice with VEH treatment and glucose comegioins fell
similarly with LPS treatment (Figure 5.2). Basatlegenous glucose production (mg-kg
L.min') was significantly higher in HKIP compared to WT mice that received VEH
treatment and remained slightly elevated compacedVT in the presence of LPS
(10.2+0.3 vs. 21.7+1.2, vehicle and 5.7+0.2 vs+8.8, LPS; vehicle, WT and HK,
respectively). Interestingly, while endogenous gkeproduction was elevated in HII
mice, there was no significant difference in basséue glucose uptake with VEH
treatment compared to WT mice, and LPS treatmeat e a similar decrease in glucose

uptake (Figure 5.2).

Mice Overexpressing HKIl Have Impaired Insulin-Stimulated Muscle Glucose

Uptake with LPS Treatment.

A hyperinsulinemic-euglycemic clamp was used tessdifferences in insulin
action between WT and HKHA mice. During the clamp, glucose concentrationsewer
maintained at ~120 mg/dl (Figure 5.3) and there werelifferences in insulin levels
between the groups with either VEH or LPS treatnf@able 5.2). The glucose infusion
rates (GIR; mdkg-1'min-1) were similar in HKII® and WT mice with VEH treatment
and decreased similarly with LPS treatment (54®5:vs. 54.2+ 0.5, VEH; 35.6 + 0.4

vs. 35.4 + 0.6, LPS, respectively) (Figure 5.3). hi/ there were no differences in
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glucose uptake between the groups with VEH treatmd?S treatment translated into a
significant decrease in glucose uptake in the geaséamius, SVL, and heart in both

groups (Figure 5.3).

HKIl-overexpression Does Not Lead to Increased Laeite Levels.

The effect of overexpressing the HKII transgeneptasma lactate levels under
hyperinsulinemic-euglycemic clamp conditions wasaswed. While plasma lactate
levels increased with LPS treatment in all grouk]l " mice had significantly higher
plasma lactate levels compared to WT mice withegitMEH or LPS treatment (Table

5.4).

LPS Treatment Does Not Decrease Binding of HKII tdhe Mitochondria.

The effect of LPS on HKII binding to the mitochoradm gastrocnemius muscle
was examined in WT mice. When comparing HKII lodaite the cytosolic fraction of the
gastrocnemius muscle between mice that received ®EHPS, there was no difference
in the HKII levels. When the amount of HKII locatatithe mitochondria was examined,
we similarly found no differences in the amountHKIl at the mitochondria in mice

treated with VEH compared to those treated with ((Fi§ure 5.4).

96



Discussion

Utilizing mice that overexpress the enzyme respgmador the phosphorylation of
glucose we sought to test the hypothesis that asexd HKII content in skeletal muscle
can improve impairments in insulin actiam vivo resulting from a LPS challenge. In
settings of increased blood flow and permeabilitglacose to the plasma membrane, the
barrier to MGU is believed to shift downstream tdopphorylation capacity.
Dysregulation which results in impairments of MGlhcoccur at multiple steps of the
glucose uptake pathway and can lead to a shittencontrol. Our findings indicate that
during inflammatory stress induced by LPS, micehwihcreased phosphorylation
capacity in skeletal muscle are unable to overconpairments in glucose delivery and

transport to increase MGld vivo.

The overexpression of HKII had no effect on bas&Wl When we compared
HKI1 ™ and WT mice there were no significant differenreplasma glucose or insulin
levels with VEH treatment and levels decreased singlar manner between the two
groups when mice received LPS. This translated soralar decrease in MGU in both
groups with LPS treatment. These results were noprising due to the fact that
phosphorylation is not thought to be a site ofstasice to glucose influx in the basal state
and therefore does not altegy 5, 57). During the hyperinsulinemic-euglycemiancp
glucose and insulin levels were matched betweenand transgenic mice. When the
mice were treated with VEH, there was no differemc&IR or MGU between WT and
transgenic mice. These results were surprising usecan previousin vivo studies
overexpression of HKII has been shown to increasedad led to an increase in insulin-

stimulated glucose uptake in the soleus, gastrozrse@mnd SVL muscle (56, 69).
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Hexokinase binds to the voltage dependent anionnrgia (VDAC or
mitochondrial porin) and this binding is requiredt HKII because of the need of ATP
for its activity. Therefore, we utilized a Mitocharmal Extraction Kit to determine if there
was a greater fraction of HKII located in the cytlogr mitochondria of mice treated with
VEH and LPS. Due to the fact that LPS can inducenttmchondrial dysfunction, we
expected that there would be an increase in HKdated in the cytosolic fraction of WT
LPS treated mice however transgenic mice treatatd WPS would have a greater
fraction of HKII located at the mitochondria. Owrstlts indicated that there was no
difference in HKII located at the mitochondria inTWnice treated with VEH or LPS
under insulin-stimulated conditions. Subsequergnapits to separate the cytosolic and
mitochondrial fractions were unsuccessful; therefoe were unable to determine if there

was an increase in HKIl located in the mitochoridriction of transgenic mice.

We were interested in determining the flux of ATRthe skeletal muscle of mice
treated with VEH and LP$ vivo. To accomplish this, we attempted to use NMR in
collaboration with Dr. Bruce Damon to measure thte of decay of ATP compared to
known intrinsic levels of ATP. We hypothesized tttsre would be a shift to the left in
the rate of decay for mice treated with LPS comganeVEH treated mice which would
be indicative of skeletal muscle mitochondrial dysftion. Unfortunately, we were
unable to design #¥P surface coil (which takes advantage of severakens related to
muscle status, including phosphocreatine (PCr),neslae triphosphate (ATP) and
inorganic phosphate (Pi)) that would work propesty the hind leg of the mouse and

therefore were unable to measure muscle energyboietian.
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In conclusion, the results from our study were ¢sieat with the literature. The
combination of cytokine and LPS has been showmd¢oease GLUTL1 transporter levels
but decrease GLUT4 expression in L6 cells (14).sTpotentially could lower the
transport barrier with LPS-treatment and unmaskhasphorylation dysfunction that
could be overcome by increasing the amount of HKlkkeletal muscle. However, a
previous study by Hanseat al. found that overexpression of HKIl on a GLUT1
transgenic background did not increase basal- sulimstimulated glucose disposal or
glucose transport in isolated skeletal muscle (@ljcose flux through the glycogenic
pathway is elevated in this setting which can leaishcreased glucose-6-phosphate levels
potentially inhibiting hexokinase activity. Increak phosphorylation capacity was also
unable to compensate for impairments seen in anatbalin-resistant state induced by
high-fat feeding (56). Mice overexpressing HKIl gg¢a on a high-fat diet were unable to
reverse the impairment in GIR and insulin-stimuwatdGU. Unfortunately we were
unable to fully explore if there were impairmemdHK binding to the mitochondrial and
if so, could overexpression of HKIl overcome tmspairment. We were also unable to
determine if ATP flux was impaired in this setti§ince ATP is an important cofactor
for HKII activity, if levels are significantly deeased having increased HKIl may not
alleviate impairments resulting from LPS treatméimom the data that we were able to
obtain, we concluded that overexpression of HKdl dot improve MGU in the presence
of LPS. It appears that defects in MGU during LR&tment result from impairments

upstream or downstream of glucose phosphorylation.
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Figure 5.1: Basal glucose concentrations and tissugucose uptake following VEH
orLPS treatment. (A) Basal arterial glucose and (B) Basal tissuecgde uptake in
chronically catheterized 5-h fasted C57BL/6J nilea received VEH or high-dose LPS
(10pg/g BW). Data are expressed as mean £SEM. 105<0EH vs. LPS.
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Figure 5.2: Glucose concentrations and glucose infusion rate (B) following VEH

or LPS treatment in WT and HKIl " mice. (A) Arterial glucose concentrations and (B)
Glucose infusion rate (GIR) during a hyperinsulimeeuglycemic clamp in chronically
catheterized 5-h fasted C57BL/6J mitet received VEH or high-dose LPS (10ug/g
BW).
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Figure 5.3: Insulin-stimulated tissue glucose uptake followingVEH or LPS
treatment in WT and HKII ™ mice. Tissue (soleus, gastrocnemius, superficial vastus
lateralis (SVL), heart, adipose tissue, and braiglucose uptake during a
hyperinsulinemic-euglycemic clamp in chronicallytheterized 5-h fasted C57BL/6J
micethat received VEH or high-dose LPS. Data are esaeas mean £tSEM. * p<0.05
VEH vs. LPS.
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Figure 5.4: Comparison of HKIl content in the cytosol and mitochondria of the
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Genotype Insulin (ng/ml)
4h 6 h
VEH
WT 0.51+0.01 0.56+0.16
HKII ™ 0.51+0.10 0.52+0.16
LPS
WT 0.17+0.01 0.22+0.04
HKII ™ 0.32+0.08 0.17+0.02

Table 5.1: Basal arterial plasma insulin followingVEH or LPS treatment in WT
and HKII " mice. Arterial plasma insulin levels (ng/ml) in chronically catmwted
conscious mice during the basal period (t=4 h) arsline infusion (t= 6 h) following
VEH or high- (10pug/g BW) dose LPS. Data are exméss mean +SEM.
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Genotype Insulin (ng/ml)
4 h 6 h
VEH
WT 0.33+0.09 2.54+0.19
HKI1I ™ 0.66+0.18 2.66+0.42
LPS
WT 0.32+0.04 3.73+0.25
HKI1I ™ 0.28+0.04 3.94+0.49

Table 5.2: Arterial plasma insulin following VEH or LPS treatment in WT and
HKII ™ mice. Arterial plasma insulin levels (ng/ml) in response to VEH high-
(10pg/gBW) dose LPS in chronically catheterizedsooous mice during the basal period
(t=4 h) and following a hyperinsulinemic-euglycensiamp (t= 6 h). Data are expressed

as mean +SEM.
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Genotype Plasma lactate (umol/L)

4 h 6 h
VEH

WT 699+67 898+94

HKI1I ™ 865+159 861+162
LPS

WT 1126+188 1479495

HKI1I ™ 1022+135 1551+205

Table 5.3: Plasma lactate levels following VEH or PS treatment in WT and HKII ™
mice. Plasma lactate levels (umol/L) in response to \tetoc high- (10ug/g BW) dose
LPS treatment during the basal period (t=4 h) aalbwing a hyperinsulinemic-
euglycemic clamp (t=6 h). Data are expressed as m8&M.
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CHAPTER VI

CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions

Plasma glucose concentrations are normally madiainithin a narrow range
even though there are fluctuations in the bodyjgpsuand demand for nutrients. This
tight glucose control is necessary to prevent tkdetdrious effects of hypo- or
hyperglycemia. To maintain stable glucose levetsdhmust be a balance in the rate of

delivery of glucose to the systemic circulationamaled by the rate of glucose removal.

During critical illness, patients experience a hypetabolic state characterized by
increased energy expenditure, mobilization of eedogs fuels, and release of cytokines
as well as counterregulatory hormones. A commoe sifiect associated with critical
illness is hyperglycemia. This hyperglycemia, &sown as stress diabetes or diabetes of
injury, reflects a combination of factors. Theselude increased glucose production by
the liver sustained by an increase in gluconeogauiistrates as well as insulin resistance
by the muscle and adipose tissue. Unless seveperdilycemia has generally been
thought to be acceptable and was not corrected \was believed that the duration of
exposure was relatively short (as compared todbanh in long standing diabetes). It was
also deemed necessary to maintain fuel to the meulin dependent glucose utilizing
organs such as the brain and immune system. Howkeez is increasing evidence that
associates the even relatively brief duration gfdrglycemia in critically ill patients with

adverse outcomes.
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There has been interest in applications to intgrgdifcemic control in acutely ill
patients. Van den Berglet al. demonstrated that there was a decreased morlaiddy
mortality among acutely ill patients who were masdhgn a surgical intensive care unit
for more than 3 days and treated with an IV insudigimen that maintain blood glucose
levels within a normal range (166). There was @Béd study by the same group that
showed a decrease in mortality among patients vaheeaed normoglycemia with the
intensive insulin regimen compared with those whaintained a higher blood level

glucose (167).

The problem with intensive insulin therapy in th@Ul is marked increases in
iatrogenic hypoglycemia and/or glucose variabiliyth of which are associated with
increased morbidity or mortality. Those who stayedhe ICU for less than 3 days had
increased mortality which was due largely to hygogmia. Hypoglycemia occurs in a
narrow window with a sudden and unpredictable gnsetd requires immediate
correction. There have been numerous studies todbmtensive insulin therapy and the
outcome is mixed. Van der Crabbenal. believed that there is a specific period early in
the pathophysiology of sepsis when insulin serigjtils increased and patients are
vulnerable to sudden and severe hypoglycemia, &dlyeavith early initiation of
intensive protocols (168). Three fourths of crilligall patients who meet the criteria for
a diagnosis of sepsis have circulating LPS andasdel serum levels of LPS are
associated with septic shock and mortality. Thegcired healthy volunteers with LPS as
a model of sepsis and measured glucose kinetiosraud)lycemic conditions with a low
and moderate level of insulin clamps. LPS was aatmt with increased insulin

sensitivity 2 hours after injection as manifestgdebhanced whole body glucose uptake
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at both insulin levels and diminished endogenougage production at lower insulin
levels which occurred despite increases in plasoracantrations of norepinephrine,

epinephrine, and cortisol.

From the Van den Berghe study, the favorable anésowere most attributed to
benefits observed among patients who had multiorgélare with a septic source,
patients with some degree of sepsis or septic shookversely, the frequency of severe
hypoglycemia is especially high in those with seveepsis or septic shock, even if the
glycemic goal of intensive insulin therapy is adgas to remain above a strictly
normoglycemic range. These opposing outcomes ucmtershe fact that sepsis is itself a
mulitiphasic and complex condition, associatedrandne hand with an acute increase in
insulin resistance and hyperglycemia due to theberant release of proinflammatory
cytokines and the other with an elevated risk afyelypoglycemia. The mechanisms
underlying altered glucose metabolism and insutitoa in the setting of sepsis need to
be understood better to permit rational and tachepplications of protocols for intensive

glycemic control.

The work presented in my dissertation has focusedthe effect of acute
inflammation induced by LPS on MGlh vivothe process of MGU is distributed over 3
tightly coupled steps and depending on the insuk, step may exert greater control over
the amount of glucose taken up by this tissue. elR#s a strong immune response that
leads to increased cytokine production. Cytokines &ajor contributors to the
underlying insulin resistance by promoting hypecgiyia through increased glucose
production as well as hepatic and peripheral insidsistance. Mesottat al. found that

in humans that received intensive insulin therapstmortem biopsies revealed increased
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MRNA levels of skeletal muscle GLUT4 and HKII (103heir conclusion was that this
therapy works by normalizing blood glucose levai®tigh increasing peripheral glucose
uptake. The major aim of this research was to deter which step of MGU serves as
the major barrier to glucose uptake in the presehegute inflammation induced by LPS
and if by increasing proteins involved in transpant phosphorylation we can overcome

the impairment in MGU.

We demonstrate that in the conscious mauaseivo, high-dose LPS impaired
MGU by inhibiting delivery of glucose to the musci&¥e showed there are considerable
impairments in several cardiovascular parametexduding stroke volume, heart rate,
and cardiac output, in mice receiving a high-dok&RS compared to those receiving
VEH and low-dose LPS. Mice that received high-doB& had a significant decrease in
glucose uptake by several tissues including thérgasemius, SVL, heart, and brain.
Impairments in MGU have been attributed to impaimtaen insulin signaling. We found
insulin signaling to be intact in mice treated witigh-dose LPS and the differences in
insulin-stimulated glucose were less dramatic wivencompared VEH, low-dose, and
high-dose LPS treated mice. These results, comhiigdour data showing there is a
decrease in blood flow to the muscle with high-doB& led to the conclusion that high-

dose LPS inhibits MGU by impairing the deliverygbficose to the muscle.

Transport has been regarded as the primary baoriglucose uptake in the basal
state, but wunder insulin-stimulated conditions, thoarrier shifts to glucose
phosphorylation. We demonstrated that overexpressidsLUT4 in skeletal muscle can
ameliorate impairments in insulin-stimulated MGWisad by LPS. These results were

surprising due to the fact that in the previousréture, increased GLUT4 expression
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increased glucose uptake in the basal state, buwteshno benefit with regards to insulin-
stimulated glucose uptake. The immunohistochemiditg showed that while there was
an increase in GLUT4 transporters at the plasma breme in mice overexpressing
GLUT4, this overexpression could not overcome tR&linduced decrease in membrane
associated GLUT4. These results were surprisingtdudie fact we hypothesized the
benefit seen with these mice would be due to timeireased ability to extract glucose
because of an increase in transporters at the nagbil his led us to examine whether
this perturbation offered any cardiovascular beéngfhile the results are preliminary, it
appears that increased GLUT4 in the heart limiteel tPS induced impairments in
cardiovascular function. Our conclusions are thatreased GLUT4 provides a
cardiovascular benefit that leads to increased M@U the presence of acute

inflammation.

Finally, we demonstrated that overexpression of IHiKkkeletal muscle does not
lead to an improvement in MGU during acute inflanoma stress. Our original
hypothesis was that increased phosphorylation dgpaould lead to an increase in
MGU due to the fact that the transport barrier wlobke lowered by the increased
expression of GLUT1 in the presence of LPS. Whiterexpression of HKII has been
found to offer no benefit to glucose uptake vitro, during insulin-stimulated states
phosphorylation is believed to be the major barterMGU. We were interested in
determining if the reason why we saw no benefit dias to mitochondrial dysfunction.
Since ATP is a necessary cofactor for HKII activitgcreased ATP could hamper any

benefit obtained by having increased HKII in thesaia. Our preliminary data showed
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there was not a problem with the binding of HKIltkee mitochondria in the presence of

LPS and we were unable to determine if there wasedsed flux of ATP.

Future Directions

Cardiovascular depression is a major hallmark gbsise and dramatically
increases mortality rates (189). This work shedhtlion the fact that cardiovascular
dysfunction plays a major role in impairing MGUthe presence of acute inflammatory
stress. An interesting follow-up to this work woudd determining whether minimization
of the cardiovascular impairments would increase WM@uring acute, LPS-induced
inflammatory stress. TLR4 plays a key role in thBammatory response induced by
most forms of sepsis. LPS binds to the TLR4/MD2/@@bmplex leading to the release
of inflammatory cytokines and myocardial TLR-4 Hasen shown to be involved in
signaling cytokine production within the heart digriendotoxic shock (13). A recent
paper by Ehrentrawt al. demonstrated that administration of a TLR4 anté&jdo mice
(eritoran testrasodium, E5564) 15 min prior to &Léhallenge partially prevented the
LPS-induced decrease in blood pressure and héartwhile also preventing an increase
in INOS mRNA levels (45). There was also a decréaseRNA levels of TNFa, IL-15,
IL-6, and INOS in aortic tissue. It would be intstiag to use the TLR4 antagonist in
mice treated with LPS (or genetically remove TLRR#hi the endothelium) and perform a
hyperinsulinemic-euglycemic clamp protocol to detere if the improvement in

cardiovascular function seen in this model woultlleo an improvement in MGU.

Our studies revealed that INOS was significantlyregplated in the

gastrocnemius muscle extracts with LPS treatmeutre@tly our lab is examining the
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effect of increased nitric oxide delivery on MGULhély have observed significant insulin
resistance. There is a possibility that the ina@dasNOS we observed was not
specifically in myocytes but in the endotheliumeféfore another interesting experiment
would be to determine if knocking out endothelldOS would reverse the LPS induced

impairment in MGU.

In our GLUT4' mice, we expected that overexpression of GLUT4ld/¢éerd to
an increase in the transporter at the plasma membiihis in turn, would increase the
ability of the muscle to extract the glucose thaaswbeing carried through the
bloodstream thereby increasing MGU. However, in piresence of LPS, GLUT4
translocation to the plasma membrane was inhibign when the protein was
overexpressed. We demonstrated that the benediifeadt of GLUT4 overexpression was
not due to increased transporters at the plasmabnagr® of muscle but due to its ability
to increase cardiovascular function. GLUT4 insutiediated translocation is regulated
through two pathways, a PI3-K dependent pathwaychvhitilizes AKT and the PI3-K
independent pathway which requires Cbl associatettip (CAP)-dependent activation
of TC10. APS recruits Cbl, along with CAP, to thesulin receptor where it is
phosphorylated by insulin. Once phosphorylated, Gl CAP complex is released to
lipid rafts where through the activation of C3G and10, GLUT4 is translocated to the
plasma membrane (145). A recent study by Noleara. examined the acute actions of
TNF-o on 3T3L1 adipocytes (116). They demonstrated TiNE-o. can acutely regulate
CDK5-dependent phosphorylation of TC10 which inducesulin resistance independent
of IRS1-dependent signaling and inhibited GLUTA#lacation. Since our data revealed

that there was no decrease in insulin signalinguipin the AKT pathway yet GLUT4
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translocation was inhibited in the presence of LIP®&puld be interesting to determine if

LPS inhibits GLUT4 translocation through the PI3Adependent pathway.

Due to the fact that phosphorylation exerts thagst control over MGU under
insulin-stimulated conditions our original hypotlseeswas that increased glucose
phosphorylation capacity would lead to an incraasdGU in the presence of LPS. We
determined that increased phosphorylation capdaityot lead to an increase in MGU in
the presence of LPS. However, once impairmenthenvasculature are unmasked there
may be impairments downstream of delivery thataffdGU. To that end, it would be
interesting to measure the level of mitochondrigfdnction in our mouse model. While
our attempt at using NMR was unsuccessful, we catilize the OROBOROS 02K

Oxygraph to measure@onsumption in permeabilized skeletal muscle §legrvivo

The findings of this dissertation underscore theedneto gain a better
understanding of the relationship between acutéanmhatory stress, cardiovascular

dysfunction and MGU as to provide more targetedaghies for patients in the ICU.
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