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Abstract: Diabetes and metabolic syndrome has risen to epidemic proportions in both
humans and veterinary species. Diabetes is characterized by a lack of insulin production
(type 1) or action (type 2), with subsequent alterations in glucose transport and utilization
in insulin-sensitive tissue. Importantly, diabetes is well known to cause multi-organ
failure (including cardiovascular dysfunction). Additionally, diabetes has recently been
shown to increase the risk of respiratory infection in diabetic patients. Thus, we here
sought to describe the mechanisms underlying glucose dysregulation-derived organ
dysfunction in several tissues (e.g., insulin-sensitive tissues, lamellae, and lung). While
equine metabolic syndrome is well-known to be associated with endocrinopathic
laminitis, the underlying cause of laminitic pathogenesis remains unknown. We
determined that horses with laminitis induced by a 48-hour euglycemic hyperinsulinemic
clamp had a significant upregulation of the insulin signaling pathway in the heart. Thus,
horses with endocrinopathic laminitis were not insulin resistant. After proteomic analysis,
we subsequently found an upregulation of heat shock protein 90, alpha-2-macroglobulin,
and fibrinogen beta, and a downregulation of cadherin-13, vinculin, and talin-1 in
lamellae of hyperinsulinemic horses. Separately, the regulation of glucose homeostasis in
the lung, and how it may be affected during diabetes or during influenza infection, is
under-investigated. We determined the protein and mRNA quantities of seven glucose
transporter (GLUT) isoforms in the lung of healthy and diabetic mice. After infecting
diabetic mice with HIN1 Influenza A (A/PR/8/34), infected and diabetic mice displayed
an increased amount of glucose in BALF over control and non-infected counterparts.
Insulin or metformin rescued these metabolic alterations in both non-infected and
infected diabetic mice. While diabetes significantly altered protein expression of some
GLUTs in the total lysate from the whole lung, influenza alone increased the cell-surface
expression of insulin-sensitive GLUT4. Thus, overall, it can be concluded that alterations
in glucose and insulin metabolism result in substantial alterations in the regulation of
glucose transport in the lamellae of hyperinsulinemic horses, as well as in the lung of
(type 1 and type 2) diabetic mice infected with influenza. Together, these findings
underscore that glucose and insulin dysregulation contribute to multiple organ
dysfunction during diabetes and metabolic syndrome.
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CHAPTER I

INTRODUCTION

Diabetes mellitus is a serious metabolic disorder affecting more than 30 million
people in the United States? and 422 million people worldwide.® 1t is presently the 7™
leading cause of death in the US® and in the world, ? and if current trends continue, a full
10% of the worldwide population is expected to be afflicted with some form of diabetes
by the year 2030.* Diabetes is defined by hyperglycemia, which is caused by either a
lack of insulin production (type 1) or a lack of insulin action (type 2). Importantly,
primarily due to vascular dysfunction, diabetes is well-documented to lead to multiple
organ dysfunction including stroke, blindness, heart failure, kidney failure, and peripheral
neuropathy leading to limb amputation.? Similarly, domestic animals in Western
countries have followed alongside their human counterparts and are now experiencing
burgeoning rates of obesity and metabolic disease.® From this knowledge, two major
gaps of knowledge are addressed in this study: 1) how metabolic syndrome and the
ensuing metabolic derangements lead to laminitis in horses, and 2) how diabetes affects
glucose homeostasis in the lungs, particularly in concert with diabetic patients

concurrently afflicted with viral respiratory infection.
1



Hypothesis 1: Hyperinsulinemia during equine metabolic syndrome will lead to laminitis

through metabolic pathways.

Specific Aim 1: To test the hypothesis that the downstream insulin signaling and glucose

transport pathways will be altered during hyperinsulinemia-induced laminitis.

Specific Aim 2: To test the hypothesis that insulin-induced laminitis will cause a significant
differential expression of proteins in the inflammatory and metabolic pathways, and

additional novel cellular pathways.

Hypothesis 2: Impaired glucose metabolism during diabetes will alter the glucose transporter
expression in the lung and increase viral replication, thereby increasing the severity and

mortality of diabetes-involved influenza infection.

Specific Aim 1: To test the hypothesis that diabetes will alter the glucose transporter activity

in the lung, and that insulin or metformin treatment will rescue these alterations.

Specific Aim 2: To test the hypothesis that insulin or metformin treatment during diabetic
influenza infection will rescue pulmonary glucose homeostasis and thus prevent alterations to

viral replication in the lung of diabetic animals.
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REVIEW OF THE LITERATURE



2.1 Diabetes

Diabetes is defined by a sustained hyperglycemic state above what is considered
normal (79-100 mg/dL, fasting, in most mammals).® This is either caused by a lack of
insulin production from pancreatic beta islet cells (type 1 diabetes) or a lack of insulin
action at the site of the cellular insulin receptor (type 2 diabetes). Diabetes is currently the
7™ leading cause of death both in the United States and worldwide.”® Importantly, the
prevalence of diabetes has been steadily rising over the last decades. In the United States,
1 in 3 adults is now predicted to have either diabetes or pre-diabetes (a normoglycemic,
hyperinsulinemic state preceding true diabetes),’ and worldwide almost 10% of the global

population is estimated to be afflicted with diabetes or glucose intolerance.™

This serious metabolic disorder is now known to cause multiple organ
dysfunction and failure, including nephropathy, retinopathy, neuropathy, loss of bone
density, and cardiomyopathy.” Recently, diabetes (both type 1 and type 2) has also been
identified as a significant and independent risk factor for the development of severe
respiratory infections.***® While hyperglycemia-involved respiratory infections are still
being described, the majority of diabetic organ dysfunction results from vascular
complications, as diabetic patients are a two-fold excess risk for micro- and macro-
vascular disease versus their non-diabetic counterparts.’* To be sure, diabetes has
recently been identified as a substantial risk factor in the development of significant
cardiac disease, including cardiomyopathy, stroke, heart failure, and arrhythmia.*> ** Due
to vascular dysfunction, diabetic patients generally develop fewer collateral vessels in
response to ischemia than non-diabetic patients.® Thus, in addition to atherosclerotic

disease and hypertension, diabetic patients have a 2-3-fold increased risk of developing
4



heart failure following a myocardial infarction.®® Endothelial cells generally regulate
vascular function and structure within any organ.’ Importantly, nitric oxide (NO) is
synthesized by endothelial NO synthase (eNOS).*” Normally, NO promotes vasodilation
by activating guanylyl cyclase on neighboring vascular smooth muscle cells.'’
Additionally, NO prevents vessels from endogenous injury by preventing platelet and
leukocyte interaction, and inhibiting vascular smooth muscle cell proliferation and
migration.’” However, hyperglycemia has been shown to decrease endothelium-derived
NO™ and reduce endothelium-dependent vasodilation.”® This is largely due to the
hyperglycemic upregulation of reactive oxygen species which then inactivate NO,”® but
hyperglycemia has also been shown to increased synthesis of prostanoids, endothelin, and
cyclooxygenase-2, which cause vasoconstriction.”> % Finally, blood flow is negatively
impacted by the increase of plasma coagulation factors and lesion-based coagulants,
while endogenous anticoagulants are decreased.’” Thus, platelet activation and
aggregation combined with a tendency for coagulation becomes a significant risk during

hyperglycemia.'’

Together, the combined result of hyperglycemia-induced vascular disease can
make a significant contribution to multi-organ dysfunction and failure in either type of
diabetes. Despite these common symptoms, type 1 and type 2 diabetes have quite

different disease pathophysiologies due to the different causalities of the disease.
2.1.1 Type 1 Diabetes

Type 1 diabetes mellitus is an autoimmune disorder wherein the body destroys the

pancreatic beta-islet cells, which are predominately responsible for the production of



insulin, while leaving the alpha, delta, and gamma islet cells relatively intact.”® Because
of this, type 1 diabetes is often referred to juvenile diabetes, since it most often presents
at a young age, or insulin-dependent diabetes, since insulin therapy is required for
survival.?® There is currently no way to prevent the onset of type 1 diabetes, nor is there a
known cure. However, automated glucometers and insulin pumps have recently
progressed to allow for regular insulin delivery without the need for constant
subcutaneous injections throughout the day. Type 1 diabetes constitutes 5-10% of all
known diabetes cases.® Nevertheless, while the disease is much less prevalent than type
2 diabetes, it is not curable, and if left untreated or poorly managed, the severe
hyperglycemia (>350mg/dL if untreated) is far more damaging than that found during

type 2 diabetes.

The onset of type 1 diabetes can be diagnosed by the appearance of
autoantibodies before any symptoms manifest?* The autoantibodies include
autoantibodies to islet cells, insulin, glutamic acid decarboxylase, the phosphatase-related
IA-2 molecule, and zinc transporters.”® However, many type 1 diabetics are instead
diagnosed (via the pronounced hyperglycemia) after the onset of diabetic ketoacidosis,
polyuria polydipsia, unexplained weight loss, or a combination of these.* Diabetic
ketoacidosis is a high concentration of ketone bodies, or ketosis, to such an extreme
degree that the pH of the blood is decreased.?* This is the result of a lack of glucose
uptake (due to the lack of insulin) resulting in gluconeogenesis (thereby exacerbating the
hyperglycemia) and the utilization of fatty acids by the liver to support ketosis.?* The

polyuria is caused by the exceptionally high concentration of the glucose in the blood



leading to osmotic diuresis via water passively following the high glucose concentrations

being excreted in the urine. This in turn naturally causes the associated polydipsia.*

The destruction of the pancreatic beta islet cells is thought to be T-cell mediated,
via both CD4+ and CD8+ T cells.?® As the destruction of the beta islet cells occurs, the
beta islet cells release autoantigens.?® The macrophages then process these and present
them on their surface, which is identified by the helper T cells.?® The helper T cells then
activate both the cytotoxic T cells and the B cells, which also activate the natural Killer
cells.”® Together, these immune forces complete the destruction of the pancreatic beta
islet cells.® Additionally, the process of the beta cell destruction can be highly
inflammatory. Before the onset of diabetic ketoacidosis, mild persistent hyperglycemia
may be evident. This alone can trigger endoplasmic reticulum (ER) stress and oxidative
stress in pancreatic beta islet cells.?® This may cause a damaging positive feedback loop
as ER stress itself is prone to cause damage to beta cell proteins, generating peptides
which may be presented by MHC to attract further autoimmune response.?® Additionally,
T cells may upregulate inflammatory cytokines and interferons such as IL-1p, IFN-y, and

TNF-a, which further promote beta cell apoptosis.26
2.1.2 Type 2 Diabetes

Type 2 diabetes comprises the other 90-95% of diabetic cases. It is a somewhat
more complex disease than type 1 diabetes in its pathogenic mechanisms, although the
cause is generally more simple: this is a disease which almost always results from
overnutrition, which results in high secretions of insulin from the pancreatic beta islet

cells in order to compensate for the constant high levels of glucose.”” Insulin resistance, a



decrease in insulin-stimulated glucose uptake, is associated with ageing, obesity, and a
sedentary lifestyle.”” While pancreatic islets respond to this challenge by increasing their
cell mass and insulin secretion, the eventual failure of the functional expansion of beta
islet cells to compensate adequately for the degree of insulin resistance leads to the type 2
diabetic condition. Even at the beginning stages of this disease, the constant
hyperglycemia (a fasting blood glucose level of 126 mg/dL or higher on at least two
separate tests) can lead to glucotoxicity, lipotoxicity, oxidative stress, ER stress, and
amyloid deposition.?’ Together, all of these mechanisms form a non-linear but
multifactorial positive feedback loop which results in pronounced, chronic insulin

resistance and hyperglycemia.

In the case of glucotoxicity, hyperglycemia itself has been shown to impair
insulin secretion, via beta cell exhaustion, and to induce pancreatic beta islet cell death,
via full glucose toxicity, which causes irreversible damage to cellular components of
insulin production.?® Similarly, lipotoxicity occurs as long-chain free fatty acids increase
in the plasma during insulin resistance.?® Saturated fatty acids in particular tend to be
quite toxic, as they have been associated with impairing beta cell secretory function,
inducing beta cell apoptosis, and, in a circular pattern, further inducing insulin
resistance.>” 3! Beta cells also undergo significant NO-mediated ER stress due to the high
output of insulin, and ER stress-mediated apoptosis in beta cells can be a further additive
to insulin resistance.*® Additionally, islet amyloid deposits are associated with the islets
of type 2 diabetic patients, and are associated with beta cell failure.*® Finally, oxidative

stress is an important part of the type 2 diabetic condition, as hyperglycemia — and



several of the other concurrent cell stressors — lead to the generation of reactive oxygen

species.

Together, these etiologies make type 2 diabetes a highly inflammatory disease.
Following excessive levels of circulating glucose and free fatty acids, the pancreatic islets
and insulin-sensitive tissues (striated muscle, adipose tissue, liver) produce inflammatory
cytokines and chemokines, particularly as mast cells, macrophages, and T cells are
recruited to the adipose tissue.”” These circulating pro-inflammatory mediators include
IL-1B, TNF-0, CCL2, CCL2, CXCL8.?" Further, the hypoxic response occurring in
expanding adipose tissue, as well as the activated NF-kB and JNK pathways, may further
promote inflammation and insulin resistance.?’ Together, these pro-inflammatory
cytokines and chemokines, combined with the stress of endothelial dysfunction in the

vessels, can lead to significant organ damage and failure.



2.2 Regulation of Glucose Transport

The glucose transporters (GLUTSs) are a family of membrane proteins which
facilitate the transport of glucose across the cellular plasma membrane. Because glucose
is an essential source of metabolism and ATP production in virtually all life forms, and
because glucose is a relatively large molecule which requires a membrane transporter to
facilitate transport, the GLUT family is highly conserved and is present in all phyla. The
glucose transporter isoforms, of which there are currently 14 known, are organized into
three classes based on sequence similarities. Here, the relevant investigations regarding
the glucose transporters, including their discovery, structure, and pathophysiological
functions currently known, are discussed. The class | glucose transporters discussed here
include GLUTL, GLUT2, GLUTS3, and GLUT4. A brief overview of the class Il glucose
transporters includes GLUT5, GLUT7, GLUT9, and GLUT11. This class Il glucose
transporter review includes discussion on GLUT6, GLUT8, GLUT10, GLUT12, and
GLUT13. While there are a number of varying reviews regarding the glucose transporters
as a whole, the class Il GLUT isoforms frequently receive less attention than the other
classes. However, this is a budding group of glucose transporters which have recently
been identified as significant in disease pathophysiology and potentially critical in
stimulated and unstimulated glucose transport. Finally, some glucose transporters such as
the class Il glucose transporters (GLUT-5, -7, -9, and -11) and some of the class IlI
glucose transporters (GLUT-6, -13) were not part of this study due to their high

specificity for certain species, tissues, or molecules, such as fructose.*

As discussed later in this review, there are two basic mechanisms regulating

glucose uptake into the cell: mediated glucose uptake (via insulin, calcium, AMPK, or
10



neuregulin) and basal glucose uptake. Mediated glucose uptake via the insulin-signaling
pathway (dependent on production of insulin by the pancreatic beta islet cells and
functional insulin receptors) functions primarily through the activation of PI3K, AKT,
and AS160 (AKT substrate of 160 kilodaltons) in order to stimulate the trafficking of the
intracellular GLUT vesicle to the cell membrane. This pathway may also be activated
through the binding of insulin-like growth factor 1 to its receptor. Additionally, as this
pathway shares several major proteins with other significant signaling cascades,
including inflammatory signaling, the ultimate functioning of insulin-mediated GLUT
trafficking may be altered downstream by several possible effectors. Basal glucose
uptake is mediated predominantly by any particular GLUT isoform’s affinity for glucose.
For instance, GLUT1 and GLUT3 are considered high affinity (low Km) GLUT
isoforms, while GLUT2 has a high Km and thus a low affinity. Additionally, each GLUT
isoform has specific roles depending on their expression in certain organs (or, in the case
of some GLUTS, their role is ubiquitous basal glucose uptake, such as for GLUT1, due to

expression in nearly all of the organs).

Finally, once inside the cell, glucose can be utilized in several different ways.
Firstly, glucose may be used in glycolysis, which is an oxygen-independent pathway.
Glycolysis breaks down a glucose molecule into two pyruvate molecules while releasing
ATP and NADH. Oppositely, the process of gluconeogenesis produces glucose via the
reverse process of glycolysis. Glycogenesis is the process of converting glucose into
glycogen, a polysaccharide, for stored energy. When needed, molecules of glucose can be

cleaved from branched glycogen and can enter glycolysis via glycogenolysis.

11



2.2.1 Glucose Transporters
2.2.1.a Class | Glucose Transporters
GLUT1

GLUTL is the major basal glucose transporter, primarily found on the cell surface, and

does not rely on trafficking mechanisms in order to transport glucose into the cell.*°

GLUTL is formed by 492 amino acid residues and includes one site of N-linked
glycosylation, with no other known post-translational modifications.*> ** In contains 12

transmembrane segments.*® **

GLUTL1 is predominately a glucose transporter, but it is also able to transport mannose,
galactose, glucosamine, and reduced ascorbate.*® It was first described as being expressed
in human erythrocytes,** but is also described as an important part of glucose transport
across the blood brain barrier.*? Along these lines, GLUT1 protein has been found in
brain endothelial cells,*? brain astrocytes,*® skeletal muscle,* cardiac muscle,*® adipose

tissue,*® lamellar tissue,** as well as most organs and tumors.*°

GLUT1 deficiency syndrome is an autosomal dominant genetic disease caused by a
haplodeficiency of the slc2al gene.*” Symptoms of this disease include seizures,
developmental delay, and ataxia, beginning in infancy.* These symptoms are
ameliorated with a ketogenic diet but not cured.*” Total GLUT1 knockout in mice is
embryonic lethal.*® Mouse models of GLUT1 and GLUT3 knockout in platelets abolishes

platelet glucose uptake and decreased thrombosis and platelet activation.*®

12



GLUT2

GLUT2 is a basal glucose transporter, not relying on trafficking mechanisms or signaling
cascades in order to transport glucose into the cell. It is the major glucose transporter of
hepatocytes, kidney proximal convoluted tubules, and pancreatic beta islet cells,*® but has
also been described in the intestine, brown adipose tissue, skeletal muscle, the lung, and

the nervous system.*® >

GLUT2 has a 55% amino acid sequence identity with GLUTL, and has similar structure

and orientation in the plasma membrane.*

GLUT2 is known to have the highest Km value (15-20mM) and thus the lowest affinity
for glucose, which allows it have a rate of glucose entry which is proportional to blood
glucose levels.>® GLUT2 can also transport mannose, galactose, and fructose, and has a

high affinity (~0.8mM) for glucosamine.*

While GLUT2 is widely known to be the predominant glucose transporter of the liver,
pancreas, and intestine, GLUT2 knockouts of these organs do not prove lethal.>* >
Indeed, intestine-specific knockouts do not result in impaired intestinal glucose uptake,>
and liver-specific knockouts did not impact glucose output. However, GLUT2 knockouts
did result in suppressed glucose-stimulate insulin secretion from beta cells®® and
suppression of glucose uptake in the liver.>” Interestingly, GLUT2 knockouts in the brain
or the nervous system led to delayed initiation of feeding after fasting, loss of glucagon
secretion during hyper- and hypoglycemia, impaired thermoregulation, and impaired

stimulation of parasympathetic activity and inhibition of sympathetic activity by

glucose.> Whole-body GLUT2 knockout mice demonstrate a diabetic phenotype and die
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two to three weeks after birth due to a defect in glucose-stimulated insulin secretion.*

However, when these whole-body GLUT2 knockout mice are then rescued by re-
expressing either GLUT1 or GLUT2 in the pancreatic beta cells, specifically, they
survive and breed.>* In humans, a mutation of the SLC2A2 gene causes Fanconi Bickel

syndrome, resulting in accumulations of glycogen in the liver and kidneys.*®
GLUTS3

GLUTS3 is considered a neuron-specific glucose transporter due to its high expression in
the brain, but it’s also highly expressed in the testis, placenta, preimplantation embryos,

and several tumor types.*® It is highly conserved among mammals, fish, and birds.> ®

GLUTS3 consists of 481 amino acids, and weighs 52.5 kilo Daltons. Similar to the other

facilitative glucose transporters, it consists of 12 membrane spanning segments.>®

Along with GLUT1, GLUTS has a relatively low Km value (5mM), allowing for a high
affinity for glucose and a constant uptake of available glucose from the blood, regardless
of blood glucose concentration. GLUTS3 is required for proper brain organogenesis and

embryonic growth.®

Homozygous loss of GLUT3 is embryonic lethal.>

GLUTS3 dysregulation has been
implicated in the development of dyslexia.>® Heterozygous GLUT3 knockout mice have
demonstrated enhanced cerebrocortical activity, but otherwise have normal coordination,
reflexes, motor skills, anxiety, learning, and memory.>® Additionally, heterozygous
GLUT3 knockout mice possessed normal body weight, blood glucose, insulin, food

intake, and food choices.>® However, one group reported a potential increase in fat mass

of adult male mice with a heterozygous GLUT knockout, while female mice remained
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normal.”® In heterozygous GLUT3 knockout mice, some groups have reported an

increase of GLUT1 and GLUTS protein, potentially as a compensatory mechanism.>?
GLUT4

Together, GLUT1 and GLUT4 represent the most studied glucose transporter isoforms,
which is representative of their ubiquitous nature and their importance to normal glucose
homeostasis. While GLUT1 is the predominant basal glucose transporter, GLUT4 is the
predominant insulin-stimulated isoform, and its trafficking to the cell surface from its
intracellular vesicle is the rate-limiting step of insulin-mediated glucose uptake.>® GLUT4
is most relied upon in the insulin-sensitive tissues: the heart, skeletal muscle, and adipose
tissue.®> GLUTA4 is also expressed in the brain® and, recently, GLUT4 has also been
described in the trachea and lung in humans.®? GLUT4 has been demonstrated to be
highly conserved among mammals and fish,”> and can be expressed in yeast

experimentally. However, GLUT4 has been noted as absent in birds.*®

GLUT4 is has 65% sequence identity with GLUTL1 and, similar to GLUT1, GLUT4
possesses an affinity for glucose of a Km around 5mM.>* ® It is also able to transport
dehydroascorbic acid and glucosamine.”® GLUT4 is unique among glucose transporters
for its well-investigated system of insulin-stimulated GLUT vesicle trafficking which is
required for insulin-mediated glucose uptake into the cell. The end of this pathway
ultimately results in the phosphorylation of AS160 (AKT substrate of 160 kilodaltons),
which then activates Rab10, and ultimately allows for the translocation of GLUT4 to the
cell surface.®® While insulin has been shown to be the most effective and predominant

initiator of the signaling cascade which leads to GLUT4 translocation, calcium,®
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AMPK,® and neuregulin®” have also been demonstrated to be able to phosphorylate

AS160 and stimulate GLUT4 trafficking.

Major alterations to total protein and cell surface protein expression of GLUT4 in the
insulin-sensitive tissues are evident during type 1 and type 2 diabetes.*® ®®"> The lack of
insulin production or insulin action result in the inaction of the insulin signaling pathway,
which is the primary source of signaling required for the translocation to the cell surface.
However, it has been shown that upregulating contraction via exercise can ameliorate
GLUT4 alterations in the diabetic state.” Surprisingly, homozygous GLUT4 knockout
mice do not show a diabetic phenotype, although they are small, possess significant
cardiac hypertrophy, and have a maximum life span of 5 to 7 months.” Additionally,
while these mice maintain normal blood glucose levels, they also possess significantly
increased postprandial insulin concentrations, and had a decreased level of lactate and
free fatty acids in both fasting and fed states.” The relatively normal phenotype of total
GLUT knockout mice may be due to the compensatory upregulation of other GLUT
isoforms.”* Mice which only have one allele of GLUT4 knocked out are phenotypically
normal and are fertile despite the fact that they have substantially reduced GLUT-

mediated glucose uptake and less GLUT4 protein in the insulin-sensitive tissues.”
2.2.1.b Class Il Glucose Transporters
GLUTS

GLUTS is a facilitative fructose transporter, with no ability to transport glucose or
galactose.®* Active GLUTS5 protein is largely located in the small intestine and the

kidney, but GLUT5S has also been described in the adipose tissue, skeletal muscle, and
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brain.** GLUTS has also been consistently found in the testes and sperm, though its role
in sperm metabolism remains unclear.** GLUTS seems to be well-conserved, having been
described in humans, rats, rabbits, chickens, horses, and cattle.** Interestingly, patients
with type 2 diabetes exhibit an increase of GLUT5 mRNA and protein in skeletal muscle,
while other muscle-specific GLUT isoforms did not change.** Conversely, in obese fa/fa
rats, GLUT5 protein expression in the adipose tissue is significantly decreased.** In
general, GLUT5 expression and activity have been shown to be decreased during
inflammatory diseases, including in the intestine.** GLUT5 has also been highly
expressed in some cancers, despite not being highly expressed in the healthy tissue, such
as breast cancer. This would indicate that neoplastic cells use fructose to enhance

glycolysis, but this area of research requires further investigation.>
GLUT7

GLUTT7 is considered to be the closest isoform to GLUT5 in structure and function,” and
has previously been suggested to transport both glucose and fructose with low capacity.
However, studies indicate that GLUT7 does not transport either, and in fact the substrate
which it is responsible for transporting has yet to be identified.”® GLUT7 is expressed in
the small intestine and colon, with modest amounts also expressed in testis and prostate.’
GLUTY protein expression in the jejunum and ileum does increase alongside an increase
in dietary carbohydrates, so has been hypothesized to be involved in the regulation of

other GLUT isoforms.”
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GLUT9

GLUTY is fairly uniqgue among the GLUT isoform family for itself having two splice
variants with different expression patterns.” However, both variants are predominantly
located in the intestine (specifically the jejunum and ileum), kidney, and placenta.”
Current research indicates that GLUT9 is a high affinity urate transporter, and, similar to
GLUTY7, no studies have confirmed that GLUT9 is able to transport either fructose or
glucose.”  Enterocyte-specific GLUT9 knockout mice develop hyperuricemia,
hyperuricosuria, and metabolic syndrome, possibly because of impaired enterocyte urate
clearance.” Total GLUT9 knockout leads again to hyperuricemia and hyperuricosuria,

but also to early-onset nephropathy and renal insufficiency.*’
GLUT11

GLUT11 is another close relative of GLUT5 in terms of sequence homology and, similar
to GLUTY, possesses three different variants: GLUT11A, GLUT11B, and GLUT11C.™
GLUT11 has been shown to transport both fructose and glucose.”® GLUT11 is absent
from the rodent genome, but the variants have been found in human tissues.”® For
example, GLUT11A is noted to be present in the heart, skeletal muscle, and kidneys,
GLUT11B in the placenta, adipose tissue, and kidneys, and GLUT11C in the adipose

tissue, heart, skeletal muscle, and pancreas.’

18



2.2.1.c Class Il Glucose Transporters
GLUT6

GLUTS (formally known as GLUT9)"’ is one of the least studied glucose transporters.
GLUTS has been found in the spleen,” leukocytes,” the brain,’® the endometrium,’
peripheral blood leukocytes,® and vascular smooth muscle cells.®® It has been found
humans, rats,”” cows,®” and zebrafish.2* The GLUT6 gene (SLCA26) is composed of 507
amino acids’® and 10 exons, and is located on chromosome 9 in humans.®’ It contains a
dileucine internalization motif at the 5™ and 6™ amino acids, as well as a monosaccharide

binding site from 286-292.%° GLUT®6 has a molecular weight of 48kDa.*°

In mouse model which had GLUT6 knocked out using a CRISPR-Cas9 mediated
deletion, whole-body glucose metabolism, development, and growth were all unaltered.
This was true in male and female mice fed either a chow or western diet.®* Based on this
study, GLUTG6 does not appear to be a major regulator of metabolic physiology. GLUT6
also does not seem to be stimulated by insulin.”” GLUT6 mRNA has was decreased in

zebrafish in a fed state versus a fasted state.®®

GLUT® is not widely expressed in normal tissues, but it has been found to be upregulated
in several cancers. GLUT6 has been implicated as a potential player in cancer
development, and based on the recent study by Byrne et al, GLUT6 inhibition may have
minimal effect on normal physiology while targeting cancer growth.®* In gastric cancer,
GLUT® protein was found in significant quantity in cancerous samples, but the amount of
protein did not correlate with prognosis.®® There is also a significantly increased amount

of GLUT6 protein in the endometrium of obese postmenopausal endometrial cancer
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patients.”” Additionally, along with GLUT10, GLUT6 has been implicated in vascular
disease: white adipose tissue in patients with an abdominal aortic aneurysm possessed
significantly more GLUT6 mRNA and protein compared to patients without an

abdominal aortic aneurysm.®®
GLUTS8

Glucose transporter 8 is a novel class Il glucose transporter which has been
demonstrated to be important in cellular glucose and fructose uptake from the blood
stream in some tissues. This transporter has been established to possess some tissue
specificity in terms of location and function, and has been described in a wide variety of
species. As this glucose transporter isoform continues to be defined, it begins to emerge
as a potentially major player in diabetes research and metabolism overall. Importantly,
this isoform may be a novel target for metabolic disease therapy in the future. Here, the
relevant investigations and identifications of glucose transporter 8, including its

discovery, structure, and pathophysiological functions currently known, are discussed.

GLUTS has been described in multiple tissues since its discovery, including the brain,®
testes,®® spermatozoa,®® placenta,® liver,” kidney,®" intestine,* adipose tissue,”” skeletal

%894 and the lungs.*® Also, it is important to note

muscle,®® and most recently, the heart,
that GLUT8 has been described in a wide variety of species including yeast,” rats,®
mice,”® chickens,® horses,” cows,'® boars,'™ and humans.® Thus, it appears to be fairly

ubiquitous, it is found in high quantities in both basal and insulin-sensitive tissues, and is

widely conserved among species.
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Both mouse and human GLUTS8 contains 12 membrane-spanning helices®® and a
cytoplasmic N-51 terminal dileucine motif.!% GLUTS8 has been reported as anywhere
between 42 kDa® to 55 kDa'® in weight. GLUTS helices have been reported to contain
several highly conserved motifs which may be essential for transport activity, such as,
“GRK in loop 2, PETPR in loop 6, QQLSGVN in helix 7, DRAGRR in loop 8,

GWGPIPW in helix 10, and PETKG in the C-55 terminal tail.”®

Insulin-sensitive glucose transporters such as GLUT4 are well known for the insulin-
mediated translocation from its intracellular vesicle to the cell surface to facilitate the
transport of glucose from the blood to the intracellular environment.’®® The potential
translocation of GLUTS8 in a similar fashion has been widely debated in various tissues
and remains as a subject of scrutinization as this novel transporter continues to be
evaluated fully. Importantly, GLUT8 has been demonstrated to not participate in the
same particular vesicular recycling process at GLUT4, but it does appear to localize to an
endosomal compartment.’® GLUT8 has been shown to translocate to the endoplasmic
reticulum during glucose administration in the rat hippocampus.’® It has been described
as associating with a specific intracellular compartment in hippocampal neurons,'®®
which could indicate a similar translocation technique to GLUT4, and it has been
described as being insulin-sensitive in cardiac tissue.?® It has also been speculated to be
responsive to calcium signaling, similar to GLUT4, in the myocardium.'® And again,
while some groups have specifically described GLUTS8 as being an intracellular glucose

transporter during hippocampal neurogenesis,’®” GLUT8 has conversely been described

as being specifically localized to the cell surface in hepatocytes'® and in the acrosomal
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region of spermatozoa,®® so it is possible that GLUT8 possesses different mechanistic

operations in different tissues.

However, while many have been able to speculate or define the cellular location of
GLUTS8 in various cell types under differing glucose conditions, the mechanistic
intracellular regulation of this glucose transporter remains largely unknown. The other
glucose transporters continue to be investigated of course, but much more is known about
their expression and transport mechanisms. For instance, GLUT4 is heavily reliant on the
PIBK/AKT (phosphoinositide 3-kinase/protein kinase B) pathway resultant from insulin
signaling,’®® ° but can also be stimulated in this same fashion by calcium*! and by
AMPK (5' adenosine monophosphate-activated protein kinase).*** GLUT1 does not need
to translocate to function, but it has been demonstrated that glycogen synthase kinase beta
(GSK3B) regulates the overall protein expression of GLUT1.*®* Conversely, while the
expression of GLUT8 has been correlated with the expression or phosphorylation of

T,%8 14 t0 our

staple proteins in the insulin signaling pathway such as PI3K and AK
knowledge a true mechanistic investigation of the regulatory processes of this transporter
has yet to be undertaken. However, it has been demonstrated in some cell lines that
endocytosis may be the primary regulatory step for this isoform, and in order for GLUT8

to be recruited to its appropriate endocytic machinery beta2-adaptin must interact with

GLUTS’s dileucine motif.!*®

GLUTS has been shown to be an important facilitator of both glucose®’ 8 9% 93 9. 116-118

97, 108, 119

and fructose transport into the cell from the blood.
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Whole-body GLUT8 knockout mice have been shown to be viable and maintained
normal development, although they possessed “mild alterations” in the brain, heart, and
sperm cells.*?® Similarly, other groups have determined that an inactivation of the glut8
gene demonstrated that GLUT8 was not required for embryonic development and did not
affect postnatal development, glucose homeostasis, or stress responses.”” This same
group also determined that GLUT8-deficient mice possessed an increased proliferation of
hippocampal cells, but no alterations in memory acquisition or memory retention, and
that this knockout did increase the duration of the P wave in the heart without altering the
size or morphology. Interestingly, when Schmidt et al. investigated the importance of
GLUTS to neuronal cells, they found that GLUT8 knockout mice had increased physical
activity, reduced risk assessments, altered grooming, and increased arousal.'®
Furthermore, GLUT8 protein levels have also been demonstrated to increase in motor
neurons after injury, and it has been specifically implicated in the potential increase of
glucose transport in motor neuron regeneration.**®* GLUTS8 has been shown to be present
in significant quantities in cardiac tissue, both in the atria and in the ventricle, and may

play a significant role in glucose uptake in the heart.®® 1%

Due to the known detrimental effects of type 1 (insulin-dependent) diabetes on sperm,**
Gawlik et al. specifically investigated the effects of a GLUT8 knockout in terms of male
reproductive cells.*?> They found that without glut8, sperm were less motile, possessed
reduced ATP levels, and had lesser mitochondrial membrane potential, even though
overall spermatozoa survival rate was not decreased.? In female reproduction, GLUT8
has also been implicated as an important player in the lactating mammary gland and it
may be regulated by lactogenic hormones in this tissue in particular.*®
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It has also been established that some translocational glucose transporters can use AMPK
activation to translocate from their intracellular vesicles to the cell surface.*?® This same
finding has recently been replicated to indicate that GLUTS8 is similarly activated by
AMPK in equine striated muscle.*® Also, while exercise has been shown to improve
GLUT4 translocation in skeletal muscle in both diabetic and healthy subjects, GLUT8
protein expression is still being investigated in this area. Interestingly, Seki et al. found
that while females are more sensitive to exercise and thus have a more pronounced post-
exercise overall GLUT response than males do, GLUT8 mRNA is not altered in either

gender after exercise.**

GLUTB8-deficient hepatocytes demonstrate reduced fructose uptake, and GLUTS-
deficient mice exhibit reduced fructose-induced accumulation of triglycerides and
cholesterol.®® Along these lines, DeBosch et al. recently made the very striking claim
that by potentially altering PPARy-dependent hepatic fatty acid metabolism, a “GLUTS
blockade prevents fructose-induced metabolic dysregulation™.**® Thus, blocking the
ability of GLUTS8 to transport fructose may be a beneficial target for patients with type 2
diabetes and other metabolic diseases which are heavily involved with hepatic fatty acid

metabolism.

GLUTS has also been demonstrated as affecting cellular functions which are not directly
related to glucose or fructose transport. It has been recently implicated in having a
significant role in autophagy.'® Trehalose is a disaccharide which has been postulated to
induce cellular autophagy,**® and Mayer et al. provided a body of work to demonstrate
that GLUTS is a trehalose transporter in mammals, and that GLUT8 is thus required for

both trehalose-induced autophagy and for signal transduction.®
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However, what remains largely unknown in terms of functionality is the degree to which
GLUTS is able to compensate for other predominate GLUT isoforms when those
isoforms are nonfunctional. For instance, it is well established that GLUT4 is the
predominate isoform in adipose tissue and striated muscles.*?” However, while GLUT4 is
crucial for normal growth, GLUT4 knockout mice are certainly compatible with life and
are only mildly hyperglycemic.*® This would suggest that, given the amount of GLUT8
protein which has been reported in many of the tissues which utilize the most glucose in
the body, GLUT8 may be able to play a compensatory role in rescuing glucose transport.
To our knowledge, the results of experiments involving the quantification of active
GLUT8 protein in various tissues after other predominate GLUT isoforms are

functionally muted has yet to be reported.

The glucose transporters in general have repeatedly found to be altered during disease
states, particularly during metabolic diseases such as diabetes.®®% 9129130 However, it
is important to note that under experimental conditions, muting the functionality of a
GLUT isoform does not necessarily lead to metabolic dysfunction, and conversely in
vivo metabolic dysfunction does not necessarily mean there is an alteration in the
expression or functionality of a particular GLUT isoform. For instance, despite what
some teams have found in regards to the alteration of male reproductive cells when
GLUTS expression is experimentally knocked out,®® ** Gomez et al. found that the
expression of GLUTS is not altered in the testes or the sperm of diabetic rats when

compared to their non-diabetic counterparts.*®*

Insulin sensitive glucose transporters rely predominately on the insulin signaling pathway

to translocate from their intracellular vesicle to the cell surface in order to facilitate the
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diffusion of glucose into the cell.** Due to this reliance, the protein expression of insulin
sensitive glucose transporters in insulin sensitive tissues has been repeatedly reported to
be decreased during diabetes.®® In some insulin-sensitive tissues, GLUT8 appears to

mirror the alterations of GLUT4 in the diabetic myocardium.®®

Finally, it has been reported that GLUT8 is negatively regulated by hypoxia in mammary

cells, and that this regulation occurs through a HIF-1o-independent pathway.*®
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Figure 1: Organs in which class 111 GLUT protein has been found.
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GLUT10

GLUT10 is one of the least investigated class Il glucose transporters, and indeed one of
the least investigated glucose transporter isoforms in general. GLUT10 mRNA and
cDNA has been found in multiple tissues including white adipose tissue,*** oocytes,*®

134

tcochlea,*® small intestine,*** liver,"*" pancreas,*” placenta,*” brain,**" heart,*** skeletal

138 and lungs,™ across multiple species, including humans,™** mice,*** frogs,™*®

muscle,
and zebra fish.*** GLUT10 protein has been identified in skeletal muscle,*®® cochlea,**
and 1ung.®> ® In vitro, GLUT10 has also been characterized in multiple cell lines
including human airway epithelial cells,® human anaplastic thyroid carcinoma, poorly

differentiated papillary thyroid carcinoma, and follicular thyroid carcinoma, but not in

medullary thyroid carcinoma cell lines.**

In humans, GLUT10 is located in the chromosomal region 20g12-13,*" *** which is a
region that has specifically been associated with type 2 diabetes.**"" 1*> As reported by
Dawson et al, “The GLUTI10 gene is located between D20S888 and D20S891 and is
encoded by 5 exons spanning 26.8 kb of genomic DNA. The human GLUT10 cDNA
encodes a 541 amino acid protein that shares between 31 and 35% amino acid identity
with human GLUT1-8.*¥" However, this specific length can vary modestly between
species as Chiarelli et al reported that the GLUT10 gene (slc2al0) encodes a 513 amino
acid protein in zebra fish (Danio rerio).**® GLUT10 also maintains 12 transmembrane

domains in all reported animals, a hallmark structure of the GLUT family overall %% 24

GLUT10 seems to be reasonably well conserved among mammals, and is fairly similar in

structure to the other glucose transporters. Mammalian glucose transporters contain
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characteristic sequence motifs such as “VP*'ETKG in the cytoplasmic C-terminus,
G"R[K,R] between TMD2 and TMD3 (PROSITE PS00216), VD*’RAGRR between
TMD8 and TMD9 (PROSITE PS00216), Q**QLTG in TMD7, and tryptophan residues
W*° (TMD10) and W** (TMD11), that correspond to tryptophan residues previously
implicated in GLUTI cytochalasin B binding and hexose transport”.™*’ However,
GLUT10 does not contain the SUGARTRANSPORT?2 pattern (PS00217), while the other

known human glucose transporters do possess this sequence.*3’

GLUT10 is a d-glucose membrane transporter, with transport kinetics of 0.28mM for 2-
deoxy-D-glucose.2’ GLUT10 has been identified as the mitochondrial L-dehydroascorbic
acid transporter, and in this respect GLUT10 then protects cells from oxidative injury.**?
Along the same lines, glutl0 gene deletion causes a large proportion of genes involved in

mitochondrial function to be altered.**

GLUT10 has been reported in multiple tissues in zebra fish, suggesting a wide role in this
species.*® Similar to GLUT12, when GLUT10 is knocked down in zebra fish embryos a
wavy notochord develops, along with cardiovascular abnormalities alongside a reduced

heart rate and blood flow, and incomplete irregular vascular patterning.***

Alongside GLUT2, GLUT10 has been implicated as an important basal transporter for

glucose between the airway and the bronchial epithelium in both humans and rodents.*™

145, 146

GLUT10 has also been specifically demonstrated as localizing to the endoplasmic

reticulum.**’
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Interestingly, GLUT10 protein increases in skeletal muscle 2- to 5-fold after chronic

muscle loading.'*®

In mice, GLUT10 protein has been found to localize in the cuticular plate of the outer and
inner cochlear hair cells, as well as in the ampullary crest of the vestibular system.**
Based on these findings, Chen et al determined that GLUT10 may be a contributing
factor to glucose transport between the endolymph and the hair cells across the cuticular

plate.'*

A link between GLUT10 and type 2 diabetes has been established.**" *** A deficiency of
GLUT10 has been linked to an upregulation of the TGF pathway in the arterial wall,***
which has also specifically been observed in Loeys-Dietz syndrome.'*® Loeys-Dietz
syndrome is characterized by aortic aneurysms with arterial tortuosity, and arterial
tortuosity syndrome itself has also been associated with a loss-of-function mutation of the

GLUT10 gene, SLC2A10.1%
2.2.2.c GLUT12

GLUT 12, considered as second insulin sensitive glucose transport system, was identified
in MCF-7 breast cancer cells.”®® ** 1 GLUT12 transports 2-deoxy-glucose glucose,
fructose and galactose across intracellular organelle membranes. It has been shown that
GLUT12 could work as a proton coupled symporter.™" *2 In addition, GLUT12 was
found to have higher affinity for D-glucose than D-fructose, D-galactose and L-

glucose.’3 1>

It is reported that GLUT12 expresses 29 % amino acid homology to GLUT4® 1> and

40 % amino acid identity to GLUT10. This novel glucose transporter protein is encoded
29



by SLC2A12 and has a molecular weight of molecular weight between 67 kDa"*® and

151, 153

76kDa.™° This class of glucose transporters are found expressed in heart, skeletal

150, 155-157 152, 158 70, 150, 159 89, 150, 153, 160, 161 thus

muscle, prostate, adipose tissue, and placenta,
playing important role in blood glucose metabolism.*®® GLUT12 is found to localize
intracellularly at Golgi complex and plasma membrane when ectopically expressed in

Chinese Hamster Ovary cells.*? 12

The novel and second insulin-sensitive isoform, GLUT 12, contains slc2al2 encoded
proteins.’®® It is conserved in human, chicken, cow, horse, rhesus monkey, chimpanzee,
dog, mouse, rat, zebrafish, rice and A. thaliana.’® '** Orthologs are found in 177
organisms in total.®® The GLUT-12 cDNA encodes 617 amino acids essential for sugar
transport. It also possesses dileucine motifs in the NH, which influence its subcellular
targeting and COOH termini at regions similar to the FQQI and LL targeting motifs in
GLUT4.20 165166 compared to other members of the family, the cytoplasmic NH2 and
COOH termini of GLUT12 have been reported to be longer describing them as the largest
glucose transporter.*® The dileucine motif and adaptor protein (AP) complexes promote
protein trafficking to the plasma membrane or different organelles.’®” ¢ GLUT12
contains a potential phosphorylation site at Serll, adjacent to the NH2-terminal di-
leucine.™ The amino acid upstream of NH-2 terminal play an important role in
regulating intracellular sorting.** GLUT12 localizes in an intracellular compartment and
in the plasma membrane when expressed endogenously or overexpressed and this

translocation requires P13-K stimulation.*®®

Primarily functions as basal GLUT located at cell surface in the heart.>® Unstimulated

(that is, lacking stimulation from either insulin or calcium), cell surface GLUT12
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contributes to majority of the myocardial GLUT12 protein.™®® In skeletal and adipose
tissue, its function and regulations are different compared to the heart. In horses,
GLUT12 has the highest expression in the omental adipose tissue'® as well as higher
protein concentration in visceral compared to subcutaneous adipose tissues depots.”
Over-expression of GLUT12 in transgenic mice has shown to improve glucose
homeostasis in insulin-sensitive peripheral tissues on stimulation with insulin.'>’
Expression of GLUT12 during rat fetal development showed apical localization in
lactating rat mammary epithelial cells which suggested requirement of GLUT12 for
glucose metabolism during lactation.’” It is also found to be expressed in fetal
chondrocytes, kidney tubules, and lung bronchioles during gestational period which
suggest its importance in transporting hexoses to developing tissues.*® *"® The presence
of GLUT12 and insulin receptors in the syncytiotrophoblast during first trimester indicate
insulin regulates glucose uptake by the placenta via GLUT12.}"* This could be a pathway
for the regulation glucose supply to fetus in first trimester.®*"* GLUT12 thus functions

as a second glucose transporter than as basal non-translocatable cell-surface associated

GLUT, with some tissue-specific differences emerging in recent research.

During cardiac ischemic and chronic heart failure, a compensatory correlation between
GLUT4 and GLUT12 occurs with four-fold increase protein expression of GLUT12 in
left ventricle.®® This combination of enhanced glucose uptake and oxidation is a result
of increased ATP demand.'’® This same trend of an increase of total GLUT12 protein has
been demonstrated in skeletal muscle and cardiac muscle during type 1 diabetes.**® Pujol-
Gimenez et al. demonstrated GLUT12 is one of the main glucose transporters involved in
173 In

glycolytic metabolism of cancer cells mediated via a p53-mediated mechanism.
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zebrafish, a GLUT12 knockout alters the development of embryonic heart and results in
abnormal valve formation.'™ In addition, embryos deficient in GLUT12 served poor
glycemic controls.'™ Recent studies show high level of expression of GLUT12 in frontal
cortex, thus implicating its role Alzheimer’s disease.'” GLUT12 also localizes in distal
tubules and collecting ducts of rat kidney and is upregulated in diabetic nephropathy and

hypertension,'’ further implicating its role in glucose transport.

GLUT12 is a novel, potentially insulin-sensitive Class Il glucose transporter. Under
physiological insulin-stimulation, GLUT12 does not translocate to the cell surface.
Rather, it seems to occur during the diabetic condition as a compensatory mechanism for
GLUT4 downregulation. GLUT12 functions as a basal cell-surface GLUT in the heart,
where reduction in glucose uptake leads to heart failure. GLUT12 alterations are also
linked to development of degenerative brain disorders and cancer. In addition, GLUT12
is an important transporter of hexoses critical during early development stages. Further
studies on this GLUT member will help explain its role in metabolic related disorders and

its function on different species.
GLUT13

GLUT13 (slc2al3) is unique for being a H+/myo-inositol co-transporter (sometimes
abbreviated as HMIT or GLUT13/HMIT) that is stimulated by a decrease in the
extracellular pH.>" It is not able to transport 2-deoxy-D-glucose.'’” This isoform is
predominately expressed in the brain, with the highest concentrations being in vascular
smooth muscle cells,** PC12 cells,*”® the hippocampus, hypothalamus, cerebellum, and

brainstem.*’” It has been identified in frogs, mice, and in humans.}””*"® In humans, this
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transporter is composed of 648 amino acids and is located on chromosome 12.% Like
many of the other class Il GLUT isoforms, GLUT13 is a predominately intracellular
protein.’”® However, it may translocate to the cell surface after stimulation from cell
depolarization, activation of protein kinase C, or increased intracellular calcium
concentrations.!”® These are similar translocation stimuli as has been found in GLUT4

and GLUT12, 111156

Overall, the class 111 glucose transporters are a currently under-investigated portion of the
proteins contributing to metabolism and glucose homeostasis. While GLUT6 and
GLUT13 are the least studied of this class, GLUT8, GLUT10, and GLUT12 are emerging
as potentially significant participants not only in healthy glucose metabolism, but also in

several disease pathophysiologies.

GLUTS8 is a novel class Il isoform of a glucose transporter. This GLUT has been
demonstrated not to be crucial to viability and compatibility with life, but does seem to
play important roles in organs such as the liver, the heart, the testes, and the sperm. It
would appear that this GLUT is insulin-sensitive in some tissues, but not in all, and could
participate in compensatory mechanisms when other predominant GLUTS in a tissue are
downregulated. Due to these potentially insulin-sensitive and compensatory mechanisms,
this GLUT isoform appears as a potentially important therapeutic target during metabolic
disease. As the GLUTS isoform continues to be fully investigated, light will surely be

shed on some of these important and currently unknown specifics.

33



While GLUT10 has received scarce attention in comparison to other GLUTS, it has
recently been identified as a key player in several tissues. Most importantly, GLUT10 has
been implicated as a critical actor during disease, particularly type 2 diabetes, arterial
tortuosity, and aortic aneurysms. Overall, investigations regarding this GLUT isoform
have predominately involved the mRNA and cDNA expression, while protein expression

of GLUT10 is largely unexplored in most tissues, during both healthy and diseased states.

GLUT12 is the second novel glucose transporter of the Class Il transporters which has
the potential to be insulin-sensitive. However, reports vary in regards to its insulin-
sensitivity during a healthy condition, or whether this mechanism is only true as a
compensatory manner during metabolic disease. It appears that the majority of the
cellular GLUT12 protein is already located at the cell-surface during basal conditions, so
it is possible that it’s difficult to detect upregulations during stimulations. This glucose
transporter has been implicated in several disease pathophysiologies, including diabetes

mellitus, brain aging, and cancer.

While this review has attempted to exhaustively identify the functions and alterations of
these class 111 glucose transporters in healthy and diseased states, there is surely a wealth
of information yet to be determined about this critical membrane transport family. This is
particularly true in regards to how these transporters might be targeted in novel

therapeutic therapies for a wide range of diseases in the future.

2.2.2 Insulin Signaling Pathway

The severity of diabetes is largely governed by the function of glucose uptake into

insulin-sensitive tissues, which, for the purposes of glucose uptake and whole-body
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glucose homeostasis, include the skeletal muscle, the heart, and the adipose tissue. This
insulin-mediated glucose uptake is dependent on the insulin signaling pathway. This
pathway begins with either insulin or insulin-like growth factor 1 to bind to the insulin
receptor or the insulin-like growth factor receptor on the cell surface.!”® These receptors
then phosphorylate the insulin receptor substrates and activate PI3K.'"® Following this,
PI3K can activate PIP3, which activates PDK-1, which results in the phosphorylation of
AKT at the serine 473 and threonine 308 sites.’”® Once phosphorylated, AKT participates
in several signaling cascades. Relevant to glucose metabolism, the phosphorylation of
AKT leads to the inhibition of glycogen synthase kinase beta, preventing glycogen
synthesis.'” Additionally, the phosphorylation of AKT leads to the phosphorylation of
the AKT substrate of 160 kilodaltons (AS160) which activates Rab GTPase.'® This final
step, the activation of Rab GTPase, allows for the translocation of insulin-mediated
glucose transporters, such as GLUT4, from their intracellular vesicles to the cell
surface.'® In this same pathway, protein kinase C- can also be activated by PIP3 and can

go on to directly participate in GLUT4 translocation.*®

However, outside of this classical insulin-mediated stimulation of GLUT4 trafficking,
other mechanisms have been described to also stimulate the GLUT4 translocation.
Firstly, calcium signaling, particularly through muscle contraction and exercise, has been
shown to stimulate both intracellular AMPK and calcium/calmodulin-dependent protein

1118 Both of these mechanisms stimulate GLUT4 translocation.

kinase type
Additionally, neuregulin has been shown to work through the ErbB 2/4 receptors to

stimulate protein kinase C-{, which is then followed by GLUT4 translocation.™®
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Figure 2: Regulation of glucose transport in striated muscle. GLUT4 translocation to the cell
surface is mediated by both insulin-dependent and -independent pathways. GLUT: glucose
transporter; Pl 3-kinase: phosphatidylinositide 3-kinase; IRS: insulin receptor substrate; Ca®*:
calcium; SR: sarcoplasmic reticulum.*

2.3 Equine Metabolic Syndrome

First described in 2002, equine metabolic syndrome (EMS) is a relatively recent
constellation of symptoms, including obesity, insulin resistance, and laminitis.'®* %
Obesity alone does not constitute a diagnosis of EMS — there must be an accompaniment
of hyperinsulinemia and/or insulin resistance.'®* *3* However, as we show here, we now

know that insulin resistance is not required for the onset of EMS-associated

(endocrinopathic) laminitis.
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Alongside their human counterparts, the incidence of metabolic syndrome and obesity in
horses has been steadily rising. Recent studies find that 32% of surveyed horses in the
United States are over condition, and 19% are clinically obese, which is a much higher
prevalence than previously thought.’® Accordingly, the frequency of laminitis is
estimated to be as high as 34%.% Importantly, there is still no known cure for laminitis
after its onset,” and though research has outlined firm recommendations for avoiding the
inception of this condition, there is still a vast knowledge base yet to be elucidated

regarding both its cure and its prevention.

While some progress has been made in the endeavor of understanding the metabolic and

99, 130, 186 187

inflammatory pathways, epithelial cell signaling,™" the stability of lamellar

integrins, ‘&8 189

and many other biological mechanisms contributing to endocrinopathic
laminitis in a top-down approach, the mechanisms for the observed changes occurring
during the laminitic episode remain unknown. However, to our knowledge, a wide-scale,
bottom-up approach has not been undertaken in the investigation of biochemical
derangements underlying endocrinopathic laminitis which would help identify novel
therapeutic targets for treating the laminitic condition. Additionally, it is not clear if the

alterations in glucose metabolism (in insulin-sensitive tissues and in the lamellar tissue)

rely substantially on post transcriptional modification.

2.2.1 Endocrinopathic Laminitis

Endocrinopathic laminitis (EL), the most common form of laminitis,**° refers specifically

to laminitis (rotation of the coffin bone within the hoof, also called founder) which results
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from hormonal imbalances, as opposed to mechanical, septic, or supporting-limb

laminitis.**

Within EL there are two categories of hormonal imbalances which are
associated with rotation of the coffin bone: glucocorticoid dysregulation (including
Equine Cushing’s Syndrome), and insulin dysregulation (including EMS). Here, we

specifically investigate EL associated with insulin dysregulation and EMS.*%

Presently there are no known treatments or cures for EL, although there are several
preventative strategies.’®® ** The disease pathophysiology of EL is still being described,
but is more well elucidated than the biochemical alterations leading up to it. For instance,
we now know that EL is accompanied by significant vascular alterations,*** swelling and
abnormal keratinization of epidermal cells,"® increased mitotic activity and apoptosis,**®
increases in circulating inflammatory markers,*® and inflammation in the lamellar tissue
itself.’®” And, certainly, there are substantial histological changes in the laminitic hoof,

including basement membrane separation, lamellar lengthening and attenuation, and

rounding of basal cell nuclei.'*®

Considering the insulin implications, lamellar glucose metabolism has been investigated
by our group and by others. Glucose uptake in the hoof, like other non-insulin-sensitive
tissues, has been determined to rely on GLUT1 as the predominant glucose transporter.*®°
However, during insulin-induced laminitis, GLUT1 was unchanged in the lamellae, while
novel class 111 isoforms, GLUT8 and GLUT12, were increased.** However, while these
GLUT isoforms have been investigated in terms of protein expression in the lamellae, the
MRNA expression and the potential description of posttranscriptional modifications

regulating these glucose transport mechanisms are largely unknown.
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2.4 Hyperglycemia-involved Respiratory Infections

While both influenza and diabetes have topped the mortality charts for decades, it has
only recently become clear that hyperglycemia is an independent risk factor for the
development and higher severity of respiratory infections, including influenza
infection.?®® 2> This phenomenon is thought to occur due to the hyperglycemic state,
which predisposes patients to a higher-than-normal glucose concentration in the airway,
leading to an increased risk of pulmonary infections.**® 2% Although the lung is a major
organ of glucose utilization, the role and regulation of glucose homeostasis in the healthy

vs. diabetic lung have received little attention.

Despite common perception, the lung is a highly active metabolic organ. As
gluconeogenesis does not occur in the lung it relies on glucose present in the
circulation.?®® We now know that a steady concentration of glucose exists in the airway
surface liquid, which is generally in concert with the level of glucose in the blood, with
the blood glucose being roughly 12 times higher than that of the airway.?** However, how
glucose is transported from the vessels to the airway is still under debate. Current
hypotheses stipulate that glucose passively diffuses from the blood across the pulmonary
epithelium via paracellular pathways.>* Due to this mechanism, the permeability of the
pulmonary epithelial tight junctions is of significant importance, and the alteration of
these tight junctions during disease states could introduce a large source of glucose

variability in the airway.”*

In general, very little investigation has been done to examine the status of GLUT protein

expression in the adult lung of any mammal, even under healthy conditions.> 2> While
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some studies have been undertaken to determine the GLUT protein or mRNA present in
fetal tissue or in cell culture, and GLUT mRNA in cell culture, fetal, or adult lungs, "%
it is important to note that the protein expression of glucose transporters — and whether

they are intracellular or located on the cell surface — is of predominant importance.

The lung is a more complicated organ than the insulin-sensitive tissues in terms of cell
type homogeneity and function. While the glucose transport of the lung is still under-
studied, some investigations have recently described certain glucose transporter isoforms
in certain cell types of the lung. For instance, GLUT-1, -2, and -10 have been found in
the ciliated cells of the trachea and the bronchi.?®® GLUT-2 and -10 have been identified
in the Clara cells.”® Sodium glucose linked transporter isoforms have also been found in
the submucosal glands and pneumocytes, but no GLUT isoforms have yet been described
there.?%® Without identifying which cell type, GLUT4 has been identified in the human
respiratory system,®> and GLUT12 has also been identified in the cow and rat
bronchioles.’®® However, despite these recent findings, many questions still remain
regarding which of these isoforms are most responsible for pulmonary glucose uptake,
what normal and metabolically dysregulated protein expression is for these proteins, and
how much GLUT protein of any isoform is expressed on the cell surface during both

healthy and diseased states.

Importantly, the Dr. Deborah Baines group at the University of London has undertaken
several substantial investigations regarding the effects of pulmonary bacterial infection
under hyperglycemic conditions. This group has demonstrated that an increased

concentration of blood glucose is directly associated with an increased glucose

204

concentration in the airway,” " that an increased glucose concentration in the airway leads
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to an increase in pulmonary bacterial proliferation,®®

and that rescuing whole-body
hyperglycemia leads to a reduced concentration of glucose in the airway and a reduction
of pulmonary bacterial proliferation.?”” Additionally, some groups have recently
identified susceptibility of type 1 or type 2 diabetic mice to extremely high inoculations
of influenza, and while they do not investigate glucose transport in particular, have

shown that diabetic mice have a higher mortality than their non-diabetic counterparts.?®®

209

However, while this work is groundbreaking, large gaps of knowledge still remain
surrounding viral infection and diabetes. In particular, it remains to be proven whether
the worsened pulmonary infections during the diabetic state are due primarily to
hyperglycemia (a type 1 diabetic model) or due to a combination of obesity,
inflammation, and insulin resistance (a type 2 diabetic model). Additionally, it is largely
unknown what exactly is normal or altered in terms of pulmonary glucose homeostasis

during influenza infection. Thus, we seek to answer those questions here.

2.4.1. Viral Pathogenesis

While diabetes may be the 7™ leading cause of death in the United States, influenza is the
8™ 210 Of the four subtypes of influenza viruses (A, B, C, and D), influenza A and B can
cause significant respiratory infection in humans.?** However, while influenza B viruses
can occasionally cause epidemics, only influenza A virus repeatedly cause epidemics and
pandemics, and can be associated with a substantial mortality rate.!* Influenza is a

significant public health concern in the United States, costing $11.2 billion per year,?*?
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and resulting in 22.27 million doctor visits, 959,000 hospitalizations, and 79,400 deaths

in the 2017-2018 flu season.?®® In that flu season, the influenza A virus predominated.

Influenza A possesses eight separate gene segments, and is subdivided by the antigenic
characterization of the hemagglutinin (HA) and neuraminidase (NA) surface
glycoproteins that project from the virion.?!* Presently, 16 HA and 9NA subtypes have
been described.?* Additionally, influenza A can infect a wide variety of host species
including birds, swine, hoses, humans, and many other mammals.”** This virus thus
possesses a substantial ability to “mix and match” the segmented genome combined with
the large array of host species, allowing for significant and relatively expedient antigenic
shift, wherein two or more different viruses combine to form a new subtype which
possesses a mixture of the surface antigens of the original strains.?* Not only does this
allow for a lack of host response to this new virion, but it may be able to infect new
species. Influenza A can also undergo antigenic drift, wherein small changes to the
genome occur over time.?** This may result in a lowered immune response to a virus

which the body previously had acquired immunity to.
2.4.2. Viral Interaction with the Host Cell

The viral interaction with the pulmonary host cells is a significant source potential
alteration based on the variations in host glucose metabolism. Viral infection of host cells
begins when the influenza virion attaches to the host cell via its HA glycoprotein, and is

214 Once inside the host

endocytosed into the host cell via clathrin-mediated endocytosis.
cell, the encapsulated virion must undergo acidification in order to unencapsulate.”** The

reduction in pH activates the viral M2 ion channel protein, facilitating the flow of protons
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into the interior of the endosome, further lowering the pH.?* This acidification allows it
to unencapsulate from the vesicle formed during endocytosis by fusing the viral envelope
with the endosome membrane and facilitating the uncoating process.?* From there, the
viral genome is released into the host cell cytoplasm, can enter the nucleus, replicate, and

be packaged for export.?**

The cellular vacuolar-type H* ATPase (V-ATPase) pump, located within almost all
cellular membranes, including endosomes, intracellular compartments, and the plasma
membrane, has been identified as a facilitator of influenza viral entry by maintaining the
acidic pH within endosomes which is required for the aforementioned viral release.?% #°
By coupling ATP hydrolysis to the transport of protons from the cytoplasm into the
lumen of an endosome, the V-ATPase pumps acidify the interior of an endosome.?*
Adamson et al has shown that inhibition of the V-ATPase pump inhibits influenza viral
infection, and that overexpression of particular subunits of the pumps increase viral
replication.®® Further, the V-ATPase pump is ATP-dependent, and glucose has been
shown to stimulate V-ATPase activity in MDCK and A549 cells via activation of ERK

and PI3K.?'® Conversely, reduced ATP levels are associated with pump disassembly.**’

In vitro, Kohio et al demonstrated that when MDCK cells are grown in high levels of
glucose (4-6mg/ml) they possess a significantly higher viral titer than cells grown in a
normal level of glucose (1-2mg/ml).?*? Furthermore, this same group went on to
demonstrate that when cells were treated with glycolytic inhibitors prior to viral
infection, viral replication was blunted, indicating a reliance on the host cell access to
glucose and a working glucose metabolism in order to replicate.?> When cells which are

bathed with glycolytic inhibitors are then treated directly with exogenous ATP, viral
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replication is again increased in accordance with the amount of ATP added.?*? This group
then stained the infected cells to understand the acidic or basic staining intensities, and
determined that cells grown in high glucose have more acidic compartments than those
grown in low glucose.?® Similarly, cells grown in high glucose, or in low glucose but
with ATP added to the media possessed a significant stimulation of the assembly of the
V-ATPase pump due to localization of the pump subunits on intracellular compartment

membranes.?*? This assembly and localization appears to be dependent on glycolysis.?%?

While this research has been instrumental in identifying the glucose-dependent host cell
interactions with the influenza virus, to our knowledge, these interactions have not been
identified in non-cancerous human bronchial epithelial cells, or in any manner involving

an in vivo mammal model.
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Abstract

Insulin dysregulation is common in horses, although the mechanisms of metabolic dysfunction
are poorly understood. We hypothesized that expression of proteins involved in the downstream
insulin signaling and glucose transport pathways will be altered during prolonged
hyperinsulinemia-induced laminitis. Archived tissue samples from horses treated with a
prolonged, euglycemic hyperinsulinemic clamp for 48 hours, or a balanced electrolyte solution
were used. All treated horses developed marked hyperinsulinemia and clinical laminitis. Protein
expression was compared across tissue sites for the insulin (InsR) and insulin-like growth factor-1
(IGF-1R) receptors by Western blotting. Gene expression of key proteins involved in the insulin
signaling pathway was evaluated in striated muscle and lamellar samples using real-time reverse
transcription PCR with primers selected for insulin receptor substrate-1 (IRS-1), AKT-2, and
glycogen synthase kinase beta (GSK-3B). Gene expression of the basal glucose transporter 1
(GLUT-1) and the insulin-sensitive GLUT-4 was evaluated using RT-PCR. Lamellar tissue
contained significantly more IGF-1R protein than skeletal muscle, indicating the potential
significance of IGF-1R signaling for this tissue. Expression of the selected markers of insulin
signaling and glucose transport in skeletal muscle and lamellar tissue were unaffected by marked
hyperinsulinemia. This data supports that insulin resistance in the horse is not required for
laminitis onset. In contrast, the significant up-regulation of AKT-2, GSK-3B, GLUT-1 and
GLUT-4 expression in cardiac tissue suggested that the prolonged hyperinsulinemia induced an
increase in insulin sensitivity, as well as a transcriptional activation of glucose transport.
Responses to insulin are tissue-specific and extrapolation of data across tissue sites is

inappropriate.

Keywords: Insulin signaling; equine metabolic syndrome; insulin; glucose transporter; horse
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Introduction

Hyperinsulinemia and insulin dysregulation are becoming as problematic for horses as they are
for other species *® #*°, Unfortunately, data on insulin signaling and the mechanisms of insulin
resistance (IR) in this species are scarce %% %!, Contrary to other mammals, where cardiovascular
risks predominate, the key pathologic outcome of hyperinsulinemia in horses is laminitis, a
painful separation of the dermo-epidermal basement membrane situated between the pedal bone
and inner hoof wall %% %% However, a mechanistic link between these conditions has not been
established. In addition, the cardiovascular consequences of hyperinsulinemia have barely been
investigated in the horse, so the existence of insulin-associated cardiovascular pathology cannot

be excluded in this species *°.

Insulin is a natural ligand for the insulin receptor (InsR), the insulin-like growth factor-1 receptor
(IGF-1R) and a hybrid version of these receptors ***. Receptor binding affinity varies with the
specificity of insulin for each receptor (strongest for InsR), with all receptors able to be bound at

22526 | jgand-receptor interaction results in

supraphysiological insulin concentrations
phosphorylation of insulin-receptor substrate-1 (IRS-1), which is an activating factor for both the
mitogen-activated protein kinase (MAPK) and phosphatidylinositol-3'-kinase (P13K) intracellular
signaling cascades #"*?. Initiation of MAPK regulates cell differentiation and fate, while PI3K

228 Increased PI3K levels activate the pivotal

signaling is integral in metabolic regulation
serine/threonine protein kinase, namely, Akt. This signal transduction cascade promotes glucose
transport via GLUT4 translocation from an intracellular inactive pool to the cell surface in
insulin-sensitive tissues, including cardiac and skeletal muscle ??”??, Impaired insulin signaling

during IR has been linked to impaired tyrosine phosphorylation of IRS-1 and inhibition of the
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downstream glucose regulatory pathway #°. Further, the regulation of insulin action by PI3K is
thought to be partially mediated through inhibition of glycogen synthase kinase-3 (GSK-3), a
protein kinase central to metabolic regulation. Two isoforms of GSK-3 exist, with GSK-3f

intrinsic to metabolic regulation **°.

We recently demonstrated that prolonged hyperinsulinemia altered glucose transport in insulin-
sensitive tissue and the digital lamellae. However, the underlying pathways modulating glucose
transport, including its transcriptional regulation, were not elucidated. We hypothesized that the
gene expression of downstream insulin signaling and glucose transport pathways will be altered
during hyperinsulinemia-induced laminitis. Therefore, the aims of this study were twofold.
Firstly, to compare expression of both the InsR and IGF-1R in striated muscles (cardiac and
skeletal) and the lamellae in healthy horses. Secondly, we aimed to quantify gene expression of
the downstream metabolic effector proteins; IRS-1, AKT2 and GSK-3p, and glucose transporters

(basal GLUT1 and insulin-dependent GLUT4), during both normo- and hyperinsulinemic states.

Materials and Methods

Samples

Healthy Standardbred horses received either a prolonged, euglycemic hyperinsulinemic clamp to
induce persistent marked hyperinsulinemia, or a balanced electrolyte solution (normo-

insulinemia, n = 4 per group), prior to euthanasia and tissue collection after 46 + 2.3 hours, as
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previously described '®. Archived samples of cardiac and skeletal muscle and lamellar tissue
were obtained for the current study. Serum samples were collected throughout the infusions
(every 30 min) to enable retrospective measurement of insulin concentration with a validated
immunoassay (Siemens) and confirm hyperinsulinemia (1036 + 129 plU/mL) or normo-
insulinemia (10 £ 0.9 plU/mL) in the subjects. All horses maintained normoglycemia throughout
the clamp (5.90 + 0.68 and 5.05 + 0.56 mmol/L at the end of the 46 hours insulin perfusion in
control and treated horses, respectively). All hyperinsulinemic subjects developed laminitis as a
consequence of the infusion, while the control group did not **. Following the clamp, cardiac
(left ventricular) and skeletal (mid-gluteal) muscle and lamellar tissue (dorsal mid-section of left
front hoof) was collected from all horses (5 mm?®), immediately frozen in liquid nitrogen and

transferred to -80°C until analysed.

Protein extraction and quantification

Crude membrane fractions were extracted from each frozen tissue sample (50 mg) by being
pulverised in buffer (210 mM sucrose, 40 mM NaCl, 2 mM EGTA, 30 mM Hepes with a protease
inhibitor cocktail) on ice (2 x 15 s) as previously described #**. Cells were lysed (1.2 M KCI)
prior to ultra-centrifugation at 100,000 x g for 90 min at 4°C. The pellet was re-suspended in
buffer (1 mM EDTA, 10 mM Tris HCI containing 0.33% vol 16% SDS) and centrifuged for a
further 45 min at 3,000 x g (18°C). Protein concentration was quantitated with the bicinchoninic
acid (BCA) protein assay kit (Pierce, IL) in triplicate (intra-assay CV = 1.9%). Absorbance at 562

nm was measured on a microplate reader (BioTek, VT).
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Western immunoblotting

The primary antibodies for InsR and IGF-1R were selected based on their protein sequence
homology with Equus caballus (> 89%), predicted species reactivity, molecular weight and
apparent lack of cross reactivity for the opposing receptor (i.e., IGF-1R when analysing InsR). All
antibodies were subject to initial optimisation studies and validated against a positive control
(mouse liver). Given that different tissues were loaded on one gel, an internal control for equal
protein loading was not included. Protein (25 pg/sample) was resolved on a 12% SDS
polyacrylamide gel and then electrophoretically transferred to a polyvinylidene fluoride
membrane (Millipore, MA) with subsequent immunoblotting. Membranes were incubated with
the primary antibody: InsR; 1:500 (Abcam, MA), IGF-1R; 1:500 (Cell Signaling Technology,
MA) at 4°C for 16 h, followed by incubation with an appropriate secondary antibody (1 h at room
temperature) conjugated to horseradish peroxidase. Protein content was assessed by enhanced
chemiluminescence reaction (KPL, MD) and quantified using a Gel-Pro Analyzer blot scanning

and analysis system (Media Cybernetics, MD).

RNA isolation and cDNA synthesis

Frozen samples (50-80 mg) of cardiac and skeletal muscle and lamellae were pulverised in 1mL
of Trizol reagent (Invitrogen, CA) according to the manufacturer’s instructions. RNA was
guantified using Gen5 software with Biotek synergy HT hardware using a take3 plate (BioTek,
VT) and DNAse treated using the Ambion DNA-free DNA removal kit (Ambion AM1906M).

DNAse-treated RNA was then converted to cDNA using the High Capacity cDNA Reverse
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Transcription Kit and random primers (Applied Biosystems, CA, USA) according to

manufacturer’s recommendations and stored at -80°C until analysis.

Quantitative, real-time-PCR analyses (QRT-PCR)

The qRT-PCR assays for relative quantification of IRS-1, AKT2, GSK-38, GLUT1 and GLUT4
in the tissue samples were performed using SYBR Green Real Time PCR Master Mix containing
AmpliTag Gold DNA Polymerase, to minimize nonspecific product formation, and dNTPs with
dUTP, to reduce carryover contamination (Applied Biosystems, CA). The PCR primer sets for
target genes and the house-keeping gene B-actin are shown in Table 1. Primer sequences were
identified using NCBI BLAST and custom synthesized by Invitrogen (GenBank accession
numbers: B-actin:  NMO001081838; IRS-1: XMO001915475; AKT2: NC009153; GSK-3B:

NC009171; GLUT1: DQ139875 and GLUT4: AF531753).

Each PCR reaction (20ul) contained 2x reaction buffer (SYBR Green | dye, Amplitaq Gold DNA
Polymerase, dNTPS with dUTP, passive reference, and optimized buffer components), forward
and reverse primers (0.5 mM), 0.5 pg of cDNA, and DNase-RNase-free water. The exact primer
concentrations and PCR conditions were determined during initial optimisation runs (Table 1).
Samples were run in duplicate in a 96-well MicroAmp optical plate (Invitrogen, CA).
Quantitative RT-PCR was performed in an ABI 7500 Fast instrument (Applied Biosystems, CA)
with the following cycling conditions: 10 min at 95°C, followed by 40 cycles at 95°C for 15 sec
and 60°C for 1 minute. No-template controls using water instead of cDNA templates were

included for each gene as negative controls. A melting curve was generated to ensure product
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purity and the absence of primer dimers. The mRNA expression of the genes of interest was

normalized to B-actin and relative gene expression was quantified using the AACT method 2L

Statistical analyses

Due to non-normally distributed data (Shapiro-Wilk) for the InsR, the comparison of protein
content across tissue sites was performed with a one-way ANOVA on ranks. Quantitative RT-
PCR data were generated using relative quantification. The difference in CT between the target
and reference gene (ACT) was determined by subtracting the CT of the target gene from that of -
actin for each horse for each tissue. Relative quantification was analysed using two-tailed Student
t-tests. All data are expressed as mean + se or median (interquartile range) and significance was

accepted at P < 0.05. Statistical analyses were performed using SigmaPlot v. 12.5.

Results

Given that the distribution of InsR and IGF-1R across major active metabolic tissues has not been
reported in horses, we first quantified these proteins in striated muscle and digital lamellae. The
presence of the InsR and the IGF-1R receptors was confirmed in all tissues collected from normo-
insulinemic horses by Western immunoblotting (Fig. 1). Crude membrane protein extracts of
cardiac and skeletal muscle and lamellae expressed the InsR in equal amounts. By comparison,

lamellar IGF-1R expression was significantly greater in lamellar tissue than in striated muscles.
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Fig.1. Protein expression of insulin receptor (InsR) and insulin-like growth factor 1 receptor
(IGF-1R) was compared in crude membrane fractions of cardiac (C) and skeletal (S) muscle, and
lamellae (L) from 4 healthy horses. Results are shown by representative Western blot (above) and
scatter plots with median bar (below). (A) InsR protein content did not differ between tissue
types. (B) IGF-1R protein expression was less (P < 0.01) in skeletal muscle compared with the

lamellae.
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Gene expression of the downstream signaling proteins and major GLUT isoforms was
subsequently examined in all tissues with gRT-PCR. The mRNA expression of three metabolic
signal transduction markers of the PI3K pathway (i.e., IRS-1, AKT2 and GSK-3p) did not differ
between normo- and hyperinsulinemic horses in skeletal muscle (Fig. 2). In contrast, AKT2 and
GSK-3B, but not IRS-1, were increased during hyperinsulinemia in left ventricular cardiac muscle
compared to normo-insulinemic horses. The lamellar tissue did not demonstrate a significant
difference in mRNA expression of IRS-1, AKT2 and GSK-3f between hyperinsulinemic and
control horses. However, a trend for a decrease in mRNA expression of IRS-1(P = 0.085) and

AKT2 (P =0.063) was detected in hyperinsulinemic horses.

54



OControl ®Hyperinsulinemic

>

IRS-1 p=0.085

r
tn
A

J

3%
L

mRNA Expression
(Fold Change)

15 4
L_J ':: -‘ .
o [ |
Cardiac Skeletal Lamellar
Akt-2
_5 25 * p=0.063
28 |
o = v
=2 .
5O 15
o
<3 -
2 L 1 1
e ._
E |:: : J
.
Cardiac Skeletal Lamellar
e 251 GSK-3pB
S5
=)
<35 14
XL
E 054 .
L
Cardiac Skeletal Lamellar

Fig. 2. Mean fold change in messenger RNA (mRNA) expression of insulinsignaling markers
(IRS-1, Akt2, and GSK-3b) in striated muscle and lamellar tissue from healthy and
hyperinsulinemic horses. (A) IRS-1 expression did not differ between groups in striated muscle
but trended (P % 0.085) toward a decrease in lamellar tissue from hyperinsulinemic horses. Akt2

(B) and GSK-3b (C) expressions were increased (*P < 0.05) in cardiac but not in skeletal muscle.
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Insulin-independent lamellar tissue showed a trend (P % 0.063) toward decreased Akt2

expression during hyperinsulinemia.

Cardiac muscle mRNA expression of GLUT1, the major basal isoform, and GLUT4, the major
insulin-dependent isoform, was increased as a result of hyperinsulinemia compared to normo-
insulinemic horses (Fig. 3). Conversely, GLUT1 gene expression showed a trend (P = 0.083)
towards being increased in lamellar tissue of hyperinsulinaemic horses, while GLUT4 was
unaffected by treatment. Further, skeletal muscle mRNA expression of both GLUTs was also

unaffected by prolonged insulin infusion.
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Fig. 3. Mean fold change in messenger RNA (mRNA) expression of glucose transporter (GLUT)
1 (basal isoform) and GLUT4 (insulin-dependent isoform) in striated muscle and lamellar tissue
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increased (*P < 0.05) incardiac, but notskeletal, muscle ofhyperinsulinemic horses. Insulin-
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expression in hyperinsulinemic horses.
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Discussion

Investigations into insulin signaling in the equine species have the power to be instructive for
treatment and prevention of both metabolic diseases and their sequelae. Using a unique equine
model of prolonged hyperinsulinemia-induced laminitis, this study provided novel insights into
metabolic regulation in both insulin-dependent (e.g., striated muscle) and insulin-independent
tissues (e.g., lamellae). Interestingly, cardiac muscle responded to marked hyperinsulinemia with
increased insulin signaling marker and GLUT expression, a finding in opposition to skeletal
muscle, where no changes were seen. Further, while lamellar tissue was also unaffected by the
marked hyperinsulinemia, there was a trend for suppression of insulin signaling, which is
consistent with previously reported InsR/IGF-1R down-regulation during hyperinsulinemia %,
The discrepant findings for tissue groups in this study underscore the fact that one should not

extrapolate results from one tissue type to another in experimental models and/or disease states.

To our knowledge, this is the first report of comparative protein content of the InsR and IGF-1R,
across striated muscle and lamellae in horses. Equal protein expression of the InsR and IGF-1R in
striated muscle is consistent with the insulin-dependent nature of these tissues. Lamellae
expression of both receptors is consistent with other studies that report the presence of these
receptors 2*%% Interestingly, lamellar tissue expressed significantly more IGF-1R protein than

skeletal muscle. This finding supports the hypothesis that IGF-1R activation and signaling may be
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significant in this tissue, with potential for being a pathogenic mechanism of insulin-associated

laminitis 22 2%,

The heart is not only an insulin-sensitive tissue, but has a substantially greater requirement for
energy to sustain the high contractility rate compared to skeletal muscle ?*’. During periods of
enhanced insulin availability, glucose utilisation by the heart increases, with glucose being the
favoured substrate 2. Accordingly, our data revealed an increase in insulin-sensitive glucose
uptake in the cardiac tissue during hyperinsulinemia. The marked increase in circulating insulin
lead to an increase in gene expression of AKT2 and GSK-3, as well as both the basal (GLUT1)
and insulin-dependent (GLUT4) glucose transporters. In the heart, insulin is a potent stimulator of
AKT2 28 which in turn activates the translocation of GLUT4 from intracellular inactive pool to
cell surface to enhance glucose uptake. The upregulated cardiac (metabolic) insulin signaling and
GLUT4 expression in the current study was consistent with these phenomena #’. In addition,
hyperinsulinemia may promote glycogen synthesis in the myocardium by activating GSK-3f3
gene expression. In addition to the regulation of glycogen synthase, protein translation and
negative regulation of cardiac hypertrophy are also functions of GSK-3 ?*’. Therefore, given the
multi-functional nature of this kinase it may be difficult to interpret the increase in cardiac gene
expression of GSK-3f in the current study. Interestingly, studies have shown that the action of
GSK-3p, which was unchanged between groups in both striated muscle and lamellar tissue, is

29 Overall, these data suggest that the prolonged, euglycaemia

tissue specific in humans
hyperinsulinaemic clamp induced an increase in insulin sensitivity in the heart, as well as a

transcriptional activation of glucose transport and utilization.
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In contrast, prolonged and marked hyperinsulinemia did not induce a transcriptional activation of
the insulin signaling and glucose transport pathways in equine skeletal muscle. Similarly, a
previous study has reported that crude membrane protein expression of GLUT4 in skeletal muscle

44

was not affected by marked hyperinsulinemia In contrast, skeletal muscle GLUT4

translocation was decreased in horses with compensated IR (that had normal circulating insulin
concentrations), a finding consistent with mechanisms underlying IR in other species % 2%,
Collectively, these findings suggest that prolonged euglycemic hyperinsulinemic clamp does not
induce peripheral IR. In addition, the current findings support that IR in insulin-sensitive tissues
is not a prerequisite for laminitis onset. Regardless, understanding the pathophysiological
mechanisms during prolonged hyperinsulinemia could provide novel insight into the

understanding of metabolic dysfunction as hyperinsulinemia can precede the development of IR

and diabetes in other species ?**.

The lamellae, which are principally an epithelial tissue, have been reported to be insulin-

199 d 242

independent ~~. However, lamellar tissue is significantly vascularise , with vascular
endothelial cells a likely reservoir of both InsRs and GLUTSs. The current study indicated a trend
for down-regulation of AKT2 and GSK-3p during marked hyperinsulinemia in this tissue, which
may have occurred as a result of down-regulation of both the InsR and IGF-1R #*2. However,
further investigation into whether dampened insulin signaling downstream of IRS-1 and AKT2
affects both the PI3K and MAPK pathways, is required. Investigations of the phosphorylation
state of substrates from both pathways, and unravelling their role in mitosis, metabolism and
insulin action, could reveal mechanistic insights into the consequences of insulin dysregulation.
Failure of GLUT4 gene expression to be affected by prolonged and marked hypersulinemia,

suggest that insulin either does not affect the regulation of glucose transport in lamellar tissue, or

that it is not a crucial pathway for glucose uptake **°. Interestingly, GLUT4 gene expression
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parallels GLUT4 protein expression in lamellae and striated muscle, which suggests that GLUT4
is transcriptionally regulated. In contrast, GLUT1 gene expression in the current study was not
consistent with reported GLUT1 protein expression following prolonged insulin infusion, which

may suggest that this basal GLUT is not transcriptionally regulated.

In conclusion, our data support the concept that IR in insulin-sensitive tissues is not a prerequisite
for laminitis onset. In addition, responses to insulin are tissue-specific in the horse. Insulin
signaling and glucose transporter expression differs between muscle groups and also the digital
lamellae during prolonged and marked hyperinsulinemia. Further studies that investigate
activation/phosphorylation of both the MAPK and PI3K pathways during insulin dysregulation in

horses will aid our understanding of metabolic disease in this domestic species.
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CHAPTER IV

DIFFERENTIAL PROTEOMIC EXPRESSION OF EQUINE CARDIAC AND

LAMELLAR TISSUE DURING INSULIN-INDUCED LAMINITIS
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Abstract

The incidence of Equine Metabolic Syndrome in Western countries has steadily escalated
alongside equine obesity rates, and unfortunately the occurrence of endocrinopathic
laminitis has risen with them. Despite extensive research, laminitis remains without an
effective treatment, and its pathogenesis remains obscure. Endocrinopathic laminitis,
similar to the multi-organ dysfunction and peripheral neuropathy found in human with
metabolic syndrome, has been shown to at least partially the result of vascular
dysfunction. Here, we sought to identify novel proteins and pathways which may be
significantly impacting the development of this disease using proteomic analysis. Healthy
Standardbred horses (n=4/group) were either given an electrolyte infusion, or a 48-hour
euglycemic-hyperinsulinemic clamp. All hyperinsulinemic horses developed laminitis
despite being previously healthy. Cardiac and lamellar tissues were analyzed by mass
spectrometry (FDR=0.05). We identified 538 and 737 unique proteins in the cardiac and
lamellar proteomes, respectively. In the lamellar tissue, we identified 14 proteins which
were significantly upregulated and 13 proteins which were significantly downregulated in
the hyperinsulinemic group as compared to controls. These results were confirmed via
real-time reverse-transcriptase PCR. A STRING analysis of protein-protein interactions
identified that these upregulated proteins were primarily involved in coagulation and
complement cascades, platelet activity, and ribosomal function. In contrast, the
downregulated proteins were involved in focal adhesions, spliceosomes, and cell-cell
matrices. No proteins were found to be significantly differentially expressed in the heart
of hyperinsulinemic horses compared to controls. These data indicate that while

hyperinsulinemia induced, in part, microvascular damage, complement activation, and
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ribosomal dysfunction in the lamellae, a similar effect was not seen in the heart. Novel
proteins which were found in these significant differentially expressed groups which have
not been previously associated with endocrinopathic laminitis include talin-1, vinculin,
cadherin-13, fibrinogen, alpha-2-macroglobulin, and heat shock protein 90. Together,
these newly identified mechanisms underlying hypersinulinemic endocrinopathic

laminitis may contribute to novel therapeutic targets.

Keywords: laminitis, endocrinopathic, proteomic, equine metabolic syndrome,
heart, lamellar, vascular
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Introduction

Alongside their human counterparts, the incidence of metabolic syndrome and obesity in
horses has been steadily rising. Recent studies find that 32% of surveyed horses in the
United States are over condition, and 19% are clinically obese, which is a much higher
prevalence than previously thought.*® Accordingly, the frequency of laminitis is
estimated to be as high as 34% in populations of horses in Western countries.'®
Importantly, there is still no known cure for laminitis after its onset,®® and though
research has outlined firm recommendations for avoiding the inception of this condition,
there is still a vast knowledge base yet to be elucidated regarding both its cure and its

prevention.

Similar to peripheral neuropathy in human patients with metabolic syndrome,
endocrinopathic laminitis has been linked to vascular dysfunction.®* #** While some

progress has been made in the endeavor of understanding the metabolic and inflammatory

99, 130, 186 187 188, 189

pathways, epithelial cell signaling,™" the stability of lamellar integrins, and
many other biological mechanisms contributing to endocrinopathic laminitis in a top-
down approach, the mechanisms for the observed changes occurring during the laminitic
episode remain unknown. Here, we find that a modern bottom-up approach of proteomic
analyses during insulin-induced laminitis has provided valuable information regarding

potential effectors of endocrinopathic laminitis.
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Methods

Animal Model

The following experimental protocols were approved by the Oklahoma State University
Institutional Animal Care and Use Committee. Healthy Standardbred horses (n =
4/group) received either a prolonged insulin infusion (6 mlU/kg/min) for 46 + 2.3 h to
induce marked hyperinsulinemia (mean serum insulin, 1036 + 129 uIlU/mL) or a balanced
electrolyte solution infused at the same rate (mean serum insulin, 10 £ 0.9 plU/mL) as
previously described.”*® Euglycemia (5 + 1 mM) was maintained during the insulin
infusion with a variable rate glucose infusion (mean blood glucose at endpoint, 5.05 £
0.56 and 5.90 + 0.68 mM in treated and control horses, respectively). Despite being
previously healthy, all hyperinsulinemic horses developed laminitis, whereas the control
group did not. Archived samples of cardiac (left ventricular) and lamellar tissue (dorsal
midsection of left front hoof) that had been collected and snap frozen on euthanasia (after

infusion) were obtained from all horses (5 mm?) for the present study.

Proteomic Analysis

Tissues were homogenized in tissue lysis buffer (1:500 dilution of RIPA and protease
inhibitor cocktail), and protein content was quantified by bicinchoninic assay, as
previously described.®® Samples were then analyzed via an Orbitrap mass spectrometer in
triplicate. Proteins were identified through Max Quant and then the LFQ intensity was
246

analyzed by using the Perseus software (Max Planck Institute of Biochemistry).
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Protein IDs were verified in UniProt, and protein-protein interactions and KEGG

pathways were identified via STRING.

Quantitative real-time polymerase chain reaction analyses (QRT-PCR)

Frozen samples (50-80 mg) were pulverized using Trizol reagent (Invitrogen, CA, USA)
according to the manufacturer's instructions and RNA quantified using Gen5 software
with Biotek synergy HT hardware on a take3 plate (BioTek, VT, USA). DNAse-treated
RNA (Ambion AM1906M) was then converted to complementary DNA using the High
Capacity cDNA Reverse Transcription Kit and random primers (Applied Biosystems,
CA, USA) according to manufacturer's recommendations and stored at —80°C until
analysis. The gRT-PCR assays for relative quantification of IRS-1, Akt2, GSK-38,
GLUTL, and GLUT4 were performed using SYBR Green Real Time PCR Master Mix
containing AmpliTag Gold DNA Polymerase, to minimize nonspecific product
formation, and deoxyribose nucleotide triphosphates with deoxyribose uridine
triphosphate, to reduce carryover contamination (Applied Biosystems). Primer sequences
were identified using the National Center for Biotechnology Information Basic Local
Alignment Search Tool and custom synthesized by Invitrogen (GenBank accession
numbers: B-actin: NM001081838; IRS-1: XM001915475; Akt2: NC009153; GSK-3p:
NC009171; GLUT1: DQ139875; and GLUT4: AF531753). Each PCR reaction (20 uL)
contained 2x reaction buffer (SYBR Green | dye, Amplitag Gold DNA Polymerase,
deoxyribose nucleotide triphosphates with deoxyribose uridine triphosphate, passive

reference, and optimized buffer components), forward and reverse primers (0.5 mM), 0.5
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ug of complementary DNA, and DNase-RNase-free water. Primer concentrations and
PCR conditions were determined during initial optimization runs. Samples were run in
duplicate in a 96-well MicroAmp optical plate (Invitrogen). gRT-PCR was performed in
an ABI 7500 Fast instrument (Applied Biosystems) with the following cycling
conditions: 10 min at 95°C, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min.
No-template, negative controls were included for each gene. A melting curve was
generated to ensure product purity and the absence of primer dimers. The messenger
RNA (mRNA) expression of target genes was normalized to B-actin, and relative gene

expression was quantified using the AACT method.**’

Statistical analyses

The proteomic data was evenly distributed based on histogram visualization after
analyzation of LFQ intensity. To determine significance of LFQ intensity, the false
discovery rate (FDR<0.05) was used. gRT-PCR data were generated using relative
quantification, which was analyzed using 2-tailed Student t tests. All data were expressed
as mean + standard error of the mean or median (interquartile range), and significance

was accepted at P < 0.05.

Results
Experimental design for examining equine metabolic syndrome

Healthy horses were treated with an intravenous electrolyte solution (control) or glucose

and insulin infusion (hyperinsulinemic, treated) for 48 hours. Cardiac and lamellar
68



samples were collected and total lysates were extracted for mass spectrometry or RNA
was extracted for real-time reverse transcriptase PCR (Figure 1). Mass spectrometry data

was analyzed via LFQ intensity. All LFQ data for all tissues were normally distributed.

Healthy Horses

!

48-hour IV infusion

! !

Control Hyperinsulinemic

! !

Electrolyte solution Insulin and glucose

l————J | Collect cardiac and lamellar tissue |«

l l

Total lysate extracted from tissues RNA extraction with trizol
! i
Mass Spectrometry DNAse treatment
! 1
Protein Identification (Max Quant) qRT-PCR
‘ 1
LFQ Intensity (Analysis via Perseus) AACt Analysis

{

Protein-Protein Interactions (STRING analysis)

Figure 1. Work flow for proteomic analysis of tissues from hyperinsulinemic horses and
real-time reverse-transcriptase analysis.
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Significantly differentially expressed proteins

We detected 538 and 737 unique proteins in the cardiac and lamellar proteomes,
respectively. We did not identify any proteins which were significantly differentially
expressed between the control and treatment groups in the cardiac tissue, but we did
identify 27 proteins which were significantly differentially expressed between groups in
the lamellar tissue (Figure 2). We detected 14 proteins which were significantly
downregulated in the treatment group (Table 1), and 13 proteins which were significantly

upregulated in the treatment group (Table 2) (FDR<0.05).
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Figure 2. Volcano plots of (A) cardiac tissue and (B) lamellar tissue of control and
hyperinsulinemic horses. Significance was determined using an FDR of 0.05.
Significantly differentially expressed proteins are identified in red, and with the
corresponding protein ID. n=4/group.
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Accession . . Fold Change
number Uniprot protein name (Gene name) P value (Control-Treatment)

Polypyrimidine tract binding protein 1

F6UGL6 (PTBP1) 0.002019 1.219790993
Heterogeneous nuclear

F6Q4QI ribonucleoprotein K (HNRNPK) 0.000756 1221161712
Heat shock 70kDa protein 1A

F7DW69 (HSPA1A) 0.003238 1.242093026

F6QIZ4 Talin 1 (TLN1) 0.001012 1.271566759
Parkinsonism associated deglycase

F6WPB4 (PARK?) 0.002167 1.312159825
Uncharacterized protein

F6S6S0 (ENSECAG00000005186) 0.004918 1.379998183

F7AJD4 AHNAK nucleoprotein (AHNAK) 0.00295 1.436102875

F6SU04 Calpain 1 (CAPN1) 0.004443 1.438021775

F7BFT1 Peroxiredoxin 2 (PRDX2) 0.004032 1.441592321
Heterogeneous nuclear

F6WHS3 ribonucleoprotein D (HNRNPD) 0.002307 1.456644949

F6ZSZ5 Vinculin (VCL) 0.002573 1.581565286
Heterogeneous nuclear protein A2/B1

F6VYBI1 (HNRNPA2B1) 0.000626 1.66432501

F6VN96  |Cadherin 13 (CDH13) 0.00036 2.839636592

Table 1. Proteins significantly downregulated in lamellar tissue of hyperinsulinemic
horses.

Proteins were identified via LFQ intensity and analyzed through Perseus (FDR-0.05).
Protein and gene names were derived from Uniprot KB database. Fold change is
represented as control minus treatment. n=4/group.
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Accession . : Fold Change
aumber Uniprot protein name (Gene name) P value (Control-Treatment)

Immunoglobulin heavy constant mu

H9GZN9 ((IGHM) 0.006004 0.081751537

F6RI147 Alpha-2-macroglobulin (A2M) 0.00102 0.164715248

F6PH38  |Fibrinogen beta chain (FGB) 0.001653 0.204999056
Uncharacterized protein

H9GZU9 ((ENSECAGO00000009556) 0.006159 0.250195495

F6RUZ6  [Fibrinogen alpha chain (FGA) 0.001893 0.26181576

F6W2Y1 [Fibrinogen gamma chain (FGG) 0.000808 0.264268296
Heat shock protein HSP 90-beta

QIGKX8 |(HSP90AB1) 0.000518 0.515382508
Uncharacterized protein

F7TAWX3 [(ENSECAG00000022567) 0.00454 0.628735617

F6UUS3  [Eukaryotic translation elongation (EEF2) 0.005253 0.663524975

F6UB53  [Ribosomal protein 11 (RPL11) 0.002958 0.687221485

A2Q127  |Elongation factor 1-gamma (EEF1G) 0.000852 0.687535009

F6STU8  [Ribosomal protein 14 (RPL14) 0.006072 0.688532874
60S ribosomal protein L6

F6QF58 (ENSECAG00000017514) 0.000682 0.762130497

FEBUME7 [Elongation factor 1-alpha (EEF1A1) 0.005522 0.787297942

Table 2. Proteins significantly upregulated in lamellar tissue of hyperinsulinemic
horses.

Proteins were identified via LFQ intensity and analyzed through Perseus (FDR-0.05).
Protein and gene names were derived from Uniprot KB database. Fold change is
represented as control minus treatment. n=4/group.
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KEGG pathways and protein-protein interactions

Of the significantly differentially expressed lamellar proteins, those upregulated in the
treatment group were primarily involved in coagulation and complement cascades,
platelet activation, and ribosomal function. The proteins which were significantly
downregulated in the treatment group were predominately involved in focal adhesions

and spliceosomes (Figure 3).
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Figure 3: Protein-protein interaction analysis of significantly differentially expressed
proteins in the lamellar tissue of hyperinsulinemic horses as compared to controls. Data
have been elaborated and graphed using STRING 10.5. Nodes (circles) represent
proteins, while edges (lines between nodes) represent protein-protein interactions. Color
code for edge interactions: known interactions from: teal — curated databases, magenta —
experimentally determined; predicted interactions: green — gene neighborhood, red —
gene fusions, blue — gene co-occurrence; other: yellow — textmining, black — co-
expression, purple — protein homology. For protein ID lists, reference accession numbers
of Tables 1 and 2.
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gRT-PCR

Using the proteomic data, we determined that vinculin, talin-1, and cadherin-13 were
significantly downregulated in the treatment group as compared to the controls, and that
heat shock protein 90, fibrinogen beta, and alpha-2-macroglobulin were significantly
upregulated in the treatment group. Given the importance of these proteins in the cell-to-
cell matrices and coagulation and complement response, we determined the mMRNA of the
corresponding genes were also significantly altered in the hyperinsulinemic horses. Using
the AACT method and beta actin as the housekeeping gene, vinculin mRNA was
downregulated by 84.5%, talin-1 mMRNA was downregulated by 89.02%, and cadherin-13
MRNA was downregulated by 84.66% compared to controls. Similarly, HSP90 mRNA
was upregulated by 85.53% (p=0.02918) fibrinogen beta was upregulated by 888.8%
(p=0.3655), and alpha-2-macroglobulin was upregulated by 97.32% (p=0.1422) (Table 3

& Figure 4).
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Figure 4. Mean fold change in messenger RNA (mMRNA) expression of significantly
differentially expressed proteins in lamellar tissue from healthy and
hyperinsulinemic horses. (A) Vinculin, (B) Talin-1, and (C) Cadherin-13 were
decreased in hypersinulinemic horses, while (D) heat shock protein 90, (E) fibrinogen
beta, and (F) alpha-2-macroglobulin were increased in mMRNA expression in
hypersinulinemic horses compared to controls. n=4/group; * p<0.05 vs control, # p<0.1
vs control; statistical test: AACt method and two-tailed t-test.
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Gene Name

Sequence (5'-3")

Beta Actin Forward

ATG ATGATATCG CCGCGCTC

Beta Actin Reverse

CCACCATCACGCCCT GG

Vinculin Forward

GTC CAG CAAGCC GGG TAAC

\Vinculin Reverse

CCG GCT GAT TGG ATG GCAT T

Cadherin-13 Forward

GCC GCG TGC ATG AAT GAA A

Cadherin-13 Reverse

TGT TAG CAT CAG CAC CTG GG

Talin-1 Forward

ATC GCA GAT ATG CTT CGG GC

Talin-1 Reverse

GGC TTC TGC AGG GTC AGT AG

Heat Shock Protein 90 Forward

CTT GAG TCA CCT CGC GCA

Heat Shock Protein 90 Reverse

CCT CAG GCATCT TAACGG GC

Fibrinogen Beta Forward

ATT CAG AAC CGC CAG GAT GG

Fibrinogen Beta Reverse

ATA CTC ACC TGG TAG GCC ACA

Alpha-2-Macroglobulin Forward

ACT CCA GAG GCC AGATCC AA

Alpha-2-Macroglobulin Reverse

TGT GAG CCA GGT ATT GCCCT

Table 3. Primer Sequences

Primer sequences were designed using NCBI Blast.

Discussion
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Equine endocrinopathic laminitis continues to be the most prevalent form of laminitis,
presenting a debilitating disease both physically and economically which still presently
has no cure.?*®?* The current study used a wide-ranging proteomic analysis to explore
potential mechanisms outside of the common steroid-, inflammation-, and insulin-related
pathways explored in the literature thus far. From this analysis, we determined that, in
addition to the upregulation of inflammatory markers during insulin-induced laminitis,
there was a significant downregulation of key cell-cell matrix and focal adhesion proteins
as well as an upregulation of HSP90. These alterations in protein expression were

matched by similar alterations in mMRNA levels between groups.

Proteomic analysis, the identification and quantification of a complete complement of
proteins in a biological system at a point in time, is an investigative tool which has
widely been used recently in human and translational medicine. However, proteomic
investigation in veterinary medicine is lagging, despite its high potential for advancing
veterinary pathology and diagnostics.?*® Indeed, high-throughput proteomics has emerged
as the most robust technique for identifying and quantifying protein profiles from

biological samples in veterinary species.”*

Most importantly, proteomic analysis allows
not only for identification and quantification of specific proteins, but also for the

elucidation of protein-protein interactions occurring in a biological system.?**

Endocrinopathic laminitis is often associated either with pituitary pars intermedia
dysfunction, or, more commonly, hyperinsulinemia indicative of insulin resistance.?*®
Indeed, it has been previously demonstrated that a 48-hour normoglycemic

hyperinsulinemic clamp in an otherwise healthy horse is sufficient to produce Obel grade
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2 laminitis in all animals receiving the hyperinsulinemic clamp.®*> We have also

previously described novel links to toll-like receptors and pro-inflammatory cytokines,*
24 alterations in striated muscle and adipose glucose transport,”® > 2°® and the
discrepancies between insulin-sensitive tissues and the lamellar tissue®’ during equine
insulin resistance and/or endocrinopathic laminitis. However, while these significant
mechanisms associated with the pathogenesis of this disease have been described,
identifying these mechanisms has not yet lead to substantial advances in treatment or
prevention of endocrinopathic laminitis. Thus, we sought to identify new mechanisms

outside of the more traditional metabolic or inflammatory pathways which could be

potential therapeutic targets in the treatment of endocrinopathic laminitis.

Notably, we reported here that talin-1, vinculin, and cadherin-13, which are critically
involved in cell-cell matrices and focal adhesions, are all significantly downregulated in
the hyperinsulinemic group as compared to their control counterparts. Of note, these
downregulations may be occurring in both the lamellar tissue itself, as well as within the
vascular support of the hoof, as these three proteins are significantly involved in vessel
structure and homeostasis.?*® ?*° Syndecan-1, which is talin-dependent, has been found to

260

couple with the insulin-like growth factor-1 receptor (IGF-1R)™", which has been

previously reported to be significantly higher in protein content in lamellar tissue versus

cardiac or skeletal muscle,?’

and to be significantly decreased in insulin-treated horses
compared to control counterparts.’®® Given the significant downregulation of talin-1
reported in this study, this finding could be related to the previously reported alterations

in lamellar IGF-1R during hyperinsulinemia. Additionally, to our knowledge, vinculin
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has not been reported as an underlying mechanism of hyperinsulinemia but is known to
be a substrate of protein kinase C,?*? which is part of the insulin signaling pathway.
Again, the significant downregulation of this protein could be intimately linked to the

insulin dysregulation occurring in the lamellar tissue.

Perhaps most importantly, cadherin-13 (also known as T-cadherin) has been
demonstrated to be a regulatory component of insulin signaling endothelial cells, and
may in fact be a determinant of the development of endothelial insulin resistance.?®®
Additionally, cadherin-13 may also modulate plasma levels of adiponectin in humans,*
low levels of which is closely linked to a major contributor to human insulin resistance?®
and which has similarly been reported to be significantly lower in horses and ponies prior
to the development of clinical laminitis.?® Interestingly, cadherin-13 has been implicated
in vascular disease and atherosclerosis®®’ and others have found that cadherin-13
overexpression can promote insulin sensitivity while simultaneously reducing the ability
to stimulate the Akt pathway.?®® Finally, independent of its relationship with adiponectin,
cadherin-13 appears to be necessary for the release of insulin both in vitro and in vivo.*®®
Taken together, it is not yet clear whether the significant downregulation of cadherin-13
reported in this study during hyperinsulinemia is a result from the hyperinsulinemic
infusion or part of the larger laminitic pathogenesis resulting from larger metabolic
dysregulation during the clamp. However, to our understanding, the involvement of
cadherin-13 or any other focal adhesion proteins have not been previously implicated in
the metabolic pathogenesis of endocrinopathic laminitis, and these may be important

targets for future investigations.
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We also reported here a significant upregulation of several important integrins, namely
three fibrinogen isoforms (o, B, and y) in the treatment group versus the control group.
Recent reports indicate the discovery of a potential intimate connection between integrins
and IGF-1R. Importantly, it has become apparent that some growth factor signaling
cannot occur without specific integrin expression®”® and growth factors such as IGF-1R
may act in response to specific action from integrins such as fibrinogen in a ligand-
dependent manner.?”* Additionally, IGF-1R inhibition has been reported to reduce
fibrinogen binding in platelets of diabetic mice, but not in healthy mice.?’> As fibrinogen

3

is a significant participant in vascular homeostasis and tissue repair,”® vascular

dysfunction has been reported to be associated with the underlying endocrinopathy of this

194

disease.’® However, despite fibrinogen’s well-known role in the extra cellular matrix,*"*

215217 none of the fibrinogen

and the extra cellular matrix’s degradation during laminitis,
isoforms have been significantly implicated in endocrinopathic laminitis without sepsis
prior to this report, to our knowledge.?”® However, fibrinogen has been found to be

upregulated in human diabetic patients,”

and it has been previously postulated that
platelet inhibitors could have beneficial therapeutic effect for laminitic horses, which,

based on our findings here, may still be a beneficial therapy.?®

While alpha-2-macroglobulin is a known factor in coagulation, and thus its upregulation
in the hyperinsulinemic hoof could be accounted for due to the tissue damage and

inflammation inherent in the obel grade 2 laminitis present in the hyperinsulinemic
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horses. However, it should be noted that alpha-2-macroglobulin has previously been
reported to be increased in human diabetic patients.”®® Similarly, hyperinsulinemia has
been described as a hypercoagulable state, in part due to this increased thrombotic
activity and the increased presence of alpha-2-macroglobulin.?®> However, to our
knowledge, this plasma protein has never before described or implicated in equine
metabolic syndrome. As alpha-2-macroglobulin is also capable of binding to growth
factors, including insulin, this protein may be a potentially important participant in the

equine metabolic syndrome disease physiology.

Finally, we found that heat shock protein 90 (HSP90) was significantly increased in the
hyperinsulinemic horses compared to their control counterparts. While, to our
knowledge, HSP90 has not been described in laminitic horses, the heat shock response
has been found to be damaged during type 2 diabetes in humans,®®* HSP90 is higher in
type 2 diabetic humans than in those with only impaired glucose tolerance,®® and
inhibition of HSP90 appears to limit renal and vascular damage in diabetic mice.”® It is
also worth noting that while laminitis is already well-associated with atherosclerotic

® and restore

markers, HSP90 inhibitors may reduce atherosclerosis during diabetes®®
glucocorticoid sensitivity during Cushing’s disease.”®’ Thus, the upregulation of HSP90
in the lamellar tissue of hyperinsulinemic horses with laminitis may be a significant

detrimental contributor to the disease pathogenesis, and may also be a potential target for

future therapeutic responses.
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In conclusion, we used a proteomic analysis of equine cardiac and lamellar tissue to
determine novel effects in the pathogenesis of endocrinopathic laminitis. We determined
that during hyperinsulinemia there were significant upregulations of alpha-2-
macroglobulin, three fibrinogen isoforms and HSP90, and significant downregulations of
several critical cell-cell matrix and focal adhesion participants, including talin-1,
vinculin, and cadherin-13 as compared to control horses. These alterations indicate
potentially significant vascular dysfunction which has not yet been described to this level
of detail in endocrinopathic laminitis. While many of these significantly differentially
expressed proteins are described in other species during type 2 diabetes and metabolic
syndrome, to our knowledge this is the first time many of them have been reported in
relation to endocrinopathic laminitis. Thus, these proteins may represent novel

therapeutic targets for hyperinsulinemic horses and the development of laminitis.
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CHAPTER V

DIABETES-INDUCED ALTERATIONS OF REGULATION OF GLUCOSE TRANSPORT IN

THE LUNG
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Abstract

Diabetes has been identified as a significant and independent risk factor for the
development or increased severity of respiratory infection. However, the protein
expression of the predominant glucose transporter (GLUT) isoforms in the adult lung in
both the healthy and diabetic state remains largely to be identified. We hypothesized that
the GLUT isoforms of the lung would be altered during either type 1 or type 2 diabetes,
and rescued with insulin or metformin treatment, respectively. Type 1 diabetes was
induced via streptozotocin and rescued via subcutaneous semi-osmotic insulin pump for 8
weeks. Type 2 diabetes was induced via high-fat diet for 16 weeks, and both control and
type 2 diabetic mice were treated with metformin for the second 8 weeks of the study.
Total GLUT protein expression was quantified via Western blotting in homogenized
adult whole lung. Pulmonary cell surface GLUT protein was measured using a
biotinylated photolabeling assay from homogenized lung samples. Type 1 diabetic mice
demonstrated a significant decrease of total GLUT4 and a significant increase of
GLUT12 protein in the upper airways. Similarly, in the lower lung, type 1 diabetic mice
also demonstrated a significant decrease of total GLUT-1 and -4, and again a significant
increase of GLUT12 protein expression. These alterations were rescued following insulin
treatment. Type 2 diabetic mice demonstrated a significant decrease of total GLUT-2, -4,
-10, and -12 protein in the whole lung. The alterations of GLUT-2, -4, and -10, but not -
12, were rescued with metformin treatment. Both type 1 and type 2 diabetic mice
demonstrated significant decreases of GLUT-4 and -8 protein at the cell surface of
homogenized whole lung, which were rescued with treatment. We conclude that during

either type 1 or type 2 diabetes there are significant alterations of GLUT protein in the
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adult lung, which were rescued with either insulin or metformin, respectively, and that
these alterations in glucose homeostasis during diabetes may contribute to an increased

severity of pulmonary infection during diabetes.

Keywords: diabetes, pulmonary, lungs, glucose, GLUT trafficking

Introduction

While diabetes is a relatively recent epidemic, respiratory infections like flu and
pneumonia have plagued humans for millennia. However, it has only recently been
determined that diabetic patients are three times more likely to die from respiratory

infection as their non-diabetic counterparts,** *?

and that diabetic patients in particular are
considered a high-risk group and should get vaccinated for flu.?®® % In order to address
this risk factor, therapeutic targets should be identified to assist diabetic patients with
concurrent respiratory infection. However, very little is known about the regulation of
glucose homeostasis in the lung, and in particular which GLUT isoforms are present and
active in the adult whole lung of either humans or rodents. Furthermore, how the

regulation of glucose transport might be altered during the diabetic state also has yet to be

fully explored.

Recent investigations in vitro have identified the mRNA of GLUTs 1-12 and both
sodium-glucose linked transporters (SGLTs) in human bronchial epithelial cells, but have
only confirmed protein of GLUT1 and GLUT10 in these same cells.>* To our knowledge,

non-cancerous human whole lung tissues have been successfully probed only for
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SGLT1**® and GLUT4 protein.®® Similarly, non-cancerous adult rodent lung tissue has
only been successfully probed for the protein of SGLT1 and SGLT2.%* Clearly, there is a
significant amount of inquiry into the functional GLUT proteins present in the adult

mammalian lung.

Based on previous reports,® %% we have hypothesized that GLUT-1, -2, and -10 protein
expression will predominate in the lung. However, how the protein expression of
pulmonary GLUTSs is altered during both type 1 and type 2 diabetes has also never before
been described in detail, to our knowledge. Thus, we have here investigated the protein
expression of the 7 most predominant GLUTs in mammalian glucose homeostasis
(GLUT-1, -2, -3, -4, -8, -10, and -12) in the lung of healthy, type 1 diabetic, and type 2
diabetic mice. Further, while some have previously speculated on the direct effect of

insulin stimulation on the lung,®**

to our knowledge it remains unknown whether
metabolic therapy such as insulin or metformin (for type 1 and 2 diabetic animals,
respectively) will directly affect the protein expression of pulmonary glucose transporter

isoforms. Therefore, we have here also explored how these treatment strategies affect

both GLUT protein expression and trafficking in the lung.

Research Design and Methods

Type 1 Diabetic Animal Model

The following experimental protocols were approved by the Oklahoma State University
Institutional Animal Care and Use Committee. Healthy FVB/N mice (The Jackson
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Laboratory, Ellsworth, Maine) received 3 intraperitoneal injections once every 48 hours
of either 300mM citrate buffer or streptozotocin (Sigma Aldrich, St. Louis, Missouri)
dissolved in citrate buffer (at consecutive doses of 95 mg/kg, 65 mg/kg, and 95 mg/kg) to
produce a type 1 diabetic mouse model. Once hyperglycemia was confirmed in type 1
diabetic mice (>250mg/dL), a subset of diabetic mice was given a subcutaneous semi-
osmotic insulin pump (Alzet, Cupertino, California) at a dose of 0.5 units of HumulinRU-
500 insulin (Eli Lilly, Indianapolis, Indiana) per mouse per day. After 4 weeks, the
insulin pumps were replaced. Mice were monitored weekly for blood glucose and weight

for a total of 8 weeks. A total of 24 male mice were used in this animal model.

Type 2 Diabetic Animal Model

Healthy C57BI1/6 mice (Charles River, Wilmington, Massachusetts) were fed with either
regular chow (AIN-93M Mature Rodent Diet, product #D10012M, Research Diets, New
Brunswick, New Jersey) or a high-fat diet (Rodent Diet with 60% kcal from fat, product
#D12492, Research Diets, Brunswick, New Jersey) for 16 weeks. A subset of both the
healthy mice and the high-fat diet-fed mice received metformin treatment for the second
8 weeks of the study. Metformin was added to their water at a rate of 200 mg/kg/day. A

total of 24 male mice were used in this animal model.
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Real Time Quantitative PCR (qQRT-PCR)

Frozen samples (50-80 mg) were pulverized using Trizol reagent (Invitrogen, CA, USA)
according to the manufacturer's instructions and RNA quantified using Gen5 software
with Biotek synergy HT hardware on a take3 plate (BioTek, VT, USA). DNAse-treated
RNA (Ambion AM1906M) was then converted to complementary DNA using the High
Capacity cDNA Reverse Transcription Kit and random primers (Applied Biosystems,
CA, USA) according to manufacturer's recommendations and stored at —80°C until
analysis. The qRT-PCR assays for relative quantification of murine GLUT-1, -2, -3, -4, -
8, -10, -12, and beta actin were performed using SYBR Green Real Time PCR Master
Mix containing AmpliTag Gold DNA Polymerase, to minimize nonspecific product
formation, and deoxyribose nucleotide triphosphates with deoxyribose uridine
triphosphate, to reduce carryover contamination (Applied Biosystems). Primer sequences
were identified using the National Center for Biotechnology Information Basic Local
Alignment Search Tool and custom synthesized by Invitrogen. Each PCR reaction
(20 uL) contained 2x reaction buffer (SYBR Green I dye, Amplitaq Gold DNA
Polymerase, deoxyribose nucleotide triphosphates with deoxyribose uridine triphosphate,
passive reference, and optimized buffer components), forward and reverse primers
(0.5mM), 0.5 pg of complementary DNA, and DNase-RNase-free water. Primer
concentrations and PCR conditions were determined during initial optimization runs.
Samples were run in duplicate in a 96-well MicroAmp optical plate (Invitrogen). qRT-
PCR was performed in an ABI 7500 Fast instrument (Applied Biosystems) with the
following cycling conditions: 10 min at 95°C, followed by 40 cycles at 95°C for 15 s and

60°C for 1 min. No-template, negative controls were included for each gene. A melting
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curve was generated to ensure product purity and the absence of primer dimers. The
messenger RNA (mRNA) expression of target genes was normalized to -actin, and the

average cycle threshold was calculated.

Quantification of GLUT translocation to the cell surface

In order to quantify the glucose transporters at the cell surface, lung tissue was finely
minced and bathed in a Krebs-Henseleit buffer at 37°C for 30 minutes, as described.?*
For insulin-treated cells, this buffer also contained 0.7nm insulin. Both untreated (basal)
and insulin-treated lung homogenates were then photolabeled with the cell surface
impermeant biotinylated bis-glucose photolabeling reagent (bio-LC-ATB-BGPA, 300
MM, Toronto Research Chemicals, product #B3956740, Ontario, Canada), of which the
hexose group interact specifically interacts with the extracellular binding site of the
glucose transporters. This photolabeled reagent cross-linked to the lung homogenates
using a Rayonet photochemical reactor (340nm, Southern New England UV), as
previously described.®® Protein extraction was achieved via homogenization and
ultracentrifugation (227,000g, 90 minutes at 4’C) to collect the crude membrane protein
extract, specifically. Recovery of photolabeled (cell surface, or “labeled”) glucose
transporters from total lung homogenates was achieved using streptavidin isolation
(bound to 6% agarose beads, Thermo Fisher, product #20349, Waltham, Massachusetts)
to separate intracellular GLUTs (“unlabeled”) from cell-surface GLUTSs. The labeled

GLUTs were then dissociated from the streptavidin via boiling in Laemmli buffer (Bio-

Rad Laboratories, Hercules, California) for 30 minutes prior to Western blotting. Proteins
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from the labeled fraction were quantified by densitometry relative to the positive control,

as previously described. %870 11 156,292,293

Western blotting

Crude membrane protein extracts or total lysates were used for Western blotting. For total
lysate creation, lung tissue was collected and homogenized in tissue lysis buffer
consisting of a 1:500 dilution of RIPA (Thermo Fisher, product #89901, Waltham,
Massachusetts) and protease inhibitor cocktail (Sigma Aldrich, product #P8340, St.
Louis, Missouri). Protein content was quantified via bicinchoninic assay (Thermo Fisher,

product #23227, Waltham, Massachusetts), as previously described.®®

Equal amounts of protein (30-60pug) were resolved in an 8-12% SDS-polyacrylamide gel
and electrophoretically transferred (BioRad) to a polyvinyl-idine fluoride membrane
(BioRad), as previously described.?® After blocking in 5% milk (BioRad), membranes
were incubated in primary antibodies overnight on a rocker at 4’C. Primary antibodies
were diluted in tween-phosphate buffered saline (TPBS) with 5% milk (polyclonal rabbit
anti-mouse GLUT1, 1:500 Abcam product #ab652; polyclonal rabbit anti-mouse
GLUT2, 1:1000 polyclonal goat anti-mouse GLUT3, 1:500 Santa Cruz product #sc-7582;
Abcam product #ab54460; polyclonal rabbit anti-human GLUT4, 1:750 AbD Serotec,
product #4670-1704; polyclonal rabbit anti-human GLUTS8, 1:500 Bioss product #bs-
4241R; polyclonal rabbit anti-mouse GLUT10, 1:750 Thermo Fisher product #PA1-

46137, polyclonal rabbit anti-mouse GLUT12, 1:500 Abcam product #ab75441; mouse
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monoclonal B-actin, Santa Cruz product #sc-47778). This was followed by a one-hour
incubation at room temperature with an appropriate secondary antibody conjugated to
horseradish peroxidase diluted in TPBS with 5% milk (for GLUT-1, -2, -10 and -12,
1:2500 donkey anti-rabbit IgG H&L Abcam product # ab7083; for GLUT3, 1:4000 Santa
Cruz product #sc-2020; for GLUT-4 and -8, 1:3000 donkey anti-rabbit IgG HRP-linked
GE Healthcare product #NA934; for B-actin, 1:5000 mouse 1gG kappa binding protein
Santa Cruz product #sc-516102). Primary antibodies were chosen based on their 100%
sequence homology with the protein of interest in rodents, and validated against a
positive control. Antibody-bound transporter proteins were quantified by enhanced
chemiluminescence reaction (Super Signal Max Sensitivity Substrate, product #34095,
Thermo Fisher, Waltham, Massachusetts) and autoradiography. Band density and
molecular weight were quantified using GelPro Analyzer (Media Cybernetics). The data
was expressed relative to appropriate controls. Equal protein loading was confirmed by
stripping (Thermo Fisher, product #21063, Waltham, Massachusetts) and reprobing each

membrane with B-Actin.

Statistical analyses

Data are presented as mean + SE. Differences between means were assessed using a
statistical software package (Sigmaplot 11.0, Systat Software, Inc, San Jose, California).
Two-way repeat measure ANOVA (treatment and time factors) for the in vivo

measurements, and a one-way analysis of variance (treatment factors) for the in vitro
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measurements were performed, as appropriate. When a significant difference was
identified, post hoc tests were performed using the Student-Newman-Keuls test.
Correlation between an independent and dependent variable was determined by

regression analysis. Statistical significance was defined as p<0.05.

Results
In vivo results from type 1 and type 2 diabetic mice

Healthy mice were injected with streptozotocin to induce type 1 diabetes (as indicated by
pronounced hyperglycemia, greater >250 mg/dL) and a subset was subsequently treated
with a subcutaneous insulin pump to treat hyperglycemia (Fig 1A). After STZ injection,
untreated diabetic mice maintained a blood glucose level significantly higher than control
or treated counterparts (p<0.01), and higher than themselves at baseline (p<0.01). There
were no significant differences in weight between groups in the type 1 diabetic study (Fig
1B). Similarly, healthy mice were fed a high-fat diet with 60% kcal from fat to induce
type 2 diabetes (indicated by the mild hyperglycemia between 200 and 250 mg/dL, and
pronounced hyperinsulinemia, as previously described®®®) (Fig 1C). After eating a high-
fat diet, untreated diabetic mice maintained a blood glucose level significantly higher
than control or treated counterparts (p<0.05 for month 1, p<0.001 for months 2-4), and
higher than themselves at baseline (p<0.001). A subset of both control and high-fat diet-
fed mice were treated with metformin at a rate of 200 mg/kg/day, which significantly

reduced blood glucose concentration of type 2 diabetic mice to a normal level. High-fat
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diet-fed mice were significantly heavier than their healthy counterparts, and metformin

treatment did not affect weight of either diet group (Fig 1D).
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Figure 1. Hyperglycemia was rescued by treatment, without affecting body weight,
in both type 1 and type 2 diabetic animals. Mean + SE of fasted serum blood glucose
levels of (A) type 1 diabetic (T1Dx) and (C) type 2 diabetic (T2Dx) groups. T1Dx were
treated with insulin (T1Dx + Ins) while T2Dx animals were treated with metformin.
Mean * SE of body weight of (B) type 1 diabetic (T1DX) and (D) type 2 diabetic (T2Dx)
groups. n=9-12/group. * p<0.05 vs control, # p<0.05 vs baseline, via two-way repeat
measure ANOVA.
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Real Time Quantitative PCR (qQRT-PCR)

Healthy adult mouse lungs were collected, homogenized, and RNA was extracted using
the Trizol method. The average cycle threshold (Ct) value of GLUT-1, -2, -3, -4, -8, -10,
and -12 mRNA was normalized to beta actin (Fig 2). A lower Ct value indicates a higher
expression of mRNA. In the healthy adult mouse lung, GLUT4 was found to be the
highest expressed GLUT isoform, followed by GLUT12, then GLUT10. While the
protein of GLUTs -1, -2, -4, -8, -10, and -12 were confirmed subsequently through
Western blotting (Fig 3-8), GLUT3 protein was not found to be present in the adult

mouse lung (data not shown).
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Figure 2. GLUT4 mRNA expression was highest in the adult healthy mouse lung.
Mean + SE of the average cycle threshold (Ct) of GLUTSs -1, -2, -3, -4, -8, -10, and -12.
All values were normalized to beta actin. A lower Ct value indicates a higher amount of
MRNA.
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Type 2 diabetic whole lung GLUT protein expression

Mouse whole lung was homogenized and the protein quantity determined via Western
blot. Of the 7 glucose transporters which were probed for, protein expression of GLUT-1,
-2, -4, -8, -10, -12 was found in adult whole rodent lung (Fig 3). GLUT3 protein
expression was not found in the lung of any animal investigated. Protein expression of
GLUT-2, -4, -10, and -12 was significantly reduced in the whole lung of type 2 diabetic
mice (p=0.032, p=0.001, p=0.012, and p=0.034, respectively, Fig 3B, 3C, 3E, and 3F).

Metformin rescued this alteration only for the protein expression of GLUT-2, -4, and -10.
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Figure 3. Alterations in glucose transporter (GLUT) protein expression in the adult
whole lung during type 2 diabetes were partially rescued by in vivo metformin
treatment. Total protein expression of (A) GLUTL, (B) GLUT2, (C) GLUT4, (D)
GLUTS, (E) GLUT10, and (F) GLUT12 in the adult whole lung of control, type 2
diabetic (T2Dx), and metformin-treated animals. Top panels: representative Western blot
from total lysate; loading control: beta actin. Bottom panels: Mean + SE of total GLUT
protein content, normalized to beta actin (values normalized to respective controls, n=3-
5/group). * p<0.05 vs control, via one-way ANOVA.
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Type 2 diabetic cell-surface GLUT protein expression

Mouse whole lung was homogenized and the cell surface glucose transporters were
identified via the biotinylated photolabeled technique. To assess glucose transporter
trafficking, cell surface glucose transporters (L: labeled) were quantified via Western
blot. Both GLUTA4, the predominant insulin-sensitive glucose transporter, and GLUTS, a
novel insulin-sensitive glucose transporter, were significantly decreased at the cell
surface during type 2 diabetes (p=0.033 and p=0.029 vs. control, respectively, Fig 4).
Similarly, both of these trafficked glucose transporters were fully rescued with metformin

treatment.
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Figure 4: Alterations in glucose transporter (GLUT) protein expression at the
pulmonary cell surface during type 2 diabetes were rescued by in vivo metformin
treatment. Cell-surface protein expression of (A) GLUT4, and (B) GLUTS at the cell
surface of the adult whole lung of control, type 2 diabetic (T2Dx), and metformin-treated
animals. Top panels: representative Western blot. Bottom panels: Mean + SE of cell-
surface GLUT protein content (values normalized to respective controls, n=3-5/group). L:
Labeled (cell surface fraction); UL: Unlabeled (intracellular fraction). * p<0.05 vs
control, via one-way ANOVA.
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Type 1 diabetic upper lung GLUT protein expression

In order to determine the difference, generally, between the predominant cells of the
upper lung (respiratory epithelial cells of the bronchi and bronchioles) and the lower lung
(type 1 and type 2 alveolar cells), the upper and lower lung were separated at collection
of the type 1 diabetic animals. The upper mouse lung was homogenized and the protein
was quantified via Western blot. In the upper lung total lysate, only GLUT4 was
decreased during type 1 diabetes, and only GLUT12 was increased during type 1 diabetes
(p=0.038 and p=0.033 vs. control, respectively, Fig 5C & 5F). Insulin treatment fully
rescued both of these alterations. Also, while there was no difference in GLUT2 protein
expression between the control and type 1 diabetic animals, the insulin-treated animals

demonstrated a significant upregulation of GLUT2 (p=0.039 vs. control, Fig 5B).
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Figure 5. Alterations in glucose transporter (GLUT) protein expression in the adult
upper lung during type 1 diabetes were rescued by in vivo metformin treatment.
Total protein expression of (A) GLUTL, (B) GLUT2, (C) GLUT4, (D) GLUTS, (E)
GLUT10, and (F) GLUT12 in the adult whole lung of control, type 1 diabetic (T1Dx),
and insulin-treated animals (T1Dx + Insulin). Top panels: representative Western blot
from total lysate; loading control: beta actin. Bottom panels: Mean + SE of total GLUT
protein content, normalized to beta actin (values normalized to respective controls, n=3-
5/group). * p<0.05 vs control, via one-way ANOVA.
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You will need to provide some explanations on the discrepancies between GLUT1 and 2
between the upper and lower lungs.

Type 1 diabetic lower lung GLUT protein expression

The lower mouse lung was homogenized and the protein was quantified via Western blot.
In the lower lung total lysate, GLUT1 and GLUT4 had a significantly lower amount of
protein expression in the type 1 diabetic animals versus their control counterparts
(p=0.014 and p=0.048 vs. control, respectively, Fig 6A & 6C, respectively). And similar
to the upper lung total lysate, the lower lung also demonstrated a significant upregulation
of GLUT12 protein expression in the type 1 diabetic animals (p=0.0438 vs. control, Fig

6F). All of these alterations were rescued with insulin treatment.
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Figure 6. Alterations in glucose transporter (GLUT) protein expression in the adult
lower lung during type 1 diabetes were rescued by in vivo metformin treatment.
Total protein expression of (A) GLUT1, (B) GLUT2, (C) GLUT4, (D) GLUTS, (E)
GLUT10, and (F) GLUT12 in the adult whole lung of control, type 1 diabetic (T1Dx),
and insulin-treated animals (T1Dx + Insulin). Top panels: representative Western blot
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from total lysate; loading control: beta actin. Bottom panels: Mean * SE of total GLUT
protein content, normalized to beta actin (values normalized to respective controls, n=3-
5/group). * p<0.05 vs control, via one-way ANOVA.

Type 1 diabetic cell surface protein expression

To determine the cell-surface protein expression of insulin-sensitive glucose transporters
in type 1 diabetic mice, whole lung homogenates were finely minced and incubated with
the biotinylation photolabeled compound. Cell-surface GLUT protein was quantified via
Western blot. Both GLUT4 and GLUTS8 protein was significantly downregulated at the
cell surface in the lung of type 1 diabetic mice compared to control counterparts (p=0.001
and p=0.006 vs. control, respectively, Fig 7). These alterations were rescued with insulin

treatment.
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Figure 7: Alterations in glucose transporter (GLUT) protein expression at the
pulmonary cell surface during type 1 diabetes were rescued by in vivo metformin
treatment. Cell-surface protein expression of (A) GLUT4, and (B) GLUTS at the cell
surface of the adult whole lung of control, type 1 diabetic (T1Dx), and insulin-treated
animals (T1Dx + Insulin). Top panels: representative Western blot. Bottom panels: Mean
+ SE of cell-surface GLUT protein content (values normalized to respective controls,
n=3-5/group). Labeled (cell surface fraction) only in representative blots. * p<0.05 vs
control, via one-way ANOVA.
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Healthy basal- and insulin-stimulated upper and lower lung homogenates

To determine ex vivo insulin-stimulated glucose transporter trafficking in the lung, upper
and lower lung homogenates from healthy mice were finely minced and incubated for 30
minutes with either just KHB buffer (basal) or KHB buffer plus insulin. Lung
homogenates were then incubated with the biotinylation photolabel compound, and cell-
surface GLUT protein was quantified via Western blot. The predominant insulin-
sensitive glucose transporter, GLUT4, was only detected at the cell surface of the upper
lung, and none whatsoever was detected at the cell surface of the lower lung (Fig 8). In
the upper lung, there was no difference in GLUT4 cell-surface protein expression

between basal- and insulin-stimulated lung homogenates.
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Figure 8: Pulmonary cell surface GLUT4 protein expression is not significantly
altered after insulin treatment ex vivo. Cell-surface protein expression of GLUT4 in
the (A) upper lung, and (B) lower lung at the cell surface of lung homogenates treated
with buffer (Basal) or with insulin. No cell surface protein expression of GLUT4 is
evident in the lower lung. Top panels: representative Western blot. Bottom panels: Mean
+ SE of cell-surface GLUT protein content (values normalized to respective controls,
n=3-5/group). L: Labeled (cell surface fraction); UL: Unlabeled (intracellular fraction).
no significance, via one-way ANOVA.
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Discussion

It has only recently become apparent that diabetic patients are at a significant risk for

pulmonary infection,* ** 2%

and glucose homeostasis in the lung has so far remained
elusive. Recent investigations have identified that there is a relatively constant ratio of
glucose in the airway surface liquid to blood glucose (roughly 12.5 times as much

glucose in the blood as the airway)®®

and that this glucose diffuses passively into the
airway.>* However, it is theorized that glucose removal from the airway is conducted
primarily via the activity of the glucose transporters in the respiratory system.>* Thus,
understanding the specific protein presence and glucose transporter activity of the airway

is of crucial importance in order to unravel the complications causing the increased risk

of pulmonary infection in diabetic patients.

In order to examine this hyperglycemic risk as exhaustively as possible, we here used
both a type 1 diabetic and a type 2 diabetic mouse model. Similarly, in order to prevent
the introduction of variables from genetic variants, we did not use transgenic mouse
models of diabetes. Instead, streptozotocin has long been a reliable method of inducing

severe hyperglycemia®®®

(while maintaining normal body weight and insulin sensitivity)
with extremely limited, if any, unintentional side effects. Likewise, we also here chose to
induce type 2 diabetes via a diet with 60% kilocalories from fat, producing very mild

hyperglycemia but pronounced hyperinsulinemia®®*

and weight gain. While type 2
diabetes represents over 90% of all those afflicted with some type of diabetes mellitus in
the United States?®” and in the world,*® it is critically important to understand what

alterations are due to hyperglycemia alone versus those due to hyperinsulinemia,
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inflammation, and obesity. To our knowledge, we are the first to investigate the

alterations of glucose homeostasis of the lung as it relates to type 1 diabetes, specifically.

We also chose to treat our diabetic mice in order to determine if diabetic alterations of
pulmonary glucose transporters were reversible, and if these common treatments already
readily used in human patients were effective. As expected, insulin fully rescued the
pronounced hyperglycemia and almost all of the GLUT alterations of the type 1 diabetic
mice. Similarly, metformin treatment rescued the mild hyperglycemia of the type 2
diabetic mice, along with the alterations in pulmonary GLUT protein. Metformin
treatment did not affect the weight of either the control or the type 2 diabetic mice. One
limiting factor of this study is the differing backgrounds of our mice (type 1 diabetic mice
were on an FVB/N background while type 2 diabetic mice were on a C57BL/6
background). However, in our experience, and has been published, these strains are
extremely similar in terms of insulin secretion from islet cells, blood glucose, and GLUT

299

protein expression in striated muscle,”” and are thus highly comparable.

In the type 2 diabetic mice, the whole lung was homogenized and the protein was
quantified via Western blot. No GLUT3 protein was detected in any of the lung
homogenates. There was no change between any groups for GLUT1 and GLUTS8
expression in lung total lysate. Type 2 diabetic mice had a significant decrease of GLUT-
2, -4, -10, and -12 protein in the whole lung compared to control counterparts. Metformin

treatment did not alter the protein expression of any GLUTSs in the control mice, but did
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rescue the expression of GLUT-2, -4, and -10 in type 2 diabetic mice. However,
metformin did not rescue GLUT12 expression in type 2 diabetic mice. As an AMPK
agonist, metformin is known to improve GLUT4 translocation in striated muscle**® and

301

apidocytes.” While, to the best of our knowledge, metformin’s direct action on non-
cancerous pulmonary glucose transporters is unknown, it has been demonstrated that
metformin inhibits tumor growth via an MTOR/AMPK-dependent pathway in pulmonary

2 in mice,*® and in human patients.*® Interestingly, while some groups

cell culture,®
using rodent models of lung cancer treated with metformin find no pulmonary activation
of AMPK in addition to an inhibition of insulin-like growth factor-1 receptor and the

insulin receptor in the lung,*®

others report the anti-inflammatory benefit of metformin
during pulmonary LPS challenge via increased AMPK phosphorylation.®® Despite these
discrepancies, metformin has not been reported to directly increase the total protein
expression of any glucose transporter in any tissue, to our knowledge. Rather, through its
effects of increasing GLUT4 translocation to the cell surface in the insulin-sensitive
tissues and decreasing gluconeogenesis in the liver, metformin helps reduce blood
glucose levels for the entire body in addition to reducing insulin resistance.**® This would

be the most likely explanation for the rescue of pulmonary total GLUT protein

demonstrated in our type 2 diabetic mice.

We here also quantified the cell surface expression of glucose transporters in the lungs of
type 2 diabetic mice. Since GLUT-1, -2, -3, and -10 are glucose transporters which reside
predominately on the cell surface and do not rely on trafficking mechanisms to function,

we did not measure the specific expression of these GLUTSs at the cell surface. This same
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basal cell surface expression has also been recently determined for GLUT12, a novel
class Il glucose transporter, in striated muscle.”®® However, both GLUT4, the
predominant insulin-sensitive glucose transporter, and GLUTS, another novel class Il
glucose transporter, rely on trafficking from an intracellular pool to the cell surface after
stimulation from either insulin or calcium. We measured the cell surface and intracellular
fractions of these GLUTSs specifically and determined that they were both significantly
reduced at the cell surface during type 2 diabetes. Metformin did not alter the cell surface
expression of these GLUTSs in control mice, but it did rescue the downregulation of cell
surface protein content in type 2 diabetic mice. While the importance of GLUT8 in the
lung has yet to be determined in full, it is interesting to note that the total lysate protein
content of GLUT8 was unchanged between groups despite the significant downregulation
of GLUTS at the cell surface, indicating a potential reliance on GLUT trafficking in the

lung.

We performed the same experiments in the type 1 diabetic mice as we did in the type 2
diabetic mice, with the exception that in the type 1 diabetic mice we separated the upper
and lower lung in order to estimate prevalence of GLUT protein in either the bronchial
epithelial cells (upper lung) or alveolar type | and type 11 cells (lower lung). In the upper
lung, GLUT4 was significantly downregulated in type 1 diabetic animals while GLUT12
was significantly upregulated. This GLUT12 upregulation is a departure from our
findings in the type 2 diabetic animals, but has been reported previously in the past in
conjunction with a downregulation of GLUT4 and is speculated to be part of a

compensatory response.’*® Both of these changes were rescued with insulin treatment.
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And while no other GLUTSs in the total lysate of the upper lung were altered in type 1
diabetic animals, we were surprised to find a significant upregulation of GLUT?2 in the
insulin-treated animals as compared to both the control and the untreated diabetic mice.
Previous groups have also reported on this same finding in the kidney.>* In the lower
lung of type 1 diabetic mice, GLUT-1 and -4 were significantly downregulated as
compared to controls. GLUT12 protein was again significantly upregulated in type 1
diabetic mice. These alterations were completely rescued by insulin treatment, and there
were no alterations of GLUT2 protein in the lower lung of any group in the type 1
diabetic study. Thus, the only differences in GLUT protein expression between groups in

terms of upper and lower lung appear to be GLUT1 and GLUT2.

Similar to the type 2 diabetic model, we also quantified the protein expression of GLUT-
4 and GLUT-8 at the pulmonary cell surface of the type 1 diabetic animals. We again
found that both GLUT-4 and GLUT-8 were significantly decreased at the cell surface in
diabetic animals, and that this alteration was rescued with insulin treatment. And, again
similar to the type 2 diabetic study, we determined that while GLUT4 protein was
decreased in both the lung total lysates and at the pulmonary cell surface, GLUT8 protein
was only decreased at the cell surface during type 1 diabetes, but remained unchanged in
both the upper and lower lung total lysates. This further indicates that GLUT8 may be an
active participant in pulmonary glucose homeostasis and may rely on trafficking

mechanisms in order to function in the airway.
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Finally, we also sought to determine whether lung homogenates could be stimulated ex
vivo with insulin treatment, as cardiac, skeletal muscle, and adipose tissue are.?®70 292 294
Based on the GLUT4 protein expression at the cell surface, we found no evidence that
lung homogenates are directly stimulated with insulin to induce glucose transporter
trafficking. Furthermore, we only found evidence of GLUT4 at the cell surface of the
upper lung, and no GLUT4 protein at all in the cell surface of the lower lung using our
macroscopic dissection technique to differentiate the two predominate morphologies of
the lung (more bronchial epithelial cells in the upper lung, and more alveolar type 1 and
type 2 cells in the lower lung). These results would indicate that GLUT4 at the cell
surface is more predominate in the bronchial epithelial cells than in the alveolar cells.
However, we recognize that this dissection technique is only able to generalize in terms
of protein expression of specific cell types. In order to more fully investigate these
differences, a technique involving immunohistochemistry, immunofluorescence, or cell
isolation should be conducted. To our knowledge, we are the first to apply this

biotinylation photolabeling technique to the lung and successfully determine the cell

surface protein content of any glucose transporters in the airway.

In conclusion, we have quantified the protein expression of seven predominant glucose
transporter isoforms in the adult lung of healthy, diabetic, and treated diabetic animals.
Of the six isoforms we found in non-cancerous lung tissue (GLUT-1, -2, -4, -8, -10, and -
12), all of the isoforms were determined to have some sort of alteration during either type
1 or type 2 diabetes, either in the total cell lysate or at the cell surface of the homogenized
lung tissue. Insulin or metformin treatment rescued almost all of the alterations
demonstrated during diabetes. However, whether these treatments are affecting GLUT
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protein expression in the lung due to a rescue of whole-body glucose homeostasis or due
to a specific pulmonary action remains to be determined. Overall, the results from this
study indicate that both type 1 and type 2 diabetes significantly alters the GLUT protein
expression in the adult lung, and targeting the maintenance of function of the pulmonary
glucose transporters may designate a significant treatment avenue for diabetic patients

with concurrent respiratory infections.
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CHAPTER VI

INSULIN OR METFORMIN TREATMENT RESCUES ALTERATIONS IN THE

LUNG FOLLOWING H1IN1 INFLUENZA VIRUS INFECTION IN DIABETIC MICE
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ABSTRACT

Hyperglycemia has recently been identified as a significant and independent risk factor in
the development and increasing severity of respiratory infections. However, the glucose
homeostasis of the lung as it pertains to diabetes-involved viral infections remains largely
unexplored. Thus, we here hypothesized that glucose transporters of the lung would be
significantly altered during diabetic influenza, and that insulin or metformin treatment
would rescue these alterations. To test this hypothesis, we used both a type 1 diabetic
model (T1Dx, streptozotocin-induced, for 8 weeks) and a type 2 diabetic model (T2Dx,
high-fat diet-induced, for 16 weeks). A subset of T1Dx mice were treated with semi-
osmotic subcutaneous insulin pumps and a subset of T2Dx mice were treated with
metformin via the drinking water. At the end of the diabetic period, mice were
intranasally infected with 250 plaque forming units of HIN1 Influenza A (A/PR/8/34)
and sacrificed 3 days post infection. Bronchoalveolar lavage fluid (BALF) was collected
to measure BALF protein, cytology, and glucose concentration of the airway surface
liquid. Whole lungs were collected for viral titer determined via real-time reverse-
transcriptase PCR (qQRT-PCR), for mRNA quantification of glucose transporters
(GLUTS), and for protein quantification of GLUTSs via Western blotting. Infected and
non-infected diabetic mice of both diabetic groups possessed significant alterations of
GLUT protein expression in the total lysate and at the cell surface, which was rescued
with insulin or metformin treatment. Infected control mice demonstrated significantly
upregulated cell surface GLUT4 protein compared to non-infected control mice. Infected
diabetic mice possessed less cell surface GLUT protein compared to infected control
mice, but still a greater quantity than non-infected diabetic mice. Diabetic mice possessed
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significantly more glucose in the BALF versus control mice, and infected control and
diabetic mice possessed significantly more glucose in the BALF than their non-infected
counterparts. These alterations were rescued with insulin treatment. While control and
treated mice possessed similar levels of viral titer in the lung, diabetic mice of either
group demonstrated an extremely wide range of variability of viral titer. Overall, we here
demonstrate for the first time the influenza directly increases GLUT protein expression at
the cell surface of the lung and may be responsible for significant alterations in
pulmonary glucose homeostasis. These insights may provide substantial targets for novel

therapeutic targets for patients afflicted with both diabetes and influenza.
INTRODUCTION

The CDC has recently identified that diabetic patients die from both bacterial and viral
respiratory infection at roughly three time the rate than their non-diabetic patients.
Interestingly, both hyperglycemia and obesity have been singled out as independent risk
factors for the incidence and increased severity of respiratory infection. Despite these
recent discoveries, and the large amount metabolic activity undertaken by the lung, the
glucose homeostasis mechanisms of the healthy, diabetic, or infected lung remain largely

unexplored.

What is known is that diabetic patients have a significantly increased amount of glucose
in their airway surface liquid (ASL) versus healthy patients, and that this elevation
persists for the duration of the patient’s overall hyperglycemia. Furthermore, it is known
that glucose in the ASL is increased during other pulmonary diseases such as cystic

fibrosis?® and viral rhinitis,**® and it is theorized to be elevated during viral respiratory
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tract infection such as cold or influenza.** However, to our knowledge, specific ASL
glucose concentrations during influenza have not been determined before now. Recent
investigations have identified the direct correlation between the increased amount of
glucose in the airway and more severe bacterial infections, and some studies have
indicated that type 1 diabetes may increase the viral titer in type 1 diabetic mice,2%% 299 309
but to our knowledge no study has quantified alterations in glucose of the airway surface
liquid of either type 1 or type 2 diabetic mice, or human patients, during influenza.
Importantly, the majority of patients who die from primary viral infections are thought to
be infected with secondary bacterial infections, which could greatly exacerbate the
severity of the disease.?° Thus, understanding the regulation of glucose and viral
responses in the airway to both type 1 and type 2 diabetic conditions is of critical

importance, particularly if a combination of diabetes and influenza has an additive effect

on the increase of glucose in the ASL.

Similarly, the majority of patients in the United States and in the world who suffer from
diabetes suffer from type 2 diabetes, specifically.®*" 3! However, to our knowledge, only
type 1 diabetic models have been used to investigate the pulmonary response to
influenza.?®® 3% Therefore, we here undertake an investigation of both type 1 and type 2
diabetic mouse models with influenza infection in order to begin to unravel the questions
concerning whether hyperglycemia alone or the complications of insulin resistance and

obesity together are more responsible for the severity of diabetic influenza infection.

Finally, understanding the alterations of the glucose transporters (GLUTS) of the lung,
which are the rate-limiting step in pulmonary glucose uptake, is of critical importance.

While GLUTSs of the lung have been under-investigated as a group, we and others have
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recently reported the presence of several GLUT isoforms in the lung, both at the mRNA
and protein level.>> ®% % We have also recently reported alteration of protein expression
of GLUTs in the lung during diabetes, both in the total lysate and at the cell surface,
specifically.* However, the alteration of these critical proteins in the lung during

influenza infection is still unknown.

Thus, we hypothesized that diabetic mice of both groups would possess a significant
alteration in ASL glucose concentration and of GLUT protein expression, and that these
alterations would be exacerbated by influenza infection. We furthermore hypothesized

that these alterations would be rescued by insulin or metformin treatment.
MATERIALS AND METHODS
Type 1 Diabetic Animal Model

The following experimental protocols were approved by the Oklahoma State University
Institutional Animal Care and Use Committee. Healthy FVB/N mice (The Jackson
Laboratory, Ellsworth, Maine) received 3 intraperitoneal injections once every 48 hours
of either 300mM citrate buffer or streptozotocin (Sigma Aldrich, St. Louis, Missouri)
dissolved in citrate buffer (at consecutive doses of 95 mg/kg, 65 mg/kg, and 95 mg/kg) to
produce a type 1 diabetic mouse model. Once hyperglycemia was confirmed in type 1
diabetic mice (>250mg/dL), a subset of diabetic mice was given a subcutaneous semi-
osmotic insulin pump (Alzet, Cupertino, California) at a dose of 0.5 units of HumulinRU-
500 insulin (Eli Lilly, Indianapolis, Indiana) per mouse per day. After 4 weeks, the
insulin pumps were replaced. Mice were monitored weekly for blood glucose and weight

for a total of 8 weeks. A total of 48 male mice were used in this animal model.
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Type 2 Diabetic Animal Model

Healthy C57BI/6 mice (Charles River, Wilmington, Massachusetts) were fed with either
regular chow (AIN-93M Mature Rodent Diet, product #D10012M, Research Diets, New
Brunswick, New Jersey) or a high-fat diet (Rodent Diet with 60% kcal from fat, product
#D12492, Research Diets, Brunswick, New Jersey) for 16 weeks. A subset of both the

healthy mice and the high-fat diet-fed mice received metformin treatment for the second
8 weeks of the study. Metformin was added to their water at a rate of 200 mg/kg/day. A

total of 48 male mice were used in this animal model.

Viral Infection

Animals infected with influenza were anesthetized with 3% isoflurane and intranasally
challenged with a sublethal dose of 250 PFU of HIN1 A/PR/8/34 influenza virus diluted
in 50 pl of phosphate-buffered saline. Mice were weighed on day 0, and every 24 hours
thereafter. Blood glucose was taken at day 0 and just before sacrifice. Mice were

sacrificed 3 days post infection.

Bronchoalveolar Lavage Fluid Analysis

Mice were anesthetized with 3% isoflurane. A cannula was inserted into the trachea and 1

mL of sterilized phosphate buffered saline was perfused into the lungs and collected. This
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was performed a total of 3 times to collect a total of 2-3 mL of BAL fluid per mouse.
BAL fluid was then kept on ice, cells were counted using a hemocytometer, and 200puL
of sample was spun for 10 minutes at 800g using a cytospin centrifuge to affix the cells to
a microscope slide. Slides were then stained with Diff Quick for differential cell counts
and imaging. A subset of samples underwent red blood cell lysis and differential cell
counting before and after lysis. BAL fluid was analyzed spectrophotometrically for

glucose content (Amplex Red Glucose Assay Kity, Thermo Fisher product #A22189).

Viral titer

Viral titer was determined via plaque assay by plating BAL fluid on MDCK monolayers
and counting the plaque forming units, and confirmed by gRT-PCR of whole lung

homogenates as previously described.”’ Viral titer was subsequently confirmed by qRT-
PCR analysis by probing for viral hemagglutinin. Sequences for hemagglutinin: forward:
GCTGCAGATGCAGACACAAT, reverse: CCCTCAGCTCCTCATAGTCG. Beta actin

was used a housekeeping gene: forward:

Quantification of GLUT translocation to the cell surface

In order to quantify the glucose transporters at the cell surface, lung tissue was finely
minced and bathed in a Krebs-Henseleit buffer at 37°C for 30 minutes, as described.?®?
For insulin-treated cells, this buffer also contained 0.7nm insulin. Both untreated (basal)

and insulin-treated lung homogenates were then photolabeled with the cell surface
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impermeant biotinylated bis-glucose photolabeling reagent (bio-LC-ATB-BGPA, 300
MM, Toronto Research Chemicals, product #B3956740, Ontario, Canada), of which the
hexose group interact specifically interacts with the extracellular binding site of the
glucose transporters. This photolabeled reagent cross-linked to the long homogenates
using a Rayonet photochemical reactor (340nm, Southern New England UV), as
previously described.?® Protein extraction was achieved via homogenization and
ultracentrifugation (227,000g, 90 minutes at 4°C) to collect the crude membrane protein
extract, specifically. Recovery of photolabeled (cell surface, or “labeled”) glucose
transporters from total lung homogenates was achieved using streptavidin isolation
(bound to 6% agarose beads, Thermo Fisher, product #20349, Waltham, Massachusetts)
to separate intracellular GLUTSs (“unlabeled”) from cell-surface GLUTS. The labeled
GLUTSs were then dissociated from the streptavidin via boiling in Laemmli buffer (Bio-
Rad Laboratories, Hercules, California) for 30 minutes prior to Western blotting. Proteins
from the labeled fraction were quantified by densitometry relative to the positive control,

as previously described. %870 111 156,292,293

Western blotting

Crude membrane protein extracts or total lysates were used for Western blotting. For total
lysate creation, lung tissue was collected and homogenized in tissue lysis buffer
consisting of a 1:500 dilution of RIPA (Thermo Fisher, product #89901, Waltham,

Massachusetts) and protease inhibitor cocktail (Sigma Aldrich, product #P8340, St.
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Louis, Missouri). Protein content was quantified via bicinchoninic assay (Thermo Fisher,

product #23227, Waltham, Massachusetts), as previously described.®®

Equal amounts of protein (30-60ug) were resolved in an 8-12% SDS-polyacrylamide gel
and electrophoretically transferred (BioRad) to a polyvinyl-idine fluoride membrane
(BioRad), as previously described.?® After blocking in 5% milk (BioRad), membranes
were incubated in primary antibodies overnight on a rocker at 4’C. Primary antibodies
were diluted in tween-phosphate buffered saline (TPBS) with 5% milk (polyclonal rabbit
anti-mouse GLUT1, 1:500 Abcam product #ab652; polyclonal rabbit anti-mouse
GLUT2, 1:1000 polyclonal goat anti-mouse GLUT3, 1:500 Santa Cruz product #sc-7582;
Abcam product #ab54460; polyclonal rabbit anti-human GLUT4, 1:750 AbD Serotec,
product #4670-1704; polyclonal rabbit anti-human GLUTS, 1:500 Bioss product #bs-
4241R; polyclonal rabbit anti-mouse GLUT10, 1:750 Thermo Fisher product #PA1-
46137, polyclonal rabbit anti-mouse GLUT12, 1:500 Abcam product #ab75441; mouse
monoclonal B-actin, Santa Cruz product #sc-47778). This was followed by a one-hour
incubation at room temperature with an appropriate secondary antibody conjugated to
horseradish peroxidase diluted in TPBS with 5% milk (for GLUT-1, -2, -10 and -12,
1:2500 donkey anti-rabbit IgG H&L Abcam product # ab7083; for GLUT3, 1:4000 Santa
Cruz product #sc-2020; for GLUT-4 and -8, 1:3000 donkey anti-rabbit IgG HRP-linked
GE Healthcare product #NA934; for B-actin, 1:5000 mouse 1gG kappa binding protein
Santa Cruz product #sc-516102). Primary antibodies were chosen based on their 100%
sequence homology with the protein of interest in rodents, and validated against a

positive control. Antibody-bound transporter proteins were quantified by enhanced
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chemiluminescence reaction (Super Signal Max Sensitivity Substrate, product #34095,
Thermo Fisher, Waltham, Massachusetts) and autoradiography. Band density and
molecular weight were quantified using GelPro Analyzer (Media Cybernetics). The data
was expressed relative to appropriate controls. Equal protein loading was confirmed by
stripping (Thermo Fisher, product #21063, Waltham, Massachusetts) and reprobing each

membrane with B-Actin.

Histochemical and immunohistochemical staining

In mice which did not have BAL fluid collected, the left lobe was perfused with
paraformaldehyde and stored in formalin for 48 hours or less before sectioning. Tissues
were fixed with paraffin wax and sectioned in 4um slices onto slides, then stored in -
20°C until use. A subset of slides were stained with hematoxylin & eosin for structural
analysis. For immunohistochemistry, upon rehydration and deparaffinization, slides were
incubated at room temperate for three sets of 5 minutes in xylene, 2 sets of 10 minutes in
100% ethanol, 2 sets of 10 minutes in 95% ethanol, and 2 sets of 5 minutes in distilled
deionized water. Slides were then washed in 1x TBST for five minutes before one hour of
blocking (5% goat serum in TBST) at room temperature. Slides were then incubated
overnight in primary antibody at 4’C (GLUT4: BioRad, #4670-1704, Hercules, CA;
GLUT10: Thermo Fisher, #PA1 46137, Waltham, MA). The next day, slides were
allowed to incubate in primary antibody for 30 minutes at room temperature before
incubation for one hour with secondary antibody (GE Healthcare, #NA934, Chicago, IL)

at room temperature. For immunohistochemistry, slides were then washed and then
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incubated with Nova Red (Vector Laboratories, #SK-4800 Burlingame, CA) for 15
minutes. This was immediately followed by a 10 second incubation with Hematoxylin
QS (Vector Laboratories, #H-3404-100 Burlingame, CA), and washing with water for 1-2

minutes. Slides were then dehydrated, and the cover slips mounted.

Immunofluorescent staining

In mice which did not have BAL fluid collected, the left lobe was perfused with
paraformaldehyde and stored in formalin for 48 hours or less before sectioning. Tissues
were fixed with paraffin wax and sectioned in 4um slices onto slides, then stored in -
20°C until use. Upon rehydration and deparaffinization, slides were incubated at room
temperate for three sets of 5 minutes in xylene, 2 sets of 10 minutes in 100% ethanol, 2
sets of 10 minutes in 95% ethanol, and 2 sets of 5 minutes in distilled deionized water.
Slides were then washed in 1x TBST for five minutes before one hour of blocking (5%
goat serum in TBST) at room temperature. Slides were then incubated overnight in
primary antibody at 4’C (GLUT4: Novus Biologicals, #NBP1-49533, Centennial, CO).
The next day, slides were allowed to incubate in primary antibody for 30 minutes at room
temperature before incubation for thirty minutes with secondary antibody (GE
Healthcare, #NA934, Chicago, IL) at room temperature. Following the secondary
antibody incubation, slides were washed with TBST wash buffer for three sets of 5
minutes, and cover slips were mounted using fluoroshield mounting medium with DAPI
(AbCam, #ab104139, Cambridge, United Kingdom). Immunofluorescent slides were

imaged the same day.
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Culture and isolation of bacterial pathogens in bronchoalveolar lavage fluid

Immediately upon sacrifice, bronchoalveolar lavage fluid was collected aseptically using
sterile phosphate-buffered saline. 10l of BAL fluid was plated on a blood agar plate (5%
sheep’s blood) and incubated at 37°C in an open-air container for 72 hours. Colonies
were photographed and counted using the Colony Counter application. Identification of
bacterial isolates were identified using MALDI-TOF mass spectrometry and 16S rDNA

PCR.

Statistical analyses

Data are presented as mean + SE. Differences between means were assessed using a
statistical software package (Sigmaplot 11.0, Systat Software, Inc, San Jose, California).
Two-way repeated measure ANOVA (treatment and time factors) for the in vivo
measurements, and a one-way ANOVA or two-way ANOVA without repetition
(treatment factors) for the in vitro measurements were performed, as appropriate. When a
significant difference was identified, post hoc tests were performed using the Student-
Newman-Keuls test. Correlation between an independent and dependent variable was

determined by regression analysis. Statistical significance was defined as p<0.05.
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RESULTS

In vivo results from type 1 and type 2 diabetic mice

Healthy mice were injected with streptozotocin to induce type 1 diabetes (as indicated by
pronounced hyperglycemia, >250 mg/dL) and a subset was subsequently treated with a
subcutaneous insulin pump to treat hyperglycemia (Fig 1A). There were no significant
differences in weight between groups in the type 1 diabetic study (Fig 1B). Similarly,
healthy mice were fed a high-fat diet with 60% kcal from fat to induce type 2 diabetes
(indicated by the mild hyperglycemia between 200 and 250 mg/dL, and pronounced
hyperinsulinemia, as previously described®*) (Fig 1C). A subset of both control and
high-fat diet-fed mice were treated with metformin at a rate of 200 mg/kg/day, which
significantly reduced the blood glucose of type 2 diabetic mice to a normal level. High-
fat diet-fed mice were significantly heavier than their healthy counterparts, and

metformin treatment did not affect weight of either diet group (Fig 1D).
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Figure 1. Hyperglycemia was rescued by treatment, without affecting body weight,
in both type 1 and type 2 diabetic animals. Mean + SE of fasted serum blood glucose
levels of (A) type 1 diabetic (T1Dx) and (C) type 2 diabetic (T2Dx) groups. T1Dx were
treated with insulin (T1Dx + Ins) while T2Dx animals were treated with metformin.
Mean + SE of body weight of (B) type 1 diabetic (T1DX) and (D) type 2 diabetic (T2Dx)
groups. n=9-12/group. * p<0.05 vs control, # p<0.05 vs baseline, via two-way repeat
measure ANOVA.
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In Vivo results during influenza infection

Blood glucose was measured on Day 0 and Day 3 after influenza infection via facial
puncture (Figure 2A & 2C). Body weight was measured every 24 hours, starting at Day
0 and end on Day 3 (Figure 2B & 2D). While type 1 diabetic animals had significantly
higher blood glucose levels at both day 0 and day 3 than control or insulin-treated
animals, there was no difference in blood glucose levels between day 0 and day 3 within
any group (Fig 2A). Similarly, while type 2 diabetic animals maintained significantly
higher blood glucose than control or treated animals at day 0, both type 2 diabetic and
type 2 diabetic animals treated with metformin had significantly higher blood glucose
levels at day 3 compared to control animals (Fig 2C). Within and between groups, there
were no differences in body weight during influenza infection in the type 1 diabetic
animal model (Fig 2B). While treated and untreated type 2 diabetic animals were
significantly heavier than either of their control counterparts, there were no differences of
body weight within any group of the type 2 diabetic animal model during influenza

infection (Fig 2D).
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Figure 2. Body weight and blood glucose were not changed within any group during
influenza infection. Mean + SE of fasted serum blood glucose levels of (A) type 1
diabetic (T1Dx) and (C) type 2 diabetic (T2Dx) groups. T1Dx were treated with insulin
(T1Dx + Ins) while T2Dx animals were treated with metformin. Mean = SE of body
weight of (B) type 1 diabetic (T1DX) and (D) type 2 diabetic (T2Dx) groups. n=9-
12/group. * p<0.05 vs control, # p<0.05 vs baseline, via two-way repeat measure
ANOVA.
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Diabetic mice did not possess a significantly different viral titer from control mice

Viral titer was determined by qRT-PCR of the viral hemagglutinin mRNA in
homogenized whole lung tissue (Figure 3). There was no significant different between
groups in terms of viral titer when assessed by either MDCK plaque assay of BALF (not
shown) or qRT-PCR of lung homogenates. While there was a large amount of variation
in both type 1 diabetic (Fig 3A) and type 2 diabetic (Fig 3B) mice, control and treated

groups maintained similar viral titer expressions between all animals.
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Figure 3. Diabetic mice did not possess a significantly different viral titer from
control mice. Mean * SE of relative mRNA fold change of hemagglutinin in mouse lung
from A) type 1 diabetic (T1Dx) and (B) type 2 diabetic (T2Dx) groups. n=3-4/group. Ins:
insulin, Met: metformin, no significance, via one-way ANOVA.
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Diabetes and influenza resulted in an increase in glucose concentration in BAL fluid

BALF glucose concentration was measured via spectrophotometric assay of BALF
samples collected in chilled sterile PBS (Figure 4). In both type 1 (Fig 4A) and type 2
(Fig 4B) diabetic models, diabetic mice possessed significantly higher concentrations of
glucose in the BAL fluid versus their control counterparts (p=0.003 and p=0.028,
respectively). This was rescued with insulin or metformin treatment, respectively.
Interestingly, influenza alone also significantly increased BAL fluid glucose
concentration, even in infected control mice versus non-infected control counterparts
(p<0.01 vs. non-infected control). Diabetes and influenza together introduced an additive
effect in increasing BAL fluid glucose concentration, and diabetic infected mice also had
higher BAL fluid glucose concentration over non-infected diabetic mice. Importantly,
insulin and metformin rescued these increases in infected mice down to non-infected

control levels.
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Figure 4. Both diabetic and influenza-infected animals demonstrated higher glucose
concentration in the airway, which was rescued with treatment. Mean + SE of BALF
glucose concentrations of (A) type 1 diabetic (T1Dx) and (B) type 2 diabetic (T2Dx)
groups. T1Dx were treated with insulin (T1Dx + Ins) while T2Dx animals were treated
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Significant positive correlation between blood glucose and BAL fluid glucose

concentrations

Final blood glucose was measured within 48 hours prior to sacrifice, and BALF glucose
was measured via spectrophotometric glucose oxidase assay of BALF samples collected
in chilled sterile saline. In both type 1 and type 2 diabetic models, blood glucose was
significantly positively correlated with BAL fluid concentrations (Fig 5). This finding
was consistent in both non-infected (Fig 5A & 5C) and infected (Fig 5B) groups, but not

for infected type 2 diabetic mice (Fig 5D).
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Figure 5. Blood glucose concentration and bronchoalveolar lavage (BAL) fluid
glucose concentration are significantly positively correlated in non-infected and
infected diabetic mice. Significant positive correlations between blood glucose and BAL
fluid glucose concentrations in (A) type 1 diabetic (T1Dx) non-infected, (B) T1Dx
infected, (C) type 2 diabetic (T2Dx) non-infected, and (D) T2Dx infected groups. T1Dx
were treated with insulin while T2Dx animals were treated with metformin. n=3-5/group,

via linear regression.
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Insulin rescued the increase in lymphocytes and neutrophils in BALF of T1Dx mice

BALF of type 1 diabetic mice was collected in sterile PBS and spun down using a
cytological centrifuge. Lymphocytes, macrophages, and neutrophils were counted for
each animal, and used to create a total percentage of cells (Figure 6). T1Dx mice had a
significantly increased percentage of lymphocytes in their BALF compared to control
counterparts (p=0.008), which was rescued with insulin treatment. In line with known
immunological response pathologies, both control and T1Dx mice had a substantial
increase in neutrophil percentage apparent 3 days after influenza infection (p=0.02 and
p=0.01 vs. non-infected counterpart, respectively). However, this increase in neutrophils

in infected mice was rescued in T1Dx mice treated with insulin.
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Figure 6. Hyperglycemia causes lymphocytosis in type 1 diabetic infected and non-
infected mice, which is rescued with insulin treatment in non-infected mice.
Neutrophilia caused by influenza infection is rescued with insulin treatment. A)
Representative cytology images from bronchoalveolar lavage fluid (BALF), white arrows
indicate neutrophils. B) Total immunological cell percentages in BALF. n=3-5/group, *
p<0.05 vs. Control, # p<0.05 vs. type 1 diabetic (T1Dx), 11 p<0.05 vs. T1Dx + Insulin
(Ins), ¥ p<0.05 vs. Control + Flu,  p<0.05 vs T1Dx + Flu; via two-way ANOVA.
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Metformin treatment rescued the increase in lymphocytes in BALF of T2Dx mice

BALF of type 2 diabetic mice was collected in sterile PBS and spun down using a
cytological centrifuge. Lymphocytes, macrophages, and neutrophils were counted for
each animal, and used to create a total percentage of cells (Figure 7). T2Dx mice had a
significantly increased percentage of lymphocytes in their BALF compared to control
counterparts (p=0.035), which was rescued with metformin treatment. All infected groups
had a significant increase in the percentage of neutrophils over their non-infected
counterparts (p<0.05), but there was no difference in cytological percentages between

infected groups.
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Figure 7. Lymphocytosis results from type 2 diabetes, and influenza causes
neutrophilia. A) Representative cytology images from bronchoalveolar lavage fluid
(BALF), white arrows indicate lymphocytes, while black arrows indicate neutrophils. B)
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Control + Flu, { p<0.05 vs T2Dx + Flu; via two-way ANOVA.
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Type 1 diabetic mice demonstrated significant alteration to GLUT protein expression in

the upper lung during influenza infection

The upper lung portion of adult rodent lung was analyzed for protein expression via
Western blot (Figure 8). There were no significant differences between groups regarding
GLUTL, GLUT2, or GLUTS protein in the upper lung (Fig 8A, 8B, & 8D). GLUT4 total
protein was significantly downregulated in the upper lung of the type 1 diabetic group of
both infected and non-infected mice, compared to their relative controls (p<0.05, Fig
8C). GLUT10 total protein was significantly decreased in the upper lung of non-infected
diabetic mice versus their non-infected counterparts (p=0.032), but this was not true for
the infected mice (Fig 8E). Finally, GLUT12 total protein expression was significantly
increased in the upper lung of both infected and non-infected type 1 diabetic compared to

their control counterparts (p<0.05, Fig 8F).
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Figure 8. Type 1 diabetic mice infected with influenza possessed significant
alterations of GLUT protein expression in the upper lung. Top panels, representative
Western blots, bottom panels, mean + SE of average protein quantification from the
upper lung from the type 1 diabetic group. (A) GLUT1, (B) GLUTZ2, (C) GLUT4, (D)
GLUTS, (E) GLUT10, (F) GLUT12. n=9-12/group. * p<0.05 vs control, 1 p<0.05 vs
Control + Flu, via two-way ANOVA.
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Type 1 diabetic mice demonstrated significant alteration of GLUT protein expression in

the lower lung during influenza infection

The lower lung portion of adult rodent lung was analyzed for protein expression via
Western blot (Figure 9). There were no significant differences between groups regarding
GLUT2 or GLUTS protein in the lower lung (9B, & 9D). GLUT1 total protein was
significantly decreased in the non-infected type 1 diabetic lung compared to control
(p=0.009), but this difference was not evident in infected mice (Fig 9A). GLUT4 total
protein was significantly downregulated in the lower lung of the type 1 diabetic group of
both infected and non-infected mice, compared to their relative controls (p<0.001, Fig
9C). There was a decrease of GLUT10 total protein in the lower lung of infected diabetic
mice versus their infected control counterparts (p=0.011), but this was not true for the
non-infected mice (Fig 9E). Finally, GLUT12 total protein expression was significantly
increased in the lower lung of non-infected type 1 diabetic mice, while being significantly
decreased in the infected type 1 diabetic mice, compared to their relative control

counterparts (p<0.05, Fig 9F).
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Figure 9. Type 1 diabetic mice infected with influenza possessed significant
alterations to GLUT protein expression in the lower lung. Top panels, representative
Western blots, bottom panels, mean + SE of average protein quantification from the
lower lung from the type 1 diabetic group. (A) GLUTL, (B) GLUTZ2, (C) GLUT4, (D)
GLUTS, (E) GLUT10, (F) GLUT12. n=9-12/group. * p<0.05 vs control, 1 p<0.05 vs
Control + Flu, via two-way ANOVA.
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Type 2 diabetic mice demonstrated significant alteration to GLUT protein expression in

the upper lung during influenza infection

The upper lung portion of adult rodent lung was analyzed for protein expression via
Western blot (Figure 10). There were no significant differences between groups
regarding GLUT1, GLUT2, or GLUT10 protein expression in the upper lung of type 2
diabetic mice (Fig 10A, 10B, & 10D). There was a significant downregulation of GLUT4
protein in the upper lung of both the infected and non-infected type 2 diabetic mice
compared to their relevant controls (p<0.05, Fig 10A). In the type 2 diabetic upper lung,
there was a trend of a decrease of GLUT10 protein in the infected control, infected
diabetic, and infected treated diabetic mice compared to each of their non-infected
counterparts (p<0.1, Fig 10E). GLUT12 protein expression in the upper lung was
increased in both infected and non-infected type 2 diabetic mice compared to their

relevant controls (p<0.01, Fig 10F).
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Figure 10. Type 2 diabetic mice infected with influenza possessed significant
alterations to GLUT protein expression in the upper lung. Top panels, representative
Western blots, bottom panels, mean + SE of average protein quantification from the
upper lung from the type 2 diabetic group. (A) GLUTL1, (B) GLUT2, (C) GLUT4, (D)
GLUTS, (E) GLUT10, (F) GLUT12. n=9-12/group. * p<0.05 vs control, 1 p<0.05 vs

Control + Flu, via one-way ANOVA.

148



Type 2 diabetic mice demonstrated significant alteration to GLUT protein expression in

the lower lung during influenza infection

The lower lung portion of adult rodent lung was analyzed for protein expression via
Western blot (Figure 11). There were no significant differences between groups
regarding GLUT2, GLUT4, GLUTS, or GLUT12 protein in the lower lung of type 2
diabetic mice (Fig 10B, 10C, 10D & 10F). There was a significant upregulation of
GLUT1 protein in the lower lung of infected type 2 diabetic mice compared to their
infected controls (p=0.013), but this difference was not evident in the non-infected cohort
(Fig 10A). GLUT10 total protein expression was significantly decreased in the lower
lung of non-infected type 2 diabetic mice compared to non-infected controls, and was
significantly increased in the lower lung of infected control mice treated with metformin

over infected control mice (p<0.05, Fig 10E).
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Figure 11. Type 2 diabetic mice infected with influenza possessed significant
alterations to GLUT protein expression in the lower lung. Top panels, representative
Western blots, bottom panels, mean + SE of average protein quantification from the
lower lung from the type 2 diabetic group. (A) GLUTL, (B) GLUT2, (C) GLUT4, (D)
GLUTS, (E) GLUT10, (F) GLUT12. n=9-12/group. * p<0.05 vs control, 1 p<0.05 vs

Control + Flu, via two-way ANOVA.
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Influenza resulted a significant upregulation of cell surface GLUT4 protein expression

Whole lung from adult mice was separated into cell surface and intracellular fractions
before analyzing each fraction for protein expression of GLUT4 via Western blot (Figure
12). Cell surface GLUT4 was significantly increased in mice infected with flu versus
their non-infected counterparts. Type 1 diabetic mice possessed significantly less cell-
surface GLUT4 protein versus their control counterparts, which was rescued with in vivo
insulin treatment (p<0.05, Fig 12A). Similarly, type 2 diabetic mice possessed
significantly less cell-surface GLUT4 protein versus their control counterparts, which
was rescued with metformin treatment, and control infected mice possessed significantly
more cell-surface GLUT4 protein than non-infected control counterparts (p<0.05, Fig
12B). For both type 1 and type 2 diabetic models, the decrease in the diabetic group

versus the control group was true for the infected and non-infected cohorts.
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Figure 12. Influenza infection increased cell surface GLUT4 protein in control and
diabetic mice, which was rescued by insulin or metformin treatment. Top panels,
representative Western blots, bottom panels, mean + SE of average GLUT4 protein
quantification from the cell surface of whole lung from (A) the type 1 diabetic group, and
(B) the type 2 diabetic group. n=3-4/group. * p<0.05 vs control, + p<0.05 vs Control +
Flu, via two-way ANOVA.
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Influenza resulted in a significant increase in hemorrhage, inflammatory cell infiltration,

and vasculitis in the lung of control and type 1 diabetic mice

Whole lung from adult control, type 1 diabetic, or treated type 1 diabetic mice was
perfused with paraformaldehyde upon sacrifice, and thereafter embedded in paraffin wax
and sectioned into 4um thick sections before being stained with hematoxylin and eosin
(Figure 13). Histological scoring was completed via a blinded third party pathology
specialist. Infected mice of any group demonstrated significant increases in hemorrhage,

vasculitis, and inflammatory cell infiltration over their non-infected counterparts.
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T1Dx
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Figure 13. Influenza caused a significant increase in hemorrhage, vasculitis,
and inflammatory cell infiltration in control, type 1 diabetic, and treated type
1 diabetic mice. (A) Representative images from hematoxylin & eosin stained
whole left lungs from control, type 1 diabetic (T1Dx), and T1Dx mice treated
with insulin. (B) Mean + SE quantification of scoring of H&E-stained slides.

n=4/group.
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Influenza resulted in a significant increase in hemorrhage, inflammatory cell infiltration,

and vasculitis in the lung of control and type 2 diabetic mice

Whole lung from adult control, control treated with metformin, type 2 diabetic, or treated
type 2 diabetic mice was perfused with paraformaldehyde upon sacrifice, and thereafter
embedded in paraffin wax and sectioned into 4um thick sections before being stained
with hematoxylin and eosin (Figure 14). Histological scoring was completed via a
blinded third party pathology specialist. Infected mice of any group demonstrated
significant increases in hemorrhage, vasculitis, and inflammatory cell infiltration over

their non-infected counterparts.
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Figure 14. Influenza caused a significant increase in hemorrhage, vasculitis, and
inflammatory cell infiltration in control, type 2 diabetic, and treated type 2 diabetic
mice. (A) Representative images from hematoxylin & eosin stained whole left lungs
from control, control treated with metformin, type 2 diabetic (T2Dx), and T2Dx mice
treated with metformin. (B) Mean + SE quantification of scoring of H&E-stained slides.
n=3/group.
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GLUT4 immunohistochemistry reveals an increase in GLUT4 localized to the bronchial
epithelium in control and insulin-treated mice, but not in type 1 diabetic mice, during

influenza

Whole lung from adult control, type 1 diabetic, or treated type 1 diabetic mice was
perfused with paraformaldehyde upon sacrifice, and thereafter embedded in paraffin wax
and sectioned into 4um thick sections before being stained with primary antibodies
specific to GLUT4 (Figure 15). In general, GLUT4 appears to be localized to the
bronchial epithelium, alveolar type II cells, and alveolar macrophages. Interestingly, an
increase in GLUT4 localized to the bronchial epithelium was noted after influenza

infection in control and insulin-treated mice, but not in type 1 diabetic mice.
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Figure 15. Influenza-infected mice possessed stronger immunohistochemical GLUT4
staining than non-infected mice in the bronchial epithelium in control and insulin-
treated mice, but not in type 1 diabetic mice. Representative images from
immunohistochemical GLUT 4-stained whole left lungs from control, type 1 diabetic
(T1Dx), and T1Dx mice treated with insulin. Brown color indicates positive result, purple
color indicates negative result. n=4/group.
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GLUT4 immunohistochemistry reveals a decrease in GLUT4 localized to the bronchial
epithelium in type 2 diabetic mice, which is rescued with metformin treatment, in both

infected and non-infected mice.

Whole lung from adult control, treated control, type 2 diabetic, or treated type 2 diabetic
mice was perfused with paraformaldehyde upon sacrifice, and thereafter embedded in
paraffin wax and sectioned into 4um thick sections before being stained with a primary
antibody specific to GLUT4 (Figure 16). Similar to Figure 15, GLUT4 appears to be
localized to the bronchial epithelium, alveolar type Il cells, and alveolar macrophages. A
substantial decrease of GLUT4 staining is noted in type 2 diabetic mice in both the

infected and non-infected groups, which is rescued with metformin treatment.
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Figure 16. Type 2 diabetes causes a decrease in immunohistochemical GLUT4
staining in the bronchial epithelium, which is rescued by metformin treatment.
Representative images from immunohistochemical GLUT 4-stained whole left lungs
from control, control treated with metformin, type 2 diabetic (T2Dx), and T2Dx mice
treated with metformin. Brown color indicates positive result, purple color indicates

negative result. n=3/group.

T2Dx + Metformin

Negative Control

160



GLUT10 immunohistochemistry reveals an increase in GLUT10 localized to the
bronchial epithelium in control, type 1 diabetic, and treated type 1 diabetic mice infected

with influenza

Whole lung from adult control, type 1 diabetic, or treated type 1 diabetic mice was
perfused with paraformaldehyde upon sacrifice, and thereafter embedded in paraffin wax
and sectioned into 4um thick sections before being stained with a primary antibody
specific to GLUT10 (Figure 17). In non-infected mice, GLUT10 appears to be localized
to the alveolar type I and type Il cells. Conversely, 3 days post-infection with influenza,
the lung from adult mice demonstrated a marked increase in expression in the alveolar
cells, as well as substantial expression in the bronchial epithelium. These observations in
both non-infected and infected mice were true for control, type 1 diabetic, and insulin-

treated diabetic mice.
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Figure 17. Influenza causes an increase in immunohistochemical GLUT10 staining
in the bronchial epithelium. Representative images from immunohistochemical GLUT
10-stained whole left lungs from control, type 1 diabetic (T1Dx), and T1Dx mice treated
with insulin. Brown color indicates positive result, purple color indicates negative result.
n=4/group.
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GLUT10 immunohistochemistry reveals an increase in GLUT10 localized to the
bronchial epithelium in control, type 2 diabetic, and treated type 2 diabetic mice infected

with influenza

Whole lung from adult control, treated control, type 2 diabetic, or treated type 2 diabetic
mice was perfused with paraformaldehyde upon sacrifice, and thereafter embedded in
paraffin wax and sectioned into 4um thick sections before being stained with a primary
antibody specific to GLUT10 (Figure 18). In non-infected mice, GLUT10 appears to be
localized to the alveolar type I and type 1l cells. Conversely, 3 days post-infection with
influenza, the lung from adult mice demonstrated a marked increase in GLUT10
expression in the alveolar cells, as well as substantial expression in the bronchial
epithelium. These observations in both non-infected and infected mice were true for all

groups.
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Figure 18. Influenza causes an increase in immunohistochemical GLUT10 staining
in the bronchial epithelium. Representative images from immunohistochemical GLUT
10-stained whole left lungs from control, control treated with metformin, type 2 diabetic
(T2Dx), and T2Dx mice treated with metformin. Brown color indicates positive result,
purple color indicates negative result. n=3/group.
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GLUT4 immunofluorescence confirms GLUTA4 localization predominately to the

bronchial epithelium

Whole lung from adult control, type 1 diabetic, or treated type 1 diabetic mice was
perfused with paraformaldehyde upon sacrifice, and thereafter embedded in paraffin wax
and sectioned into 4um thick sections before being stained with a primary antibody
specific to GLUT4 (Figure 19). In non-infected mice GLUT4 appears to be localized to
the bronchial epithelium with moderate quantities of GLUT4 staining appearing in the
alveoli. 3 days post-infection with influenza, the lung from adult mice appears to increase

in GLUT4 staining in the terminal bronchiole, respiratory bronchiole, and the alveoli.
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A Control Control

Control Control + Flu

Figure 19. Immunofluorescent GLUT4 staining confirms GLUT4 localization to the
bronchial epithelium in non-diabetic (control) mice. Representative images from
immunohistochemical GLUT 4-stained whole left lungs in A) bronchioles from control
mice and B) terminal and respiratory bronchioles and alveoli in control and infected
control mice. Blue: DAPI, Green: GLUT4.
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DISCUSSION

The Centers for Disease Control has recently identified that diabetic patients are at
roughly a three times greater risk for complications and death from pulmonary infection
than their non-diabetic counterparts.*> > 288 Furthermore, recent studies indicate that
obese individuals may possess a reduction in efficacy to the influenza vaccine.*"® Despite
this, and the relatively active metabolic nature of the lungs, glucose homeostasis in the
lung has so far remained elusive. Baker et al. has recently identified the concentration of
glucose in the airway is consistently roughly 12.5 times less than that of the concentration
of glucose in the blood.”® It is presently hypothesized that glucose diffuses passively into
the airway, but requires facilitated glucose transport to be taken out of the airway, and
into the epithelial cells of the lung.”* Therefore, understanding the function of glucose
transporters (GLUTS) in the lung is of vital importance, especially in the context of
diabetes compounded with respiratory infection. To our knowledge, no previous study
has specifically examined the relationship of the GLUT isoforms in the lung during both

type 1 and type 2 diabetes in an adult rodent model during influenza infection.

Type 1 diabetes is characterized by severe hyperglycemia created by a lack of insulin
production, while type 2 diabetes is characterized by insulin resistance (often
accompanied by obesity and inflammation) which is caused by a lack of insulin action.
Of those suffering from diabetes mellitus, type 2 diabetes represents over 90% of all
those afflicted in the United States?®” and in the world,”*® while the remainder suffer from

type 1 diabetes. Though these two diseases share many similarities, it is critically
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important to understand what alterations are due to hyperglycemia alone versus those due
to hyperinsulinemia, inflammation, and obesity. In order to understand the alterations
caused by hyperglycemia alone, versus those likely caused by obesity-related
complications, we investigated diabetes-involved influenza by using both a type 1
diabetic and a type 2 diabetic mouse model. Along these same lines, we sought to prevent
the introduction of genetic variables by not using genetically modified animals to imitate
the diabetic condition. Instead, we here chose to use a highly reproducible low-dose
streptozotocin protocol which induces moderate hyperglycemia (while maintaining
normal body weight and insulin sensitivity) with little-to-no unintentional side effects.®®
314 For our type 2 diabetic model, we used a 60% kilocalorie-from-fat diet, which
produces extremely obese mice with hyperinsulinemia and only mild hyperglycemia.?*
These mice have been shown previously by our lab to be both glucose and insulin

intolerant.?%*

In this study, we treated diabetic mice with either insulin (in the case of type 1 diabetic
mice) or metformin (in the case of type 2 diabetic mice) in order determine whether any
changes in GLUT protein expression, BALF glucose concentration, viral titer, or BALF
cytology were reversible upon amelioration of hyperglycemia, specifically. Importantly,
both of these treatments are already widely used in human patients, and thus render the
results here highly applicable to human outcomes. Furthermore, the reversibility of
alterations in glucose transport in the lung during type 1 diabetic mice in particular
additionally lends to the idea that any alterations are due to hyperglycemia alone, and not

to possible streptozotocin toxicity. Additionally, metformin did not affect the weight of
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either of control or type 2 diabetic mice which were treated with it, which further
enforces the probability that rescue of hyperglycemia is sufficient to amend alterations in
pulmonary glucose homeostasis detected during type 2 diabetes. Finally, while we do not
attempt to make any statistical comparisons between the type 1 and type 2 diabetic
models, one limiting factor of this study is the differing backgrounds of our mice (type 1
diabetic mice were on an FVB/N background while type 2 diabetic mice were on a

294,315 and has

C57BL/6 background). However, as our lab has determined previously
been published,?*® these two strains are decidedly comparable due to their high similarity
in terms of insulin secretion from islet cells, blood glucose, and GLUT protein expression

in striated muscle.

In order to examine the discreet differences between healthy and diabetic mice during
influenza infection, we chose to use a low dose of influenza inoculation (250 PFU
delivered intranasally). Also, based on previously published data indicating a possible
increase of viral titer during diabetes at a low dose of influenza,®® we also chose to
examine the changes in viral titer between control and diabetic mice based on different
days post infection. We determined here that 3 days post infection produced the highest
viral titer in both control and diabetic mice compared to 5 and 7 days post infection (data
not shown). This is in agreement with previously published data regarding control and
diabetic influenza-infected mice of various strains of flu.** 3® The published data
regarding influenza viral titer in diabetic mice is somewhat varied. Previous studies have
separately reported an increase of viral titer in both type 1 and type 2 diabetic mice ,***

317 as well as no change between control and diabetic mice.?® 3% 31° while at first glance
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it may seem that the results of these differences in diabetic mice may be dependent on
strain of influenza, there is variation in reports among even a single strain, such as HIN1
A/PR/8/34.3% 317 gimilarly, there is not a specific consistency between either type 1 or
type 2 diabetic mice, as both have been reported to possess higher viral titer than control

209,305,318 or 10 have equal viral titer to control mice.”® ** *** Here, we found no

mice,
significant differences in viral titer between control and diabetic groups as measured by
either MDCK plaque assay of BALF (data not shown) or fold change of hemagglutinin
MRNA of the lung. However, in both of our models, insulin and metformin reduced the
variability in viral titer and maintained the titer to at or below control levels in all animals
within those groups. This result would indicate that, while there may be other significant
variables in any diabetic model which would influence severity of influenza infection,

metabolic derangements resulting from diabetes alone, in combination with a low dose of

viral inoculation, may not produce significant alteration to viral titer.

Glucose concentration of BALF as an estimation for glucose concentration of the airway
surface liquid has recently been identified as a crucial parameter of pulmonary glucose
homeostasis and pulmonary infection.?®* Non-infected control mice between our two
diabetic models possessed similar BALF glucose concentrations (30-50 pM), which is in
line with other reports of BALF glucose concentration in mice.’®® Interestingly, this is 10

times lower than the currently reported BALF glucose concentrations in humans.?* °

As has been reported in human and mouse models,?* 2%

in this study, diabetic mice
displayed a substantial increase of glucose in the airway compared to control mice. This

was rescued with insulin or metformin treatment. Importantly, the control mice of both of
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our mouse models demonstrated a significant increase in BALF glucose concentration
during influenza infection. To our knowledge, this is the first report of an increase in
BALF glucose concentration in otherwise healthy model (human, rodent, or otherwise),
suggesting that influenza alone increased airway surface liquid glucose concentrations. In
infected type 1 diabetic mice, BALF glucose concentration was increased above the level
of both non-infected type 1 diabetic mice and infected control mice, suggesting an
important additive effect of this increase. In infected type 2 diabetic mice, the level of
BALF glucose concentration was raised to the same level of non-infected type 2 diabetic
mice. This would indicate that the severity of hyperglycemia may be an important factor
in determining the level to which BALF glucose increases during influenza infection. In
concert with previously published data from other groups, neither of our mouse models
experienced an increase in blood glucose concentration during influenza infection over
their non-infected blood glucose concentrations.?®® 3'° Additionally, while there is a
significant correlation between BALF glucose concentrations and blood glucose
correlations in both our non-infected type 1 and type 2 diabetic models, this correlation is
lost during influenza infection of the type 2 diabetic model. Thus, it would appear that an
increase in blood glucose is not responsible for the increase in BALF glucose during
influenza infection, and there must be some other, yet-undefined mechanism responsible.
It is possible that the increase is due to hemorrhage of the airway, allowing the glucose to
leak in from the blood vessels, or it could be that the cell-to-cell adhesions which allow
for the passive diffusion of glucose into the airway are damaged during influenza
infection, allowing for a greater quantity of glucose leakage into the airway,?** or both.

This phenomenon is certainly deserving of in-depth investigation in the future, and may
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be a significant component to rescuing hyperglycemia-induced complications in diabetic

patients during influenza infection.

The effects of mild dose of our influenza dose is readily apparent in several of the
parameters measured here, including insignificant weight loss by day 3 and the relatively
mild nature of alterations in lung histopathology determined via hematoxylin and eosin
staining. Thus, any alterations demonstrated in this study are not likely the result of
significant weight loss or lung injury, but instead are more likely the result of alterations
to glucose homeostasis. These alterations in glucose homeostasis>'® may directly lead to

2 or these

alterations in viral replication or host cell response to viral infection,?
alterations in glucose homeostasis may set off a chain reaction of events which impact
other critical systems such as wound healing,?®® the inflammatory response,**® and/or the
homeostasis which maintains the surfactant of the alveoli.*®® Smith et al previously
reported an increase in mortality and a decrease in inflammatory response in obese mice
compared to their control counterparts during influenza infection.**® Additionally,
multiple investigations have demonstrated a possible link between glycemic variability
and severity of influenza via the effects on pulmonary endothelial cells and the potential
to increase cytokine production.®! In this study, we reported an increase in lymphocytes
in both type 1 and type 2 diabetic mice compared to their control counterparts, which is
rescued with either insulin or metformin treatment, respectively. This pulmonary
lymphocytosis is, to our knowledge, a parameter which is seldom reported in diabetic

literature, but has previously reported in association with obese mice.’® In diabetic

patients, an upregulation of chemokines, which attract lymphocytes, has been
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demonstrated in serum.??* 32! Therefore, it is possible that the upregulation in chemokines
leads to an increase in lymphocytes in the airway. We additionally found that control and
diabetic mice demonstrated an increase in neutrophils during influenza infection, but that
insulin or metformin treatment blunted this effect. Given similar findings in our models
regarding BALF glucose concentration, it is possible that reducing BALF glucose
concentration (in control or diabetic mice) directly impacts the reduction of the

inflammatory response during influenza infection.

In terms of pulmonary glucose uptake, quantifying GLUT protein expression is critical.
Here we quantified the protein expression of 7 different class | and class Il GLUT
isoforms during hyperglycemia-involved influenza infection. We did not find any
evidence of GLUT3 protein in the adult rodent lung (data not shown), but we were able
to quantify the protein expression of GLUT-1, -2, -4, -8, -10, and -12 in the adult rodent
lung during diabetic influenza. Further, to estimate the protein expression of GLUTS in
the bronchial epithelial cells versus the alveolar cells, we dissected the whole lung into
upper (predominately bronchial epithelial cells) and lower (predominately alveolar cells)
lung portions. To our knowledge, this is the first demonstration of specific GLUT
isoforms in the alveoli of the adult mammal lung. A limitation of this study is that these
lung portions are only an estimation, as neither lung portion will purely one cell type. To
overcome this, we confirmed our findings of Western blot quantification data with
immunohistochemical ~and  immunofluorescence  experiments.  Additionally,
understanding the differences between alveolar type I cells and alveolar type Il cells, as
they are the cells in the most direct contact with the exchange of glucose from the blood,
will be critical in future investigations.
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Here, we investigated the protein expression of the insulin-sensitive glucose transporters,
GLUT4 and GLUTS, in the infected diabetic lung. While we did not find any alterations
of total GLUTS protein between any of our groups, we did find that GLUT4 total protein
was significantly decreased in the upper and lower lung of type 1 diabetic mice, and the
upper lung of type 2 diabetic mice, compared to control counterparts. Similar findings
were reported in both infected and non-infected cohorts. To our knowledge, we are the
first to describe GLUT4 protein in the rodent lung during diabetic influenza.®* 2> 2% we
additionally found significant reductions in GLUT4 cell surface protein from the whole
lung during infected and non-infected type 1 and type 2 diabetes compared to relevant
controls. However, most importantly, we determined there were significant upregulations
in cell-surface GLUT4 protein in infected control mice over non-infected control mice.
Accordingly, the human cytomegalovirus has been described to increase GLUT4 in

human fibroblasts.>??

Our findings were consistent with our results from the
immunohistochemistry and immunofluorescence experiments in which GLUT4, while
found in the alveoli, seems to localize predominately to the bronchial epithelial cells.
Further, GLUT4 staining demonstrated an increase of GLUT4 protein expression in the
bronchial epithelium during influenza infection in control and treated diabetic mice, and a
decrease of GLUT4 protein expression in infected and non-infected diabetic mice. The
lung has not been previously described as an insulin-sensitive organ and we have
previously demonstrated that the lung does not seem to be stimulated by insulin ex vivo.
However, our results here, combined with the rescue of these alterations via in vivo

insulin or metformin treatment, indicate that the lung may be sensitive to insulin-

mediated glucose transport relevant to whole-body glucose homeostasis.
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We also quantified total protein expression of non-insulin-sensitive glucose transporters,
GLUT-1, -2, -10, and -12. While GLUT2 has previously been reported as a potentially
important GLUT isoform in the lung,?®® we did not find a difference of GLUT2 protein
expression between any of our groups. GLUT1 protein expression was decreased in the
lower lung of non-infected type 1 diabetic mice compared to control counterparts, but this
was not consistent for infected mice, for the upper lung, or for type 2 diabetic mice. In
type 2 diabetic mice, we found an upregulation of GLUT1 protein in the lower lung of
infected mice versus infected control counterparts. Thus, there may be specific alterations
to GLUT protein expression during diabetic influenza that are uniquely different from the
alterations observed during non-infected diabetes. GLUT10 total protein was
significantly decreased in the upper lung of non-infected (but not infected) type 1 diabetic
mice and in the lower lung of non-infected type 2 diabetic mice. There was a trend
towards a decrease of GLUT10 total protein expression in the lower type 1 infected
diabetic lung and the upper type 2 diabetic lung compared to control counterparts.
Interestingly, while the alteration of total GLUT protein expression may have been too
slight to quantify via Western blotting of the upper lung as we have dissected it here,
there appears to be a stronger localization of GLUT10 protein to the bronchial epithelium
during infection versus non-infected mice, as revealed by immunohistochemical staining.
Finally, we determined that there was a significant upregulation of GLUT12 total protein
in the upper and lower lung of non-infected type 1 diabetic mice, and in the upper lung of
non-infected type 2 diabetic mice compared to non-infected control counterparts. This
was again true in the upper lung of infected type 1 diabetic mice and the upper lung of

infected type 2 diabetic mice. However, there was an opposite effect in the lower lung of
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infected type 1 diabetic mice, which possessed a significant decrease of GLUT12 protein
expression compared to infected controls. We have previously reported an upregulation
of GLUT12 in the heart during diabetes,**® and as other groups have demonstrated that in
the lack of major isoforms such as GLUT4,” some GLUT isoforms may be upregulated
in order to compensate for the downregulation of others. Together, these data indicate a
significant alteration of pulmonary GLUT protein expression during both infected and
non-infected type 1 and type 2 diabetes. There are some discrepancies of these alterations
between type 1 and type 2 diabetes, and between infected and non-infected diabetic mice.
This would indicate that a) hyperglycemia caused by a lack of insulin action produces
different alterations than hyperglycemia caused by a lack of insulin production, b)
influenza may cause unique metabolic derangements which affect glucose transport and
GLUT isoform productivity, and c) these alterations are rescued when whole-body

glucose homeostasis is restored via in vivo insulin or metformin treatment.

In conclusion, we have demonstrated here that there are major alterations to pulmonary
glucose metabolism during hyperglycemia-involved influenza infection. We determined
that, while there may be other factors involved in determining the severity of respiratory
infection, such as inflammatory response and surfactant homeostasis, many of the
alterations found here appeared to be incrementally in line with the severity of
hyperglycemia. Further, these changes were rescued with insulin or metformin treatment.
This would suggest that maintaining normal blood glucose levels in diabetic patients is

critically important in reducing the risk and mortality resulting from influenza infection.
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CHAPTER VII

CONCLUSIONS

The two goals of this study were to investigate the metabolic derangements
underlying complications associated with diabetes, specifically regarding multi-organ
dysfunction and vascular dysregulation. To investigate these things, we here focused on
the potential involvement of cardiac muscle, skeletal muscle, and lamellar tissue during
insulin-induced laminitis, and the involvement of influenza infection of the lung during

diabetes.

To investigate multi-organ dysfunction associated with metabolic disease, our
first hypothesis was, “Insulin-induced laminitis will cause significant alterations of the
insulin signaling and glucose transport pathways, as well as additional novel cellular
pathways.” To that end, the insulin signaling pathway of the cardiac, skeletal and
lamellar tissues during hyperinsulinemia-induced laminitis were investigated. Further, a
proteomic investigation from these same animals was undertaken in order to determine
yet-uninvestigated proteins which may underlie endocrinopathic laminitis, and which
may constitute novel therapeutic targets for the treatment of this debilitating disease. The
findings from this study indicate that 1) endocrinopathic laminitis is not dependent on
insulin resistance to manifest, 2) responses to insulin are tissue-specific in the horse, and

3) there were substantial alterations of focal adhesions, cell-to-cell matrices, integrins,
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and heat shock proteins in the lamellae of laminitic horses compared to controls,
indicating potentially significant vascular dysfunction during endocrinopathic laminitis.

These findings are in agreement with our initial hypothesis.

Our initial second hypothesis regarding the investigation of metabolic multi-organ
dysfunction was that, “Impaired glucose metabolism during diabetes will alter the
glucose transporter expression in the lung and increase viral replication, thereby
increasing the severity and mortality of diabetes-involved influenza infection.” In order to
investigate the mechanisms underlying hyperglycemia-involved influenza infections, the
regulation of glucose transport was investigated in the lung of adult mice. The findings
from this study indicate that 1) GLUT-1, -2, -4, -8, 10, and -12 protein is present in the
adult rodent lung, and there are significant alterations of GLUT protein expression in the
lung during infected and non-infected type 1 and type 2 diabetes, 2) cell-surface insulin-
sensitive GLUT protein (GLUT4 and GLUTS8) are significantly downregulated in the
lung during diabetes, 3) insulin or metformin treatment rescues the alterations of these
GLUT isoforms in the lung, 4) discrepancies in total GLUT protein and cell surface
GLUT protein indicate potentially important trafficking mechanisms, 5) both influenza
and diabetes caused significant increases to glucose in the airway, 6) both influenza and
diabetes cause significant increases to lymphocytes in the airway, and 7) cell surface
GLUT4 protein expression was significantly upregulated in infected mice over their non-
infected counterparts. Collectively, our data indicate that, while we found no evidence of
a significant increase in viral titer during diabetes, there are major alterations to glucose
homeostasis in the lung during influenza and during diabetic influenza. Thus, these
findings are only partially consistent with our hypothesis.
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Pointedly, based on the current findings, influenza alone appears to directly affect
the glucose metabolism of the lung. This is evidenced by the substantial upregulation of
both the glucose concentration in BALF and cell surface GLUT4 protein expression in
control and diabetic mice during influenza infection. It is possible that mechanisms
responsible for the upregulation of glucose in the airway, such as the degradation of cell-
to-cell tight junctions of the respiratory epithelium, are also responsible for the leakage of
insulin into the airway, which would account for the upregulation of GLUT4 trafficking
during influenza infection. This hypothesis is bolstered by the fact that infected diabetic
mice possessed less cell surface GLUT4 than control or treated diabetic infected mice,
which would be consistent with either insulin resistance or a lack of circulating insulin
during diabetes. As infected diabetic mice had the greatest concentration of glucose in the
airway of any group, it would then stand to reason that the depressed GLUT4 trafficking
evidenced in diabetic mice even during influenza infection is then not sufficient to clear
the airway of increased glucose. However, it remains to be proven that the lung
epithelium is sensitive to insulin. Further investigations into this and into insulin
concentrations in the airway during health, influenza, diabetes, and diabetic influenza
would be prudent. Alternatively, other factors which can drive GLUT4 trafficking may be
at play in the lung during influenza infection, including calcium signaling, neuregulin
signaling, and AMPK activation.’” %% 3% Based on the results here, all of these

mechanisms are deserving of attention in the infected lung epithelium.

The mechanisms which may be responsible for increased viral replication during
diabetes due to an increased amount of intracellular glucose are outlined in Figure 1 of
this chapter. However, the alternative hypotheses regarding increased morbidity and
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mortality during diabetes should not be discounted. For instance, in terms of excess
extracellular glucose, it has been hypothesized that collectin-mediated host response is
compromised by increased glucose in the lung during diabetes, even at low doses of
influenza inoculation.®® Additionally, excess extracellular glucose, in addition to
comorbidities from obesity, may impair wound healing in obese mice infected with high
doses of influenza, leading to higher mortality.?®® Similarly, high inoculations of
influenza have been shown to lead to a greater quantity and severity of lung lesions in
type 1 diabetic mice versus control mice.”®® Intracellularly, as we hypothesize here and in
conjunction with the results from Kohio et al.’s findings in 2013, increased glucose
within the diabetic cell (made possible by the upregulation of basal GLUTS in respiratory
cells during diabetes) may be used by the vacuolar ATPase pump required for viral
unencapsulating within the host cell.?®® It is also possible that the influenza virus is
harnessing excess glucose carbon by diverting it away from the TCA cycle, as has been
shown in other viruses.**® Along these lines, the influenza virus may be altering the host
cell metabolism, stimulating glycolysis and higher metabolite pools for glycolytic
intermediates, as has been demonstrated during human cytomegalovirus infection®® and
several other viral families.**” However, while influenza has been shown to increase
glycolysis alongside an increase in apoptosis, most other viral families have not been

shown to produce a similar apoptotic increase.*?®

Interestingly, these metabolic studies
conclude that for influenza specifically, viral replication itself does not cause a major
impact on metabolism, but rather the onset of apoptosis causes metabolic imbalance.*?®

However, investigations in this area are few, and our work here clearly points to an
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intracellular component of influenza infection acting on host cell metabolism, both during

health and during diabetes. Thus, further studies in this area are required.
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Figure 1: Potential mechanism for hyperglycemia leading to increased viral replication
in the respiratory epithelium involving the activity of insulin-mediated and basal glucose
transporters. In the control non-infected lung, the insulin signaling and basal GLUTSs are
both functional. In the diabetic non-infected lung, the insulin-mediated GLUTs are not
functional at the cell surface, while the basal GLUTs are upregulated, allowing for an
increased amount of glucose to enter the cell from the airway. In the infected control lung, the
insulin-mediated GLUTSs are upregulated, without an upregulation of basal GLUTSs, with a
normal (low) amount of glucose in the airway. In the infected diabetic lung, while the insulin-
mediated GLUTs are not present at the cell surface, the basal GLUTs are upregulated,
allowing for an increased amount of glucose to be transported into cell due to the increased
amount of glucose available in the airway. Excess glucose may be used by the vacuolar
ATPase pump which is necessary for the uncoating of the virion once inside the host cell.
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Importantly, in this investigation we elected to use a low dose of influenza to discern
the subtle differences of glucose transport in the lung between control, diabetic, and
treated diabetic animals during infection. Thus, while we here found no alterations of
viral titer or lung injury between groups during influenza infection, it is possible that a
higher inoculation dose would provide more significant differences in these areas.?® 3%
Additionally, we found evidence of bacterial involvement in our hematoxylin & eosin
stained slides, but when BALF was plated on blood agar plates, cultures were negative.
However, previous investigations have shown that only very high level of pulmonary
bacterial infection produces positive bacterial culture after plating.®**® Regardless, it
has recently been established that hyperglycemia leads to a substantial increase in
bacterial colonization of the lung.*** Thus, it is highly likely that a significant cause of
increased mortality from hyperglycemic influenza infection in human population is dual
infection between viral and bacterial pathogens.**? This is particularly true following our
findings that influenza alone causes a substantial increase of glucose in the airway, and
this effect appears to be additively worse when combined with the increase of glucose in
the airway from diabetes. Therefore, a likely progression of severe hyperglycemia-
involved respiratory infection would involve the development of type 1 or type 2 diabetes
leading to an upregulation of glucose in the airway, followed by viral respiratory
infection which further increases airway glucose concentrations, followed by
opportunistic bacterial infection which uses the glucose as a substrate. As we and others
have shown, airway glucose concentration in diabetic animals can be restored to normal
by utilizing readily available pharmaceutical interventions aimed at lowering whole-body

glucose homeostasis.*** This would indicate a potential therapeutic target for diabetic
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patients with uncontrolled blood glucose at the time of infection. Furthermore, intranasal
insulin therapy could constitute a particularly direct and effective route for reduction of

pulmonary glucose levels during infection, but this remains to be investigated.

Overall, the results from this study indicated that insulin resistance is not required
in the development of endocrinopathic laminitis, and that both diabetes and influenza
cause significant alterations to glucose transport in the lung. Better understanding of both
of these disease outcomes may lead to the discovery of novel therapeutic targets for
treatment of either endocrinopathic laminitis associated with equine metabolic syndrome,

or hyperglycemia-involved respiratory infections in human patients.
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APPENDIX A

ABBREVIATIONS

AMPK AMP (5° Adenosine Mono Phosphate) Activated Protein Kinase
AS160 Akt Substrate of 160kDa

BALF Bronchoalveolar Lavage Fluid
GLUT Glucose Transporter

GSK3p Glycogen Synthase Kinase Beta
IRS-1 Insulin Receptor Substrate 1

L Labeled (cell surface)

P13-K Phosphoinositide 3-Kinase

STZ Streptozotocin

T1Dx Type 1 Diabetes

T2Dx Type 2 Diabetes

UL Unlabeled (intracellular)
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