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Insulin is an anabolic hormone involved in glucose uptake and synthesis of fats, proteins, and
glycogen. Domesticated livestock species such as swine require efficient insulin signaling to
meet production demands across the world. Insulin signaling is tightly regulated and acts on
metabolic tissues such as the liver, skeletal muscle, and adipose tissue. The most well
characterized disruption of insulin signaling is insulin resistance that is often caused by obesity
induced inflammation. However, insulin signaling can be disrupted via atypical mechanisms
such as immune response to a pathogen and adaptor proteins. We aimed to evaluate the impact of
pathogen exposure and intrinsic adaptor proteins on insulin signaling in pigs. The first study
focuses on the impact of growth factor receptor bound protein 10 (GRB10) as an inhibitor of
insulin signaling. In commercial swine, the presence of GRB10 has been linked to growth,
reproduction, feed efficiency and lean muscle growth. While insulin induces glucose uptake in
typical tissues, such as the liver and skeletal muscle, insulin also acts on other cell types
including mesenchymal stem cells (MSC). MSC are adult multipotent stem cells that can self-

renew and differentiate into multiple cell types including adipocytes. The process of



adipogenesis requires insulin signaling to synthesize new triglycerides and store them in lipid
droplets. While GRB10 has been established as a regulator of insulin signaling, the role of
GRB10 in swine MSC has yet to be firmly established. We generated GRB10 knockdown
(GRB10-KD) MSC to evaluate the impact of GRB10 on insulin signaling and glucose uptake.
We observed reduced glucose utilization under basal conditions and reduced insulin signaling
when incubated with insulin over 48 hours. We also noticed a two-fold reduction in proliferation
rate among GRB10-KD MSC. When differentiated into adipocytes, we observed an increase in
transcript abundance with genes associated with insulin signaling and adipogenesis. GRB10 has
the potential to regulate insulin signaling in swine MSC and contribute to overall growth and
development. The second chapter focuses on the impact of lipopolysaccharide (LPS), an
endotoxin produced by gram-negative bacteria, which can induce a severe, systemic immune
response. In pigs, chronic LPS exposure has induced insulin resistance. However, the effects of
acute exposure to LPS on insulin signaling and resistance have not been elucidated. We found
that acute exposure to LPS in crossbred post-weaning pigs induced changes in insulin signaling
and glucose metabolism. There was an LPS induced decrease in insulin two hours after injection
which was paired with hyperglycemia. At 24 hours post LPS there was a marked insulin
resistance indicated by hyperinsulinemia and hyperglycemia. We also noted that there were liver
specific decreases in genes associated with glucose metabolism, insulin signaling and fatty acid
metabolism. As well as reduction in protein abundance such as protein kinase B (AKT) and
phosphoinositide-3 kinase (PI3K) in the liver after LPS administration. During an acute exposure
to endotoxin, insulin signaling, and glucose metabolism is reduced in the liver. These results
highlight that insulin signaling is a complex and dynamic process that can be controlled through

a variety of mechanisms and swine can serve to model these disruptions.
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Chapter 1: Literature Review

Introduction

Swine are a dual-purpose species; they are an agricultural resource and are commonly
used as a biomedical model in research. Despite not being consumed in certain areas or
population centers, pork is one of the preferred meat products in the world. In the US,
consumption of pork products ranks third amongst meat consumption, averaging 51 pounds per
person, behind beef and chicken (1). Pigs share a variety of features with humans and therefore
can be used to investigate disease pathologies, physiology, growth, and development (2). To
continue to use swine models effectively and to meet production demands, we must enrich our

understanding of pig physiology at an organismal, tissue and cellular level.

In today’s intensive modern farming system, pigs are subjected to a variety of stressors
including over-crowding, heat stress and pathogen exposure. Poor animal health due to any of
these conditions can restrict swine production outcomes. Immune stress in an animal occurs
when they are infected by a viral, bacterial, or fungal pathogen in livestock production (3). When
an animal is under immune stress, there are behavioral and metabolic changes associated with
the immune response. These signs include lethargy, loss of appetite, poor growth, and diarrhea
(4). In pigs, bacterial infections are responsible for heavy economic losses, decreased growth
rate, increased medical costs, morbidity, and mortality of animals in the herd (5). These
physiologic changes because of infection result in poorer growth performance and less financial

return for the producer (3).



The agricultural industry relies on efficient muscle accretion in pigs to generate food and
revenue. Insulin is an anabolic hormone that is responsible for glucose uptake and nutrient
utilization for growth and development (6). Insulin’s control over glucose metabolism is limited
by the rate of glucose uptake into liver, fat, and muscle (7). Proper insulin signaling is required to
maintain daily homeostasis and disruptions in insulin’s action can be devastating regardless of
causative agent. Insulin signaling can be disrupted via metabolic state, pathogen exposure,
development of disease, protein-protein interactions, genetic mutation, or autoimmune disorders.
There is a large body of literature using rodent models to study typical causes of insulin
resistance, obesity and diabetes. A pig model can be used to investigate both canonical and non-

canonical disruptions in insulin signaling.

Swine Model

Animal models are commonly used to study human disease, pathology, or physiology.
The most common animal models used in a laboratory setting are rodents, particularly mice
models, due to their fully sequenced genome, low cost, ease of upkeep and quick reproduction
rate. (8). Mouse models, however, have limitations in their ability to represent human physiology
as they are classified as herbivores, have a well-developed cecum (9), exhibit pathophysiological
differences, lack some clinical signs associated with gastrointestinal disease (10), practice
coprophagy, and have a smaller genome (2). Pigs have specific behavioral characteristics and
husbandry requirements for research in both agricultural and biomedical settings (11) but are still
used frequently in a wide variety of studies. The pig has been utilized as a model for research in

a variety of areas including cardiovascular physiology, obesity, metabolic syndrome,
2



dermatology, gastroenteritis, drug development, and nutrition (12). The immune system of a pig
has been shown to have similar anatomy, organization and responses compared to the human
immune system (13). Pigs and humans have a high chromosome structure homology, comparable
genome sizes, and a high sequence homology, with 60% of the pig genome sharing homology
with humans, compared to only 40% for rodents (14). Like humans, pigs can display
pathophysiological signs of disease such as intestinal inflammation and corresponding clinical

signs including diarrhea and decreased weight gain if exposed to a stressor (2).

There are pig models using both miniature pigs and commercial swine for obesity and
cardiovascular disease research, most commonly utilizing administration of a high fat western
diet (15) among other methods. The porcine model can exhibit at least three of the clinical signs
of metabolic syndrome and is considered the ideal non-primate model for metabolic syndrome
research (16). The young pig has been used for studying many nutritional and metabolic
processes such as parenteral nutrition, viral and bacterial infection, and amino acid metabolism
(17). Previous studies have shown that newborn piglets given the bacteria Bordetella pertussis,
the causative agent of whooping cough, show clinical signs that mirror infant illness (18). Pig
models are vital to our understanding of a variety of physiological processes including insulin

sensitivity.

The Insulin Signaling Cascade

Insulin is an anabolic peptide hormone that is required for nutrient utilization.
Appropriate insulin action in target tissues is necessary for glucose utilization, lipid, and

carbohydrate metabolism (6). The secretion of insulin is tightly regulated by the pancreas in
3



response to hyperglycemia. When secreted, insulin acts to transport glucose from the
bloodstream into target tissues to maintain euglycemia. Once glucose has entered the target
tissue, it can be stored or utilized as needed based on the metabolic needs of the tissue and
system. Tissues do no utilize glucose at the same rate, skeletal muscle is responsible for 80-85%
of glucose disposal while adipose tissue is only responsible for less than 5% of glucose uptake

after a meal (19).

Insulin is a dipeptide hormone which contains A and B chains linked by disulphide
bridges. The stimulus for insulin secretion is glucose entry into the beta cells of the pancreas
where the glucose is converted to glucose-6-phosphate by glucokinase. This conversion results in
the generation of ATP and the subsequent closure of K'/ATP dependent channels to depolarize
the membrane to activate voltage dependent calcium channels that increase intracellular calcium
concentration to trigger insulin secretion (20). Synthesis of insulin occurs in the islets of
Langerhans in the pancreatic B-cells and insulin is initially synthesized as a preprohormone, pre-
proinsulin. Pre-proinsulin is generated in the rough endoplasmic reticulum by combining a signal
peptide, the A/B chains, and a connecting (C) peptide. Pre-proinsulin is converted into proinsulin
via the removal of the signal peptide and stored in vesicles. Proinsulin is cleaved to generate
insulin and c-peptide which are release into circulation (21). Once in circulation, insulin can

travel to target tissue and initiate an enzyme cascade to stimulate glucose uptake.

Insulin signaling is conducted via a cascade of tyrosine kinases that act sequentially to
relay information downstream. The first step of insulin signaling occurs when insulin binds to

the insulin receptor (INSR) or another receptor tyrosine kinase. Insulin can interact with other



membrane receptors such as insulin-like growth factor-1 (IGF1) and insulin receptor-related
receptor (IRR). Insulin binds to INSR via the alpha extracellular subunit which triggers auto-
phosphorylation of the beta intracellular subunit for activation (22). Once enabled, INSR can
phosphorylate the associated insulin receptor substrate (IRS) proteins. Of the IRS proteins,
insulin receptor substrate-1 (IRS1) is responsible for glucose uptake and utilization (23). When
IRS1 is phosphorylated, it can recognize and phosphorylate phosphatidylinositol-3-kinase
(PI3K). PI3K is an enzyme that is vital in the metabolic actions of insulin. PI3K catalyzes the
phosphorylation of phosphatidylinositol (4,5)-bisphosphate (P1(2,4)P2) into phosphatidylinositol
(3.4,5)-triphosphate (PI(3,4,5)P3). As PI(3,4,5)P3 accumulates in the cytoplasm,
phosphoinositide-dependent kinase 1 (PDK1) is recruited to the plasma membrane which then
phosphorylates protein kinase B (AKT). Once AKT is activated, the conversion of PI(3,4,5)P3 is
terminated by phosphatase and TENsin homolog deleted on chromosome 10 (PTEN) (24). AKT
is one of the major effectors of insulin signaling and mediates the many functions of insulin.
During insulin mediated glucose uptake, AKT stimulates the translocation of glucose transporter-
4 (Glut4) to the plasma membrane to allow entry of glucose to the cells. Once in the cells,
glucose can be used to synthesize glycogen, lipids, proteins or enter directly into glycolysis
(Figure 1) (25). Appropriate and efficient action of insulin is crucial to utilize nutrients properly
and is subjected to a variety of regulations and disruptions via adaptor proteins, other hormones,

disease, and inflammatory states.
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Figure 1-1 — Illustration of the insulin signaling cascade and subsequent downstream receptor
tyrosine kinases. Insulin binding to the insulin receptor allows for downstream activation of
IRS1, PI3K, and AKT sequentially. AKT is a major mediator of insulin action and can initiate
glycogen synthesis, protein synthesis, lipid synthesis and glucose transport into the cell.
Adapted from Boucher et. Al 2014

Insulin inhibition via GRB10

A family of adaptor proteins known as growth hormone receptor bound proteins (GRB)
mediate the actions of other proteins via binding to one another, despite lacking catalytic
functions (26). Growth factor receptor bound protein 10 (GRB10) is member of a family of this
adaptor protein family which includes GRB7 and GRB14 that bind to and interact with
mitogenic receptor tyrosine kinases such as INSR, epidermal growth factor receptor (EGFR) and
IGFR (27). Genome wide association studies have found that there is a strong linkage of GRB10
to the development of insulin resistance and obesity (49). An overexpression of GRB10 is linked

to roughly 10% of Silver-Russel Syndrome cases where affected individuals display severe



growth retardation (28). GRB10 has been established as an inhibitor of insulin signaling as it
binds to INSR, to halt the insulin signaling cascade. (29). The inhibitory action of GRB10 is
accomplished via conserved domains on the amino acid sequence. The src-homology 2 (SH2)
domain and a pleckstrin homology domain (PH) which are on the outside of the between the PH
and SH2 (BPS) domain. GRB10 will utilize the three domains differently to bind to IGFR and
INSR. The GRB10 BPS domain is responsible for GRB10 binding with IGFR, an interaction
which is stabilized by the SH2 domain. On the contrary, when GRB10 binds INSR with the SH2
domain, and the BPS domain is used for stabilization (30). Under no insulin stimulation, GRB10
is inactivated and forms tetramers using the BPS, SH2 and PH domains which are converted into

active monomers upon stimulation (31).

Under normal physiologic conditions, the binding of insulin results in the
phosphorylation of downstream enzymes IRS1, PI3K, AKT sequentially to initiate Glut4
translocation to the plasma membrane (6). In addition, once AKT is phosphorylated, AKT can
then activate mammalian target of rapamycin (mMTORC1) by removing its inhibitor complex
tuberous sclerosis complex 1/2 (TSC1/2) (32). When AKT is activated, it phosphorylates TSC2
which is then able to inhibit TSC1. The TSC complex acts as a GTPase-activating protein (GAP)
for the GTPase RAS homologue enriched in brain (RHEB). When the TSC complex is inhibited
via AKT mediated phosphorylation, RHEB-GTP binds to the catalytic domain of mTOR to allow
for activation of mMTORC1 (33). mTORCI consists of subunits regulatory associated protein of
mTOR (RAPTOR) and mammalian lethal with SEC thirteen 8 (mLSTS8). mTORCI is activated

by nutrient intake, energy status and other growth factors, such as insulin. The active mTORC1



phosphorylates and stimulates GRB10 to bind to the intracellular subunit of the INSR to provide

negative feedback on insulin signaling (Figure 2) (32, 34).
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Figure 1-2 — [llustration of GRB10 inhibition of insulin signaling via mTORCI1 activation.
Insulin binds to the insulin receptor which causes the receptor to bind to IRS1. IRS1 activates
PI3K who in turn activates Akt. Akt is a major effector of insulin signaling and activates
mTORCI via TSC complex inhibition. mMTORC1 once activates, stabilizes, and phosphorylates
GRBI10 to blunt insulin signaling. Adapted from Yu 2011

The functional role of GRB10 is not fully elucidated and is somewhat contradictory.
GRBI10 and its functional SH2 domain was initially discovered as a binding partner EGFR
during bacterial screening (35). A yeast hybrid screen associated with the SH2 domain of
GRBI10 as a binding partner of Ret tyrosine kinase receptor (36). Yet another yeast experiment
demonstrated that the expression level of GRB10 as well as the presence of the SH2 domain
have indicated GRB10 as a coactivator for AKT in yeast (37). In mice fibroblasts, there is an

inhibitory effect of GRB10 in IGF1 mediated cell growth (29). While the inhibitory effect on the



insulin receptor has been noted in yeast (38), humans and mice (39) via disrupting the
association of IRS1 with INSR. In mice where GRB10 is ablated, the mice had higher levels of
phosphorylated Akt and increased glucose uptake in skeletal muscle (28). Transgenic mice
overexpressing GRB10 show stunted growth, decreased muscle mass, increased adiposity, and
insulin resistance (40). GRB10 is also under the action of mTORCI1 in adipose tissue as GRB10
is a regulator of adiposity and energy expenditure under mTORCI action (41). The role of

GRBI10 as a regulator of insulin signaling is complex and can vary depending on the system.

Insulin modulation via immune stimulation

Insulin resistance is the reduction of insulin’s capacity to appropriately regulate glucose
metabolism. Any metabolic dysfunction that results in inflammation such as pregnancy, obesity,
hibernation, and sepsis can induce insulin resistance (42). Prolonged insulin resistance can lead
to the development of metabolic syndrome which includes type two diabetes, hyperglycemia,
atherogenic dyslipidemia and hypertension (43). When insulin resistant, metabolic tissues such
as skeletal muscle, liver and white adipose tissue become less sensitive to insulin (44). The
molecular mechanism of insulin resistance is not fully understood but the strength of the insulin
signaling is reduced via modifications to its receptor or related proteins. If IRS1 is
phosphorylated on an alternate serine, IRS1 can be degraded to reduce insulin signaling strength
(45). Serine phosphorylation reduces IRS1 proteins capability to attract PI3K reducing the
kinases activation potential (46). The enhanced serine phosphorylation of IRS1 can occur in
response to cellular inflammation. Inflammatory mediators such as tumor necrosis factor alpha
(TNFa) and interleukin-6 (IL-6) are released in response to the c-JUN N-terminal kinase (JNK)

or IxB kinase (IKK) complex and can cause serine phosphorylation of IRS1 and result in insulin
9



resistance (47). These inflammatory mediators can be released due to internal stressors such as

obesity or external factors such as pathogen exposure.

Obesity causes excess lipid accumulation in adipocytes which leads to activation of INK
and nuclear factor kappa beta (NFxB) signaling pathways due to mechanical stress. NF-kB is a
transcription factor that is involved in physiological processes such as inflammation and immune
responses (49). NfkB is inactive when bound to its inhibitor [kxBa under normal, non-
inflammatory conditions. After stimulated with obesity mediated inflammation, IKK is activated
to trigger the degradation of IkBa to expose the nuclear localization sequence of NF-kB. Once in
the nucleus, NF«B is responsible for upregulation or pro-inflammatory mediators (50). INK
regulates inflammatory cytokine production, cell division and cell death to enhance the
inflammatory response and the pathogenesis of obesity and insulin resistance (51). JNK inhibits
insulin signaling because of endoplasmic reticulum stress causing serine phosphorylation of
IRS1 (52). While the presence of JNK in metabolic tissues can enhance insulin resistance, JNK
can worsen insulin resistance via inhibition of secretion directly from the pancreatic beta cells
via its pro-inflammatory mediators (53). The activation of these signaling pathways increases the
production of proinflammatory cytokines tumor necrosis factor alpha (TNFa) and interleukin-6

(IL6) (54).

Circulating plasma TNFa levels are increased in both obese and diabetic subjects (40),
which associates TNFa levels with insulin resistance and inflammation. The cytokine IL6 plays a
role in inflammation and regulating T and B cell function (55). Increased plasma IL6 has been

associated with insulin resistance and glucose intolerance (56) in humans and impaired insulin

10



signaling in hepatocytes (57). IL6 secreted from adipose tissue reduces the expression of Glut4
and IRS1 to inhibit glucose uptake and insulin responsiveness (52). Secretion of IL6 and TNFa
from inflamed adipose tissues have a direct linear relationship (59) and further compound insulin
resistance. While obesity mediated inflammation can lead to insulin resistance, immune

stimulation via pathogen exposure can also modulate the insulin signaling cascade.

Lipopolysaccharide (LPS) is an endotoxin released by gram negative bacteria that can
initiate a severe systemic immune response (59). LPS is a pathogen-associated molecular
patterns (PAMPs) in gram negative bacteria and works via the toll-like receptor (TLR4) to
initiate an inflammatory response (60). TLR4 belongs to the pattern recognition receptor family
and plays a role in the innate immune system to detect microbial infections (61). TLR4 initiates
the proinflammatory signaling from LPS via recruitment of NF«B, interferons and cytokines
which results in inflammation and potentially sepsis (59). Once an animal is exposed to LPS, the
LPS-binding protein (LBP) forms a complex with LPS which can interact with the cell surface
protein CD14. CD14 binds to LBP and transfers the LBP-LPS complex to TLR4 and its co
receptor myeloid differentiation protein-2 (MD-2) (62). The LPS is now bound to TLR4-CD14-
MD?2 complex and allows for the activation of TLR4 via oligomerization to recruit downstream
proteins. The LPS mediated TLR4 activation results in the recruitment of TIR domain containing
adaptor protein (TIRAP) to the cell membrane. The presence of TIRAP will recruit MyD88 and
follow the MyD88-dependent pathway (63). When activated by LPS, MyD88 recruits and
activates IL-1 receptor associated kinase-4 (IRAK-4) and TNFa receptor associated factor 6
(TRAF6) which create a complex that can then disassociate and recruit TAK1, a mitogen

activated protein kinase kinase kinase (MAPKKK) family member. TAK1 phosphorylates IKK

11



complex to induce phosphorylation and degradation of [kBa. This exposes the nuclear
localization sequence of NFKB and allows for its translocation to the nucleus and initiation

transcription of inflammatory genes including TNFa, IL-6, IL1 and IFNy (Figure 3) (64, 65).
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Figure 1-3 — LPS mediated activation of inflammatory cytokines and proteins. LPS is detected
by TLR4 and the signal is transmitted through the MyD88 dependent pathway removing the
inhibition of NF«B allowing for inflammation to increase.

When an individual is exposed to LPS, the endotoxin causes severe systemic
inflammation which disrupts normal physiology. Metabolic endotoxemia is a leaky gut induced
increase in LPS levels associated with low grade inflammation which can lead to the
development of insulin resistance, cardiovascular and metabolic disorders. Metabolic
endotoxemia triggered by exposure to LPS or a high fat diet in mice, dysregulates the immune
system, increases serum LPS and aids in the development of insulin resistance, obesity, and later
diabetes (66). Physiological metabolic changes due to LPS exposure have been noted in a variety

of models including human, mice, rat, dairy cows, and pigs (5). Rats when administered a large

12



dose of LPS exhibited an initial increase in glucose levels one hour after injection with a
subsequent hypoglycemia and hyperinsulinemia five hours after injection (67). This was
accompanied by a reduction of hepatic glucose production as seen in diminished glucose-6-
phosphatase activity (G6P). A septic shock rat model found that LPS administration reduced
hepatic gluconeogenesis (68). LPS administration in rats increases enzymes related to
glycogenolysis and gluconeogenesis, hepatic glycogen phosphorylase activity and
phosphoenolpyruvate respectively (69). LPS injection led to hyperglycemia, insulin resistance
and increase in inducible nitric oxide synthase (iNOS) (70). LPS mediated alterations in insulin

signaling have also been noted in large animal models.

In a large animal model, LPS administration has been noted to alter metabolism in a
variety of ways. In dairy cows, plasma insulin concentrations increased after intra-mammary
LPS exposure (71). The same group was able to uncover that in lactating cows, LPS
administration altered hepatic metabolic capacity (72). LPS administration in pigs’ results in
severe hemodynamic, clinical signs and behavioral changes (5). Chronic administration of LPS
in post-pubertal gilts resulted in an acute, marked, insulin resistance after 24 hours which
resolved at 72 hours. At the time of sample collection, insulin mediated genes such as /NSR,
IRS1 and AKT were not statistically different (73). An LPS-euglycemic clamp was used to
determine the glucose requirement of an activated immune system in growing pigs to be
approximately 1.1g/kg BW%7%/h (74). This study also reported an increase in insulin
concentration four hours post LPS injection that increased through the end of the clamp
experiment. Administration of LPS has been shown alter glucose metabolism in longissimus

dorsi (LD) muscle, reduce skeletal muscle mitochondrial metabolism, and suppression of hepatic
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glucose production in male growing pigs after six hours (75). Another study in male growing
pigs administered intramuscular LPS had, after six hours, impacted hepatic triglyceride
metabolism by decreasing de novo lipogenesis via the action of glucocorticoid receptor (76).
Neonatal piglets infused with LPS had reduced protein synthesis in muscles and yet increased

protein synthesis in the liver, spleen, and kidney (77).

Alterations in insulin signaling have also been demonstrated during inflammatory states
caused by other pathogens. Nursey pigs exposed to porcine epidemic diarrhea virus (PEDV) had
increased insulin for five days post infection (78), highlighting that immune stimulation from
non-bacterial agents can induce insulin resistance. The effect of LPS on insulin resistance is also
exacerbated by increased temperatures, high ambient temperatures in conjunction with LPS
administration further increased insulin serum concentration compared to their thermoneutral
counterparts (79). Previous literature has demonstrated that LPS administration induces systemic
alterations in insulin signaling and sensitivity. However, there is potential for insulin signaling

related changes on a cellular level.

Mesenchymal stem cells as a model for GRB10

Stem cells have the capability to self-renew and differentiate into a variety of lineages.
Embryonic stem cells are harvested from the blastocyst stage of a human embryo (80). While
embryonic stem cells are more pluripotent than some of their adult counterparts, the use of
embryonic stem cells in research is quite controversial. Adult stem cells, however, provide a
multipotent alternative to cellular research. Mostly found in bone marrow, mesenchymal stem

cells (MSC) represent an adult stem cell that are capable of self-renewal through division, in
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vitro growth, and multiple lineage differentiation (81). MSC were first isolated from bone
marrow and splenic cells that were harvested from guinea pigs (82). MSC are non-hematopoietic
and can differentiate into osteogenic, chondrogenic, adipogenic and myogenic cell types (Figure
4) (53). For stem cells to be considered MSC, they must be plastic adherent and express CD105,
CD73 and CD90 and lack expression of CD45 and CD34 and be able to differentiate into
different lineages (83). The use of human MSC has been established as a model for human
adipogenesis as they are a renewable source of precursor that can differentiate into adipocytes
under appropriate hormonal stimuli (87). MSCs are also capable of influencing the immune
system and can be used to treat inflammatory diseases (84). MSC can proliferate readily and
maintain their differentiation potential (both in vivo and in vitro) which makes MSCs an ideal
candidate for cell-based therapies in humans (85). In recent studies, human MSC derived from
extracellular vesicles have the potential to alleviate type Il diabetes and relieve B-cell destruction
by reversing peripheral insulin resistance (75). In addition, MSC have been shown undergo
structural and functional changes associated with obesity (86). Both studies highlight that MSC
are sensitive to environmental factors and can be used to study a variety of illnesses and

mechanisms.
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Figure 1-4 — Diagram illustrating the potential sources of mesenchymal stem cells, cell surface
markers and adherent cell culture conditions. The image also details the self-renewal of MSC
and the possible differentiation avenues. Adapted from Chen 2016

Porcine MSC from bone marrow can be used as an animal model for human MSC due to
similarities in isolation, growth, and proliferation for basic research and cell engineering (88).
Purification and differentiation methods used in human MSC research have been adopted for
porcine MSC analysis (88). Swine MSCs have observed changes in proliferation and
differentiation potential in response to both in vivo and in vitro experimentation. MSCs derived
from obese pigs with an increased expression of TNFa, have increased adipogenic potential and
an inclination towards senescence (89) indicating micro-environmental changes will impact
MSC function. Dietary changes in calcium and phosphorous concentration in nursery pigs
induced a significant impact on MSC characteristics (90, 91) Given the experimental potential
of MSC, there is an increased interest in genetic manipulation and tissue engineering of MSC

from different species and source tissues.

16



Genetic modification of MSC requires the delivery of novel DNA oligonucleotides into
the cells to be incorporated into the host genome. The methods for gene delivery include
transfection of a novel DNA oligonucleotide or plasmid and infection of cells via viral constructs
such as adenovirus or retrovirus (92). Transfection with viral vectors is more efficient yet there is
potential for mutations that can be tumorigenic, as seen in a clinical trial where hematopoietic
stem cells modified with retrovirus were transplanted into patients, of which four developed
leukemia (93). Human MSCs have not demonstrated similar behavior in clinical trials (94) but
the use of viral vectors adds uncertainty and unnecessary risk. Nonviral nucleic acid delivery
methods such as transfection can be safer and more flexible but are less efficient and more
cytotoxic to human MSC (95). A new gene delivery method for difficult to transfect primary
cells using Nucleofector™ technology developed by Amaxa biosystems. This system modifies
the standard electroporation method to use proprietary electrical parameters and cells specific
solutions. The new system allows for the delivery of novel DNA and genome editing
components, directly into the nucleus of cells and has a reported efficiency of up to 90%. A
study by Haleem-smith et. Al (92) transfected human derived MSC using the Nucleofection™
system and demonstrated 86% efficiency and 50% cell viability. Post transfection event, human-
MSC were able to successfully differentiate into chondrocytes. Pig MSC isolated from bone
marrow can be genetically modified using viral vectors and used for the generation of somatic-
cell nuclear transfer embryos (85). Using genome editing in MSC, we can elucidate the actions

proteins of interest under a variety of circumstances.
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The differentiation of porcine MSC into adipocytes has been well documented. To
undergo adipogenesis, MSC lose their stem-ness, transition into preadipocytes and then commit
to terminal differentiation, with developing lipid droplets which will fill the entire cell. In the
early stage of differentiation, genetic markers change along the differentiation process (88). For
MSC to differentiate into adipocytes, they must respond to extracellular signals including insulin.
As we have established, insulin is a tightly regulated hormone that has a lot of metabolic
responsibilities. However, the role of GRB10 in insulin signaling of porcine MSC has yet to be
established. Imprinted genes, such as GRB10, have been implicated in normal development and
a potential role in regulating adult stem cell fate (96). Investigating the role of GRB10 in MSC
has the potential to provide insights into cellular growth, nutrient utilization, lipid accumulation

and insulin resistance.

Conclusion

The hormone insulin is a growth promoter that is responsible for a variety of metabolic
processes such as glucose uptake, glycogen synthesis, lipogenesis, and protein synthesis through
a signaling cascade of enzymes. Proper insulin action is essential for the overall health and
wellness of vertebrate species. Insulin signaling can be disrupted via a variety of mechanisms
resulting in reduced insulin sensitivity and subsequent alterations in metabolism. Insulin action
can be disturbed via adaptor proteins such as GRB10 and an acute immune response after
exposure to an endotoxin, such as LPS. For our domesticated livestock species, pigs require
efficient nutrient utilization via insulin to accumulate skeletal muscle for production purposes.
When exposed to a pathogen such as LPS, there is the potential for disrupted insulin signaling

that can have downstream effects on body composition which ultimately leads to poor growth
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rate and financial hardship on producers. The effects of altered insulin signaling can be
investigated on a cellular level as well as insulin on a holistic scale.

On a cellular level, swine MSCs have the potential to differentiate into adipocytes and
require appropriate insulin stimulation to begin adipogenesis. Insulin is a common additive to
cell culture media to induce differentiation into adipocytes of MSC in vitro. Therefore, MSC are
an insulin responsive cell type that can be subjected to experimental manipulation. However, the
actions of insulin related proteins have yet to be fully characterized in human MSC, let alone
swine MSC. GRB10 is a known inhibitor of insulin signaling that has the potential to reduce or
enhance the adipogenic potential of pig MSC depending on its absence or presence respectively.
Using gene delivery techniques, we can alter the expression of GRB10 in porcine MSC to
evaluate the role of GRB10 on insulin signaling. This research presents an opportunity to
elucidate the effects of reduced insulin sensitivity in a variety of conditions and improve our
understanding of swine metabolism for production purposes and to enhance the model that swine

MSC presents.
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Chapter 2: Impact of GRB10 on insulin signaling in swine MSC

Introduction

Energy metabolism is tightly controlled at all levels, from single cells to an entire
organism. Glucose is a key nutrient that is regulated by the dual action of hormones glucagon
and insulin. Glucagon is secreted from the pancreatic alpha cells to increase glucose levels while
insulin is secreted from the beta cells of the pancreas to lower glucose levels. Appropriate insulin
action is required for the system to maintain homeostasis and process nutrients efficiently.
Tissues can become unresponsive to insulin’s action, otherwise known as insulin resistance.
Insulin resistance can be caused by a variety of factors including lifestyle choices, autoimmune
disease, pathogen exposure and adaptor proteins (1). Growth factor receptor bound protein 10
(GRB10) is an adaptor protein that lacks inherit catalytic activity and can inhibit insulin

signaling (2).

Insulin signaling is a well conserved process a variety of species and is responsible for
anabolic processes such as lipogenesis, glycogenesis, glucose disposal and synthesis of new
skeletal muscle. The hormone insulin binds to and activates its own receptor in response to post-
prandial increase in glucose. The insulin receptor (INSR) is a receptor tyrosine kinase that has
autophosphorylation capability to activate itself and the next downstream enzyme, insulin
receptor substrate 1 (IRS1). Once IRS1 is activated, it can proceed to switch on the next enzyme,
phosphoinositide-3 kinase (PI3K). The activation of PI3K is crucial to insulin action as it
activates protein kinase B (AKT) which is a major mediator of insulin signaling (3). An activated

AKT can aid in the anabolic functions of insulin and activate downstream effectors such as
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mammalian target of rapamycin (mTOR), glycogen synthase kinase 3 (GSK3) and translocation

of glucose transporter 4 (glut4) to the plasma membrane to pull glucose from blood into tissues

4.

GRBI10 aids in the regulation of insulin signaling via binding to INSR to induce a
conformational change that prevents the insulin signaling cascade from progressing (2). GRB10
is a substrate of the mammalian target of rapamycin complex 1 (mTORC1) and aids in the
regulation of adipose tissue functions such as lipolysis, thermogenesis, and energy expenditure
(5). mTORCI1 will phosphorylate GRB10 allowing for inhibition of receptor tyrosine kinases
such as INSR, insulin like growth factor receptor (IGFR) and epidermal growth factor receptor
(EGFR) signaling (6). The Src homology 2 (SH2) region was identified as the domain of the
GRBI10 protein binds to the phosphorylated INSR in Chinese hamster ovarian (CHO) cells to
inhibit signal transduction (53). In human studies, GRB10 limits the access of IRS1 to INSR
preventing downstream activation of the IRS1/PI3K/AKT pathway (7). The complex formed
when GRB10 binds to INSR inhibits downstream phosphorylation. (8). GRB10 has also been
implicated in other processes as recent studies have shown that GRB10 participates in regulating
the incidence and development of cancer via moderating cellular metabolism, growth,
proliferation, and apoptosis (9). GRB10 has been documented as an imprinted gene and when the
maternal inheritance is abolished, mice have increased birth weights (10). Mice lacking GRB10
exhibit hypertrophy of skeletal muscle with increased fiber number as adults resulting from
increased glucose metabolism (11). Ablation of GRB10 in mice caused increased myogenesis
and glucose uptake of skeletal muscles (12). Taken together, these studies highlight the role of

GRBI10 as a negative regulator of insulin signaling.
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While GRB10 has been characterized in insulin responsive metabolic tissues such as
liver, muscle and adipose, (13) there are still tissues and cell types that have been neglected.
Mesenchymal stem cells (MSC) are adult multipotent stem cells derived from bone marrow that
can differentiate into chondrocytes, myocytes, osteocytes, and adipocytes (14—16). Commitment
to adipogenesis is a multi-step process that begins in vitro incubation with insulin and other
compounds that increase glucose uptake, triglyceride synthesis and increase abundance of
transcription factors such as peroxisome proliferation-activated receptor gamma (PPARY) and
sterol regulatory binding protein 1c (SREBP1c) that initiate adipogenesis (17). The
differentiation capabilities of MSC have been well documented (18) however, there is less
information available on the presence and role of GRB10 in MSC insulin signaling. Porcine
MSC can be purified, expanded, and undergo differentiation like that of human MSC making
them an excellent model system (19). Pigs have been documented as a model for human
research due to their similarities in the various organ systems, nutritional requirements, anatomy,
and physiology (20). In swine, GRB10 has been established as a candidate gene in pathways
related to growth (21) and muscle deposition (22). Investigation of GRB10 in swine can provide
useful information on nutrient utilization and regulation of insulin signaling. In this study we

attempted to characterize the role of GRB10 in swine MSC utilizing genome editing technology.

Materials and Methods

Mesenchymal stem cell isolation and culture

MSC used in this study were isolated and utilized in a previous study in our lab (23) from

an 18-day-old female piglet designated as a control. Briefly, MSCs were isolated from the bone
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marrow as described previously (24). All MSCs isolations were verified to be >95% negative for
CD45 and >95% positive for CD105/CD44. After in vitro experiments were completed, the cells
were stored in liquid nitrogen until the time of the outlined experiment. To prepare for
transfection, MSCs were cultured in growth media. The growth media (GM) consisted of high
glucose DMEM (Gibco) supplemented with 10% Fetal bovine serum (Gibco), 1%
penicillin/streptomycin (Gibco), 0.1% gentamicin (Gibco). Cells were cultured in a 37°C
incubator with 5% CO2 and the media was changed every three days until cells were at 80%

confluence.

Nucleofection of MSC and clonal expansion

On the day of transfection, the media was refreshed two hours before the nucleofection
occurred. The cells were harvested using 0.05% Trypsin EDTA (Gibco) and 400,000 total cells
were pelleted in a microcentrifuge tube for nucleofection. Cells were resuspended in the Lonza
buffer P1 (Lonza) and then transferred to the Lonza 4D cuvette for nucleofection. Each
nucleofection reaction contained the ribonucleoprotein complex (RNP) and the Grb10-KD
oligonucleotide or GFP plasmid (Table 1). The RNP consisted of 20 uM Alt-R S.p. Cas9
nuclease V3 (Integrated DNA Technologies) and 60 uM of the GRB10-KD small guide RNA
(sgRNA). The Grb10-KD system contained 50 uM of the HDR oligo. As a transfection control,
both WT and KD cells were incubated with 1ug of pmaxGFP vector (Lonza). After transfection,
cells rested at room temperature for 10 minutes. After incubation, growth media was added to
each cuvette and transferred to a pre-equilibrated 6- well dish. The media was changed within

twenty-four hours after the transfection and changed every 2-3 days until 80% confluence. The
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day after the transfection, the GFP containing wells were visualized using Zeiss AxioObserver
(Carl Zeiss, AG, Germany) to verify electroporation success.

Table 2-1: Sequences for genome editing via CRISPR/Cas9 and colony screening

Item Sequence (5'-3")

GRB10-KD HDR C*C*C*TCCGTTTTCCCGTGTCCTAGAATTTCTTCCCCGAACAGATGGTTACCTaGGTGCCAGCAGTCCAA
Oligonucleotide CGGCAGTCAGACCCAGCTTTTGCAGGTACT*G*G T

sgRNA TCCCCGAACAGATGGTTACC

TTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGT
TracRNA CGGAGCTTT

GRBI10-KD Screen Primer  F: TGAGACACAACAGCAGCGACGC

R: AACCCGTGGCAGTACCTTGCAG

* in sequence indicates a phosphorothiorate bond. Arrow indicates point mutation on HDR oligonucleotide

Once cells reached confluence, they were detached with trypsin and seeded for colony
formation at a density of 50 cells/mL. Cells were incubated in growth media as described above
until colonies formed. The colonies were picked up using cloning cylinders (VWR international)
coated with vacuum grease (VWR international) to create a seal around the colony. The colony
was harvested from the plate using trypsin and carefully transferred to a 24-well plate. Media
was changed in the 24 well plate the next day and growth checked daily until 80% confluence
was reached. This process was repeated in both 60mm dish and then in a 10cm dish. Once cells
were at the desired confluency in a 10cm dish, the cells were harvested using trypsin and
centrifuged to pellet the cells. After resuspension in growth media, cells were allocated for

genomic DNA collection, RNA extraction or cryopreservation.

Colony screening for GRB10-KD modification and GRB10 expression

Genomic DNA (gDNA) was extracted from the cell pellet using the PureLink Genomic
DNA mini kit (Invitrogen) according to the manufacturer’s instructions. The only deviation from

the manufacturer's instructions was to increase the length of incubation with RNase A,
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Proteinase K and the Purelink Genomic Lysis/Binding Buffer at 55°C from 10 minutes to 60
minutes. Isolated gDNA was quantified using the Synergy HTX microplate reader using the Gen
5.0 v3.0 software (BioTek Instruments, Winnoski, VT) and stored at -20°C for colony screening.
Grb10-KD was verified via PCR followed by a restriction enzyme digestion. Screening PCR was
completed using Q5 High-Fidelity DNA Polymerase (New England Biolabs). Briefly, using
iCycler Thermal cycler (BioRad) 100ng template, QS5 reaction buffer, Q5 High GC enhancer,
200 uM dNTPs, 500nM forward and reverse primer (Table 1-1) The thermocycling conditions
were as follows: Initial denaturation 98°C for 30s then 35 cycles of denaturation 98°C for 10s,
anneal 66°C for 30s and extension at 72°C for 1:45 minutes. The final extension was performed
at 72C for 2:00 minutes. Successful PCR reaction was confirmed via agarose gel electrophoresis
and DNA was visualized using SYBR Safe DNA Gel Stain (Invitrogen). The PCR products were
then purified using Monarch PCR & DNA Cleanup (New England Biolabs) following the
manufacturer’s instructions. Purified PCR products were sent to Azenta for sanger sequencing. A
total of 1ug of purified PCR product was then digested via the restriction enzyme AVRII (NEB

Catalog R0174S) for 1 hour at 37°C.

Potential colonies were lysed using RLT lysis buffer from the Qiagen RNAeasy kit
(Qiagen, Hilden, Germany) and stored in -80°C until RNA extraction. Total RNA was extracted
per manufacturer’s instructions which included the optional DNAase digestion step. Total RNA
was quantified using the Synergy HTX microplate reader using the Gen 5.0 v2.0 software
(BioTek instruments, Winooski, VT). RNA was reverse transcribed with the SuperScript [V
First-Strand Synthesis System (Invitrogen) and treated with RNAse H to remove residual RNA.

The resulting cDNA was quantified using the Quant-iT OliGreen ssDNA Reagent (Invitrogen)
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and kit following manufacturer’s instructions and detected using the same Synergy HTX
microplate reader. A total of 20ng cDNA was used for single RT-qPCR using Bio-Rad’s CFX96
Touch Real-Time PCR Detection System with iTaq Universal SYBR Green Supermix. Primers
were obtained from Integrated DNA Technologies (Table 2-1). Genes of interest were
normalized to the reference gene, RPL4, using the 24T method. The single RT-qPCR reactions

were amplified at 60°C for 30s containing 300 nM forward and reverse primers.

Proliferation assessment using 5-ethynyl-2'-deoxvuridine

WT and GRB10-KD cells were proliferated and cultured as described above until time of
experiment. Cells were plated at 1x10* in a 24 well plate to assess proliferation rate using the
Click-it EdU Imaging Kit (Invitrogen). The following day, GM was removed and replaced with
GM containing 10 uM EdU and cells were incubated for 24 and 48 hours. After the incubation
period, cells were fixed in 4% paraformaldehyde and stained according to manufacturer’s
instructions. Briefly, cells were blocked in 3% bovine serum albumin in PBS and then
permeabilized in 0.1% Triton-X 100 in PBS. The Click-it reaction cocktail was then added to
each well and incubated for 30 minutes covered. After washing with PBS, Sug/mL Hoescht was
added as a counter stain. Cells were visualized and imaged on a Zeiss AxioObserver Z.1 and

analyzed using ZenPro image analysis software (Carl Zeiss AG, Oberkochen, Germany).

In vitro assessment of insulin uptake

After verification, the frozen cells were thawed quickly in a 37°C bath and seeded into a
10cm dish in growth media. The cells were cultured at 37°C, 5% CO2 with media changes every

2-3 days until confluent. Once confluent, the cells were passaged into multiple 10cm dishes and
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incubated until ready for seeding and in vitro experiments. When the cells are confluent, they
are detached and seeded into a 6 well plate for insulin uptake experiment. The cells were seeded
at a density of 6,250 cells/cm? into individual wells. The cells were incubated in GM at 37°C,
5% CO2 with media changes every 2-3 days until 80-90% confluent. Once confluent, the media
was removed, and the cells rinsed twice with PBS. The media was replaced with DMEM
containing 10nM insulin without antibiotics and FBS. The cells were returned to the incubator
and protein and cell culture supernatant was collected 6 hours, 18 hours, 24 hours, and 48 hours
post insulin addition. The cell culture supernatant was pipetted from the well and placed into a
microcentrifuge tube on ice until centrifugation. The cell culture supernatant was centrifuged at
1200 rpm for 10 minutes at 4°C to pellet cellular debris. The cell culture supernatant was

aliquoted and stored at -80°C until further analysis.

After the cell culture supernatant was collected, the remaining media was removed, and
the cells were rinsed twice with ice cold PBS. After rinsing, the ice-cold RIPA (Invitrogen)
containing a 1:100 dilution of Halt Protease Inhibitor Cocktail (Invitrogen) is added to each well
and a cell scraper was used to completely detach cells. The cells were pelleted by centrifugation
for 20 mins at 16,000G at 4°C after which the supernatant was removed and aliquoted for later
use. The concentration of insulin in the cell culture supernatant was determined by an insulin
sandwich ELISA (Invitrogen). Briefly, cell culture supernatants were diluted 1:5 in the provided
assay diluent and incubated at room temperature for 2.5 hours at room temperature with gentle
shaking. The wells were washed with the provided buffer four times before a biotinylated
conjugate was added to each well and then incubated for 1 hour at room temperature with gentle

shaking. The wells were then rinsed again as described above before a streptavidin HRP
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antibody was added to each well and incubated with gentle shaking for 45 minutes. The wells
were then washed and the TMB substrate was added to each well and incubated covered for 30
minutes at room temperature with gentle shaking. The reaction was terminated by adding the
provided stop solution to each well and the plate was read using Synergy HTX microplate reader
using the Gen 5.0 v2.0 software (BioTek instruments, Winooski, VT) at 450nM. A standard

curve was generated using GraphPad Prism using a four-parameter algorithm.

Glucose uptake using Promega Pro-Glow

WT and GRB10-KD cells were proliferated and cultured as described above until time of
experiment. Cells were plated at 3x10* in a 96 well plate and media was changed every 2-3 days
until the well reached 90% confluency. Glucose uptake was analyzed using the Glucose Uptake-
Glo Assay (Promega, Madison WI) following manufacturer instructions. Briefly, cells were
rinsed twice with PBS and then incubated with low glucose media (Gibco) containing no
antibiotics, no FBS and either no insulin, 10 uM or 20 uM concentrations of insulin for one hour.
After the incubation, ImM two-deoxy glucose (2DG) diluted in PBS was added to each well for
10 minutes. The uptake of 2DG was then halted using the provided stop buffer and neutralized.
A small portion of the lysate was collected at this time for protein quantification via Pierce
Bradford (Invitrogen). A detection reagent was added to the wells to quantify the concentration
of 2-deoxyglucose-6-phosphate (2DG6P) accumulated in each well after 30 minutes of
incubation. Luminescence was recorded using Synergy HTX microplate reader using the Gen 5.0

v2.0 software (BioTek instruments, Winooski, VT.)
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Differentiation of MSC into adipocytes.

Cells were plated at 2x10* cells/mL into 24 well plates and GM was replaced every 2-3
days until 80-90% confluency was achieved. Once confluent, GM was replaced with
differentiation media and changed every three days for 18 days. The differentiation media on day
0, 6, 12, and 18 consisted of growth media containing 500 pM isobutyl methylxanthine (IBMX)
(Sigma), 1 uM dexamethasone (Sigma), 10 uM insulin (Sigma) and 200 pM indomethacin
(Sigma). The differentiation media on days 3, 9, 15 consisted of growth media plus 10 pM
insulin. RNA was collected on days 0, 3, 6, 12 and 18 of differentiation as described previously
(23-25). Cell lysate was collected and processed into RNA using the RNAeasy Mini kit
(RNAeasy, Qiagen) following the manufacturer’s instructions, including the option DNAse
incubation step. On day 18, cells underwent functional staining to assess lipid accumulation.
Briefly, cells were fixed for 60 minutes in 4% paraformaldehyde and then stained with oil-red-O
(ORO). A stock solution of 0.3% ORO was made in a 70% isopropanol and sterile filtered. The
stock solution was then diluted in water at a ratio of two parts ORO and three parts waters. After
fixation, cells were rinsed in PBS twice then incubated with 70% isopropanol for 10 minutes.

Cells were incubated with ORO working solution for 30 minutes and then rinsed until clear.

Total RNA was quantified, reverse transcribed and quantified using the procedures and
kits as described in the previous section. 20 ng of cDNA was used for both single and multiplex
qPCR using Bio-Rad’s CFX96 Touch Real-Time PCR Detection System with iTaq Universal
SYBR Green Supermix or iQ Multiplex Powermix respectively. Primers and probes were
obtained from Integrated DNA Technologies (Table 2). Genes of interest were normalized to the

reference gene, RPL4, using the 24T method. The single RT-qPCR reactions were amplified at
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60°C for 30s containing 300 nM forward and reverse primers. The multiplex RT-qPCR reactions
were amplified for 45s at 60°C. The multiplex reactions required varying primer:probe ratios
between the housekeeping gene and the genes of interest. Amplification of RPL4 utilized equal

amounts of primer and probe while the genes of interest was a 2:1 ratio.

Table 2-2: Primers and probe nucleotide sequences for gene expression analysis via RT-qPCR

Primer Name Gene ID Primer Sequence (5’-3%) Probe
GRB10 100188977 F TCAGGCTCCTCAAGTACGGA
R GCCCAGAAAATCCATCGG
ACC 397324 F CCGTAGAAATCAAATTCCGCAG
R CCTTCAGCTTGCTCTCCAG
FASN 397561 F CTCAACTTCCGAGACGTC ATG
R ACCATTCCCATCACGCG
PPARy 397671 F AGATGATGACCAAGA AGCCC
R GCAGAAGACGTCCAG GATG
SREBP1 396572 F GCTGACCGACATGCAAGACA
R GAGCTGGCATCAGGACTGG
RPL4 100038029 F ACTTCCTTTGGTGGTTGAAGA /CGYS5/ACCCAAGGA/TAO/GGCTGTTCTGCTTCT/3IAbRQSp/
R CTCATTCGCTGAGAGGCATAA
PI3K 396979 F TCTCATGGTGGGAGGTGTAAG /SHEX/CGGGTCAGT/ZEN/GAACACAGAATCTTACAACT/3IABKFQ/
R AGTCAAGCTGTGGTGAATCTAA
AKT 100126861 F CCGAGAAGAACGTGGTGTATC /56-FAM/TTGTCCAGC/ZEN/ATGAGGTTCTCCAGC/3IABKFQ/
R CCGAAGTCAGTGATCTTGATGT
INSR 396755 F CAGAAAGTGTGCCCGACCAT /STEXRD-XN/CGATGTTTTGGGCAACTGCTCTGA/3IAbRQSp/
R ATCTGCCGTCCAGGTAGAAGT

Western blot analysis of proteins in MSC

Cells were plated in GM and allowed to proliferate until 80% confluence. Cells were
rinsed with ice cold PBS and incubated with RIPA buffer (Invitrogen) containing a Halt
Protease/phosphatase Inhibitor Cocktail (Invitrogen). Cell lysate was collected and incubated on
ice for 30 minutes with vortexing every 10 minutes. Cell lysate was centrifuged at 16,000g for 20
minutes at 4°C. Supernatant was removed and stored at -20°C until further use. Protein was
quantified using the Pierce BCA assay (Invitrogen) and 10ug of protein was loaded into a gel
(Biorad) and separated via polyacrylamide electrophoresis. The gel was transferred to a PVDF
membrane using the Biorad Turbo Transfer system. The blots were blocked for one hour at room
temperature in blocking buffer containing 5% non-fat milk in tris buffered saline with 0.1%
tween (TBST). The blots were incubated overnight at 4°C with primary antibodies AKT (Cell

Signaling Technology, 1:1000) or PI3K (Proteintech 1:1000) and B-actin (Cell Signaling

43



Technology, 1:1000) loading control in blocking buffer. Blots were rinsed three times in TBST
before incubation with secondary antibodies Goat-Anti Rabbit (Cell signaling Technology,
1:1,000) or Goat-Anti Mouse (Novus Biologicals, 1:20,000). Gels were visualized using the
SignalFire Elite ECL reagent (Cell signaling technology) chemiluminescent system in the Biorad

Chemidoc XRS.

Statistics

Gene expression of GRB10 in MSC was examined using a student’s t-test. Impact of
GRB10 modification on proliferation rate was analyzed using a student’s t-test. The impact of
GRBI10 on glucose and insulin uptake was analyzed using an ordinary two-way ANOVA with
Bonferroni’s multiple comparison test with a single pooled variance. Gene expression data were
analyzed using a two-way ANOV A/mixed effects model and Bonferroni’s multiple comparison
test with a single pooled variance. A minimum of four technical replicates were performed for all
comparisons; a probability of p<0.05 was significant and p<0.10 was considered to be a trend.
All statistical procedures were analyzed using GraphPad Prism 10 (GraphPad Software, INC, La

Jolla, CA). Data are reported as mean + SEM.

Results

Swine MSC exhibits genetic modification of GRB10.

The GRBI10 screening primers generated a PCR product that is 1204 base pairs long. If
the editing was successful, the product should be able to be digested by AVRII to create two
fragments that are 489 bp and 715 bp. The screening products are shown alongside the restriction

enzyme digest in Figure 2-1A. The sanger sequencing results of the PCR product displayed the
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point mutation that generated the new restriction site (Figure 2-1B). The successful CRISPR-Cas
mediated HDR event introduced a single nucleotide addition to generate a premature stop codon
and a AVRII digestion site. To assess expression levels of GRB0 in genetically modified MSC,
we utilized RT-qPCR to detect transcript abundance. There is a significant decrease (p<0.05) in

GRBI0 transcript abundance in GRB10-KD MSC (Figure 2-1C).
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VAT AATTTCTTCCCCGAACAGATGGTTACCTGGTGCCAGCAGTC NFFPEQMVTWCQQSNGSQTQLLQ
CAACGGCAGTCAGACCCAGCTTTTGCAGG

GRE10- AATTTCTTCCCCGAACAGATGGTTACCTAGGTGCCAGCAGT NFFPEQMVT*VPAVQRQSDPAFA
KD MSC CCAACGGCAGTCAGACCCAGCTTTTGCAGG

Figure 2-1: Screening, sequencing, and expression of GRB10 KD MSC. (A) Agarose gel
depicting entire screening product (WT PCR and KD PCR) adjacent to the digested PCR product
(WT AVRII and KD AVRII). (B) Sanger Sequencing results for WT PCR and KD PCR products
from panel A with the corresponding translation. Underlined segment is new AVRII site and *
indicates new stop codon (C) Relative GRB10 expression of WT and KD MSC values are means
+ SEM; n=8 technical replicates; ** indicates significance of p<0.01

Proliferation potential is reduced post GRB10 modification

As insulin plays a role in nutrient sensing and cell growth, we aimed to assess the impact
of GRB10 modification on proliferation rate. As new daughter cells are produced, they
incorporated EdU into their DNA. The EdU can then be visualized via fluorescent dye at 24
(Figure 2-2A) and 48 (Figure 2-2B) hours post plating, while Hoeschst was used as a nuclear

counter stain. The GRB10-KD mesenchymal stem cells had reduced (p<0.001) in vitro
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proliferation rates compared to their wild type counterparts at 24 hours and 48 hours post seeding

as indicated by a reduction in the percentage of GFP positive cells (Fig 2-2B and 2-D).
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Figure 2-2: Proliferation assessment of GRB10 WT and GRB10-KD mesenchymal stem cells in
vitro using immunostaining. (A) Fluorescent images of proliferation rate after 24 hours. (B) Bar
graph representing percentage of GFP positive cells after 24 hours of proliferation. (C)
Fluorescent images of proliferation rate after 28 hours. (D) Bar graph representing percentage of
GFP positive cells after 48 hours of proliferation. Both bar graphs data are represented as mean +
SEM, n=32 images. **** indicates a p value of <0.0001.

Altering GRB10 impacts insulin usage and glucose uptake

Insulin is required for cells to use glucose appropriately, in altering the expression of
GRBI10 there is potential for differences in how insulin and glucose are utilized. When 2DG is

used in cell culture, it can be consumed in the same manner as glucose and be processed into
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2DG6P by hexokinase. Due to the lack of a hydroxyl group, the 2DG6P cannot pass through
glycolysis and will accumulate in the cell. The accumulated 2DG6P detected via a luciferase
reaction is indicative of how much 2DG was transported into the cell. The amount of 2DG6P
reflects how much glucose the cell would have utilized over the same period. There is a decrease
(p<0.5) of 2DG6P in GRB10-KD MSC when no insulin is added to media. At increasing
concentrations of insulin, 10 uM and 20 uM, there is no difference in 2DG uptake (Figure 2-3A).
When insulin binds to its receptor, it is internalized and removed from the surrounding
environment. To evaluate the insulin usage between WT and GRB10-KD cells, the remaining
amount of insulin in the cell culture supernatant was evaluated over a period of 48 hours. After
six and 12 hours of insulin stimulation, there was no difference in insulin concentration in the
cell culture supernatant in GRB10-KD cells. At the 24-hour mark and 48-hour mark, there was a
significant increase in insulin concentration in cell culture supernatant in GRB10 KD cells

(p<0.05) (Figure 2-3B)
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Figure 2-3: Comparison of glucose uptake and insulin utilization in WT and GRB10-KD MSC.
(A) Concentration of 2DG6P after stimulation with insulin at varying concentrations normalized
to amount of protein in each well. (B) Insulin in cell culture supernatant after incubation in
serum free media with 1mM insulin added normalized to amount of protein in each well. All bar
graphs are presented as mean £ SEM. * indicates p<0.05 and ** indicates p<0.01)
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Differentiation into adipocytes is impacted by GRB10

A characteristic of MSC is the potential to differentiate into other cell lineages such as
adipocytes. WT and GRB10-KD MSC were differentiated into adipocytes over 18 days and
functional staining of neutral lipids was completed using Oil-Red-O (Figure 2-4A). Over the
course of differentiation, there are many transcriptional changes that occur in cells regarding
genes associated with insulin signaling and lipogenesis. In response to GRB10 modification, the
insulin receptor (INSR) expression was greater across differentiation time points with a trend for
increase at day 0 (p<0.10) and increased at day 3, 6, 12, and 18 (Figure 2-4B) in GRB10-KD
cells. A downstream effector of insulin signaling, phospoinositide-3-kinase (P/3K) expression
was not altered at day 0 and was increased (p<0.05) across days 3, 6, and 12 of differentiation
with a trend for increase at day 18 (Figure 2-4C) in GRB10-KD cells. There was no difference in
expression of protein kinase B (4KT), a major effector of insulin signaling, across differentiation
time points between both cell types (Figure 2-4D). Transcription factors responsible for initiating
adipogenesis, peroxisome proliferator receptor gamma (PPARy) and sterol-element binding
protein 1c (SREBPIc) had changes in expression in GRB10-KD cells across differentiation time
points. There was a trend for increased PPARy expression at day 0 (p<0.10) and a significant
increase at days 6 and 12 (p<0.05) of differentiation time points (Figure 2-4E). Expression of
SREBPIc was increased (p<0.05) at day 0 and 12 of differentiation (Figure 2-4F). Acetyl CoA
Carboxylase (4CC) and fatty acid synthase (FAS) are the final two steps in lipogenesis.
Expression of ACC, the rate limiting step of lipogenesis, was increased at day 12 of
differentiation (p<0.05) and there was a trend (p<0.10) for an increase on day 0 of differentiation
(Figure 2-4G) in GRB10-KD cells. The final step in lipogenesis, FAS was significantly increased

(p<0.05) in GRB10-KD MSC on day 12 of differentiation (Figure 2-4H).
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Figure 2-4: Impact of GRB10 modification on differentiation to adipocytes. (A) Functional
staining of adipocytes with Oil-Red-O at day 18 of adipogenesis. (B) Gene expression of /INSR

during adipogenesis (C) Gene expression of PI3K. (D) Gene expression of AKT. (E) Gene
expression of PPARy. (F) Gene expression of SREBPIc. (G) Gene expression of ACC. (H) Gene
expression of FAS. All bar graphs are presented as mean = SEM. * indicates p<0.05; ** indicates
p<0.01; *** indicates p<0.001; indicates p<0.0001

GRB10 modification alters expression of insulin related proteins.

Relative expression of insulin signaling proteins was assessed using western blot
analysis. The serine/tyrosine kinase, AKT displayed a twofold reduction (p<0.05) in abundance
in GRB10-KD MSC compared to the WT control (Figure 2-5A-B). A downstream effector of
insulin signaling, PI3K displayed increased abundance (p<0.05) in GRB10-KD MSC (Figure 2-

5C-D).
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Figure 2-5: Expression of insulin related proteins in GRB10 WT and KD MSC (A) Western blot
of AKT expression in WT and GRB10-KD MSC. (B) Graphical representation of abundance of
AKT in MSC. (C) Western blot of PI3K expression in WT and GRB10 KD MSC. (D) Graphical
representation of abundance of PI3K in MSC. Four technical replicates were completed for each
western blot analysis. All bar graphs represent mean + SEM. * indicates p<0.05

Discussion

GRB10 has been well characterized as a regulator of mitogenic and metabolic pathways
including insulin signaling (2). GRB10 is an imprinted adaptor protein that lacks inherit
enzymatic function but can mediate protein interactions via protein binding motifs (26). The
dosage of GRB10 upon maternal inheritance can account for approximately 10% of Silver-
Russel syndrome’s severe growth retardation (10). GRB10 has been shown to regulate insulin
signaling via binding to the intracellular domain of the insulin receptor using its own Src
homology-2 (SH2) domain (27). However, the type of regulation is varied depending on the
model system and context (28). GRB10 inhibits the function of both insulin and IGF1 receptors
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to negatively regulate growth in transgenic mice and induce insulin resistance (29). There is a
growing body of previous work in conventional models that establishes the role of GRB10 in
metabolism. In swine there is an established quantitative trait locus (QTL) for reproduction,
growth, development, and energy metabolism in swine that contains GRB10 (21). However,
there is still much to be elucidated on the role of GRB10 in a swine system (30). Little

information is available on the role of GRB10 in porcine MSC.

While the current literature surrounding MSC is centered around cellular therapies for the
treatment of various diseases and injuries (31). This data establishes that porcine MSC can be
successfully edited via CRISPR/Cas9 genetic engineering to model disrupted insulin signaling.
Previous studies have shown that porcine bone marrow derived MSC have undergone
transfections via human adenovirus and plasmids (36). Our data contributes to how the
CRSIPR/Cas system is being used to investigate improving MSC physiology. Other studies have
engineered MSC to have increased stemness, angiogenic potential and reduction in apoptosis
(33). Mirroring our findings of potential for increased adipogenesis, MSCs have been modified
to enhance their osteogenic differentiation potential (34). Genomic editing in MSC has proven to
be potential therapy for Type 1 Diabetes (35) which highlights how genetically moditied MSC
can be beneficial to the study of disrupted insulin signaling. These data further establishes that
swine primary cells can be isolated, cultured, differentiated and modified in order to understand

mechanisms of insulin disruption.

GRBI10 functions in cell division via interactions with the epidermal growth factor

receptor (EGFR) (37). Our study noted heavy reduction in proliferation rates when swine MSC
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underwent genetic editing. A similar phenomenon has been noted in swine studies as a micro-
RNA (miR-222) has been shown to silence the GRB10 gene via inactivation of the PI3K/AKT
pathway in porcine Sertoli cells resulting in reduced proliferation (38). This finding is also
supported in GRB10 knockdown in primary bone marrow cells leading to reduced proliferation
rate (39). In oncology studies of gastric cancer, knockdown of GRB10 inhibits proliferation and
migration ability of the cancerous cells (40). However, this is contradicted by studies using
murine hematopoietic stem cells where knock out of GRB10 was shown to increase
hematopoietic stem cell regeneration and proliferation (41). Overexpression of GRB10 in
animal and cell culture models has also been shown to impact proliferation rates. Mouse GRB10
overexpression inhibited IGF1 induced proliferation and colony formation in vitro (42). While
the overexpression of GRB10 in mouse immune cells resulted in increased proliferation and

survival in culture (43).

In cultured fibroblasts, elevated GRB10 regulates MAP kinase induced mitogenesis (65).
There is evidence for a mechanism for the impact of GRB10 on proliferation as GRB10 binds to
neural precursor cell expressed developmentally downregulated 4-1 (NEDD4) to promote
internalization, ubiquitination, and degradation of targets under ligand activation to negatively
regulate cell proliferation (44, 45). As an E3 ligase, NEDD4 inhibits protein kinase complex
formation to degrade the mitogen-activated protein (MAPK) or downstream substrates (46). The
MAPKSs aid in the regulation of cellular programs such as cell proliferation, differentiation,
motility, and general survival (47). This interaction between GRB10/NEDD4/MAPK has been
demonstrated in rat adipocytes with an overexpression of GRB10 exhibited reduced insulin

activation of pathway via NEDD4 interactions with GRB10(48).
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We aimed to characterize the impact of GRB10 modification on insulin signaling in
swine MSC. When incubated with insulin, there was a reduction in insulin sensitivity after 24
and 48 hours of culture as indicated by increased insulin in the cell culture supernatant. Once we
established that insulin signaling is disrupted between our cell types, we noted a reduction in
glucose uptake under basal culture conditions which was abolished with increasing amounts of
insulin. This finding of apparent inhibited insulin signaling in GRB10-KD MSC is contradicted
by studies in human myotubes where GRB10 knockdown enhanced insulin induced PI3K and
AKT signaling and glucose uptake (49). In animal models where GRB10 peripheral knockout
mice had increased body weight, improved glucose tolerance and insulin sensitivity implicating
GRBI10 as a negative regulator of insulin signaling (50). Our findings appear to surprisingly
correlate with different GRB10 modeling systems entirely. In 3T3-L1 adipocytes overexpression
of GRB10 caused diminished insulin stimulated tyrosine phosphorylation of IRS and reduced
insulin signaling and adipogenesis in these cells (7). As GRB10 was initially identified as a
substrate of EGFR in a yeast hybrid screen (6), it is plausible that the INSR is not the preferred
receptor in swine MSC. It is clear the GRB10 does impact insulin signaling and glucose uptake,

however, the result will vary based on experimental conditions.

Insulin is required in MSC culture systems to successfully induce adipogenesis and
increase the rate of fatty acid synthesis in MSC (51). We aimed to differentiate WT and GRB10-
KD MSC into adipocytes and evaluate transcriptional changes over the course of the
differentiation period. We noted an increase in various insulin signaling genes such as /NSR and

PI3K over the differentiation period. Other studies noted no changes in /NSR expression in
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GRB10 KO systems but an increase in INSR protein abundance (52). While siRNA-mediated
knockdown of GRB10 negatively regulated abundance of INSR (53) . There was also an increase
in transcription factors (PPARy and SREBPIc) and adipogenic genes (ACC and FASN) in our
study. Commitment to adipogenesis first requires activation of both PPARy and SREBP1c. As
adipogenesis progresses, ACC and FASN are two enzymes that are crucial to de novo

lipogenesis and later lipid accumulation in droplets in MSC (51). An increase in the transcripts of

these key transcription factors and enzymes can indicate increased adipogenic potential of

GRB10-KD MSC.

Typical activation of the insulin signaling cascade results in the activation of downstream
kinases such as PI3K and AKT. We noted an increase in PI3K abundance and decrease in AKT
abundance in GRB10-KD MSC. Under normal physiologic conditions mTORC1 phosphorylates
and stabilizes GRB10 leading to inhibition of pathways downstream of PI3K and MAPK (54).
The changes noted in PI3K have been observed in mice studies where GRB10 was able to
provide a functional link between INSR and PI3K activation highlighting the regulatory role of
GRBI10 in the metabolic response to insulin(55). Studies in carcinoma cells highlighted that a
knockdown of GRB10 reduces AKT phosphorylation via interaction with PI3K (56). Our
findings do not match those in skeletal muscle where the loss of GRB10 resulted in enhanced
AKT and MAPK activation under insulin action (50). We were unfortunately unable to quantify
the abundance of phosphorylated AKT and the INSR proteins due to low protein yield when
extracted. From our preliminary results, GRB10 modification inhibits abundance of AKT

potentially causing feedback to increase abundance of PI3K.
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Insulin activates the PI3K/AKT/mTORCI pathway promoting many anabolic processes
in the cell including protein synthesis, lipogenesis, and nutrient storage (57). GRB10 has been
shown to regulate insulin signaling via interactions with the insulin receptor, insulin like growth
factor receptor, epidermal growth factor receptor, growth hormone receptor and platelet derived
growth factor (11, 58—60). The role of GRB10 and the impact of GRB10 modifications has yet to
be firmly established in swine MSC. Insulin stimulated activation of mMTORCI1 in skeletal muscle
of neonatal pigs can be regulated by the abundance of proteins, including GRB10 (22). In swine,
insulin induced activation of mMTORCI1 stimulates the phosphorylation of GRB10 which
stabilizes the protein to provide negative feedback on INSR (61). GRB10 has been implicated as
both a positive and negative regulator of mitogenesis depending on the experimental conditions
(42, 62, 63). We noted reduction in basal glucose uptake but no difference under insulin
stimulation while insulin removal from media was also lower over time in the GRB10-KD cells.
While the changes in insulin signaling were not expected based on the previous literature (2) it is
interesting to note that genetically modified swine MSC may have a different phenotype
compared to other models that needs further investigation. In addition to disrupted insulin
signaling, we noted reduced proliferation of modified swine MSC. GRB10 functions as a
stimulatory mitogenic signaling adapter via its BPS domain (60). As an adaptor protein, GRB10
has been implicated in multiple aspects of cellular metabolism and when stimulated by insulin,
via interactions with MAPK (64). These results highlight the role of GRB10 in cellular growth
and glucose metabolism. However, due to a lack of reliable protein quantification, we were
unable to quantify the change in GRB10 abundance. Further work is necessary to further uncover

the role GRB10 plays in MSC glucose metabolism and mitogenesis.
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Chapter 3: Disrupted insulin signaling due to an acute immune

response in swine.

Introduction

Swine production and the consumption of pork products provide an important
food source around the world (1). The agricultural industry relies on muscle accretion to
generate food and revenue for farmers. A key hormone in muscle accretion and
appropriate nutrient utilization is insulin. Insulin is an anabolic hormone that drives
metabolism of nutrients such as glucose. Insulin is secreted by the pancreas and acts on
peripheral tissues to drive glucose from the bloodstream into tissues to drive lipogenesis,
protein synthesis, glycolysis, and glycogenesis (2). The insulin signaling pathway is a
series of tyrosine kinases that possess intrinsic autophosphorylation capabilities to
activate themselves or other downstream proteins. Briefly, when glucose levels are
elevated after a meal, insulin is released from the pancreas and binds to the insulin
receptor (INSR) prompting autophosphorylation. Once activated INSR process to
phosphorylate the insulin receptor substrate-1 (IRS1). IRS1 will move on to activate the
next enzyme, phosphoinositide-3, kinase (PI3K). PI3K will then ultimately phosphorylate
and activate protein kinase b (AKT) which is the major mediator of insulin action. AKT
activations allow for the translocation of the glucose transporter-4 (Glut4) to the plasma

membrane to remove glucose from the bloodstream (3).

The disruption of insulin signaling is commonly referred to as insulin resistance

where tissues are unable to respond to insulin appropriate to remove glucose from
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circulation insulin. Insulin resistance can be caused by obesity (4), autoimmune disorders
(5), polycystic ovarian syndrome (6), inflammatory responses (7), and adaptor proteins
(8). While there is a large amount literature regarding insulin resistance in human
physiology, there are still unanswered questions around disrupted insulin signaling in

swine.

Pigs are subjected to a variety of both physical and physiological stressors
including over-crowding, heat stress and pathogen exposure that can affect growth rates
and muscle accretion (9). Disease in commercial swine production can cause financial
loses that varies with disease severity between $11 and $29 USD per pig (10). If exposed
to a pathogen, the animals’ immune system becomes activated to combat the infection
and the animal will exhibit signs of illness including a reduction in appetite, growth rate
and poor nutrient metabolism (11). In addition to the release of proinflammatory
cytokines, when affected by pathogens, swine have displayed altered insulin signaling

(12) and changes in other metabolic parameters (13).

Lipopolysaccharide (LPS) is an endotoxin produced by gram-negative bacteria
that causes severe inflammation and illness in post weaning pigs (14). Stressors that
reduce gut barrier function will lead to increased LPS in circulation. LPS has been used
to assess the inflammatory response in vivo, as it acts through the toll like receptor 4
(TLR4) and nuclear factor kappa beta (NFKB) signaling pathway (15). When the
immune system is activated, the energy and nutrient demand increases, partitioning away

nutrients from their normal physiologic purposes (16). The impact of LPS on the
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immune system has been well characterized and often results in hyperthermia, changes in
hemodynamics, production of pro-inflammatory cytokines, clinical signs, and
dramatically disrupted metabolism (17-21). During an LPS infection, macrophages are
recruited and activated by polarizing signals to produce inflammatory cytokines and
induce antimicrobial functions. Polarizing signaling often influences metabolic signaling
pathways including aspects of the insulin signaling cascade such as mammalian target of
rapamycin (MTOR) and AKT (22). As swine production relies on efficient nutrient
metabolism, we must understand how their physiology changes during different

metabolic states, including the impact of pathogens.

During an active infection, whole body energy expenditure increases roughly by
50% (23). To meet the energy demand, glucose is freed as typical insulin sensitive
tissues (adipose and skeletal muscle) become briefly resistant and hepatic glucose output
increases (24, 25). The impact of LPS exposure on overall metabolic function will vary
depending on animal model, age, model culture system, and exposure. In cattle exposed
to LPS, LPS acts as an insulin secretagogue to induce hyperinsulinemia during LPS
exposure (20). While, in pigs administered LPS, the observed increase in circulating
insulin was only apparent within the first 24 hours and then resolved with continued
exposure as the animals acclimated (26). The full scope of how LPS impacts tissues on a
transcriptional and protein level after an acute immune response is still unclear. We aim
to characterize the changes in metabolism during an acute LPS induced immune response

in post-weaning swine. Establishing parameters on how insulin signaling and glucose
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metabolism changes under non-homeostatic conditions is beneficial to further our

understanding of swine health to improve production.

Materials and Methods

Animals

All experimental procedures involving animals were approved by the University
of Maryland Animal Care and Use committee. 58 commercial crossbred barrows and
gilts aged five weeks weighing 12.52 £0.21 kg was used in this experiment. The 58
animals were randomly divided into two experimental subsets where ten animals were
designated for repeated blood sampling and the remaining 48 animals underwent timed
euthanasia for tissue collection. The repeated blood sampling group underwent a surgical
procedure to place a jugular catheter. The timed euthanasia animals were designated for
tissue collection post exposure to LPS. All animals were group housed with a 12:12 light
dark cycle with ad libitum access to food and water. All animals were fed a meal diet that

met the requirements outlined in the NRC (27).

Repeated Blood Sampling

After a three-day acclimation period, ten animals (12.1+0.5 kg) were randomly
selected and placed into single animal housing. All animals were fasted for a minimum of
12 hours before the surgical procedure. Anesthesia was induced with an intramuscular
injection of 0.04 ml/kg of body weight (BW) Telazol (100 mg/ml), Ketamine (50 mg/ml),
and Xylazine (50 mg/ml) (MWI Animal Health). After induction, anesthesia was

maintained via administration of sevoflurane at a rate of 5-10ml/kg/min using a tight-
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fitting nose cone. The animal was placed in dorsal recumbency with legs retracted and
secured caudally. Hair was trimmed from the surgical area and skin was prepped with
alternating scrubs of dilute chlorohexidine and betadine. The jugular furrow was
identified and a 1-2-inch incision was made in this plane to provide access. Before
isolating the vein, the subcutaneous tissue, fat, and musculature was bluntly dissected to
expose the jugular vein to generate a working length of 2-4cm. The vein was partially
occluded using 3-0 nylon suture 2 cm above and below the working area. The vein was
punctured with a vein pick and a 20g/3fr polyurethane catheter was gently threaded
through the lumen of the vessel and extended 10cm towards the animal’s chest. The
catheter was secured to the musculature of the neck using 3-0 nylon in a simple
interrupted pattern. Placement was confirmed via aspirating a small amount of blood and
the catheter was well flushed with 0.1% heparinized saline. The skin incision was closed
using 4-0 vicryl in a simple interrupted pattern. The catheter was securely wrapped to the
body using self-adhesive material and exteriorized to the dorsal aspect of the neck. Of the
ten animals utilized, nine survived surgery and seven had patent catheters at the time of

experiment outlined below.

Animals were given 48 hours to recover from the procedure before treatment
began. Animals were randomly assigned to receive an intraperitoneal injection of LPS
(15 pg/kg) or an equivalent volume of 0.9% Saline. Of the seven animals in this phase of
the experiment, four received an injection of LPS and three received the saline injection.
A basal blood sample (timepoint 0) was collected before each injection. Blood was then

collected from the catheter at 2, 4, 8, 12, 24 and 48 hours post injection with saline or
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LPS. The blood was stored on ice for no more than two hours and allowed to clot. The
serum was then isolated via centrifugation of whole blood for 10 minutes at 1000g.
Serum was removed, aliquoted and stored in -20°C until later time. Animals were

euthanized via penetrative captive bolt at the 48-hour mark.

Timed euthanasia

The remaining 48 animals were randomly divided evenly into two groups to
receive an intraperitoneal injection of LPS (15ug/kg) or an equivalent volume of 0.9%
Saline. Within the treatment groups, those animals were then randomly assigned to be
euthanized 0, 3, 6, 12, or 24 hours post LPS or Saline injection with 8 animals per
timepoint and 4 per treatment. The animals were euthanized via penetrative captive bolt
and various tissues were collected for analysis. Briefly, tissues were snap frozen in liquid

nitrogen, stored briefly in dry ice, and then transferred to -80 until analysis.

Serum analysis: Insulin and glucose

Insulin concentrations were determined using the Human/Canine/Porcine Insulin
Quantikine ELISA kit (R&D Systems) against the provided standard curve. Briefly, the
plate was pre-rinsed with the provided wash buffer per the manufacturer’s instructions.
Samples and standards were diluted in 150uL of provided diluent and incubated for five
hours at room temperature with constant orbital shaking. After four washes, the provided
Insulin Conjugate was added and allowed to incubate two hours at room temperature with
constant orbital shaking. Following rinsing instructions, the provided substrate solution

was added to each well followed by the addition of the provided stop solution. The

70



optical density was determined on the Synergy HTX microplate reader using Gen 5.0
v3.0 software (BioTek Instruments, Winooski, VT). A four-parameter logistic curve was
generated against the standards using GraphPad Prism 9 (GraphPad Software, Inc., La
Jolla, Ca). Glucose concentrations were determined using the glucose colorimetric
detection kit (Invitrogen, Carlsbad, California) following manufacturer’s instructions. All
sera were diluted at 1:15 and concentrations were determined against the provided
standard curve. The optical density at 560 nm was determined again using the Synergy
HTX microplate reader and Graphpad Prism 9 was used to generate a four-parameter

standard curve.

RNA/RT-qPCR

Frozen tissue was stored in -80°C until time for RNA extraction. Approximately
30mg of tissue homogenized in TRIzol (Invitrogen) using FastPrep-24 5G System (MP
Biomedicals, Irvine, Ca). Total RNA was isolated from homogenized tissue using
RNeasy Mini (Qiagen) and quantified via spectrophotometry using Synergy HTX Gen5.0
v3 (BioteK Instruments, Winooski, VT). A maximum of 5000ng of total RNA was
reverse transcribed to cDNA with the SuperScript IV First-Strand Synthesis System
(Invitrogen) and treated with RNase H to remove excess RNA. The newly synthesized
cDNA was quantified using the Quant-iT OligoGreen assay (Invitrogen). The cDNA
was quantified using the Synergy HTX system as described previously. A total of 20ng of
cDNA was used for both singleplex and multiplex qRT-PCR using iTaq Universal SYBR
Green Supermix and 1Q Multiplex Powermix respectively via Bio-Rad’s CFX96 Touch

Real Time PCR Detection system (Biorad). All primers and probes utilized were ordered
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from Integrated DNA Technologies (Coralville, IA). For singleplex qRT-PCR after
optimization, a 300nM concentration of forward and reverse primer (Table 2-1) were
used for each assay. The assays consisted of amplification for 30s at 60°C for 40 cycles.
For multiplex qRT-PCR after optimization, a 2:1 primer-to-probe ratio was utilized for
gene expression while a 1:1 ratio was used for RPL4, the reference gene (Table 2-2). For
each assay, the samples were amplified for 45s at 60°C for 40 cycles. Genes of interest
were normalized to RPL4 using the 2"2A°T method for both single and multiplex rt-qgPCR.
Analysis of genes of interest expression and amplification plots were accomplished using

CFX Manager Software (Version 3.1, Biorad).
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Table 3-1: Primers used in single reaction RT-qPCR

Symbol Gene 1D Sequence (5'-3")
ACC 397324 F CCGTAGAAATCAAATTCCGCAG
R CCTTCAGCTTGCTCTCCAG
ACLY 100125957 F TCACAACACCATCATCTG CG
R CTTACTGAACATCTTGGC TGC
CHREBP 100170769 F ATGTTCGATGACTATGTC CGG
R ACACCATCCCATTGAAGG AC
FASN 397561 F CTCAACTTCCGAGACGTC ATG
R ACCATTCCCATCACGCG
GAPDH 396823 F CCCCAACGTGTCGGTTGT
R CTCGGACGCCTGCTTCAC
GCKR 100625192 F TTCCCATTTCACCTTCTC CC
R TTCTCTTTCACCTGCTCC AC
PPARy 397671 F AGATGATGACCAAGA AGCCC
R GCAGAAGACGTCCAG GATG
PNPLA2 100049704 F ATGGTGCCCTACACGCTG
R GCCTGTCTGCTCCTTTATCC
PCK 403165 F CTGGGAAGGCATTGATCAGC
R AGCGAGAGTTAGGATGTACA
GCK 100514142 F CCGACTTCCTGGACAAGCAT
R ATCGTGGCCACAGTGTCATT
G6PC 100134959 F TGAACGTCTGTCTGTCACGA
R ATACTTCTTGAGGCTGGCGT
PC 397630 F GGACTTCACTGCCACCTTTG
R GCTCCACCTCAAACTCCTCT
PK 100158154 F CCCACTGAAGTCACCGCTAT
R GAGGAAGCCACGGAGTTTT
FBP 397038 F AGCTGGCTATGCGCTCTATG
R CGAACTCCTTGGCATAGCCT
Glut4 396754 F TAAGACAAGATGCCGTCGGG
R GAGAAGACGGCGAGGACAAG
HK 100152344 F TTCAATCCGACAGCCATAG
R CTCCGACTCCATAAGAACAT
CPT1 399528 F ATGGTGGGCGACTAACT
R TGCCTGCTGTCTGTGAG
GRBI10 100188977 F TCAGGCTCCTCAAGTACGGA
R GCCCAGAAAATCCATCGCC
IGF1 397491 F CACATCACATCCTCTTCG
R CTGGAGCCGTACCCTGTG
RPL4 100038029 F AGGAGGCTGTTCTGCTTCTG
R

TCCAGGGATGTTTCTGAAGAAGG
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Table 3-2: Primers used in multiplex RT-qPCR reactions.

Symbol Gene ID Sequence (5'-3") Probe Sequence
RPL4* 100038029 GTGTGCTCGTCCACTGATA /5CY5/CACTTTGCC/TAO/TGCTGTGTTCAAGGC/3IAbRQSp/
TCACGATGTCTGGTCGAATG
IRS1* 100512686 GGATGCAGGTGGATGATTCT /SHEX/ATGAGACAA/ZEN/TCCAGGCAATGC/3IABKFQ/
TTAGAGGAGGACTGGCTCTT
IGFR* 100512686 GCCATCAGGATCGAGAAGAA /STEXRD-XN/ACCTCTGCTACCTCTCTA/3IAbRQSp/
CTTGTTGCCCACGATGTAGTTA
MTOR * 100127359 GCGTCAAGAAGGAGAAGGAA  /56-FAM/CTGCTTTCT/ZEN/GTGGCTGTGAGGTCT/3IABKFQ/
CAAGGCTGCTCGGATGAT
RPL4= 100038029 ACTTCCTTTGGTGGTTGAAGA /CGYS5/ACCCAAGGA/TAO/GGCTGTTCTGCTTCT/3IAbRQSp/
CTCATTCGCTGAGAGGCATAA
/SHEX/CGGGTCAGT/ZEN/GAACACAGAATCTTACAACT/3IAB
PI3K= 396979 TCTCATGGTGGGAGGTGTAAG kFQ/
AGTCAAGCTGTGGTGAATCTAA
AKT= 100126861 CCGAGAAGAACGTGGTGTATC  /56-FAM/TTGTCCAGC/ZEN/ATGAGGTTCTCCAGC/3IABKFQ/
CCGAAGTCAGTGATCTTGATGT
INSR= 396755 CAGAAAGTGTGCCCGACCAT /STEXRD-XN/CGATGTTTTGGGCAACTGCTCTGA/3TAbRQSp/

ATCTGCCGTCCAGGTAGAAGT

Symbols * and = indicate different multiplex sets

Western blot analysis of metabolic proteins

Frozen tissues were placed into ice cold RIPA buffer (Invitrogen) with protease

and phosphatase inhibitors (Invitrogen) per manufacturer’s instructions. While still on

ice, a handheld homogenizer the Tissue Tearer (BioSpec Products) was used to

homogenize the tissue. Protein extract was then centrifuged at 16,000g for 20 minutes at

4°C to pellet debris. The supernatant was then removed, aliquoted and stored at -20°C

until analysis. Protein samples were quantified using the Pierce BCA assay (Invitrogen).

A total of 40ug total protein was loaded into each gel and transferred to a PVDF

membrane. Membranes were blocked in 5% non-fat milk in TBST for one hour at room

temperature. Primary antibodies (Table 3-3) were diluted in blocking buffer overnight at
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4°C. Membranes were rinsed three times in TBST. Secondary antibodies HRP conjugated
goat-anti rabbit (Cell signaling technology, 1:1000) and goat-anti mouse (Novus
Biologicals 1:20,000) in blocking buffer and incubated at room temperature for one hour.
After rinsing, blots were visualized using EliteSignal Fire (Cell Signaling Technology)
using BioRad gel XR imaging system. Blots designated for stripping (phosho-AKT) were
then rinsed three more times in TBST after imaging to remove excess reagent. The blot
was incubated with Restore PLUS Western Blot Stripping Buffer (Invitrogen) for 10
minutes at 37°C and then rinsed again. The membrane was then incubated with the
appropriate secondary and imaged to confirm full strip of previous antibodies. The
membrane was blocked for 1 hour at room temperature in blocking buffer and antibody

incubation steps were completed as described above.

Table 3-3: Primary and secondary antibodies used for western blotting analysis.

Symbeol Source UniProt ID Dilution Catalog Number
Beta Actin Cell Signaling Technology P60709 1:1000 4970
INSR alpha  Cell Signaling Technology P06213 1:500 74118
INSR beta Novus Biologicals P14616 1:1000 NBP1-19192
PI3K Proteintech P42336 1:1000 60225-1-Ig
FBP Proteintech P09467 1:2000 12842-1-AP
PCK1 Proteintech P35558 1:10000 16754-1-AP
AKT Cell Signaling Technology ~ P31751, Q9Y243 ,P31748 1:1000 9272
p-AKT Cell Signaling Technology  P31751, Q9Y243, P31749 1:1000 9271
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Statistics

The analysis of repeated blood sampling data contained seven animals with n=4
receiving LPS and n=3 receiving saline. Serum glucose and insulin concentrations are
reported using GraphPad Prism9 and evaluated using a mixed-effects model with
Giesser-greenhouse correction and uncorrected Fisher’s LSD. All timed euthanasia points
contained eight animals with four receiving LPS and four receiving saline injections. RT-
qPCR and western blot data were all analyzed using unpaired two-tailed t-tests. The
probability of p<0.05 was significant and p<0.10 was considered to be a trend. All
statistical procedures were analyzed using GraphPad Prism 10 (GraphPad Software, INC,

La Jolla, CA). Data are reported as mean = SEM.

Results

Acute LPS exposure alters glucose and insulin levels

After acute exposure to a mild dose of LPS there was an initial decrease in insulin
concentration two hours post injection (p<0.05) followed by an increase in insulin
concentration at the 12 and 24 post insulin injection (p<0.05). There was no discernible
difference between the groups at the remaining time points (Figure 3-1A). Following LPS
exposure, glucose levels followed a different pattern over the sampling period. Glucose
concentrations increased two hours post LPS injection (p<0.05) and trended to be

increased at the 24-hour mark (Figure 3-1B).
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Figure 3-1: Impact of LPS on amount of insulin and glucose in serum. (A) Insulin and
glucose (B) concentration over 48 hours after acute exposure to LPS. For both assays

n=4 recerved LPS and n=3 received saline. Bar graphs report data as mean = SEM. *
indicates p<<0.05 *** indicates p=0.001

Acute exposure to LPS reduces insulin signaling genes in the liver.

To assess the impact of LPS on insulin signaling in the liver, gene expression
analysis was conducted focusing on genes in the insulin signaling cascade as well as
other associated proteins. There was a decrease (p<0.01) in insulin receptor (/NSR)
transcript abundance at 6 hours post LPS and a trend for a reduction (p<0.10) 12 hours
post LPS (Figure 3-2A). The next step in the cascade is insulin receptor substrate 1
(IRST) which exhibited a decrease in expression at 3 (p<0.01), 6 (p<0.05) and 12

(p<0.10) hours post LPS injection (Figure 3-2B). Phosphoinositide 3-kinase (P/3K) was
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decreased at 3 and 6 hours post LPS injection (p<0.05) (Figure 3-2C). The major
mediator of insulin action, protein kinase B (4KT) was decreased (p<0.05) at three hours
post LPS injection (Figure 3-2D). The insulin like growth factor receptor (/GFR) was
decreased at 3 (p<0.10) and 12 hours (p<0.001) post LPS injection (Figure 3-2E). The
inhibitor of insulin signaling, growth factor receptor bound protein 10 (GRB10) was

decreased (p<0.05) at 3, 6, 12 and 24 hours post LPS injection (Figure 3-2F).
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Figure 3-2: LPS induced differential expression of insulin signaling related genes over
24 hours in the liver. Animals were administered LPS via intraperitoneal injection and
then euthanized at a designated period of time (A). Gene expression of /NSR (B) Gene
expression of /RS (C) Gene expression of PI3K (D) Gene expression of AKT (E) Gene
expression of /GFR (F) Gene expression of GRBI0. All data are expressed as mean +
SEM. * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001).
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LPS alters gene expression associated with gluconeogenesis, glycolysis and fatty acid

metabolism in the liver.

The liver functions to maintain homeostasis by balancing catabolic and anabolic
processes. The rate limiting step in gluconeogenesis is fructose 1,6-bisphosphatase (FBP)
which converts fructose 1,6-bisphosphatase to fructose-6-phosphate to be converted into
glucose. FBP expression was decreased (p<0.05) in the liver at 3, 6, and 12 hours post
LPS injection (Figure 3-3A). Another gluconeogenic enzyme, phosphoenolpyruvate
carboxykinase (PCK) had decreased gene expression at 3 (p<0.10), 6 (p<0.01) and 12
(p<0.01) post LPS injection (Figure 3-3B). The final step in glycolysis is catalyzed by
pyruvate kinase (PK) which had decreased expression in the liver 3 and 12 (p<0.05)
hours post injection and a trend (p<0.10) of a reduction at 6 hours (Figure 3-3C). A
regulator of glucose metabolism, glucokinase regulatory protein (GCKR) was decreased
(p<0.05) at 6 and 12 hours post LPS injection (Figure 3-3D). There were also alterations
in lipogenic genes in the liver, the rate limiting step of lipogenesis acetyl CoA
carboxylase (4CC) was decreased at 3 (p<0.05), 6 (p<0.01) and 12 hours (p<0.05) post
LPS exposure (Figure 3-3E). The final step of lipogenesis is controlled by fatty acid
synthase (FASN) which was decreased at 3 (p<0.05), 6 (p<0.10) and 12 (p<0.05) hours
post LPS administration (Figure 3-3F). Patatin like phospholipase domain containing 2
(PNPLA?2) encodes the enzyme adipose triglyceride lipase which is the first step of
hydrolysis of triglycerides was decreased (p<0.05) at 3 and 6 hours post LPS injection

(Figure 3-3G).
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Figure 3- 3: LPS induced changes in genes associated with gluconeogenesis and fatty
acid metabolism in the liver (A). Gene expression of FBP (B) Gene expression of PCK
(C) Gene expression of PK (D) Gene expression of GCKR (E) Gene expression of ACC
(F) Gene expression of FASN. (G) Gene expression of PNPLA2. All data are expressed as
mean + SEM. * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001).

LPS induced changes in metabolic gene expression of longissimus dorsi muscle.

The skeletal longissimus dorsi (LD) muscle exhibited changes in gene expression
post LPS injection. Expression of /GFR in skeletal muscle was increased (p<0.05) 3 and
six hours post LPS injection (Figure 3-4A). The inhibitor of insulin GRB10, was
increased at 12 hours post LPS administration (Figure 3-4B). Expression of the
mammalian target of rapamyacin (MTOR) which functions to promote muscle synthesis
under insulin action was decreased (p<0.10) at three hours post injection and increased
(p<0.05) 12 hours post LPS (Figure 3-4C). The prevalence of PI3K was increased
(p<0.05) at 12 hours post LPS injection (Figure 3-4D). The expression of /NSR was

increased (p<0.05) in skeletal muscle at 12 hours post LPS (Figure 3-4E). The initial
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enzyme of glycolysis in muscle, hexokinase (HK), was decreased at both three (p<0.001)

and six (p<0.05) hours post exposure to LPS (Figure 3-4F).
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Figure 3-4: LPS induces a variety of changes in gene expression in LD muscle. (A) Gene
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(D) Gene expression of PI3K (E) Gene expression of INSR (F) Gene expression of HK.
All data are expressed as mean = SEM. * indicates p<0.05, ** indicates p<0.01, ***
indicates p<0.001).

Differential expression of fatty acid metabolism genes in longissimus dorsi muscle

Skeletal muscle can synthesize and breakdown lipids for energy and storage in
muscle tissue. Expression of genes associated with fatty acid metabolism differ after
administration of LPS. The lipogenic transcription actor peroxisome proliferator activated
receptor gamma (PPARy) was decreased (p<0.05) at 6 hours post LPS injection (Figure
3-5A). A key precursor to de novo lipogenesis ATP citrate lyase (ACLY) was decreased
(p<0.05) at 6 hours post LPS (Figure 3-5B). The lipogenic genes ACC and FASN were
altered by LPS exposure in skeletal muscle. ACC was decreased (p<0.05) 6 hours post
LPS (Figure 3-5C) exposure while FASN was increased (p<0.10) at 6 hours post LPS and

a decrease (p<0.05) in expression 12 hours after injection (Figure 3-5D). PNPLA2
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functions in hydrolysis of fatty acids and its expression was increased (p<0.05) 12 hours

post LPS exposure (Figure 5E).
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Figure 3-5: LPS transcriptional changes in genes related to fatty acid metabolism LD
muscle. (A) Gene expression of PPARy (B) Gene expression of ACLY (C) Gene
expression of ACC (D) Gene expression of FAS (E) Gene expression of PNPLA2. All
data are expressed as mean = SEM. * indicates p<0.05, ** indicates p<0.01, *** indicates
p<0.001).

LPS differentially alters gene expression of fat depots.

Fats are required for energy storage and insulation, but different deposits vary in
metabolic responses and processes. We examined gene expression in peri-renal and
subcutaneous fat samples. Peri-renal saw a twofold decrease (p<0.05) in PI3K

expression 3 hours post LPS injection (Figure 3-6A). Also, at 3 hours post injection /RS1
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expression decreased (p<0.05) compared to saline (Figure 3-6B). The expression of the
glucose transporter GLUT4 was decreased (p<0.05) at both 3 and 12 hours post injection
(Figure 3-6B). The subcutaneous fat deposit showed decreased expression at 3 (p<0.05)
and 12 hours (p<0.05) of the tyrosine kinase /RS/. The final step in lipogenesis, FASN

was also decreased (p<0.05) 6 hours post LPS injection.
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Figure 3-6: Varying gene expression after LPS in both peri-renal (A-C) and
subcutaneous fat (D-E). (A) Gene expression of PI3K (B) Gene expression of /RSI (C)
Gene expression of GLUT4 (D) Gene expression of /RS (E) Gene expression of FASN .
All data are expressed as mean + SEM. * indicates p<0.05, ** indicates p<0.01, ***
indicates p<0.001).

Western blot alters protein abundance in the liver after LPS injection.

Acute exposure to LPS decreased (p<0.05) total protein abundance of AKT 3
hours after injection (Figure 3-7A). There was no difference in the level of total AKT 6

hours post LPS (Figure 3-7B). The activated form, phosphorylated AKT (pAKT), was
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decreased (p<0.05) three hours post exposure to LPS (Figure 3-7C). The ratio of pAKT:
AKT was not changed (Figure 3-7D) by exposure to LPS after three hours (Table 3-4).
The tyrosine kinase PI3K was decreased (p<0.05) 3 hours post LPS (Figure 3-7E) and
there was no difference in expression level at 6 and 12 hours post LPS injection (Figure
3-7F, G). The gluconeogenic enzyme PCK was unchanged after LPS injection at 3- and
6-hours post (Figure 3-8A, B) and reduced (p<0.05) after 12 hours (Figure 3-8C).
Abundance of FBP was not changed after a single exposure to LPS over 12 hours (Figure
3-8D, F). Table 4 details densitometry data and significance for western blots in Figure 7

and Figure 8.
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Figure 3-7: Protein abundance of insulin signaling proteins in the liver post LPS
injection. (A) Total abundance AKT three hours after LPS. (B) Total AKT abundance six
hours after LPS. (C) Phosphorylated-AKT three hours post LPS (D) PI3K abundance in
the liver three hours post LPS (E) PI3K abundance six hours post LPS injection (F) PI3K
abundance 12 hours post LPS injection.
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Table 3-4: Effect of LPS exposure in relative abundance of proteins involved in insulin signaling and
eluconeogenesis in the liver

Relative fold change + SEM

Protein
AKT
AKT

PAKT
pAKT: AKT
PI3K
PI3K
PI3K
PCK
PCK
PCK
FBP
FBP
FBP

Bolded items and * indicate significance of p<0.05

Hour post LPS Saline
3 1+0.054
6 1+0.038
3 1+0.012
3 1+0.11
3 1+0.043
6 1+0.081
12 1+0.12
3 1+0.047
6 1=0253
12 1£0.015
3 1+0.088
6 1+0.103
12 1+0.179

LPS
0.573 £ 0.111
0.868 = 0.101
0.501 + 0.079
0.868=0.14
0.832 + 0.033
0.892+0.123
0.886 = 0.066

1.04 £ 0.053
0.80 £0.059
0.77 £ 0.085
1.13+0.07
0.846 = 0.079
0.915=0.026

P-Value*
0.012*
0.27
0.018*
0.48
0.021*
0.496
0.437
0.576
0.253
0.038*
0.285
0.283
0.65



Discussion

The systemic activation of the immune system via LPS action has been well
documented (28, 29) and different groups are investigating the impact of LPS on
metabolism in different species (19, 30, 31). In pigs, LPS exposure has been shown to
increase inflammatory markers, decrease feed intake, reduce growth rate, and induce
pyrexia (21, 32, 33). In the present study, we examined the metabolic impact of acute
exposure to LPS on a weaned pig model. Our results demonstrate that LPS alters insulin
signaling and nutrient processing in the liver and other peripheral tissues. Understanding
the metabolic changes during an activated immune response can provide useful

information on leaky gut, sepsis, and overall animal health.

This studfy was split into two sections of experiments where a portion of the
animals were allocated for repeated blood sampling and the remainder were designated
for timed collections after a single dose of LPS. During the progression of LPS induced
sepsis, there is a gradual shift from hypoglycemia to hyperglycemia and insulin resistance
over a relatively short period of time (12). In our study, two hours post LPS exposure, we
noted hyperglycemia and a decrease in insulin concentrations in serum. This contrasts
with previous data in adult males where hepatic and peripheral insulin sensitivity was
increased after two hours of LPS infusion (34). Early studies in rats also reported
elevated glucose concentrations after LPS injection that resolved within two hours (24).
Hyperinsulinemia was noted at 12 and 24 hours post injection with hyperglycemia at 24
hours. Other studies in pigs report similar findings within 24 hours, weaned pigs exhibit

changes in inflammatory cytokines with a single smaller dose of LPS but no difference in
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glucose concentration over 24 hours (29). Finishing gilts under chronic exposure to a
0.1pg/kg dose of LPS showed a marked insulin resistance at 24 hours post LPS that was
resolved by 72 hours (26). While in mice, injected with a low dose (0.1up/kg) of LPS
displayed improved glucose tolerance (35). The body’s metabolic response to an

endotoxin challenge transiently alters insulin concentrations and glucose utilization over

24 hours.

There is still much to be elucidated about how the pig liver responds to an acute
exposure to LPS. Our study aimed to investigate changes in gene expression and protein
abundance over the first 24 hours after a single LPS injection. Our results displayed those
transcripts associated with the insulin signaling cascade, INSR, IRSI, PI3K, and AKT
were decreased over the LPS exposure and recovery period. Previous studies in pigs
report that after chronic exposure to LPS there was no change in gene expression of
INSR, IRS1 or AKT in pigs after five days. This finding can be attributed to the pigs
acclimating to the low dose of LPS over time as an initial insulin resistance was noted
after 24 hours (19). When released in response to LPS exposure inflammatory cytokines,
such as TNFa and IL-6, can phosphorylate IRS1 on alternate serine residues leading to
reduced insulin signaling (36) providing a potential explanation for the reduced transcript
abundance in our study. Similar findings are observed in other models as mice
undergoing sustained LPS induced endotoxemia showed marked decrease in /NSR and

IRSI (37).
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The insulin induced activation of PI3K-AKT pathway promotes metabolism,
proliferation, and cell survival (38). While there was a decrease in liver PI3K at multiple
time points, there was only a detectable change in PI3K protein abundance on western
blot at 3 hours post LPS. This is inconsistent with previous work in neonatal pigs as LPS
did not impact activation of INSR, IRS1 or PI3K after 8 hours (17). At three hours post
LPS exposure there was a decrease in total AKT mRNA expression, protein abundance
and a decrease in phosphorylated AKT, these results indicate suppression of insulin
signaling in the liver post LPS. By contrast, mice exposed to a low dose of LPS exhibited
an increase in total AKT while p-AKT was unchanged (35). Rats exposed to LPS
exhibited decreased p-AKT in cerebral tissue 8 hours post injection (39). However, at 6
hours post LPS exposure there was a numerical but not significant difference of total AKT
expression at the mRNA or protein level indicating a small period of disrupted insulin

signaling in the liver.

The adaptor protein GRB10 has been established as an inhibitor of insulin
signaling (8). GRB10 is activated by insulin stimulated activation of MTORC to provide
inhibition at the level of the insulin receptor (40). There was an unexpected decrease in
mRNA level of GRBI0 after LPS injection in the liver. In skeletal muscle however, we
noted that there was an increase in GRB10 expression after 12 hours. The function of
GRBI10 in an immune response has yet to be elucidated fully however, GRB10 has been
implicated in different immune dysfunctions including osteoarthritis (41) and leukemia
(42). Human myotubes exposed to LPS in vitro did not have increased GB1() expression

(43). As GRBI0 interacts with a variety of proteins to function in processes such as cell
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growth, apoptosis, metabolism, and cell migration (8) it is plausible that suppression of

GRBI10 has a role in the immune response to LPS.

During severe endotoxemia the liver suffers significant impairment and
suppression of hepatic gluconeogenesis (25).We found changes in genes expression and
protein abundance of enzymes associated with gluconeogenesis, glycolysis, and fatty acid
metabolism in the liver. We noted a decrease in PCK mRNA abundance with a decrease
in protein abundance after 12 hours. PCK is responsible for the conversion of
oxaloacetate to phosphoenolpyruvate (PEP) as the first step in gluconeogenesis. Previous
studies in rodent models provide contradicting information as studies in rats showed that
there is an increase in PCK mRNA after LPS injection (31, 44). While another study of
using rat hepatocytes showed LPS inhibits gluconeogenesis via reducing PCK after two
hours (45). Another key step in gluconeogenesis is catalyzed by FBP which converts
fructose-1,6-bisphosphate into fructose-6 phosphate. We noted a decrease in FBP gene
expression and while there is minimal reporting of F'BP changes after LPS, there is data
showing growing pigs with long-term infection of porcine reproductive and respiratory
syndrome (PRRS) exhibited decreased FBP in the liver (46). The substrate for FBP,
fructose-1,5-bisphosphate, has been implicated in the treatment of sepsis due to its anti-
inflammatory characteristics (47). These results suggest that the abundance of FBP could
be related to the metabolic response to immune system activation in addition to altering

glucose metabolism.
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One of three rate limiting steps in glycolysis, PK is the final step to convert PEP
into pyruvate processing via the Krebs cycle. In this study we focused on the liver/red
blood cell specific isoform which showed reduced expression after LPS. This finding is
in line with rats exposed to LPS displaying reduced flux through PK as the precursor,
PEP, was depleted (48). Glucokinase is the first step of glycolysis in the liver and is
allosterically inhibited by glucokinase regulatory protein (GCKR) (49). We noted a
decrease in GCKR in the liver potentially allowing for increase glucokinase activity as
there was no change in mRNA expression of glucokinase after LPS. Various isoforms
and expression of GCKR have been associated with reduced insulin signaling in men
(50). The alterations in the glycolytic pathway can allow for reduced production of

pyruvate as a precursor to the Krebs cycle.

Both aspects of fatty acid metabolism, lipolysis, and lipogenesis, were impacted
by LPS in the liver. The mRNA PNPLA?2 encodes adipose triglyceride lipase (ATGL),
which is the first step in lipolysis of triacylglycerol to diacylglycerol, was decreased post
LPS injection. Decreased lipolysis has also been noted 6 hours after intramuscular
injection of 15ug/kg LPS (51). We investigated lipogenesis via transcript abundance of
ACC and FAS in the liver and observed a decrease in both post LPS. This finding is
consistent with other studies showing reduced de novo lipogenesis after exposure to LPS
(51-53). Taken together, we noted drastic suppression of lipogenesis, insulin signaling,

gluconeogenesis and glycolysis in the liver after a single LPS injection.
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Skeletal muscle is the primary site for insulin mediated glucose disposal (54) and
impaired insulin action can result in inefficient glucose utilization. In our study, we
observed interesting alterations in gene expression post LPS injection. Hexokinase (HK)
enzyme catalyzes the first step on glycolysis in non-hepatic tissues. We observed a
decrease in HK after LPS injection which is not consistent with other swine studies where
after a single intramuscular injection of 15 pg/kg LPS weaned pigs showed increase in
glycolysis related genes (55). After an acute exposure to LPS, skeletal muscle also
exhibited an increase in expression of genes associated with insulin signaling such as
INSR, PI3K, and IGFR suggesting an increase in glucose uptake. This observation is not
consistent with human myotubes stimulated with LPS which had reduced insulin-
stimulated activation of IRS1, AKT with reduced glucose transport (56). However, a
different study suggests that acute endotoxemia due to LPS exposure does not impair
insulin signaling via the PI3K pathway in skeletal muscle, rather from decreased blood
flow in tissues (57). The protein complex MTORC is responsible for insulin induced
protein synthesis once activated. After exposure to LPS we observed an initial increase in
MTORC abundance at 3 hours post LPS and then an increase in MTOR expression after
12 hours. This variation in mTOR expression is reinforced in the literature that there are

tissue specific changes in protein metabolism after an inflammatory challenge (58).

De novo lipogenesis in skeletal muscle is not a major contributor to fatty acid
metabolism, yet there is some evidence that muscle de novo lipogenesis provides
signaling functionality in addition to the typical lipid storage (59). The altered gene

expression of de novo lipogenesis in skeletal muscle after LPS injections could aid in
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communication between the immune system and skeletal muscle as in macrophages
treated with LPS there is an increase in de novo lipogenesis genes (60). We observed no
changes in expression of ACC in either fat depot or reduced expression of FAS in
subcutaneous fat after LPS injection. This aligns partially to previous work indicating
decreased lipid metabolism genes in pig back fat (61). Our findings of reduced
expression of genes associated with insulin signaling in fat depots correlates with
subcutaneous fat remove from human participants after a 3 ng/kg bolus of LPS (62).
Changes in insulin signaling expression have been well characterized in skeletal muscle
after LPS exposure (18, 56) but there is still missing information regarding fat tissue

response.

The hyperglycemic and hyperinsulinemic state after LPS administration has been
largely attributed to decreased responsiveness of glucose transporters to insulin in
skeletal muscle and adipose tissue leading to lower glucose uptake and higher glucose
concentrations in circulation (31). This study provides more information about the liver’s
role in glucose metabolism during an acute immune response. The insulin resistance and
hyperglycemia during an acute immune response is in part, a result of reduced glucose
metabolism and uptake in the liver. We also observed some changes in expression in
extra hepatic tissues such as skeletal muscle, subcutaneous and peri-renal fat regarding
insulin signaling, glucose metabolism and fatty acid metabolism. While these changes in
gene expression are promising, more information is required to understand the metabolic

response to an acute immune response
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Chapter 4: General Conclusions

Swine are considered a dual purposes species and can be used for agriculture and
biomedical purposes It is well established that insulin signaling is tightly controlled to maintain
euglycemia as drastic changes in glucose concentrations can be detrimental in both the short and
long term. To obtain the best product yield in swine production, there must be efficient nutrient
utilization. Our goal was to investigate insulin signaling in atypical circumstances using pigs as
our dual-purpose model system. Study one highlights the role of growth factor receptor bound
protein 10 (GRB10) in porcine mesenchymal stem cells (MSC). While GRB10 is not well
studied in pigs, studying GRB10 and MSC can have an impact on other areas of research. Study
two focuses on insulin signaling after an acute immune response induced by an endotoxin,
lipopolysaccharide (LPS). Disease prevalence and subsequent inflammation in a commercial
swine system can be detrimental to the financial health of the operation. LPS has been used for
decades in literature to model systemic immune response and recently, the focus has shifted from

other model species into pigs.

Our first study proved that we could successfully genetically edit swine MSC, something
that has not been documented frequently in the literature. With the generation of the GRB10-KD
cells, we did see a decrease in the proliferation rate of these cells. While having a phenotype of
modified cells is ideal, attempting to perform culture experiments with slowly proliferating cells
is suboptimal. Given this reduction in proliferation rate, there is potential for GRB10 as a
regulator of cell division in swine MSC via the mitogen activated protein kinase (MAPK) family,
in addition to its role as an insulin inhibitor. While we did see changes in insulin signaling in our

modified MSC, the results mostly did not align with the previous literature. From previous
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studies, we expected improved glucose metabolism and insulin sensitivity with a reduction in
GRBI10. For our in vitro studies, we observed a worsening glucose metabolism and insulin
signaling. However, insulin signaling when the MSC undergoes adipogenesis appears to be
approved as evidenced by increased mRNA abundance of insulin and lipogenic related genes.
Unfortunately, we could not verify the degree of GRB10 depression in our modified cells, we
were only able to see reduction in GRB0 based on transcript abundance. Luckily however, we
did see a phenotype for modified cells that is indicative of changes in protein abundance. This
study has highlighted GRB10 as a regulator of multiple aspects of metabolism. However, the role

of GRB10 can vary depending on the physiologic status, animal model, tissue, or cell type.

The second study transitioned to evaluate altered insulin signaling in a different swine
system. Overwhelming bacterial infection, often due to the presence of LPS, has been shown to
cause hypoglycemia and hyperinsulinemia as the immune system requires glucose to fight the
infection. Previous literature has shown that LPS in swine has caused insulin resistance and
tissue level metabolic alterations when under chronically exposed. The repeated blood sampling
portion of the study reinforced that LPS induces insulin resistance, as indicated by
hyperglycemia and hyperinsulinemia, at 24 hours post exposure. A new finding this study
uncovered a marked reduction in insulin concentration in the LPS administered pigs after 2
hours. The difference in insulin concentration between treatment groups may be impacted by the
animals having free access to food. This finding has not been previously published and warrants
further investigation, potentially with fasted animals. When examining the timed collection of
animals and their tissues, we noted a marked reduction in transcripts associated with insulin

signaling, glucose metabolism and lipogenesis in the liver. To further investigate the impact of
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LPS, we looked at transcript abundance of metabolic genes in both the skeletal muscle and
different fat deposits. The results were not as comprehensive as those seen in the liver but were
still relevant when considering whole body metabolism. These results displayed the importance

of the liver in the metabolic response to an LPS exposure

As study one was focused on GRB10, we opted to investigate the transcript abundance of
GRBI0 in the liver and skeletal muscle of LPS exposed pigs. We found a novel reduction in the
mRNA level of GRBI0 in the liver after LPS administration. While GRB10 has been implicated
in cancer development, this appears to be the first indication that GRB10 can be modulated by an
activated immune system. The hormone insulin is required to maintain homeostasis and can be
disrupted through a variety of mechanisms. Both altering GRB10 and LPS exposure induced
changes in insulin signaling and glucose metabolism that deviated from their normal
physiological state. Given that we disrupted insulin signaling using a single adaptor protein and
an acute endotoxin exposure, more work is required to investigate how GRB10 and LPS can

influence metabolism.

Moving forward, more focus should be placed on the mechanism of action for both our in
vitro and in vivo model of disrupted insulin signaling. Our in vitro system using GRB10 and
MSC established that GRB10 modification does disrupt insulin signaling and greatly reduce
proliferation rate. Establishing which tyrosine kinase GRB10 prefers, whether INSR or EGFR,
will be beneficial to determine how GRB10 functions in MSC. While this study focuses on the
impact of GRB10 on insulin signaling in an undetermined stem cell, there is potential for GRB10

ablation studies in MSC that have been differentiated into adipocytes. As there could be differing
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mechanisms of how an undifferentiated MSC and an adipocyte control insulin signaling via
GRB10. With the in vivo study, we determined that a single LPS injection does significantly
reduce liver metabolism at a variety of levels while also causing systemic insulin resistance.
Going forward, emphasis should be placed on feeding schedules in future studies in order to have
animals be on a comparable plane of nutrition during the challenge. Given the significant
changes in the liver, it is definitely worth considering the transcriptomic and proteomic changes
after an LPS challenge. In closing, we highlighted those atypical causes of altered insulin
signaling, modulation via adaptor proteins and acute immune response, can be studied via a

commercial pig model.
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