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Abstract

This thesis focused on the regulation of glucose uptake in rat skeletal muscle. Skeletal
muscle plays a central role in the regulation of whole body glucose homeostasis. Because
skeletal muscle is a heterogeneous tissue, muscles are often categorized by fiber type (myosin
heavy chain, MHC, expression). MHC expression was determined at both the muscle tissue and
single fiber levels, along with measurement of the abundance of multiple proteins relevant to
glucose uptake, including the GLUT4 glucose transporter and Akt substrate of 160kDa (AS160).
Key measurements included contraction-stimulated glucose uptake by single fibers from
epitrochlearis muscles, and insulin-stimulated glucose uptake by whole epitrochlearis muscles
from both normal rats fed low fat diet (LFD) and insulin-resistant rats (fed high fat diet, HFD,
for 2 weeks). Novel results included: 1) MHC-related differences in GLUT4, but not AS160,
protein abundance were found in whole muscles and single fibers; 2) despite a four-fold range of
GLUT4 abundance among fiber types, contraction-stimulated glucose uptake did not differ by
MHC-expression; 3) immediately post-exercise, insulin-independent glucose uptake and
phosphorylation of AMP-associated protein kinase and AS160 were not different for LFD versus
HFD groups; 4) improved insulin-stimulated glucose uptake 3 hours post-exercise in both LFD
and HFD groups was associated with greater pAS160 (phosphorylated AS160) with unaltered
GLUT4 abundance and MHC-expression; and 5) values for both insulin-stimulated glucose
uptake and pAS160 post-exercise were greater for LFD versus HFD rats. Earlier studies
suggested that muscle insulin resistance with HFD results from increased insulin receptor

substrate-1 serine phosphorylation (pIRS-1%*

), thereby inhibiting proximal insulin signaling
(including tyrosine phosphorylation of the insulin receptor, IRS-1-associated phosphatidyl-3-
kinase, and Akt activity), but exercise did not increase these proximal signaling steps in either

1Ser

diet-group. Greater pIRS-1>"" is believed to result from elevated diacylglycerol and ceramides

leading to activation of serine kinases, including JNK, but exercise did not attenuate pIRS-1°¢,

XV



diacylglycerol, ceramides or pJNK. Results of this thesis indicate that exercise did not appear to
act on several processes that are commonly linked to insulin resistance, suggesting that future
experiments seeking to identify mechanisms for improved insulin-simulated glucose uptake post-
exercise should focus on distal signaling steps regulating pAS160.
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Chapter I

Introduction

Insulin resistance, a subnormal response to a physiological dose of insulin, is an essential
precursor for developing type 2 dependent diabetes mellitus (T2DM) and a risk factor for other
prevalent diseases, including cardiovascular disease and some forms of cancer (20). Skeletal
muscle accounts for approximately 85 percent of insulin-stimulated glucose disposal, thus
making skeletal muscle a prime target for combating insulin resistance (16-18). Because
glucose transport into the cell is a rate-limiting step for glucose disposal in skeletal muscle (27),

understanding the regulation of glucose transport has great significance.

Glucose transport in skeletal muscle can be modified by various physiologic
interventions, including exercise and diet. During and immediately after exercise, skeletal
muscle glucose transport is increased independent of insulin (24, 28). Additionally, a single bout
of exercise can result in a subsequent increase in skeletal muscle insulin sensitivity (3, 12, 14,
22). The increased insulin sensitivity can be observed 3 to 4 hours following the exercise bout,
once insulin-independent glucose transport has returned to baseline levels, and can last up to 48
hours (14, 22, 35). Although a high fat diet (HFD) can lead to insulin resistance in the skeletal
muscle of rats, several studies have demonstrated that rats consuming a HFD can also respond to
acute exercise with improved glucose uptake by insulin-stimulated glucose transport (36-37, 41,
44). The specific underlying mechanisms that account for improved insulin sensitivity after

exercise by either normal or insulin resistant individuals remain to be clearly identified.



Skeletal muscle is a heterogeneous tissue, and different muscles in the same individual
can vary greatly with regard to metabolic characteristics. Evidence suggests that the variability
in insulin-stimulated glucose uptake observed among skeletal muscles may be in part attributable
to differences in muscle fiber type composition and the level of expression of the insulin
responsive glucose transporter known as GLUT4 (26, 34). Furthermore, it has been suggested
that muscles with differing fiber type compositions may differ with regard to the extent of
increased insulin-independent glucose uptake that occurs during and immediately after a
muscular contraction (9, 19, 26, 32-33, 38-39).

The research in this dissertation focuses on: 1) elucidating the relationship between
muscle fiber type and the abundance of several key proteins that are implicated in the regulation
of glucose transport; 2) identifying the relationship between muscle fiber type and contraction-
stimulated glucose transport; and 3) probing the potential mechanisms that underlie the benefits
of acute exercise on insulin-stimulated glucose transport in muscle from both normal and insulin

resistant rats.

Study 1: Clustering of GLUT4, TUG, and RUVBL2 Protein Levels Correlate with Myosin
Heavy Chain Isoform Pattern in Skeletal Muscles, but AS160 and TBC1D1 Levels Do Not

The relative expression of GLUT4 has been reported to differ in skeletal muscles of
varying fiber type (26, 34), but the earlier studies that assessed the relationship between fiber
type and GLUT4 abundance in more than three skeletal muscles failed to determine fiber type
using the method that is widely acknowledged as the gold standard (myosin heavy chain, MHC,
expression). Furthermore, although GLUT4 is the ultimate mediator of muscle glucose transport
capacity, a number of other proteins participate in insulin’s regulation of GLUT4 function.
Among the proteins that are recognized or proposed to regulate GLUT4-mediated glucose
transport are: the Tethering protein containing an UBX-domain for GLUT4 (TUG) which is a
putative GLUT4 tethering protein that functions as part of the system that retains GLUT4
intracellularly in the absence of insulin (5-6, 52-53); two paralog Rab GTPase proteins (Akt
substrate of 160 kDa, AS160 also known as TBC1D4, and TBC1D1) that are recognized as key
signaling proteins that control GLUT4 trafficking and glucose transport (11, 13, 15, 42); and
RuvB-like protein two (RUVBL2) that was found to physically associate with AS160, and
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genetic depletion of RUVBL2 in cells resulted in reduced phosphorylated AS160 and insulin-
stimulated glucose uptake (51). Data are currently lacking with regard to the relative protein
abundance of AS160, TBC1D1, RUVBL2 and TUG in rat skeletal muscles of varying fiber type
composition. Therefore, the first major goal of Study 1 was to extend knowledge about the
relationship between MHC isoform composition and the abundance of GLUT4 and four proteins
(GLUT4, AS160, TBC1D1, RUVBL2 and TUG) that are either established or putative regulators
of glucose transport in rat skeletal muscle. In addition, because all of these proteins are proposed
to participate in a common function (regulation of glucose transport), characterizing how their
expression patterns converge or diverge with each other would provide useful information. The
second major goal of Study 1 was to determine if the abundance of any of these proteins are

significantly associated with each other.

Study 2: Myosin Heavy Chain Isoform Expression, Contraction-stimulated Glucose Uptake and
Abundance of Proteins that Regulate Glucose Uptake and Metabolism in Single Skeletal Muscle
Fibers

Glucose transport into skeletal muscle is increased independent of insulin during and
immediately following exercise or electrical stimulation. Evidence suggests that the
responsiveness of contraction-stimulated glucose uptake may be related to skeletal muscle fiber
type. Although extensive research has been performed in an effort to elucidate this relationship,
the results are inconsistent. The most conclusive data comes from ex vivo experiments in which
isolated intact muscles of varying fiber type were electrically stimulated to contract (1-2, 26, 30-
31). The major limitation of these studies is muscle differences (epitrochlearis versus soleus
versus flexor digitorum brevis) versus fiber type differences (myosin heavy chain, MHC,
expression) with respect to insulin-independent glucose uptake cannot be separated. Therefore,
Study 2 used our novel method for measuring glucose uptake by isolated single muscle fibers of
known MHC fiber type to address these limitations. The first major goal of Study 2 was to make
direct fiber type comparisons for contraction-stimulated glucose uptake within the same intact rat
epitrochlearis muscles (fiber type representative of the entire rat hindlimb), which were
incubated ex vivo and electrically stimulated to contract prior to single fiber isolation and glucose

uptake measurements. The second major goal of Study 2 was to further investigate the fiber type
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and protein co-expression patterns for GLUT4, TUG, AS160, TBC1D1 and RUVBLZ2 at the
single fiber level. The third major goal of Study 2 was to determine if the abundance of any of
these proteins are significantly correlated with each other or with other metabolically relevant
proteins (Cytochrome C oxidase IV, COX IV; glycogen phosphorylase; glyceraldehyde-3-
phosphate dehydrogenase, GAPDH; and filamin C).

Study 3: Acute Exercise Effects on Insulin Signaling and Insulin-Stimulated Glucose Uptake in
Isolated Skeletal Muscle from Rats Fed either Low Fat or High Fat Diet

A single exercise bout is an effective stimulus for increasing insulin-stimulated glucose
transport in skeletal muscle of humans (35, 46, 48, 50) or rodents (12, 14, 22, 35, 40) with
normal insulin sensitivity prior to exercise. A single bout of exercise can also improve insulin-
stimulated glucose uptake in skeletal muscle of insulin resistant humans (10, 43) or rats (4, 23,
36, 41, 44). Available data suggest that improvements in insulin-stimulated glucose transport
following a single session of exercise in both insulin sensitive and insulin resistant individuals
may occur via distinct mechanisms. In insulin sensitive rats or humans, the improved insulin-
stimulated glucose uptake following an acute exercise bout is apparently not due to improved
proximal signaling (7-8, 25, 29, 45, 47, 49-50, 54), but may be associated with the sustained
increase in phosphorylation of AS160 (pAS160) (3, 11, 21-22, 48). In insulin resistant rats fed a
HFD (an intervention that leads to increases in both caloric and dietary fat intake), limited data
suggest that the improved insulin sensitivity following acute exercise may occur by reducing
serine phosphorylation of insulin receptor substrate-1 (pIRS-1°") (36, 41) and restoring proximal
signaling steps (36-37, 41), thereby reversing the inhibition induced by high fat feeding.
However, in these studies on skeletal muscle from HFD fed rats, the effects of exercise on
pAS160 were not determined, and most of the proximal insulin signaling measurements were
made using a supraphysiologic insulin dose. Therefore, Study 3 used LFD fed and HFD fed rats
that either remained sedentary or performed acute exercise to investigate potential mechanisms
that may be important for the post-exercise increase in insulin-stimulated glucose transport by
skeletal muscle using a physiologic insulin dose. The first major goal for Study 3 was to
investigate the mechanism (measurements of proximal insulin signaling and AS160) for the

exercise induced improvements for insulin-stimulated glucose uptake by skeletal muscle from
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insulin sensitive and insulin resistant rats. The second major goal of Study 3 was to identify
possible changes in GLUT4, AS160, TBC1D1, TUG, RUVBL2 and muscle fiber type following
2 weeks of high fat feeding. The third major goal of Study 3 was to determine the effects of
acute exercise on putative mediators of insulin resistance: lipid metabolites (acyl-CoA,;
diacylglycerol, DAG; ceramide), phosphorylation of the serine kinase c-Jun N-terminal (pJNK)
and pIRS-1°%"
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Chapter 11

Review of Literature

Importance of Skeletal Muscle Glucose Transport

It has been estimated that greater than 30 percent of the United States population will
develop diabetes in their lifetime (119), with Type 2 diabetes mellitus (T2DM, also known as
Non-Insulin Dependent Diabetes Mellitus) accounting for 90-95 percent of all individuals with
diabetes (1). Insulin resistance, a subnormal response to a physiological dose of insulin, is an
essential precursor for developing T2DM, as well as a predictor of numerous other diseases (e.g.,
atherosclerosis, stroke, hypertension and some types of cancer) (46). Skeletal muscle accounts
for approximately 85 percent of insulin-stimulated glucose disposal, thus making skeletal muscle
a prime target for combating insulin resistance (38-40). Skeletal muscle is a heterogeneous
tissue that is composed of different fiber types, and previous studies have reported differences in

metabolic properties for muscles with differing fiber type composition.

Glucose transport into the cell is a rate-limiting step for glucose disposal by skeletal
muscle (65). Glucose is a hydrophilic molecule and cannot freely pass through the plasma
membrane (the hydrophobic lipid bilayer) to enter the cell. Therefore, glucose transporter
proteins (GLUTS) fuse with the plasma membrane in order to allow for glucose to enter the cell.
In skeletal muscle, GLUT4 is the major glucose transporter that is regulated by both insulin and
contraction. In response to either stimulus, GLUT4 translocates from intracellular vesicles to
cell surface membranes (sarcolemma and t-tubules) to allow for greater diffusion of glucose into



the cell (15, 52, 81, 98, 136-137, 189). However, insulin- and contraction-mediated GLUT4
translocation appear to occur via distinct mechanisms (30, 32, 35, 53, 120). In addition to
increased insulin-independent glucose uptake being elevated during and immediately after
exercise, a single bout of exercise can result in subsequently increased skeletal muscle insulin
sensitivity (8, 31, 33, 52, 55, 68). The increased insulin sensitivity can be observed 3 to 4 hours
following the exercise bout, once insulin independent glucose transport has returned to baseline
levels, and can last up to 48 hours (33, 52, 112). For insulin resistant individuals, improving
insulin sensitivity with exercise can be very beneficial for regulating circulating glucose levels
(93, 169). Therefore, it is important to understand the mechanisms for the exercise induced
improvements in insulin sensitivity to aid in the development of new therapies for insulin

resistance and diabetes.

The exercise effects on skeletal muscle glucose transport and improved insulin sensitivity
are also beneficial for healthy individuals. Following strenuous exercise when muscle energy
stores are low (depleted muscle glycogen), increased insulin-independent glucose transport
facilitates greater glucose clearance from the blood to replete muscle glycogen. In addition, the
increased insulin sensitivity following exercise will increase postprandial glycogen storage.
Quickly replenishing energy stores is important for athletes to maintain performance, or for
individuals with labor intensive jobs (36, 77). Improved insulin sensitivity, resulting in
decreased circulating insulin concentrations, has also been associated with improved health and
longevity (12, 21).

Insulin-stimulated Glucose Transport

Insulin increases the translocation of GLUT4 from intracellular vesicles to cell surface
membranes allowing for glucose to enter the cell (15, 98, 189). While the entire mechanism for
this process is not fully understood, the proximal signaling steps have been well characterized.
The binding of insulin to its receptor initiates a signaling cascade beginning with conformational
changes of the receptors cytosolic domain, resulting in autophosphorylation of the insulin
receptor on multiple tyrosine residues (28, 163, 179, 190). Insulin receptor tyrosine

phosphorylation activates its kinase activity and promotes docking and tyrosine phosphorylation
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on Insulin Receptor Substrate-1 (pIRS-1™"), as well as other proteins (118, 144, 161, 178).
Activated IRS-1 then allows for phosphatidylinositol 3-kinase (P13K) binding, resulting in
conformational changes in PI3K thereby increasing its kinase activity (29). PI3K, in turn,
phosphorylates membrane-associated phosphatidylinositol-(4, 5)-bisphosphate converting it to
phosphatidylinositol-(3,4,5)-trisphosphate (PI1P3) (172-173). PIP3 then binds proteins containing
pleckstrin homology (PH) domains, namely phosphoinositide-dependent kinases-1 (PDK1) and
Akt (7, 99). Akt is a key signaling protein, and its activation mediates a number of cellular
functions including glucose transport, cell proliferation, proteins synthesis and apoptosis (142,
147, 153, 160). Although Akt has been well established for regulating glucose transport, the link
between Akt and GLUT4 translocation was unknown until the relatively recent discovery of

distal signaling proteins involved in regulating GLUT4 translocation.

TBC1D4 (Tre-2/USP6, BUB2, cdc16 domain family, member 4), often referred to as
AS160 (Akt Substrate at 160 kDa), is a Rab-GTPase protein that is phosphorylated on multiple
residues in response to insulin and has been shown be important for glucose transport (83). Rab-
GTPase proteins regulate membrane trafficking including vesicle formation, vesicle translocation
and membrane fusion (70, 72). When not phosphorylated, AS160 retains its target Rabs in their
inactive GDP-bound form. Phosphorylation of AS160, inhibits its GTPase activity and allows
for the conversion of Rabs to their active GTP-bound form, thereby enabling GLUT4 vesicles to

translocate to the cell surface and increase glucose transport (83, 146).

Gustav Lienhard’s group identified AS160 in adipocytes as an insulin responsive Akt
substrate by immunoprecipitating with the PAS antibody (Phosphor-Akt Substrate antibody that
recognizes Akt phospho-motifs, RXRXXpT/S) followed by tandem mass spectrometry (83).
Site-specific mutations of the four insulin-responsive phosphor-Ser/Thr residues on AS160 (4P-
AS160) in 3T3-L1 adipocytes, thereby inhibiting the insulin-stimulated phosphorylation of
AS160 and deactivation of its GAP domain, resulted in an ~80% decrease of insulin-stimulated
GLUT4 translocation to the plasma membrane (146). Insulin-stimulated GLUT4 translocation
was reduced by ~60% when only the Thr®*
Ser®® phospho-site was mutated on AS160, and the double mutant (2P-AS160 both Thr®* and
Ser®® are mutated) resulted in similar reductions (~80%) in insulin-stimulated GLUT4

translocation observed with the 4P-AS160. These data suggest that Thr®** and Ser®® on AS160

phospho-site was mutated, ~25% when only the
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are the primary regulatory residues for insulin-stimulated GLUT4 translocation recognized by
the PAS antibody. The attenuated GLUT4 translocation associated with 4P-AS160 was rescued
with the overexpression of a mutant AS160 that had the 4P mutation in addition to an inactivated
GAP domain (due to the mutation of a key arginine site Arg””*, to a Lys; 4P + R/K-AS160;
where R = Arg and K = Lys). These data demonstrate the importance of a functional GAP
domain for AS160’s restraint of GLUT4, and AS160’s importance for insulin-stimulated glucose

uptake in adipocytes.

AS160 has also been shown to be important for both ex vivo and in vivo insulin-
stimulated glucose transport in skeletal muscle (30). For insulin-stimulated phosphorylation of
AS160 to be physiologically relevant, the kinetics for the phosphorylation and dephosphorylation
of AS160 must coincide with the rapid changes in glucose transport in the presence and absence
of insulin. Thus, kinetics experiments were performed ex vivo using isolated rat epitrochlearis
muscles in order to test this hypothesis. These experiments revealed that insulin rapidly
increases AS160’s phosphorylation (within 10 minutes of exposure to insulin) in a dose-
dependent manner, which was consistent with insulin-stimulated increases in glucose transport
and Akt phosphorylation (24). When incubated muscles were pre-treated with insulin and
subsequently transferred to a secondary vial containing media without insulin, the
phosphorylation of AS160 was essentially fully reversed within 20 minutes, in coordination with
reduced glucose uptake and Akt phosphorylation (154). Additionally, when muscles were
incubated with insulin and the PI3K inhibitor wortmannin, both AS160 phosphorylation and
glucose transport were eliminated (24, 50). In vivo experiments found that an 8-fold increase in
the expression of wild-type (WT) AS160 in the mouse tibialas anterior compared with the
control muscles had no effect on insulin-stimulated glucose uptake (96). Overexpression of 4P-
AS160 mutant in the TA, thereby eliminating the ability of AS160 to be phosphorylated on four
Akt responsive phosphomotifs, versus the control muscle resulted in a 50% reduction in insulin-
stimulated glucose uptake. Insulin-stimulated glucose uptake was restored to control levels
when the 4P + R/K-AS160 double mutant (mutated 4 Akt phosphor-motifs by substitution of
alanine for serine or threonine and lacking a functional GAP domain) was over expressed,
suggesting that the phosphorylation of the four Akt motifs are important for regulating AS160’s
GAP activity in response to insulin. These data provide evidence that AS160 is pertinent for

regulation of insulin-stimulated glucose transport in skeletal muscle.
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RuvB-Like Protein 2 (RUVBLZ2), also known as Reptin or Tip48, an ATP-binding
protein that belongs to the AAA+ (ATPase Associated with diverse cellular Activities) family of
ATPases (6), was identified as a protein that physically associates with AS160 in 3T3-L1
adipocytes. RUVBL2 complexes with Pontin to form a double hexamer complex. Based on the
structure of this complex, it is believed to act as a DNA helicase and play a role in DNA repair
(56, 75, 84). Often studied for its role in the development of cancer, RUVBL2 expression is
greatly increased in tumors, has been shown to repress f-catenin-T-Cell Factor transcriptional
activity and possibly regulate Wnt signaling (known for its role in embryogenesis and cancer)
(13, 130, 177). It was previously revealed that RUVBL2 expression and cellular localization in
testicular germ cells was altered by media differing in glucose concentration, suggesting a
possible relationship between glucose metabolism and RUVBL2 (113). In 3T3-L1 adipocytes,
genetic depletion of RUVBL2 was associated with both a decrease in insulin-stimulated AS160
phosphorylation and glucose uptake (187). This study also showed that epididymal fat pads
from obese diabetic KKAy mice had dramatically reduced RUVBL2 expression compared to
normal controls, but they did not measure insulin-stimulated glucose uptake in the fat pads from
the KKay mice. The available data suggest that the abundance of RUVBL2 may be related to

insulin signaling and action in adipocytes, but data for RUVBL2 in skeletal muscle is lacking.

The Tethering protein containing an UBX-domain for GLUT4 (TUG) has also been
suggested as a possible regulator of insulin-stimulated glucose transport. Bogan et al. identified
TUG as a putative GLUT4 binding protein while performing a functional screen for insulin
responsive proteins in Chinese Hamster Ovary cells (17). They found that GLUT4 can be co-
immunoprecipitated with TUG, and results from immunohistochemistry experiments suggest that
the two proteins are colocalized intracellularly. It was determined that the UBX-C terminus
fragment of TUG can bind GLUT4, but the UBX-C terminus fragment lacks the region of TUG
that sequesters the TUG-GLUT4 complex intracellularly. When the UBX-C terminus fragment
IS overexpressed it acts as a dominant negative regulator of full length TUG, binding with
GLUT4 but not allowing GLUT4 to be retained intracellularly, resulting in increased GLUT4
localized near the plasma membrane. They determined that the UBX domain is necessary for the
binding of GLUT4 and TUG does not bind GLUT1. In addition, structural comparisons of
TUG’s UBX domain with other proteins that have the ability to bind GLUT4 suggest that TUG

binds GLUT4’s large cytoplasmic loop between the sixth and seventh transmembrane domains.
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In the absence of insulin, TUG has been shown to bind and retain GLUT4 intracellularly
in 3T3-L1 cells, and the addition of insulin results in a reduction of TUG’s intracellular retention
of GLUT4 (17). The shRNA knockdown of TUG expression resulted in an increase in both basal
and insulin-stimulated glucose uptake in adipocytes compared to control cells, and the
overexpression of wild-type TUG in combination with shRNA knockdown was able to rescue
both basal and insulin-stimulated glucose uptake to similar levels as control cells (192).
Consistent with the data from adipocytes, in both L6 myotubes and mouse skeletal muscle
overexpressing a myc-tagged GLUT4 (GLUT4myc), TUG associates with GLUT4 without the
addition of insulin determined by co-immunoprecipitation (151). When insulin was added to the
L6 myotubes or injected into transgenic mice, there was a rapid decrease in the amount of TUG
that co-immunoprecipitated with GLUT4myc in comparison to the non-insulin treated cells or
mice. A recent study using adipocytes expressing GLUT4-GFP confirmed previous studies in
3T3-L1 cells, shRNA knockdown of TUG increased GLUT4-GFP near the plasma membrane
and decreased the amount of intracellular bound GLUT4-GFP in the absence of insulin
compared to control cells, and overexpression of TUG rescued the control phenotype (188).
These data support the hypothesis that in the absence or low insulin concentration TUG restrains
GLUT4 intracellularly, and addition of insulin result in the disassociation of GLUT4 from TUG

allowing for increased GLUT4 translocation to the plasma membrane.

To summarize, the proximal insulin signaling steps that regulate glucose transport have
been relatively well characterized. However, distal insulin signaling steps are not as well
understood. Evidence suggests that the phosphorylation of AS160 on key phospho-motifs in
response to insulin is important for regulating GLUT4 translocation in both adipocytes and
skeletal muscle. In adipocytes the level of insulin-stimulated AS160 phosphorylation may be
dependent on the total protein abundance of RUVBLZ2, but it is not known if this relationship
holds true in skeletal muscle. The GLUT4 binding protein TUG has been shown to physically
associate with GLUT4 in both adipocytes and skeletal muscle, and evidence suggests that TUGs
intracellular restraint of GLUT4 is insulin dependent. However, the mechanism for the insulin-

stimulated release of GLUT4 from TUG is not known.
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Contraction-stimulated Glucose Transport

It has been repeatedly shown that a muscular contraction can increase glucose transport
into the muscle cell independent of insulin, and contraction and insulin-mediated glucose
transport have been shown to occur via distinct mechanisms (16, 49, 52, 81, 97, 136-137, 186).
It is generally well accepted that contraction-mediated glucose transport results from increased
intracellular calcium concentrations and the activation of the AMP activated protein kinase
(AMPK), independent of the activation of the IRS-1/PI3K pathway observed with insulin
stimulation. However, evidence suggests that the activation of the distinct insulin and
contraction pathways may converge at AS160 and its paralog protein TBC1D1 (Tre-2/USP6,
BUB2, cdc16 domain family, member 1).

Muscle contraction (during in vivo exercise, in situ electrical stimulation, or ex vivo
electrical stimulation) results in an increase in calcium release from the sarcoplasmic reticulum,
increasing the concentration of calcium around the myofibrils. Calcium then binds troponin,
exposing myosin binding sites on actin, allowing for the myosin head to bind actin. When
adenosine triphosphate (ATP) binds to the myosin head it is hydrolyzed to adenosine
diphosphate (ADP) and inorganic phosphate (Pi). The energy released from the hydrolysis of
ATP results in the disassociation of the myosin head from actin, “cocking” it in preparation for
the “power stroke,” which results in muscle contraction. Once the power stroke is complete,
ADRP is released from the myosin head and if calcium concentration remains elevated, then
additional muscle contractions will occur. With muscle contractions (during exercise or
electrical stimulation), cellular adenosine monophosphate (AMP) concentrations can increase,
leading to the activation of the AMP-activated protein kinase (AMPK). AMPK is often
described as an “energy sensing protein,” and is activated when the energy balance is disrupted
(decreased ATP and increased AMP concentrations) (63, 139, 141). Activation of AMPK is
widely believed to play a key role in contraction-stimulated GLUT4 translocation, allowing for
increased glucose uptake into the cell. Although the exact mechanism is not known, AMPK may
regulate glucose uptake independent of insulin by regulating the phosphorylation of AS160
and/or TBC1D1 allowing for greater GLUT4 translocation (30, 32, 52, 63, 79). AS160 and
TBC1D1 are approximately 41 percent identical over the length of the entire proteins, and their
GAP domains 79% identical (138). TBC1D1, like AS160, retains its target Rabs in their inactive
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GDP-bound form. Phosphorylation of specific sites inhibit TBC1D1’s GTPase activity, allows
for the conversion of Rabs to their active GTP-bound form and enables GLUT4 vesicles to

translocate.

Due to the structural similarity of AS160 and TBC1D1 and the fact that phosphorylation
of both proteins is elevated in response insulin and contraction, it is has been suggested that
AS160 and TBC1D1 may each participate in both insulin- and contraction-stimulated glucose
uptake in skeletal muscle. However, multiple lines of evidence suggest that increased AS160
phosphorylation is not essential for contraction-mediated glucose transport. In humans muscle,
AS160 phosphorylation was not increased following 10 or 30 min of endurance exercise at 67%
VO2peak, When increase glucose uptake would be expected (167). When isolated rat
epitrochlearis muscles were electrically stimulated to contract ex vivo, glucose transport was
increased in association with greater TBC1D1 and AS160 phosphorylation (24, 50). However,
in muscles that were incubated with wortmannin (an inhibitor of PI3K), contraction-mediated
glucose uptake and TBC1D1 phosporylation were unaltered (50), but AS160 phosphorylation
was eliminated (24, 50). When muscles were incubated with Compound C (an AMPK inhibitor),
contraction-induced increases in both TBC1D1 phosphorylation and glucose transport were
eliminated, while AS160 phosphorylation remained elevated (50). Similarly, incubation with N-
benzyl-p-toluenesulfonamide (BTS; a highly specific myosin type Il inhibitor) resulted in a 57%
reduction in contraction-stimulated glucose transport and eliminated TBC1D1 phosphorylation
(16). These data suggest that although both AS160 and TBC1D1 can both be phosphorylated in
response to contraction, TBC1D1 phosphorylation may be required, but AS160 phosphorylation
is not (30).

Regulation of insulin-independent glucose uptake in response to muscle contraction is
complex, with multiple signaling pathways likely being important. The elevated calcium levels
that initiate muscle contraction can activate the signaling proteins calmodulin activated protein
kinase Il (CaMKII) and calmodulin activated protein kinase kinase (CaMKK) via calmodulin, a
calcium sensing protein, resulting in increased glucose transport independent of AMPK
activation (16, 30, 79, 139, 141). Both TBC1D1 and AS160 have calmodulin binding domains
that may participate in their restraint on the GLUT4 vesicle in response to elevated calcium

concentrations (30). It should be noted that although calcium-calmodulin dependent processes
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may be important for contraction-stimulated glucose uptake, it remains controversial whether
increased calcium concentration alone is sufficient to increase skeletal muscle glucose transport
(69, 79-80, 186).

Although calcium and AMPK are generally considered to be key stimuli for contraction-
stimulated glucose transport, other factors may also be important. For example, reactive oxygen
species, specific Protein Kinase C isoforms (PKC: a, 1, B2 and y) and Sucrose Nonfermenting
AMPK-Related Kinase (SNARK) have been implicated in possibly contributing to the complex
regulation of contraction-mediated glucose uptake by skeletal muscle (10, 79, 94, 107-111, 139,
141, 145).

Increased Insulin Sensitivity Following Exercise in Insulin Sensitive Individuals

Immediately after an acute exercise bout, insulin-independent glucose transport is
increased in skeletal muscle of healthy, insulin sensitive rats (8, 45, 137). Within approximately
1-3 hours after the cessation of exercise, most of the insulin-independent glucose transport by
isolated muscles has returned to baseline levels. At approximately 3-4 hours post-exercise
skeletal muscle insulin sensitivity is increased compared to sedentary controls. This increase in
insulin sensitivity can be observed up to 48 hours following a single bout of exercise (33, 52,
112). The improved insulin sensitivity is the result of greater insulin-stimulated GLUT4 at the

cell surface, rather than an increase in total GLUT4 abundance (62).

Extensive research has been performed in insulin sensitive humans or rats to determine
possible mechanisms that may account for the increased cell surface GLUT4 recruited by insulin
following a single exercise bout. Many studies have indicated that the improved insulin
sensitivity is not due to amplification of proximal insulin signaling steps including: 1) the affinity
of insulin binding to its receptor (18-19, 193), 2) IR tyrosine phosphorylation or kinase activity
(164, 166, 181), 3) IRS-1 tyrosine phosphorylation (pTyr-IRS-1) (62, 71), 4) PI3K associated
with IRS-1 (37, 44, 182-183) and 5) Akt activation (8, 47, 52, 58, 181). Unlike proximal insulin
signaling steps, AS160 has been shown to remain phosphorylated hours after a single session of
exercise in insulin sensitive rats. Arias and colleagues found that in rat epitrochlearis muscle

taken 3-4 hours after acute exercise had increased basal (absence of insulin) AS160
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phosphorylation, measured with the PAS antibody (PAS-AS160), compared to sedentary
controls (8). This sustained increase in basal PAS-AS160 was apparent despite both insulin-
independent glucose transport and the phosphorylation of upstream signaling proteins (pAkt,
pGSK3 and pAMPK) having returned to baseline (unexercised) levels. With added insulin,
muscles from exercise versus muscles from non-exercised rats had greater PAS-AS160 and
increased glucose transport. It should be noted that the greater PAS-AS160 phosphorylation
observed with insulin in muscles from exercised rats could be at least partly accounted for by a
sustained increase in basal PAS-AS160 observed in the contralateral non-insulin treated muscle.
In other words, if the basal PAS-AS160 was subtracted from the contralateral muscle’s PAS-
AS160 with insulin, there was no difference in delta PAS-160 [delta PAS-AS160 = (PAS-AS160
with insulin) — (PAS-AS160 without insulin)] among the muscles from the exercised and
sedentary rat. This was the first evidence to show that elevated PAS-AS160 in the hours

following exercise in muscle was associated with increased insulin sensitivity.

In lean humans, Sriwijitkamol et al. found that in skeletal muscle PAS-AS160 was
sustained 40 and 150 minutes following cycling exercise, but they did not measure glucose
uptake (158). Therefore, they were unable to determine if the increased PAS-AS160 was
associated with increased insulin-stimulated glucose disposal or if the residual insulin-
independent glucose uptake was still present. A subsequent study found a sustained increase in
AS160 phosphorylation in skeletal muscle samples taken from healthy men four hours after
performing one-legged knee extensor exercise compared to the muscle sampled from the
contralateral resting leg (168). Non-insulin-stimulated AS160 phosphorylation (pAS160) was
increased in the exercised leg versus the non-exercised leg on four phospho-serine sites of
AS160 (Ser-318, Ser-341, Ser-588 and Ser-751). However, they did not observe a sustained
increase on AS160 phosphorylation for PAS-AS160, Thr-642, or Ser-666. Insulin increased
AS160 phosphorylation measurements in both the sedentary and exercised leg for all of the
separate phosphosites measured (Thr-642, Ser-666, Ser-318, Ser-341, Ser-588, Ser-751) and also
using the PAS antibody. In the exercised versus non-exercised leg, there was greater insulin
phosphorylation observed on the Ser-318, Ser-341, Ser-588 and Ser-751 residues (sites that had
sustained phosphorylation without insulin). Consistent with the data from rats, the increased
phosphorylation of AS160 with insulin in the exercised leg was due to the increased residual
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phosphorylation, without greater sensitivity of AS160 phosphorylation to insulin (delta pAS160

was not altered by exercise) (8, 168).

The increased insulin sensitivity post-exercise can last as long as 48 hours (33, 52, 112),
and the time-course of the reversal for the increased insulin sensitivity can be accelerated by
post-exercise carbohydrate intake (33, 52). Three hours after acute exercise rat epitrochlearis
muscles had increased insulin sensitivity, measured by glucose transport (33). However, 18
hours after the exercise bout, muscles from rats that were fed either rat chow (~60%
carbohydrate) or 100% carbohydrates no longer had increased insulin sensitivity. On the other
hand, muscles from rat that were not fed carbohydrate (fed lard or fasted) for the 18 hours
following exercise retained the increased insulin sensitivity. This phenomenon was revisited by
Funai et al. to determine if the carbohydrate induced reversal of improved insulin sensitivity
following exercise also reversed the sustained increase in pAS160 (52). They observed in rats
that were fasted following exercise, both insulin-stimulated glucose transport and pAS160
(pThr642 and PAS) were elevated at 3 hours and 27 hours after exercise. However, when rats
were allowed free access to chow after exercise, both improved insulin sensitivity and AS160
phosphorylation reversed to non-exercise levels. Although these data did not prove that greater
AS160 phosphorylation is necessary for increased insulin-stimulated glucose transport, they are

consistent with this idea.

TBC1D1 has also been assessed for its possible role in the post-exercise increase in
insulin sensitivity using the PAS antibody. Despite the evidence suggesting TBC1D1
importance for contraction-stimulated glucose uptake and TBC1D1’s structural similarities to
AS160, there was no sustained TBC1D1 phosphorylation without insulin nor was there elevated
TBC1D1 phosphorylation with insulin 3-4 hours following exercise. Therefore, it does not
appear that TBC1D1 phosphorylation, at least not on sites recognized by PAS, is important for

the improved insulin sensitivity following exercise.

To summarize, skeletal muscle insulin sensitivity is improved in the hours following a
single session of exercise. Many studies have demonstrated the increased insulin sensitivity does
not appear to be due to enhanced proximal insulin signaling or greater TBC1D1 phosphorylation.
Interestingly, AS160 phosphorylation has been shown to be increased hours after the exercise

bout. AS160 is the only insulin signaling protein that has been identified to have greater
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phosphorylation with insulin hours after the exercise bout. However, the mechanism for the

sustained increase in AS160 phosphorylation after exercise has not been identified.

Possible Mechanism for High Fat Diet-induced Insulin Resistance

High fat diet-induced obesity is accompanied by insulin resistance, but the mechanism is
not fully understood (114). Both obesity and insulin resistance are prevailing risk factors for
developing T2DM (48, 132). In the obese state, fatty acid availability is increased due to
increased fatty acid flux (greater breakdown and uptake) compared to lean insulin sensitive
individuals. The greater fatty acid availability is associated with increased fatty acid storage in
ectopic tissue (i.e., skeletal muscle, liver and pancreas). In skeletal muscle the accumulation of
fatty acids either induced by diet or lipid infusion is associated with insulin resistance (67, 86,
148, 156, 191). The decrease in insulin-stimulated glucose transport is believed to result from
impaired insulin signaling leading to reduced translocation of GLUT4 to the cell’s surface. A
commonly cited model for fatty acid induced insulin resistance in skeletal muscle is that fatty
acid accumulation results in increased fatty acid intermediates, primarily diacylglycerol (DAG)
and/or ceramides. Elevated DAG levels then activate serine kinases (Protein Kinase C-Theta,
PKC-0, and c-Jun N-terminal Kinase, JNK), which phosphorylate IRS-1 on inhibitory serine
sites (pIRS-1°"), thereby reducing subsequent steps of insulin signaling (decreased PI3K activity
and association with IRS-1 and decreased Akt activation), resulting in less GLUT4 translocation
and glucose transport. Ceramides, on the other hand, appear to act downstream of IRS-1 and

may increase the activity of Ser/Thr protein phosphatases responsible for dephosphorylating Akt.

Although obesity results from chronic (months to years) energy surplus resulting from
excessive caloric intake and/or inadequate physical activity leading to increased adiposity,
insulin resistance can be observed with short term (days or weeks) high calorie feeding (typically
via high fat diet; HFD) or acute lipid infusion (hours) (22, 91, 95, 102, 159, 170, 176, 191). A
study from Gerald Shulman’s group demonstrated that the insulin resistance observed with a
lipid infusion was associated with increased DAG in skeletal muscle of rats (191). They
postulated that fatty acid accumulation was necessary for the lipid induced insulin resistance

because reductions in insulin signaling (decreased pIRS-1"™", decreased PI3K associated with
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IRS-1, and increased pIRS-1%*") and glucose uptake were not apparent until five hours of lipid
infusion. Concomitant with the reduced insulin signaling they observed an increase in acyl-CoA,
DAG and membrane associated PKC-6, but no increases in ceramides or triacylglycerol (TG) in
skeletal muscle. They proposed that the rise in DAG was responsible for the activation of the
serine kinase PKC-, leading to the increased pIRS-1%*" [which was previously shown to inhibit
insulin signaling (2)] and fatty acid-induced insulin resistance. In support of this hypothesis, in
obese humans intramyocellular DAG concentrations obtained from skeletal muscle was shown to
be a predictor of insulin resistance (116). Additionally, insulin resistance in high fat fed mice
was associated with the increased levels of DAG, PKC-6 and JNK (101).

DAG is a fatty acid intermediate that is composed of a glyceride backbone attached to
two fatty acid chains and is produced through multiple mechanisms: 1) the addition of a fatty
acid group from fatty acyl-CoA by the enzyme monoacylglycerol acyltransferase to
monoacylglycerol to form DAG, 2) the hydrolysis of TG by lipases to form DAG and
acylglycerol, 3) the hydrolysis of phosphatidylinositol-4,5-bisphosphate by phospholipase C to
form DAG and inositol-1,4,5-triphospate (IP3) and 4) during the formation TG when
lysophosphatidic acid is converted to phosphatidic acid by 1-acylglycerol-3-phosphate
acyltransferase and either becomes a phospholipid or is converted to DAG by phosphatidic acid
phosphatase to TG by DAG acyltransferase. When fatty acids are available in excess, which
occurs with HFD and obesity, it is hypothesized that the accumulation of DAG is attributable to
incomplete fatty acid oxidation or incomplete conversion of fatty acids to TG for storage (11, 88,
115, 117, 149-150). Once formed, DAG can become embedded in the plasma membrane,
thereby increasing the affinity of PKC-0 to the membrane and stabilizing PKC-6 in its active
conformation (148, 156).

PKC-0 is a novel isoform (characterized by a lack of a calcium-binding site in the C2
domain of the regulatory N-terminal region) that can be maximally activated by DAG
independent of calcium. Because PKC-9 is a serine kinase that can increase pIRS-1*" and PKC-
0 is activated by DAG, numerous studies have investigated PKC-0 role in diet induced insulin
resistance (57, 100). Oakes et al. found that high fat fed rats that had been treated with the
thiazolidinedione BRL-49653 had improved insulin-stimulated glucose uptake and reduced

circulating fatty acids compared to the control group (121). It was later found that BRL-49653
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reduces the amount of membrane associated PKC-6 (152). Muscle PKC-6 activity was
approximately 5-fold greater in type 2 diabetic patients compared to non-diabetic controls (76),
and PKC-6 knockout mice were protected against insulin resistance induced by lipid infusion
(90).

JNK is a serine kinase that represents a subfamily of mitogen-activated protein kinases
(MAPK) that are activated by specific MAPK kinases (MAPKK). JNK activity is also believed
to be increased by non-esterified fatty acids (57, 87) and it has been suggested that PKC-6 may
also increase JNK activity (100) based on findings in T-cells (5). However, the mechanism for
this is not fully understood. Several studies have shown that in conditions of increased fatty acid
availability (high fat feeding, lipid infusion and genetic models of obesity), activation of JNK is

increased along with elevated pIRS-1%*

, and these changes are accompanied by reduced insulin
signaling (57, 66, 87). Hirosumi et al. showed that both high fat fed and ob/ob (a genetic model
of obesity) mice had significantly increased JNK activity in skeletal muscle, liver and adipose
tissue, with reduced glucose and insulin tolerance and increased pSer-IRS-1 (66). Heterozygote
(INK*) and homozygote JNK knockout (JNK™) were protected against insulin resistance
associated with HFD, and ob/ob mice with INK™ had improved insulin tolerance (66).
However, recent studies have demonstrated varying results with respect of muscle specific
deletion of INK. Sabio and colleagues found that skeletal muscle specific ablation of INK in
mice protected skeletal muscle insulin-mediated glucose uptake in response to HFD (143). On
the other hand, results from Pal et al. show that skeletal muscle specific deletion of JINK did not

improve glucose metabolism and insulin sensitivity in mice fed a HFD (124).

In summary, skeletal muscle insulin resistance associated with excess dietary fat intake is
believed to result from muscle lipid accumulation. Particularly, increased concentrations of the
fatty acid intermediates DAG and ceramides in muscle are believed to facilitate the activation of
inhibitory serine kinases (JNK and PKC-0). These inhibitory kinases can lead to increased pIRS-

1%, thereby reducing downstream insulin-mediated GLUT4 translocation and glucose uptake.
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Increased Insulin Sensitivity following Acute Exercise in Insulin Resistant Individuals

Several studies have shown that acute exercise can improve insulin sensitivity in insulin
resistant humans. These studies demonstrated that different modes of acute exercise [cycle
ergometer (43, 155), treadmill walking (27), and stair climbing (127)] can increase whole body
glucose disposal measured by the hyperinsulinemic-euglycemic clamp. However, none of these
studies examined possible mechanisms that may account for improved insulin sensitivity.
Apparently the only study to perform insulin signaling measurements in insulin-stimulated
skeletal muscle following acute exercise in insulin resistant humans was performed by Cusi and
colleagues (37). Following a single session of exercise on a cycle ergometer, they found
improved insulin-stimulated tyrosine phosphorylation of both the insulin receptor and IRS-1, but
they did not observe a statistically significant improvement in insulin-stimulated glucose
disposal. However, there was a non-significant trend for an ~50% greater glucose disposal post-
exercise versus pre-exercise. In summary, several studies show that acute exercise can improve
insulin sensitivity in insulin resistant humans, but the mechanism for this phenomenon has not

been identified.

Numerous studies have investigated the improved insulin sensitivity after exercise in
insulin resistant and diabetic rats, but much is still unknown about the underlying mechanisms.
Insulin-stimulated glucose uptake, measured by hindlimb perfusion with maximally effective
insulin, was improved up to 48 hours after exercise in Obese Zucker rats (a genetic model of
obesity and T2DM that have a defective leptin receptor) versus lean sedentary controls (14).
Similarly, SHHF/Mcc-Facp rats [obese spontaneously hypertensive heart failure rats with similar
metabolic characteristics as humans with T2DM (105)] had improved whole body glucose
disposal during a hyperinsulinemic-euglycemic clamp (using supraphysiologic insulin
concentration) 2.5 hours after acute exercise (54). Tanaka et al. showed that rats fed a high fat
diet (HFD) had improved insulin-stimulated glucose transport (physiologic insulin dose) in the
isolated soleus 2 hours after acute exercise (162). They reported that isolated soleus muscle from
exercised versus sedentary HFD rats had improved glucose transport and was not due to greater
Akt phosphorylation. Recently Mario Saad’s laboratory has investigated the improvements in
insulin signaling and insulin-stimulated glucose disposal after acute exercise in insulin resistant
rats that had been fed a HFD for 3 months (123, 126, 140). With a hyperinsulinemic-euglycemic
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clamp (physiologic insulin dose) following exercise (6 hour swim bout), both whole body and
skeletal muscle glucose uptake in insulin resistant rats were restored to levels similar to chow fed
sedentary rats (123, 140). They observed that in previously exercised HFD rats versus sedentary
HFD rats, insulin-stimulation (supraphysiologic dose) resulted in increased: insulin receptor
tyrosine phosphorylation, pIRS-1™", IRS-1-PI3K association and Akt phosphorylation (123, 126,
140). Interestingly, two studies from Saad’s group attributed improvements in insulin signaling
observed in the HFD rats after exercise to be partially explained by reduced pJNK and reduced
pSer-IRS-1 on the 307 site (pJNK can phosphorylate IRS-1 on the Ser307 site) (123, 140).
However, a third study from the same group observed similar improvements in insulin signaling
(increased insulin receptor tyrosine phosphorylation, pIRS-1™", IRS-1-PI3K association and Akt
phosphorylation) in HFD rats after acute exercise (126), but they did not observe reductions in
pINK or pIRS-1° on the 307 site as reported in the other two studies (123, 140). It is notable
that the Saad group measured insulin-stimulated glucose disposal with a physiologic insulin
dose, but all of the insulin signaling measurements were performed using a supraphysiologic
insulin dose. Therefore, it is not clear if the post-exercise induced improvements in insulin

signaling were relevant to the observed improvements in glucose disposal.

To summarize, multiple studies in insulin resistant rats (14, 54, 123, 126, 140, 162) or
humans (27, 43, 127, 155) have shown that different modes of acute exercise can improve insulin
sensitivity. The only study that performed insulin signaling measurements in insulin resistant
humans found that proximal insulin signaling was improved in biopsies from the vastus lateralis
after exercise, but whole body glucose disposal was not significantly increased (37). In
gastrocnemius muscles from insulin resistant rats, two studies found that improved insulin-
stimulated glucose uptake (physiologic insulin dose) following acute exercise was associated
with reduced pJNK and improved proximal signaling (supraphysiologic insulin dose) (123, 140).
A third study from this group also observed improved proximal insulin signaling
(supraphysiologic insulin dose) in the gastrocnemius following exercise, but they did not find a
reduction in pJNK (126). However, with a physiologic insulin concentration, Tanaka et al. found
that after acute exercise insulin-stimulated glucose uptake was improved in the soleus muscle
from insulin resistant rats without improved Akt phosphorylation (162). To date, no study of

insulin resistant individuals has evaluated the effect of acute exercise on muscle glucose uptake

24



and the signaling at key proximal (insulin receptor and Akt) and distal (AS160) steps with a

physiologic insulin dose.

Differences in Exercise Effects on Insulin Signaling of Insulin Sensitive versus Insulin

Resistant Muscle

Available data suggest that improvements in insulin-stimulated glucose transport
following a single session of exercise in both insulin sensitive and insulin resistant individuals
may occur via distinct mechanisms. A large amount of data on insulin sensitive rats or humans
reveals that the improved insulin sensitivity following an acute exercise bout is apparently not
due to increased affinity of insulin to its receptor (18-19, 185, 193), insulin receptor tyrosine
kinase activity (165-166, 181, 185), pIRS-1™" (62, 71, 185), PI3K associated with IRS-1 (165,
181, 185), or Akt activation (71, 181, 185). Instead, in insulin sensitive rats, improved insulin-
stimulated glucose transport is accompanied by a sustained increase in pAS160 (8, 30, 51-52,
168). In high fat fed rats, limited data suggest that the improved insulin sensitivity following

acute exercise may occur by reducing pIRS-1%*

(123, 140) and restoring proximal signaling
steps by increasing pIRS-1"" (123, 126, 140), thereby reversing the inhibition induced by high
fat feeding. In these studies a supraphysiological dose of insulin was used for the insulin
signaling measurements. Therefore, it is not known if these results will be observed at a
physiologically relevant insulin concentration. It would be valuable for a study to investigate the
mechanism for improved skeletal muscle insulin sensitivity following acute exercise in both
insulin sensitive rats and high fat fed insulin resistant rats using a physiologic insulin
concentration and the inclusion of sedentary and exercise rats from both diet groups (i.e., chow

fed sedentary, HFD fed sedentary, chow fed exercise, and HFD fed exercise).

Heterogeneity of Skeletal Muscle

The capacity for contraction-mediated and insulin-mediated glucose uptake, as well as
other metabolic characteristics, can vary greatly in different skeletal muscles. This variability
appears to be related to differences in muscle fiber type composition. Prior to the identification
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of myosin heavy chain (MHC) isoforms, muscles were often classified by color (red or white),
contractile speed (slow- or fast-twitch), or by contractile speed and oxidative capacity [Slow
Oxidative (SO), Fast Oxidative Glycolytic (FOG), or Fast Glycolytic (FG)]. SO muscles are rich
in MHC-I fibers, FOG muscles are rich in MHC-1la fibers, and FG muscles are rich in MHC-IIb.
The histochemical staining and MHC schemes for fiber type classification do not coincide
perfectly with each other. Often there appears to be a high level of correspondence between SO
and MHC-I fibers, and a moderate, but more variable level of correspondence for FOG with
MHC-Ila and FG with MHC-11b fibers (41). One source of disparity between these schemes is
that rat skeletal muscle also expresses MHC-11x, and the subjectivity of earlier fiber typing
techniques often results in inconsistency with IIx fibers being identified as either MHC-1la or
MHC-I1b, depending on the method used. As a result, fiber typing via the MHC isoform
expression is considered the “gold-standard” for determining muscle fiber type. ldentification of
the correct fiber type is important because MHC isoforms have been associated with differences

in metabolic phenotypes observed among various muscles.
Glucose Uptake in Response to In Vivo Exercise without Insulin Infusion

Few studies have measured the effects of in vivo exercise on insulin-independent glucose
transport in different muscles of varying fiber type. In these studies the insulin-independent
glucose uptake immediately after a single session of exercise was greatest in the soleus (SOL: a
muscle rich in SO fibers), followed by the deep red region of the gastrocnemius (Gas R: muscle
region rich in FOG fibers) and the white region of the gastrocnemius (Gas W: a muscle region
rich in FG fibers) (SO > FOG > FG) (78, 137). However, these results should be interpreted
with caution. For in vivo measurements for insulin-independent glucose uptake, although no
exogenous insulin is infused, endogenous levels of insulin are still present. Non-uniform
recruitment during in vivo exercise of the muscles studied and differences in blood flow to the
various muscles are additional factors that complicate the interpretation of these results.
Additionally, the muscles or regions of muscles used to represent a given fiber type are not pure
representations of any one fiber type.
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Contraction-stimulated Glucose Uptake in Response to In Situ Electrical Stimulation

During in vivo exercise, muscle differences in glucose uptake depend in large part on the
level of recruitment of the different muscles. To minimize recruitment differences between
muscles, multiple studies have utilized in situ electrical stimulation of the sciatic nerve of
anesthetized rats, in combination with the hindlimb perfusion technique, to assess the
relationship between skeletal muscle fiber type and contraction-stimulated glucose uptake in the
absence of insulin. However, several studies using this technique have reported divergent results
for contraction-mediated glucose uptake with respect to muscle fiber type [FG > FOG > SO
(128-129, 133), FOG > SO > FG (23, 60, 184), FG > FOG > FG > SO (131), FG > SO > FOG >
FG (82) or FOG > FG > SO (42)]. Although it is not clear what accounts for the diverse results,
differences in glucose delivery to the various muscles studied and/or variations in electrical-

stimulation protocols are potential factors.
Insulin-Independent Glucose Uptake in Response to Ex Vivo Electrical Stimulation

Another approach for investigating fiber type relationships with contraction induced
glucose uptake has been the use of intact isolated skeletal muscles with different fiber type
profiles. Ex vivo experiments on isolated skeletal muscles allow for a highly controlled
environment in order to assess the intrinsic properties of the muscles, free from confounding
influences related to humeral factors, nutrient delivery via vasculature and neuromuscular
recruitment. Inisolated intact skeletal muscles predominantly composed of a given fiber type
electrically stimulated to contract ex vivo, the consensus for the relationship between fiber type
and insulin-independent glucose uptake is that FOG > FG > SO (3-4, 64, 73-74). Each of these 5
studies reported that contractions stimulated glucose uptake was greater for the FDB versus the
soleus and/or epitrochlearis. There was variability in ranking the contraction-stimulated glucose
uptake for the epitrochleairs and soleus: Henriksen et al. had soleus > epitrochlearis (64), 4 other
studies had epitrochlearis > soleus (3-4, 73-74). Although ex vivo electrical stimulation of
isolated skeletal muscles allows for the greatest control, the possibility cannot be ruled out that
the differences reported in these various muscles are due to muscle differences (e.g.
epitrochlearis versus soleus versus flexor digitorum brevis) that are not exclusively attributable

to fiber type specific differences.
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To summarize, the differences in contraction-stimulated glucose uptake among different
skeletal muscles may be fiber type dependent. In vivo exercise appears to result in greater
insulin-independent glucose uptake in muscles rich oxidative fibers versus muscles rich in
glycolytic fibers (SO > FOG > FG). Experiments that measured glucose uptake following in situ
contraction in the perfused hindlimb have not revealed a consistent fiber type relationship for
insulin-independent glucose uptake. In isolated intact rat skeletal muscles electrically stimulated
to contract ex vivo, multiple studies consistently show insulin-independent glucose uptake in
different muscles of varying fiber type have the following rank order: FOG (flexor digitorum
brevis) > FG (epitrochlearis) > SO (soleus). Ex vivo experiments allow muscle to muscle (e.g.,
flexor digitorum brevis versus epitrochlearis) comparisons to be made free from exogenous
factors that are present in both in vivo and in situ models. However, no muscle is a pure
representation of one fiber type (or cell type). As a result, these findings do not allow for direct
muscle fiber type comparisons (e.g., MHC-lla versus MHC-IIb) in relation to contraction-

stimulated glucose uptake.
Addressing Fiber Type Differences in Skeletal Muscle

Much is still not known about the fiber type specific characteristics for insulin-
independent glucose uptake following muscle contraction. Recently our group has developed
and validated a novel method for determining both glucose uptake and fiber type (via myosin
heavy chain expression) for isolated single muscle fibers from rat epitrochlearis muscles (103).
By using the isolated epitrochlearis electrically stimulated to contract ex vivo, the single fiber
method allows for direct fiber type comparisons for insulin-independent glucose uptake for the

first time.

Rationale for Research Models Used in this Thesis

Chow fed and high fat fed Wistar rats were evaluated for several potential mechanisms
that may be important for the post-exercise increase in insulin-stimulated glucose transport by
skeletal muscle. There is a large body of evidence showing that isolated epitrochlearis muscles
from lean Wistar rats have improved insulin sensitivity following a single bout of exercise (8,
30-31, 44, 51-52, 62, 175). Metabolic impairments associated with high fat feeding in Wistar
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rats are similar to those observed with in obese humans (22, 25-26, 92, 180). For example high
fat feeding in rats: 1) induces skeletal muscle insulin resistance and impaired whole body glucose
tolerance (89, 176), 2) increases plasma triglyceride and non-esterified fatty acids (122, 180), 3)
increases body mass (34, 157, 171), 4) increases adiposity (26, 91, 157) and 5) induces insulin
resistance without altering GLUT4 total abundance (59, 61).

Study 1 used 12 muscles or regions of muscles of varying fiber type composition
(adductor longus, extensor digitorum longus, epitrochlearis, mixed gastrocnemius, red
gastrocnemius, white gastrocnemius, plantaris, soleus, red tibialis anterior, white tibialis anterior,
tensor fasciae latae and white vastus lateralis). These muscles or regions of muscles were chosen
because they represent the spectrum of muscle fiber type composition that can be found in the
rat, from muscle almost entirely composed of Type | fibers (soleus and adductor longus) to
muscle that are almost entirely composed of Type Ilb fibers (white vastus lateralis), as well as

other muscles of mixed fiber type composition.

The epitrochlearis muscle was isolated and incubated ex vivo for Studies 2 and 3. For
Study 2, the epitrochlearis was electrically stimulated to contract in order to investigate the
relationship between skeletal muscle fiber type and insulin-independent glucose uptake. Study 3
used the epitrochlearis to investigate the signaling events associated with improved skeletal
muscle insulin sensitivity in chow fed and high fat fed rats following acute exercise. The
epitrochlearis was used because it is a thin muscle, approximately 25 fibers thick, located in the
forelimb of the rat, and it is recruited during swim exercise (indicated by AMPK activation,
glycogen depletion and increased glucose transport) (8, 85, 174). The epitrochlearis is ideal for
ex vivo incubation experiments, because its geometry allows for adequate diffusion of nutrients
into the muscle, it has been shown to be viable with ex vivo incubation (174), electrical
stimulation increases insulin-independent glucose transport (174) and it can be used for single
fiber isolation to measure glucose uptake and fiber type (103). Additionally, the fiber type
composition of the epitrochlearis (15% MHC-I, 20% MHC-lla, 65% MHC-1Ib) is similar to the
fiber type of the entire hindlimb muscle mass (5% MHC-I, 19 % MHC-Ila, 76% MHC-I1b) in the
rat (9, 174).

For Study 3, swim exercise was chosen because a single bout of swimming has been

shown to consistently increase skeletal muscle insulin stimulated-glucose uptake in lean (8, 33,
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51-52) and obese rats (14, 123, 126, 140). The effects of a single bout of swim exercise on the
epitrochlearis from normal rats are similar to those observed in normal humans following aerobic
exercise (e.g., increased insulin-independent glucose uptake immediately following exercise,
increased insulin-stimulated glucose uptake several hours after the completion of the exercise
bout and a sustained AS160 phosphorylation without altered proximal signaling) (104, 135, 158,
181).

Gaps to Be Filled by this Research

In Study 1, twelve skeletal muscles of varying fiber type composition were used to
extend knowledge about the relationship between MHC isoform composition and the abundance
of five proteins (GLUT4, AS160, TBC1D1, RUVBL2 and TUG) that are either established or
putative regulators of glucose transport in rat skeletal muscle. Skeletal muscle is a
heterogeneous tissue, and different muscles can vary greatly in their capacity for insulin- and
contraction- mediated glucose uptake. One of the most often cited studies regarding the
association between skeletal muscle fiber type, and the capacity for insulin-stimulated glucose
uptake was performed by Henriksen and colleagues (64). The capacity for glucose uptake was
associated with GLUT4 protein abundance based on the analysis of four different rat skeletal
muscles. They concluded that oxidative muscles (composed of primarily MHC-1 and MHC-l1la
fibers) compared with glycolytic muscles (composed of primarily MHC-11b fibers) have greater
capacity for glucose transport due to greater total GLUT4 protein abundance. It is important to
note that they did not perform fiber type analysis on the muscles that they studied. Instead, fiber
type data used were from previous publications that used different strains of rats than the rats that
Henriksen et al. used. The most comprehensive study to measure both GLUT4 abundance and
fiber type composition in rat skeletal muscles was performed by Megeney et al. who evaluated
six different muscles or muscle regions and correlated percent fiber type composition of the
muscles (determined by ATPase staining in the same six muscles from other rats) with GLUT4
abundance (106). They found a significant positive correlation with percent of oxidative fibers
(SO + FOG) and a significant negative correlation with the percent of FG fibers. However,
identification of the muscle’s MHC isoform expression (MHC-1, MHC-Ila, MHC-I1b and MHC-
11x) is considered the gold standard of fiber typing muscle (20, 125). ATPase staining is not
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ideal because of the subjectivity of the stain and the difficult in identifying all four MHC
isoforms present in rat skeletal muscle (i.e. Henriksen and Megeney only report MHC-I, Ila and
Ilb, and fail to identify MHC-I1x muscle fibers in their analyses). Study 1 extended the
knowledge from earlier studies by measuring total GLUT4 protein abundance and MHC
expression in 12 different rat muscles or regions of muscles. These earlier studies were
published prior to the discovery of many of the proteins that are known or putative regulators of
GLUT4 and glucose transport (e.g., AS160, TBC1D1, TUG and RUVBL2). Prior to Study 1,
there has only been one other study that examined the relationship between AS160 and TBC1D1
total protein abundance in different rodent muscles and in relation to MHC isoform expression.
This previous study used mice rather than rats, and it only used three skeletal muscles. They did
not quantitatively examine the relationship between MHC isoform expression and total
abundance of either AS160 or TBC1D1. Study 1 was the first investigation of the relationships
between RUVBL2, TUG and MHC isoform expression in multiple muscles, and the first
investigation of their relationship with other established GLUT4 regulatory proteins. Current
evidence indicates that the variability in glucose uptake observed in different muscles is
associated with disparities in GLUT4 protein abundance of different fiber types. The first major
goal of Study 1 was to extend knowledge about the relationship between MHC isoform
composition and the abundance of GLUT4 and other proteins (AS160, TBC1D1, RUVBL2 and
TUG) that are either established or putative regulators of glucose transport in rat skeletal muscle.
The second major goal of Study 1 was to determine if the abundance of any of these proteins

were significantly associated with each other.

In Study 2, a novel method for measuring glucose uptake by single muscle fibers from
the isolated epitrochlearis muscles electrically stimulated to contract ex vivo was used to extend
the knowledge on the relationship between skeletal muscle fiber type and insulin-independent
glucose uptake. Previous findings suggest that contraction-mediated glucose uptake may vary
based on fiber type composition. However, groups investigating this relationship have obtained
conflicting results. The complexity of in vivo conditions or perfused hindlimb preparation
confounds to the ability to understand the effects of fiber type per se on contraction-stimulated
glucose uptake. Various groups utilizing a reductionist approach analyzed insulin-independent
glucose uptake in isolated intact skeletal muscles of varying fiber type electrically stimulated to

contract ex vivo. In these studies, there is a general consensus that muscles rich in fast oxidative
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fibers (MHC-11a) versus glycolytic (MHC-I1Ib) tend to have greater contraction-stimulated
glucose uptake (3-4, 64, 73-74). However, it is unclear if the observed differences in
contraction-mediated glucose uptake are due to skeletal muscle fiber type or if they are due to the
intrinsic properties of the different muscles used. Study 2 avoided these issues by determining
MHC expression and glucose uptake in the same muscle fiber from isolated rat epitrochlearis
muscles that have been incubated ex vivo and electrically stimulated to contract. The first major
goal of Study 2 was to use intact rat epitrochlearis muscles incubated ex vivo and electrically
stimulated to contract prior to single fiber isolation and glucose uptake measurements, allowing
for direct fiber type comparisons for contraction-stimulated glucose uptake within the same
muscle. The second major goal of Study 2 was to further investigate the fiber type and protein
co-expression patterns for GLUT4, TUG, AS160, TBC1D1 and RUVBL2 at the single fiber
level. The third major goal of Study 2 was to determine if the abundance of any of these proteins
are significantly correlated with each other or with other metabolically relevant proteins
(Cytochrome C oxidase IV, COX 1V; glycogen phosphorylase; glyceraldehyde-3-phosphate
dehydrogenase, GAPDH; and filamin C).

In Study 3, chow (low fat) fed and high fat fed rats were evaluated for potential
mechanisms that may be important for the post-exercise increase in insulin-stimulated glucose
transport by skeletal muscle. It is well established that a single bout of exercise can increase
insulin sensitivity in skeletal muscle of insulin sensitive (8, 33, 51-52, 134) and insulin resistant
rats (14, 54, 123, 126, 140). However, it is not clear if the improved insulin sensitivity in both
groups occurs via the same mechanism. For insulin sensitive rats, enhanced insulin sensitivity
does not appear to be due to improved proximal insulin signaling steps that have been studied.
This benefit of exercise appears to be associated with the sustained increase in AS160
phosphorylation. Limited data in three studies by Mario Saad’s group suggest that improved
insulin sensitivity in insulin resistant rats following acute exercise may occur by restoring
proximal insulin signaling secondary to a decrease in pSer-IRS-1 (123, 140). However, in these
studies a supraphysiological dose of insulin was used for the insulin signaling measurements.
Therefore, it is not known if these results will be observed at a physiologically relevant insulin
concentration. These earlier studies also did not include an insulin sensitive exercise control.
Thus, although there is a consensus for improved insulin-stimulated glucose uptake after exercise

by HFD fed rats, there is uncertainty about the effects on proximal insulin signaling.
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Additionally, none of the studies that examined the mechanisms for improved insulin sensitive
after acute exercise in insulin resistant rats include assessment of AS160 phosphorylation. Study
3 avoided these issues by using a physiologic insulin dose for glucose uptake and insulin
signaling measurements, including a chow fed exercise control to be compared to the HFD
exercise group, and measuring both proximal insulin signaling and AS160 phosphorylation. The
first major goal for Study 3 was to investigate the mechanism (measurements of proximal insulin
signaling and AS160) for the exercise induced improvements for insulin-stimulated glucose
uptake by skeletal muscle from insulin sensitive and insulin resistant rats. The second major
goal of Study 3 was to identify possible changes in GLUT4, AS160, TBC1D1, TUG, RUVBL2
and muscle fiber type following 2 weeks of high fat feeding. The third major goal of Study 3

was to determine the effects of acute exercise on putative mediators of insulin resistance: lipid

metabolites (acyl-CoA, DAG and ceramide), phosphorylation of the serine JNK and pIRS-1°¢".
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