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Abstract

Pancreatic B-cells secrete insulin in response to glucose. Intracellular glucose
metabolism drives a cascade of events, including ATP production, calcium influx, and
insulin processing, culminating in insulin granule exocytosis. However, insulin secretory
mechanisms are incompletely understood.

B-cells have the capacity to flow pyruvate into the TCA cycle via the anaplerotic
enzyme pyruvate carboxylase to engage one of several pathways of pyruvate recycling.
Previous work demonstrated that pyruvate cycling was correlated with insulin secretion,
and that NADPH may be involved in granule exocytosis. We hypothesized that NADPH-
producing cytosolic enzymes isocitrate dehydrogenase (ICDc) and malic enzyme (MEc)
may be involved in both pyruvate cycling and insulin secretion.

ICDc expression was reduced using siRNA in the INS-1 derived cell line 832/13
and in isolated rat islets, which led decreased glucose-stimulated insulin secretion
(GSIS), pyruvate cycling, and NADPH. Organic acid profiling revealed that decreased
pyruvate cycling was compensated by an increase in lactate and stable pyruvate levels.
This work established an important role for ICDc in maintaining GSIS through pyruvate-
isocitrate cycling.

MECc expression was reduced using siRNA in two B-cell lines, 832/13 and 832/3,
as well as isolated rat islets. MEc suppression inhibited GSIS in the 832/13 cells only,

and these effects were not due to changes in pyruvate cycling, NADPH, or the organic

v



acid profile. This suggests that in normal -cells, MEc does not participate in pyruvate
cycling.

Acetyl CoA carboxylase 1 (ACC1) is essential in de novo lipogenesis, which has
been implicated in GSIS by other laboratories. Chronic, but not acute, inhibition of
ACCI1 via siRNA reduced insulin secretion independent of lipogenesis. ACC1 siRNA
decreased glucose oxidation, pyruvate cycling, and ATP:ADP, due to an unexpected
decrease in glucokinase protein. This work questions the use of ACC inhibitors in
obesity and diabetes therapy.

In summary, these studies on ICDc, MEc, and ACC1, coupled with concurrent
work in our laboratory, eliminate two potential pyruvate cycling pathways (pyruvate-
malate and pyruvate-citrate) and establish that pyruvate-isocitrate cycling is the critical
pathway for control of GSIS. Future work will focus on identifying the signaling
intermediate generated in the pyruvate-isocitrate pathway that links to insulin granule

exocytosis.
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1. Introduction

Insulin is a hormone secreted from the B-cells of the pancreas in response to a rise
in blood glucose. Its many actions culminate to promote fuel uptake, storage, and
growth. It signals the liver to store glucose as glycogen and block gluconeogenesis,
inhibits lipolysis from adipose tissue, and stimulates skeletal muscle to take up and store
glucose as a fuel substrate. Diabetes is characterized by consistently elevated blood
glucose levels. This can be due to an autoimmune destruction of the pancreas, as in Type
1 diabetes, or due to both decreased insulin secretion and decreased insulin sensitivity in
peripheral tissues as in Type 2 diabetes. Understanding the discrete mechanisms by

which insulin is secreted is critical to improving therapies for patients with diabetes.

1.1 Islets of Langerhans

Paul Langerhans first described the dense, highly structured clusters of cells found
within the pancreas in 1869 (1), but the work of Banting and Best established that these
“islets of Langerhans” secreted the hormone insulin, that when delivered systemically
decreased blood glucose concentrations and was essential to treat juvenile, or Type 1,
diabetes (2,3). While B-cells comprise the majority of the total islet mass, the islet also
contains a-cells that secrete glucagon to oppose the actions of insulin (4). The islets of
Langerhans also contain delta cells, which secrete somatostatin (5), epsilon cells, which
secrete ghrelin (6), and PP cells, which secrete pancreatic polypeptide (7). The

physiological contribution of these cells remains to be fully characterized. The islets



comprise the endocrine pancreas and represent about 1-5% of the total pancreatic mass,
while the exocrine pancreas mainly consists of acinar cells that secrete digestive

enzymes.

1.2 Mechanisms of Insulin Secretion

A major development in understanding the mechanism by which insulin is
secreted was the observation that insulin secretion is proportional to the concentration of
metabolizable sugar, while non-metabolizable sugars, such as 2-deoxyglucose, do not
stimulate insulin secretion (8). Furthermore, while many other tissues express insulin-
dependent glucose transporters and high-affinity hexokinase enzymes, B-cells and liver
cells express both glucose transporter 2 (GLUT-2), an insulin-independent transporter
that allows passive diffusion of glucose into the cell (9), and glucokinase (GK), a
relatively low-affinity glucose-phosphorylating enzyme that is active in the physiologic
range of glucose (~5-20 mM) (10,11). Taken together, these early studies provided
evidence that glucose metabolism in -cells generates signals that promote insulin
secretion.

These studies and others led to a model of glucose-stimulated insulin secretion
(GSIS) that has largely been accepted for more than 30 years. In this model, glucose
enters the B-cells through GLUT-2, is phosphorylated by GK, undergoes glycolysis to
pyruvate and enters the tricarboxylic acid (TCA) cycle, where oxidation causes an
increase in the ratio of ATP to ADP (ATP:ADP). ATP inhibits ATP-dependent

potassium (Kr1p) channels, causing channel closure and increasing the resting membrane



potential. This depolarization causes voltage-gated calcium channels to open, and the
influx of calcium is associated with rapid insulin granule docking and exocytosis
(reviewed in (12) with schematic in Figure 1). However, in the intervening years, work
from our laboratory and others has implicated metabolic pathways and stimulus/secretion
coupling factors other than glucose oxidation and ATP production that might control
GSIS. The aim of the current dissertation is to contribute to a better understanding of the
mechanisms underlying metabolic regulation of insulin secretion from pancreatic -cells.
Glucose Transport

Glucose rapidly equilibrates across the plasma membrane of B-cells due to their
preferential expression of GLUT-2. GLUT-2 differs from glucose transporter 1 by its
higher Km for glucose, and unlike glucose transporter 4, does not depend on insulin for
its translocation to the cell membrane. GLUT-2 protein expression is decreased in both
obese (13,14) and non-obese animal models (15,16) of Type 2 diabetes, and GLUT-2
overexpression in a poorly glucose responsive B-cell line improves GSIS (17,18). Islets
from GLUT-2"" mice demonstrate dramatically reduced glucose usage and insulin
secretion (19). With respect to human patients, while several GLUT-2 gene and
promoter mutations have been identified in various populations (20,21), only a few may
be directly associated with diabetes (22). However, the transcription factors HNF1a,
HNF1p, and HNF4a, which are maturity onset diabetes of the young (MODY)-associated
genes, influence GLUT-2 transcription, and a decrease in GLUT-2 activity may confer

susceptibility to the disease (23).



Glucokinase Activity and Regulation

When glucose enters a cell, it is phosphorylated by one of several hexokinase
enzymes, causing it to be trapped within the cell and committed to metabolism via
glycogen synthesis, glycolysis, or the pentose phosphate shunt pathways. The major
pathways for glucose metabolism in the B-cell are shown in Figure 2. GK, also known as
hexokinase IV, is the predominant glucose-phosphorylating enzyme in the p-cell,
although hexokinase I is also expressed. GK is unique from other hexokinases due to its
relatively low affinity for glucose, monomeric structure, and lack of inhibition by its
product, glucose-6-phosphate. The importance of GK in promoting insulin secretion was
demonstrated in early studies demonstrating that mannoheptulose, a potent hexokinase
inhibitor (24), caused hyperglycemia and reduced insulin secretion (25,26).
Overexpression of GK in isolated rat islets increases insulin secretion at stimulatory
glucose concentrations (~15 mM) (27), and GK overexpression in B-cell lines causes
maximal GSIS to occur at lower glucose concentrations (28). Similarly, GK™ mice are
hyperglycemic and demonstrate poor GSIS in vivo, while GK”™ mice with islet-specific
GK transgene expression are hypoglycemic and demonstrate improved glucose tolerance
(29). Furthermore, linkage studies demonstrate that mutations in GK in humans are
associated with MODY?2 (30,31), while an activating mutation resulting in
hyperinsulinemia has been described (32). These experiments suggest that GK serves as
a glucose sensor in the B-cell (11,33).

Although liver and B-cells both express GK, different mechanisms control

transcription and enzyme activity in these tissues. Liver GK is strongly induced by



refeeding and insulin, whereas islet GK is not regulated by these physiologic changes,
probably because the single GK gene has both liver and islet-specific promoters that
generate alternatively spliced transcripts (10). Furthermore, the B-cell-specific
transcription factors Pdx-1 (34) and MafA (35) may regulate the expression of GK in the
islet, while in the liver, insulin (36), Fox01 (37), and HIF-1a (38) are candidate factors
involved in GK transcription. Liver has high expression of glucokinase regulatory
protein that sequesters GK to the nucleus in the absence of glucose and inhibits its
activity (39); however, in B-cells, it appears that GK translocation is not affected by
glucose, but the protein may be associated with insulin granules (40). Therefore,
understanding the activity and regulation of GK must be studied in the respective organ
of interest.
Glycolysis

B-cells are distinct from liver cells in their overwhelming preference for glucose
utliziation via glycolysis, as opposed to glycogen synthesis or the pentose-phosphate
shunt (41,42) (see Figure 2). Under normoglycemic conditions in the B-cell, it is
estimated that approximately 90% of glucose is shuttled into glycolysis, while less than
5% enters the pentose-phosphate shunt (43,44). GK is the rate-limiting enzymatic
reaction in glycolysis (33). Consistent with this, GK activity, but not glucose transport
through GLUT-2, has been positively correlated with glycolysis and GSIS in B-cell lines
(45).

The addition of glucose causes a rise in ATP concurrent with a decrease in ADP.

Glucose metabolism through glycolysis, the TCA cycle, and the electron transport chain



yields 4, 5, and 25 molecules of ATP, respectively. Pharmacologic inhibition of these
processes, including uncoupling oxidative phosphorylation or inhibiting the
mitochondrial pyruvate transporter, all result in decreased insulin secretion (46). In sum,
glucose metabolism is the initial signal in promoting GSIS.
Kate Channels and Calcium Influx

Early observations of islet biology noted that membrane depolarization caused by
glucose exposure seemed necessary for insulin secretion (47,48). This depolarization
was later attributed to potassium channels that were inhibited by glucose (49,50). Just as
GLUT-2 and GK expression suggested a metabolic component of insulin secretion, the
discovery that these potassium channels were sensitive to ATP (Karp channels) further
reinforced the hypothesis (51,52). The Karp channel is composed of two subunits, the
ATP-sensitive Kir6.2 subunit and the sulfonylurea receptor (SUR1), both of which are
essential for normal Karp function and insulin secretion. Transgenic mice expressing a
Kir6.2 protein with reduced ATP sensitivity develop severe neonatal diabetes (53), a
phenotype that is recapitulated in humans expressing a mutated Kir6.2 protein that is less
sensitive to ATP (54). The antidiabetic class of drugs called sulfonylureas (e.g.
tolbutamide and glipizide) exert their action by binding to and inhibiting SUR1 and
causing calcium influx (55), while diazoxide maintains the open conformation of the
channel, causing membrane hyperpolarization and inhibiting insulin secretion in the
absence of extracellular potassium. Mutations in SUR1 are phenotypically similar to

sulfonylurea treatment and can cause neonatal hyperinsulinemic hypoglycemia in humans



(56); however, recent studies of islets isolated from the SUR1”" mouse suggest that Krp
channel disruption might have limited effects on GSIS (57,58).

Studies demonstrating the inactivation of Katp channels and subsequent calcium
influx led to the characterization of the voltage-gated calcium channels in p-cells (59,60).
The discovery of the SNARE family of vesicle and membrane-associated proteins
regulating neurotransmitter secretion — SNAP-25, syntaxin 1, synaptotagmin, and
synatobrevin (61) — and their identification in the B-cell (62) led to demonstration of the
physical interaction between the calcium channels and the secretory apparatus proteins
(63). These data provide a model in which glucose-mediated closure of Katp channels
allows calcium influx to stimulate insulin exocytosis.

However, recent studies have revealed that insulin secretion also may be regulated
by a Karp-independent pathway, as treatment of mouse islets with the Karp channel-
opening agent diaxozide allows insulin secretion in the presence of high extracellular
potassium (64). Insulin is secreted in two phases: a first phase, associated with calcium
influx and characterized by a rapid burst of secretion, and a second phase, which is
characterized by less insulin secreted in a sustained fashion. Importantly, when islets are
treated with diazoxide, they exhibit almost no first-phase insulin secretion, but
demonstrate dramatic second-phase secretion (64). This indicates that insulin secretion
may also occur through a Ksrp channel-independent pathway, and that additional

coupling factors beyond ATP should be explored.



1.3 Pyruvate Cycling

Under aerobic conditions, the end product of glycolysis, pyruvate, is converted to
acetyl CoA by pyruvate dehydrogenase (PDH), where it can enter the TCA cycle (Figure
2). However, both B-cells and liver have relatively high expression of pyruvate
carboxylase (PC) (65-67), which catalyzes the conversion of mitochondrial pyruvate to
oxaloacetate (OAA). The PC-catalyzed reaction is anaplerotic, meaning that it serves to
replenish TCA cycle intermediates. In pancreatic islets, it is estimated that pyruvate flux
through PC and PDH is approximately equal, and there may be higher flux through PC at
high glucose concentrations (43), possibly due to increased enzyme expression under
these conditions (68). In liver, the PC-catalyzed reaction provides substrate for the
gluconeogenic pathway, in which phosphoenolpyruvate carboxykinase (PEPCK) and
subsequent enzymatic reactions produce glucose. However, B-cells do not express
PEPCK and are not gluconeogenic (68). The relevance of the PC-mediated reaction in
the B-cell is not completely understood, although pyruvate carboxylase expression has
been correlated with GSIS (68).

A major contribution to understanding the relevance of pyruvate cycling was the
discovery that pyruvate cycling activity is correlated with GSIS (69). Using >C NMR
isotopomer analysis, Lu et al. demonstrated a linear correlation between pyruvate cycling
(relative to TCA cycle flux) and the glucose-induced amplification in insulin secretion in
multiple insulinoma cell lines with varying capacity for GSIS. Furthermore, stimulation
of pyruvate cycling via addition of dimethylmalate, which can be cleaved to malate by

intracellular esterases and serve as a pyruvate cycling substrate, increases GSIS, while



inhibition of the PC-mediated reaction using phenylacetic acid (PAA) decreases GSIS
(see Figure 3).

Other groups have also demonstrated that pharmacologic inhibition of PC using
PAA decreases GSIS (69,70). Further analysis has shown that PAA decreases both first-
and second-phase insulin secretion and ATP:ADP at high glucose from isolated rat islets,
with no effect on glucose oxidation or fatty acid oxidation (71). Surprisingly, Jensen et
al. demonstrated that siRNA-mediated inhibition of PC had no effect on GSIS in isolated
rat islets, and siRNA-mediated inhibition of PC in 832/13 cells caused a 50% reduction in
PC protein levels but had no effect on GSIS or the glucose-induced increment in pyruvate
cycling (72). However, siRNA-mediated reductions in PC cause a compensatory rise in
mitochondrial acetyl CoA, a known activator of PC, which increases the specific activity
of the remaining PC protein and maintains cycling. Incidentally, in an example of a
disconnect between ATP and GSIS, PC siRNA-treated cells exhibited no change in GSIS
yet had dramatically reduced ATP levels. These data suggest a tight regulation of the
PC-mediated reaction, and indicate the importance of anaplerosis in B-cell biology.

There are three proposed anaplerotic “pyruvate cycling” pathways that might have
relevance to GSIS: 1) pyruvate-isocitrate cycling, in which cytosolic isocitrate is
converted to a-KG by isocitrate dehydrogenase; 2) pyruvate-malate cycling, in which
PC-derived OAA is converted to malate, and malic enzyme catalyzes the conversion of
malate to pyruvate; and 3) pyruvate-citrate cycling, in which citrate exports the
mitochondria and eventually is converted to pyruvate. These three pathways will be

discussed in detail below and in Chapters 3 and 4 and are shown in Figure 2.



Pyruvate-Isocitrate Cycling

In pyruvate-isocitrate cycling, citrate and isocitrate exit the mitochondria through
the citrate/isocitrate carrier (CIC). Citrate can be converted to isocitrate through the
activity of cytosolic aconitase, and isocitrate is then converted to a-KG by cytosolic
NADP-dependent isocitrate dehydrogenase (ICDc). The cytosolic a-KG can then reenter
the mitochondria through the bidirectional mitochondrial a-KG transporter that transports
a-KG into the mitochondria, while transporting malate into the cytosol. Alternatively, a-
KG can participate in regeneration of pyruvate from aspartate via transamination of a-KG
to glutamate. The pyruvate-isocitrate cycling pathway relies on the eventual conversion
of malate to pyruvate by mitochondrial or cytosolic malic enzymes (MEm or MEc).
Because NADPH-producing pentose-phosphate shunt activity is low in -cells, and ICDc
generates NADPH concurrently with a-KG, pyruvate-isocitrate cycling might be an
important regulator of cell NADPH levels. In addition, it has been suggested that a-KG
might directly stimulate insulin secretion (73). The biological significance of pyruvate-
isocitrate cycling remains to be completely understood and is discussed in detail in
Chapter 3.
Pyruvate-Malate Cycling

The PC-mediated generation of OAA allows a metabolic cycle in which OAA can
be converted to malate via malate dehydrogenase (MDH), and subsequently malate can
be reconverted to pyruvate by NADP-dependent cytosolic malic enzyme (MEc) or NAD-

dependent mitochondrial malic enzyme (MEm), completing pyruvate-malate cycling.
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A metabolic byproduct of MEm-catalyzed pyruvate production is NADH. There
is evidence indicating that NADH could serve as a coupling factor in insulin secretion.
Eto et al. hypothesized that NADH produced by cytosolic glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) must be shuttled into the mitochondria for ATP production,
and developed a GAPDH™ mouse (74). Isolated islets from these animals were treated
with aminooxyacetate, a transaminase inhibitor which blocks the malate-asparate NADH
shuttle. This addition blunted the normal glucose-induced increases in glucose oxidation,
ATP content, mitochondrial membrane potential, and insulin secretion in islets from
GAPDH™ mice. Consistent with this study, overexpression of aralar-1, a mitochondrial
carrier involved in the malate-aspartate shuttle, improves glucose oxidation, ATP content,
mitochondrial membrane potential, and GSIS (75). Furthermore, chronic exposure of
islets to B-hydroxybutyrate, a ketone body, decreases NADH, ATP, intracellular calcium,
and first-phase insulin secretion, without any affect on glycolytic flux or glucose usage
(76). Importantly, addition of aminooxyacetate decreases GSIS in control islets but has
no additional effect in islets cultured in B-hydroxybutyrate, suggesting an NADH-
dependent mechanism. These data suggest the importance of the NADH shuttle in
maintaining GSIS. Therefore, pyruvate-malate cycling through MEm may serve to
generate NADH via MEm.

It has been reported that there is no NADP-dependent MEc enzyme activity in
mouse islets (77), and MEc” mice appear to have normal glucose homeostasis (78,79),
suggesting that pyruvate-malate cycling through MEc is not universally correlated with

GSIS. However, NADPH levels are tightly correlated with glucose concentration in the
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mouse f-cell line MIN-6 (71), and MEc mRNA transcript is detected in mouse islets (see
studies described in Chapter 4), and therefore the role of MEc and pyruvate-malate
cycling in the mouse remains to be understood. Also, while MEc suppression in the rat
INS-1-derived 832/13 B-cell line results in reduced GSIS (80,81), suppression of MEc in
isolated rat islets appears to have no effect on insulin secretion, as discussed in Chapter 4.
Furthermore, Pongratz et al. has reported that MEm suppression has no effect on GSIS in
832/13 cells, but the siRNA used in these studies reduced MEm transcript by only 50%,
and a more effective siRNA may have different effects (81). Pyruvate-malate cycling
will be discussed in detail in Chapter 4.
Pyruvate-Citrate Cycling

In addition to pyruvate-malate cycling and pyruvate-isocitrate cycling, a third
pyruvate cycling pathway gaining considerable interest is the pyruvate-citrate cycle, in
which TCA cycle-derived citrate exits the mitochondria through CIC to be cleaved to
acetyl CoA and OAA by ATP-citrate lyase (CL). Cytosolic OAA then regenerates
pyruvate through MDH and MEc-catalyzed reactions, as mentioned above. The
observation that glucose rapidly induces an increase in both cytosolic and mitochondrial
citrate pools independent of calcium influx indicates the potential importance of
pyruvate-citrate cycling (70). Furthermore, this work also demonstrates that chemical
inhibition of PC dramatically and dose-dependently inhibits both citrate levels and GSIS.

Additional studies support a role for pyruvate-citrate cycling in GSIS. The export
of citrate through CIC theoretically would be essential for insulin secretion. Inhibition of

CIC activity in both the 832/13 B-cell line and isolated rat islets by siRNA or
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pharmacologic methods impairs GSIS, whereas overexpression of CIC in 832/13 cells
results in increased GSIS (82). Importantly, the inhibition of CIC has no effect on
glucose oxidation or ATP:ADP, but is associated with a decrease in cytosolic citrate
levels measured by gas chromatography/mass spectrometry (GC/MS). Because cytosolic
citrate is a substrate for de novo lipogenesis, glucose incorporation into lipids is
decreased when CIC is inhibited. Subsequent work using a different pharmacologic CIC
inhibitor corroborates the effect on GSIS (80).

However, the role of pyruvate-citrate cycling in regulating GSIS remains
somewhat controversial. Inhibition of CL via hydroxycitrate has yielded contradictory
results, in that hydroxycitrate exposure may inhibit insulin secretion (83) or have no
effect (84), which may be dependent on the buffering conditions of the hydroxycitrate
solution. A second CL inhibitor, radicicol, has been shown to decrease GSIS (80).
Furthermore, siRNA-mediated inhibition of CL expression in 832/13 cells has also
yielded contradictory GSIS and pyruvate cycling phenotypes (80,84), while inhibition in
islets has, to this point, had no effect (84). In both these studies, CL inhibition was
associated with decreased glucose incorporation into lipids. From these data, the only
definitive conclusion is that the efflux of citrate/isocitrate out of the mitochondria appears
to be essential for insulin secretion, but the activity of CL remains to be completely
clarified. One potential explanation for the different effects of CIC and CL inhibition on
GSIS is that pyruvate-citrate cycling may not be an essential process for regulating GSIS,
and that export of citrate/isocitrate through CIC is instead important for maintaining

pyruvate-isocitrate cycling.
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1.4 NADPH and Insulin Secretion

NADPH has been proposed as a potential stimulus-secretion coupling factor in
GSIS. Islets treated with 6-aminonicotinamide, a nonmetabolizable analog of NADPH,
demonstrate markedly reduced insulin secretion (85). NADPH is also a substrate for
glutathione reductase, which reduces glutathione disulphide to the thiol form of the
enzyme, reduced glutathione, an important antioxidant. N-ethylmaleimide is a protein
that inactivates thiol groups, and because a major regulator of the SNARE proteins
required for insulin granule exocytosis is N-ethylmaleimide-sensitive factor, the thiol
status of the cell, and hence NADPH levels, could play a major role in granule
exocytosis. The ratio of oxidized to reduced glutathione may affect the activities of
metabolic enzymes (86), as well as the activity of protein folding chaperone protein
disulfide isomerase. Nitric oxide synthase, which requires NADPH for activity, may also
play a role in insulin secretion through a calcium-dependent mechanism (87). NADPH is
also required for the activity of multiple enzymes involved in de novo lipogenesis, as well
as HMG-CoA reductase, an essential enzyme in cholesterol synthesis.

While NADPH production could affect GSIS through its role in maintaining cell
redox status, NADPH appears to also have specific effects on insulin granule exocytosis.
Because NADPH and NADH are spectrophotometrically indistinguishable,
measurements of NADPH are sometimes calculated indirectly (88) and NAD(P)H and
indirectly-calculated NADPH has been associated with glucose and GSIS. (89).
However, NADP(H) can be measured separately from NAD(H) by use of enzymatic

cycling assays described by Passonneau and Lowry (90). Work by Ivarsson et al.
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demonstrated the importance of NADPH but not NADH in exocytosis (91). These data
concluded three major points: 1) an increase in B-cell exocytosis when NADPH was
included in an intracellular solution in whole-cell patch-clamp capacitance
measurements, 2) a tight correlation between glucose concentration and NADPH levels,
but not NADH levels, in rat and mouse B-cells, and 3) increase in exocytosis from
catecholamine-releasing PC12 cells with intracellular NADPH addition. This data
provided a link between NADPH, cell electrical activity, and exocytosis, and the use of
PC12 cells shows that this phenomenon might be a universal exocytosis mechanism.
One compelling reason why NADPH might be critical in GSIS and exocytosis is
that NADPH is known to bind a subfamily of the voltage-gated potassium channels,
known as KB (92-94). These channels bind NADPH in nanomolar concentrations, with
up to three times more affinity for NADPH than NADP, and NADPH binding results in
inactivation of the channel. The physiological role of voltage-gated potassium channels
is to repolarize the cell following membrane depolarization. In other words, at
stimulatory glucose concentrations, inhibition of Katp channels causes calcium influx
and insulin secretion, and voltage-gated potassium channels repolarize the cell to reverse
the signal, thus limiting exocytosis. However, the glucose-induced rise in
NADPH:NADP could prolong cell depolarization due to inactivation of the voltage-gated
potassium channels. In support of this model, it has been shown that expression of a
dominant-negative form of K,2 results in increased GSIS (95), and the K, 2. 17" mouse is
hyperinsulinemic and hypoglycemic, indicated enhanced insulin secretion (96).

Furthermore, co-secretion of NADPH and insulin has been measured in the toadfish islet
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(97), and it has been shown that total NAD(P)H contents decrease when B-cells are
stimulated with glucose (98). The effects of inhibition of NADPH production will be
discussed in detail in Chapter 3.

Aside from pyruvate cycling, it has been hypothesized that MEc and ICDc, by
virtue of their production of NADPH, might have an important role in GSIS (99). In
early work on B-cell metabolism, NADPH:NADP from isolated islets was calculated by
measuring the enzymatic activity of MEc and ICDc, using a previously described method
(100). It was determined that cytosolic NADPH:NADP rose dramatically with glucose,
and suggested that MEc and ICDc may be critical enzymes in causing the glucose-
induced rise in NADPH, but no direct evidence for this idea was provided.

In a similar context, both ICDc and a genetically distinct mitochondrial isoform of
isocitrate dehydrogenase, ICDm, are implicated in maintaining the cellular redox status.
Oxalomalate is a competitive inhibitor of both ICDc and ICDm. In experiments using a
premonocytic cell line U937, oxalomalate exacerbated the effects of heat shock by
decreasing NADPH:NADP and ATP levels, and increasing H,O, production, oxidized
glutathione, and apoptosis (101). Oxalomalate also induces apoptosis following
treatment of U937 cells with compounds that induce lipid peroxidation (102).
Furthermore, in HeLa cells, it has been shown that ICDc expression regulates reactive
oxygen species-induced apoptosis, in that ICDc levels are positively correlated with
NADPH:NADP and the anti-apoptotic protein Bcl2, and are inversely correlated with
expression of pro-apoptotic Bax, caspase 3, and apoptosis (103). Due to the low activity

of the pentose phosphate shunt in the -cell (44), pyruvate-isocitrate cycling may serve to
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regulate redox status through NADPH production, but metabolic flux through this
pathway may have other effects specifically associated with GSIS.

Taken together, NADPH, produced in large part by MEc and ICDc, may regulate
insulin secretion, although it could act through multiple mechanisms. It is possible that
NADPH is the key pyruvate cycling metabolic byproduct that regulates GSIS, but other

possibilities remain to be explored.

1.5 Long-Chain Acyl CoAs

Implicit in the pyruvate-citrate cycling reactions is the production of acetyl CoA
by CL. Acetyl CoA serves as a substrate for acetyl CoA carboxylase (ACC), which
performs the first enzymatic reaction of fatty acid synthesis. The two ACC isoforms,
ACCI1 and ACC2, are genetically distinct, and both transcription and enzyme activity of
these proteins are regulated by glucose. Exposure to glucose increases ACC1
transcription, possibly through a glucokinase-regulated mechanism (104). In addition,
ACC, which is normally phosphorylated and inactivated by AMP-activated kinase
(AMPK) at low glucose concentrations (105), is dephosphorylated and activated by
protein phosphatase 2A (PP2A) in the presence of glucose (106). Furthermore, glucose
induces an increase in citrate, which is an allosteric activator of ACC. As shown in
Figure 2, both ACC enzymes convert acetyl CoA to malonyl CoA, which is a substrate
for fatty acid synthase (FAS). Malonyl CoA is also a potent inhibitor of carnitine

palmitoyl transferase I (CPT1), a mitochondrial protein that regulates fatty acid entry to
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the mitochondria for fatty acid oxidation. In short, the production of malonyl CoA by
ACC enzymes is tightly associated with and regulated by a rise in glucose.

Transgenic animal models have provided an understanding of the distinct roles of
ACC1 and ACC2. ACC1”" mice are embryonic lethal, while ACC1™" mice are
phenotypically similar to controls (107). The liver-specific ACC1” mouse has decreased
liver triglycerides but unchanged fatty acid oxidation compared to controls (108),
suggesting that ACC1-derived malonyl CoA is designated for de novo lipogenesis. The
mitochondrial-associated ACC2 appears to produce a pool of malonyl CoA that inhibits
CPT1, as ACC2"" mice demonstrate unregulated fatty acid oxidation (109). When
glucose is present in normal tissues, the production of malonyl CoA simultaneously
promotes fatty acid synthesis and inhibits fatty acid oxidation. In support of this point, it
has been shown that overexpression of malonyl CoA decarboxylase, which opposes the
ACC enzymatic reaction by converting malonyl CoA to acetyl CoA, reduces glucose
incorporation into lipids while increasing fatty acid oxidation (110).

The theory that pyruvate-citrate cycling might be important for GSIS is consistent
with a hypothesis on the potential role for malonyl CoA as a coupling factor in insulin
secretion (111,112). Termed the “long-chain acyl CoA hypothesis”, it is suggested that
malonyl CoA and long-chain acyl CoAs might signal intracellularly to potentiate insulin
secretion (reviewed in (113)). This is based on correlative data demonstrating that 1)
exogenous free fatty acids (FFA) increase GSIS (112,114), 2) glucose increases malonyl

CoA concentrations while stimulating insulin secretion (111), and 3) blocking the
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transport of long chain acyl CoAs into the mitochondria via pharmacologic inhibition of
CPT1 using etomoxir improves insulin secretion (112,115).

However, several arguments can be made against these data. First, while many
have shown that FFA such as oleate and palmitate can acutely stimulate insulin secretion,
FFA can also have an inhibitory, “lipotoxic” effect on GSIS if FFA are chronically
available (>24 hours) or available at high concentrations (>1 mM) (116,117). This is
evident from clinical data demonstrating that obesity-induced increases in plasma FFA
exacerbate diabetes. It has also been shown that chronic exposure to FFA decreases the
glucose-induced increment in pyruvate cycling without affecting glucose oxidation (118).
Therefore, the stimulatory effects of FFA on GSIS are conditional on exposure time and
concentration, and may not necessarily act as an on-off signal in GSIS.

Also, B-cells express a G-protein coupled receptor, GPR40, that binds both
saturated and unsaturated long-chain FFA (119,120). A pharmacologic agonist of
GPRA40 increases GSIS in the mouse B-cell line MIN-6, and co-addition of a
pharmacologic GPR40 antagonist completely blocks these effects (121). In addition, the
linoleic acid-induced increase in GSIS is severely blunted by a GPR40 antagonist.
Therefore, while the intracellular metabolism of FFA may play a role in GSIS, signaling
through GPR40 is responsible for some effects of FFA.

There is also significant evidence that malonyl CoA does not serve as a signaling
molecule in GSIS. Overexpression of malonyl CoA decarboxylase (MCD) causes a
dramatic decrease in malonyl CoA levels and glucose incorporation into lipids, but has no

effect on insulin secretion in the absence of exogenous fatty acids (110,122,123).
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Furthermore, several independent laboratories have promoted the use of ACC inhibitors
in treatment of obesity and diabetes (124), but this intervention would theoretically
reduce long-chain acyl CoA levels in B-cells and possibly reduce GSIS. It has been
shown that inhibition of ACC via antisense DNA (125) or pharmacologic means (126)
inhibits GSIS; however, a novel hypothesis explaining these findings and arguing against
the long-chain acyl CoA hypothesis is presented in Chapter 5. Other evidence against
the long-chain acyl CoA hypothesis of GSIS is that inhibition of fatty acid synthase using
triacsin C (110) and siRNA (84) has no effect on GSIS. Thus, while malonyl CoA levels
may correlate with insulin secretion, the bulk of available evidence suggests that this
metabolite does not play a regulatory role.

Finally, inhibition of fatty acid oxidation via CPT1 inhibition has been shown to
improve GSIS. However, these data are somewhat controversial. Etomoxir is a potent
irreversible inhibitor of CPT1, and it is frequently used to inhibit fatty acid oxidation.
Dose-response curves show that etomoxir substantially decreases fatty acid oxidation at
50 uM, yet GSIS is not increased until the etomoxir concentration is raised to 200 pM
(115). Etomoxir has been shown to dramatically decrease mRNA levels of peroxisome
proliferator-activated receptor a (PPARa) mRNA and many of its target genes at 100 uM
concentration (127). Overexpression of PPARa in INS-1 cells results in decreased
insulin secretion (128), so while it has not been shown directly, it is possible that the
effects of etomoxir on GSIS are due to inhibition of PPARa or another nonspecific effect.
Furthermore, there are reports that similar etomoxir concentrations decrease insulin

secretion in fetal rat islets (129), yet has no effect in the rat B-cell line INS-1E (130).
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Clearly, more work is required to clarify the role of FFA in insulin secretion, as

addressed in Chapter 5 of this dissertation.

1.6 Project Goals

While work in our laboratory and others had established a strong connection
between pyruvate cycling and GSIS at the time that I began my dissertation research,
several important questions remained unanswered. First, which of the three possible
pyruvate cycles - pyruvate-malate, pyruvate-citrate, or pyruvate-isocitrate - are most
important for generation of signals that regulate insulin secretion in response to glucose?
Second, what are the roles of ICDc and MEc in pyruvate-isocitrate and pyruvate-malate
cycling, respectively? Third, is NADPH correlated with pyruvate cycling and GSIS? 1
hypothesized that both ICDc and MEc would contribute to both NADPH:NADP and
pyruvate cycling, and that through these effects, ICDc and MEc would regulate GSIS.
Furthermore, de novo lipogenesis is dependent on glucose metabolism and may be
correlated with GSIS. Therefore, how might inhibition of ACCI1 affect cellular energy
balance and GSIS? I hypothesized that ACC1 may influence cell metabolism and GSIS
by limiting de novo lipogenesis. To answer these questions, GSIS, pyruvate cycling,
glycolytic flux, glucose oxidation, glucose incorporation into lipids, and many other
metabolic parameters have been measured in cells and islets transiently expressing
siRNA sequences that target these specific enzymes. The long-chain acyl CoA
hypothesis was studied by inhibiting ACC1 using both siRNA technology and a

pharmacologic inhibitor. A collaboration with Drs. Shawn Burgess and Dean Sherry at
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UT Southwestern Medical Center has allowed quantitative measurement of pyruvate
cycling using NMR isotopomer analysis. This work also greatly benefited from
quantitative, analytical measurements of organic acids and acylcarnitines by GC/MS and
MS/MS, respectively, via collaborative support from the Stedman Center’s
Metabolomics/Biomarker core laboratory. Furthermore, measurements of ATP, ADP,
and NADP(H) provide better understanding of the effects of metabolic flux on these
molecules. Together, these data offer a more complete understanding of the specific

pyruvate cycling pathways involved in GSIS.
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Figure 1: Insulin Secretion From Pancreatic Beta Cells

Shown is the broadly accepted mechanism for GSIS. Insulin secretion is regulated by
glucose metabolism and membrane depolarization. Glucose enters the beta cell through
the glucose transporter GLUT-2 and is phosphorylated by glucokinase. Glucose
metabolism through glycolysis and glucose oxidation raises ATP:ADP, causing Katp
channels to close and depolarizing the cell membrane. Voltage-gated calcium channels

open, stimulating insulin granule exocytosis.
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Figure 2: Schematic of Glycolysis, TCA Cycle, Pyruvate Cycling, Fatty Acid

Synthesis, and Fatty Acid Oxidation

Glucose is phosphorylated by GK, followed by glucose-6-phosphate metabolism to

pyruvate. Pyruvate may then enter the TCA cycle through PDH, or undergo pyruvate

cycling through PC. Efflux of citrate and isocitrate through CIC allow pyruvate-citrate

and pyruvate-isocitrate cycling, respectively, whereas pyruvate-malate cycling is

facilitated by DIC. Acetyl CoA is the initial substrate for de novo lipogenesis. At low

glucose concentrations, fatty acids may be oxidized by transport into the mitochondria

via CPT1.
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Figure 3:Linear Relationship Between GSIS and Pyruvate Cycling

The filled circles are data from INS-1-derived cell lines 832/1, 832/2, 834/40, and 832/13
INS-1 cells, in order of increasing capacity for GSIS. The open diamond represents
832/13 cells incubated with 12 mM glucose plus 10 mM DMM, a stimulatory metabolite
for pyruvate cycling. The open triangle represents 832/13 cells incubated with 12 mM
glucose plus 5 mM PAA, an inhibitor of PC and pyruvate cycling. Taken from Lu ef al.

(69)
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2. Experimental Procedures

Reagents — All reagents are obtained from Sigma (St Louis, MO) unless otherwise
indicated.

Cell Lines — 832/13 and 832/3 cells that exhibit robust GSIS were derived from parental
INS-1 cells by a transfection-selection strategy (131). Cells were cultured in RPMI 1640
medium containing 11.1 mM glucose and supplemented with 10% FBS, 10 mM HEPES,
2 mM glutamine, 1 mM sodium pyruvate, and 50 uM B-mercaptoethanol at 37°C in a
humidified atmosphere containing 5% COx.

siRNA Duplex-Mediated Gene Suppression — Expression of ICDc, MEm, MEc, and
ACC1 mRNA was suppressed via introduction of 19-21 base pair siRNA duplexes (IDT,
Coralville, IA), designated by their nucleotide target region relative to the start codon for
each gene. The ICDc siRNA duplexes correspond to nucleotides 290, 552, 600, 654, and
1100. The MEm siRNA duplexes correspond to nucleotides 831 (siMEm-1) and 488
(siMEm-2). The MEc siRNA duplex corresponds to nucleotides 362, with targets against
162 and 961 to verify target specificity. The ACC1 duplexes correspond to nucleotides
259, 354, and 5745. Expression of ICDc was suppressed by introduction of siRNA
duplexes into 832/13 or 832/3 using the Amaxa nucleofection system (Amaxa Inc,
Gaithersburg, MD) at a concentration of 2 ug RNA duplex per 3 million cells using
program 20 with T solution. Following nucleofection, cells were cultured for 72 h in 24-
well plates prior to assays. Expression of MEm, MEc, and ACC1 was suppressed by

transfecting siRNA duplexes into 832/13 or 832/3 cells using Dharmafect Reagent 1
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(Dharmacon, Layfayette, CO) at 50 nM final concentration. Following 24 h transfection,
cells were cultured an additional 48 h prior to assays. A duplex with no known target and
no biological effect when compared with untreated or mock-treated cells, with sequence
GAG ACC CTA TCC GTG ATT A, was used as control for all experiments (siControl).
Adenovirus Construction — Adenoviruses containing siRNA sequences were
constructed using vectors EHO06 and pJM17 as described (132,133). The siRNA target
sequences for Ad-silCDc, Ad-siMEc, and Ad-siACC1 were silCDc 654, siMEm 488,
siMEc 362, and siACC1 354, respectively. Viruses were purified using a BD
Biosciences Adeno-X Purification Kit (Clontech, Palo Alto, CA), and virus titer was
calculated by end-point dilution assay according to manufacturer’s guidelines.

Islets — Islets were harvested from adult Spague-Dawley rats weighing approximately
250 g as previously described (134) with modifications (117). Following incubation for 1
h in RPMI medium 1640 containing 8 mM glucose and supplemented with 10% FBS, 10
mM HEPES, 2 mM glutamine, 1 mM sodium pyruvate, 50 pM B-mercaptoethanol, 20
U/ml penicillin, 20 pg/ml streptomycin, 0.05 pg/ml amphotericin B (Gibco, Calsbard,
CA), islets were transduced with Ad-silCDc, Ad-siMEc, Ad-siMEm, or Ad-siACCI1 for
16 h to achieve sufficient mRNA silencing. As a control, islets were transduced with Ad-
siControl matched for concentration and transduction time. For islet GSIS assay, islets
were washed and incubated for 1 h in secretion buffer containing 114 mM NaCl, 4.7 mM
KCl, 1.2 mM KH,PO4, 1.16 mM MgSOy4, 20 mM HEPES, 2.5 mM CaCl,, 25.5 mM
NaHCOj3, 0.2% bovine serum albumin, pH 7.2, supplemented with 2.8 mM glucose.

Islets were then divided into groups and incubated in 500 pl secretion buffer containing
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2.8 or 16.7 mM glucose for 2 h. Insulin secretion from islets was normalized to DNA
content or protein content as indicated. Islet DNA was harvested by addition of buffer
containing 75% ethanol, 23.5% water, and 1.5% 6 N HCI. Samples were concentrated
using a Savant Speed Vac SC110 (GMI, Ramsey, MN) and reconstituted with 10 mM
Tris, 50 mM NaCl,1 mM EDTA buffer, and DNA content was calculated by measuring
absorbance at 260 nm in a spectrophotometer. For protein content, islets were
homogenized on ice in lysis buffer containing 0.1% Triton X-100, and protein content
was determined by BCA protein assay (Pierce, Rockford, IL). Briefly, bicinchoninic acid
and copper sulfate were mixed 50:1 and added to protein lysates, incubated at 37°C for 30
min, and protein concentration was calculated by measuring absorbance at 340 nm.

RNA Isolation and Analysis — RNA was isolated from islets and cells using the Qiagen
RNeasy Micro and Mini Kit (Qiagen Inc, Valencia, CA), respectively, and reverse
transcribed with the iScript cDNA Synthesis Kit (BioRad, Hercules, CA) according to the
manufacturer’s recommendations. Real time PCR analysis of mRNA was performed
using iTaq SYBR Green Supermix with ROX (Biorad) and the indicated primer
sequences (Table 1) on an ABI Prism 7000 Sequence Detection System.

Mitochondrial Fractionation — Cells were cultured in 15-cm dishes, rinsed in cold PBS,
scraped, and centrifuged at 2000 x g for 1 min at 4°C . The cell pellet was resuspended in
1.0 ml cold MSH buffer containing 220 mM mannitol, 70 mM sucrose, and 5 mM
potassium-HEPES, and homogenized in a dounce homogenizer. Following a 10 min,
2700 x g centrifugation, the pellet was washed and rehomogenized in 400 ul MSH.

Supernatants from the homogenizations were pooled, and 50 pl was removed as a total
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cell lysate sample. Supernatants were centrifuged for 10 min at 12,000 x g. The
supernatant and pellet fractions of this centrifugation step constituted the cytosolic and
mitochondrial fractions, respectively.

Immunoblot Analysis and Protein Quantification — Cell lysates were collected in 0.1%
Triton X-100 lysis buffer containing Halt Phosphatase Inhibitor Cocktail (Pierce) and
Phosphatase Inhibitor Cocktail 1 and 2 (Sigma). Protein concentrations were determined
using BCA protein assay. Approximately 20 pg of each protein sample was loaded into
NuPage 3-8% Tris-Acetate gels or NuPage 4-12% Bis-Tris gels (Invitrogen, Carlsbad,
CA), and proteins were transferred to PVDF membranes (Invitrogen). Membranes were
blocked 1 h at room temperature with 2% ECL Advance Blocking Reagent (GE
Healthcare, Piscataway, NJ). ICD antibody was a generous gift from Yokota (135) was
diluted 1:1000. Antibodies against cytochrome C oxidase subunit IV (Mitosciences,
Eugene, OR), GAPDH (Abcam, Cambridge, MA), GLUT-2 (Chemicon, Temecula, CA),
GK (Abcam), pACCI1 (Cell Signaling, Danvers, MA), and y-tubulin (Sigma) antibodies
were diluted to manufacturer’s guidelines in TBS-1% polyvinylpolypyrrolidone (PVP),
and membranes were incubated on a shaker overnight at 4°C. Secondary antibodies were
diluted 1:10,000 (GE Healthcare) in TBS, and membranes were incubated on a shaker at
room temperature for 1 h. ACCI, pyruvate carboxylase, and propionyl-CoA carboxylase
were measured by incubating membranes in HRP-conjugated streptavidin-peroxidase
polymer (Sigma) diluted 1:1000 in TBS-PVP for 1 h. All protein were visualized and

quantified using a VersaDoc Model 4000 imaging system (Biorad).
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Insulin Secretion — Insulin secretion from cell lines was measured by preincubating cells
in secretion buffer (114 mM NacCl, 4.7 mM KCl, 1.2 mM KH,POy4, 1.16 mM MgSOQOy, 20
mM HEPES, 2.5 mM CaCl,, 0.2% bovine serum albumin, pH 7.2) containing 3 mM
glucose for 2 h, then incubating cells in secretion buffer containing 2.5-3 mM or 12 mM
glucose as indicated. Samples of assay buffer were removed for insulin
radioimmunoassay. For insulin content measurements, cells were washing in PBS and
sonicated on ice in a buffer containing 0.1 M acetic acid, 0.1% BSA, then centrifuged 5
min at 12,000 x g at 4°C, and neutralized by dilution in PBS. Insulin levels in secretion
buffer and extracts were quantified by insulin radioimmunoassay with the Coat-A-Count
kit (DPC, Los Angeles, CA).

3C NMR Isotopomer Analysis — Cells were preincubated for 1 h in secretion buffer
containing 3 mM glucose, then incubated in secretion buffer containing 2.5-3 mM or 12
mM [U-"C] glucose (Cambridge Isotope Laboratories, Cambridge MA) for 4 h. Cells
were washed with cold PBS and extracted with cold 3.5% perchloric acid. Extracts from
three 15-cm dishes per condition were pooled, neutralized, and lyophilized. The extract
was dissolved in 0.5 ml of *H,0 for measurement of pyruvate cycling activity relative to
TCA cycle flux by ?C NMR as previously described (69,72,118). Analysis of the *C-
isotopomer pattern of glutamate can be deconvoluted to calculate pyruvate cycling
relative to TCA cycle flux. Briefly, lyophilized samples were dissolved in *H,O, and
proton-decoupled *C NMR spectra were recorded on a 600-MHz 14T Varian INOVA
NMR spectrometer using a 45° pulse and a 3-s repetition time in a 5-mm tunable

broadband probe. Using the line-fitting application in the NMR program NUTS (Acorn
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NMR, Fremont, CA), the areas of the multiplets arising from ">C-">C spin-spin coupling
in the glutamate C2, C3, and C4 resonances were determined, and 13C-isotopomer
analysis was performed with tcaCALC (69). Figure 4 shows representative spectra of
glutamate carbons C2 and C4 under conditions of no pyruvate cycling activity (top) or in
cells in which pyruvate cycling is equal to TCA cycle flux (bottom) (69).

Oxygen Consumption — Oxygen consumption was measured as previously described
(118). Briefly, cells were cultured in 15-cm dishes. After 1 h secretion in low glucose
media, cells were incubated in 2.5-12 mM glucose as indicated for 1 h. Secretion buffer
was removed and cells were scraped into 1.0 ml total volume. Cells were divided into
two 0.4 ml samples, and oxygen consumption was measured at 37°C using an Oxytherm
electrode and Oxygraph Measurement System (Hansatech Instruments Ltd., Norfolk, UK)
and normalized to protein content.

Glucose Usage — Glucose usage was measured as previously described (136). Briefly,
cells were incubated in secretion buffer containing 2.5-12 mM glucose and [5-"H]
glucose (GE Healthcare) as a tracer at a specific activity of 0.06 Ci/mol. Buffer was
collected and protein was precipitated using 10% TCA. Following centrifugation at
12,000 x g for 5 min, the remaining buffer was transferred to a capless eppendorf tube
placed inside a scintillation vial, and allowed to equilibrate for 18 h at 50°C. Vials were
allowed to cool to room temperature for 1 h, the capless tubes were removed, and the
vials were counted using liquid scintillation. Efficiency of the equilibration was

determined by measuring equilibration of *H,0.
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Glucose Oxidation and Incorporation into Lipids — Glucose oxidation was measured
using a CO; trapping method (137), as shown in Figure 2.2. Briefly, cells were cultured
in 12-well plates and incubated in 0.75 ml secretion buffer containing 2.5-12 mM glucose
and [U-"*C] glucose (GE Healthcare) as a tracer at a specific activity of 0.5 Ci/mol.
Following 2 h incubation on cells, 0.5 ml buffer was added to half the connected wells,
and 0.2 ml 1 N NaOH was added to the other connected wells. The plate was sealed, and
0.1 ml 70% PCA was injected into secretion buffer-containing wells. The plate was
incubated on a shaker for 90 min. The NaOH-containing media was counted by liquid
scintillation to determine glucose oxidation rates. Glucose incorporation into lipids was
measured as previously described (110). Briefly, cells from glucose oxidation assays
were collected, washed in PBS, and centrifuged at 700 x g for 5 min in 1 ml PBS:MeOH
(3:2). After a second centrifugation wash with PBS, the supernatant was removed, 0.2 ml
0.2 M NaCl was added, and cell pellets were snap-frozen in a dry ice-ethanol bath. After
thawing, 0.75 ml CHCl3:MeOH (2:1) and 0.05 ml 0.1 N KOH were added, tubes were
vortexed, and phases were separated by centrifuging at 2000 x g for 15 min. The top
aqueous phase was removed and discarded, and 0.2 ml MeOH:H,O:CHClI; (48:47:3) was
added. Tubes were vortexed and centrifuged at 2000 x g for 10 min. The top aqueous
phase was removed and discarded, and the bottom lipid phase was counted by liquid
scintillation to determine the rate of glucose incorporation into lipids.

Glycogen Synthesis — Cells were incubated in secretion buffer containing [U-'*C]
glucose as a tracer at a specific activity of 0.2 Ci/mol. Buffer was removed and cells

were lysed in saturated KOH, incubated at 95°C for 10 min, then cooled. Ethanol was
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added to precipitate glycogen, and samples were chilled overnight at -20°C. Samples
were centrifuged, and the pellet was washed, dried overnight, resuspended in water,
heated, and counted using liquid scintillation.

Enzyme Activity Assays — ICD activity was measured using 10 pl of total cell lysate,
mitochondrial, or cytosolic fractions added to 180 pl of 100 mM Tris buffer, pH 8.0,
containing 0.5 mM NADP, 3 mM MgCl,, and 10% glycerol. ICD activity was measured
spectrophotometrically by following NADPH formation at 340 nm, before and after
addition of 1.5 mM isocitrate. ACC activity was measured using an assay adapted from
Kowluru et al. (138). Briefly, cell lysates were added to a reaction mixture containing 60
mM HEPES, 1.2 mM DTT, 300 uM acetyl CoA, 3 mM sodium citrate, and 1 mg/ml
BSA, pH 7.5. Reactions were initiated with addition of 4 nCi [14C] NaHCOs, incubated
at 37°C for 30 min, acidified with PCA, centrifuged, dried overnight, and counted using
liquid scintillation. Citrate synthase activity was measured using the Citrate Synthase
Assay Kit (Sigma). GK activity was measured from cell lysate supernatants as
previously described (40). Briefly, cells were sonicated in an extraction buffer containing
150 mM KCI, 3 mM HEPES, and 1 mM DTT. After centrifugation at 13,000 x g for 10
min at 4°C, the supernatant was added 1:1 to a buffer containing 50 HEPES, 100 mM
KCl, 2 mM MgCl,, 6 mM ATP, 1 mM NADP, 2 mM DTT, and 2.25 pU/ul G6PDH, pH
7.8, containing either 0.5 or 100 mM glucose. GK activity was determined from the
difference in glucose phosphorylating activity at 0.5 and 100 mM glucose at 340 nm,

representing low-K;, and total hexokinase activity, respectively.
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Palmitate Oxidation — Cells were cultured in normal media containing 1 mM L-
carnitine for 24 h prior to assay. [1-'*C] palmitate (PerkinElmer, Waltham MA) was
added to the secretion buffer at a concentration of 1 uCi/ml. Palmitate oxidation to CO,
and acid soluble metabolites was measured as previously described (137). Briefly,
palmitate oxidation to CO, was measured as described for glucose oxidation. However,
the acidified secretion buffer was collected and incubated overnight at 4°C. Samples
were centrifuged at 14,000 x g for 10 min at 4°C. The centrifugation was repeated on the
supernatant, and acid-soluble metabolites were measured using liquid scintillation. The
sum of oxidation to CO, (complete oxidation) and acid-soluble metabolites (incomplete
oxidation) was summed to calculate total palmitate oxidation.

Organic Acid Analysis — Cells were preincubated in secretion buffer containing 3 mM
glucose for 1 h, then incubated 2 h in secretion buffer containing 2.5-3 mM or 12 mM
glucose as indicated. Cells were washed, lysed on ice in 1.0 ml 0.1 N HCl, and subjected
to GC/MS analysis of organic acids as previously described (72). Briefly, internal
standards were added (*Hs-lactate; (C/D/N Isotopes, Pointe-Claire, Quebec), BCs-
pyruvate (Aldrich), *H,-succinate (Aldrich), “H,-fumarate (C/D/N Isotopes), BC|-malate
(IsoTec; St. Louis, MO), 2H6—.:r—ketoglutarate (IsoTec), and “H,-citrate (IsoTec)). The pH
of the cleared cell extract was adjusted to 8.5 with KOH. Ethoxyamine (Acros Organic,
Belgium) was added, and the mixture was incubated at room temperature for 30 min to
complete ethoxymation of ketoacids. Next, pH was adjusted to 1.5 with HCI, ~50 mg
NaCl was added, and ethyl acetate (VWR, West Chester, PA) was used to extract

samples twice. Upper phases were combined and dried under N, gas. 4 pl pyridine and
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50 ul N,O-Bis(trimethylsilyl)trifluoroacetamide were added, and the samples were
incubated at 90°C for 30 min. The trimethylsilyl derivatives were separated by gas
chromatography on a Thermo Finnigan Trace GC Ultra and quantified by selected ion
monitoring on a Thermo Finnigan Trace DSQ using stable isotope dilution.

For measurement of secreted lactate, islets were divided into groups of 30 and
cultured in media containing 16.7 mM glucose for 16 h. For each reaction, 40 pl of
media or of lactate standards (0-10 mM; Trinity Biotech, Bray, Ireland) from each group
was combined with 200 pl lactate assay reagent containing 175 mM hydrazine, 68 mM
glycine, 11.3 mM NAD, and 2.9 mM EDTA. Lactate content was determined
spectrophotometrically by measuring NADH formation at 340 nm for 1 h after addition
of 10 ul of 500 U/ml lactate dehydrogenase.

Acylcarnitines — Cells were cultured in media containing 1 mM L-carnitine for 24 h,
then washed, sonicated in H,O on ice, and centrifuged 5 min at 12,000 x g. Supernatants
were collected, and acylcarnitines were measured via MS/MS as previously described
(139,140) using a Quattro Micro LC-MS system (Waters-Micromass) equipped with an
HTS-PAL autosampler (Leap Technologies), an 1100 HPLC solvent delivery system
(Agilent Technologies), and a data system utilizing MassLynx software.

NADPH and ATP Measurements — Concentrations of nicotinamide adenine
dinucleotide phosphates were measured using an enzymatic cycling assay developed by
Passonneau and Lowry (90) with modifications (72). Cells were cultured in 6-well dishes
and treated as described for GSIS studies. Cells were scraped on ice, centrifuged, and the

pellet was snap-frozen. Cells were thawed on ice and resuspended in 50 pl 40 mM
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NaOH, 5 mM cysteine. Lysates were sonicated for 10 s, and centrifuged for 1 min at
10,000 x g at 4°C. Three 10 pul aliquots of each sample were made, and 0.3 M HCI
(NADPH is destroyed at low pH), 40 mM NaOH, 5 mM cysteine (NADP is destroyed at
high pH), and H,O were added to each aliquot for NADP, NADPH, and total NADP(H)
determinations, respectively. Samples for NADPH and NADP determination were
incubated at 60°C for 15 min, whereas samples for measuring total NADP(H) levels were
kept on ice during the incubation time. Premade NADPH standards (0.25-4 pM) were
treated in parallel. Subsequently, cyclingreagent comprised of 50 mM imidazole, 50
mM imidazole-HCI, 5 mM glucose 6-phosphate, 7.5 mM disodium =-ketoglutarate, 0.1
mM ADP, 25 mM ammonium acetate, 0.1% BSA, 1.5 U/ml Leuconostoc glucose-6-
phosphate dehydrogenase, and 1.5 U/ml, pH 7.0 of beef liver glutamic dehydrogenase
was added, and after 3 h of incubation at 37°C, samples and standards were boiled for 3
min, and centrifuged at 10,000 x g for 10 min. The amount of 6-phosphogluconolactone
was determined by adding indicator reaction buffer comprised of 50 mM imidazole, 50
mM imidazole-HCI, 30 mM ammonium acetate, 2 mM MgCl,, 0.1 mM EDTA, 300 uM
NADP, and 0.5 U/ml Torula yeast gluconate dehydrogenase was added to the cycling
reactions, and absorbance at 340 nm was measured following kinetic reaction
completion.

ATP and ADP were measured as previously described (141,142). Briefly, cells
were extracted on ice for 30 min with 100 uL 0.3 N PCA, and centrifuged at 12,000 x g
for 5 min at 4°C. 90 pl was transferred to a new tube and neutralized with 2 N KOH, 0.5

M triethanolamine to bring the pH to ~7.5. The mixture was incubated on ice for 10 min
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and centrifuged at 12,000 x g for 5 min at 4°C. ATP was measured by mixing 10 ul of
resulting supernatant with Sigma ATP assay reagents and reading luminescence at 542
nm. ADP was measured by combining the remaining 70 pl cell extract with the ATP
sulfurylase reaction mix (50 mM Tris, 5 mM MgCl,, 10 mM NaMoO,, 10 mM GMP,
0.125 U/ul ATP sulfurylase, pH 8) and incubating at 50°C for 30 min. 100 pl was
transferred to a new tube and pyruvate kinase reaction mix (47 mM Tris, 4.7 mM MgCl,,
38 mM KCI, 0.5 mM phosphoenol pyruvate, 8 U/reaction pyruvate kinase, pH 8) was
added and incubated at room temperature for 30 min. ADP, converted to ATP, was
measured using the Sigma ATP assay reagents.

Thymidine Incorporation — Cells were incubated for 4 h in media containing 1 pCi/ml
[methyl-’H] thymidine (GE Healthcare). Cells were washed three times with PBS,
incubated on ice in 10% TCA two times, and subsequently resuspended in 0.3 M NaOH
for 30 min, before lysate samples were counted using liquid scintillation. Results were
normalized to protein content measured from remaining lysate samples.

Pharmacologic ACC Inhibition — 5-(tetradecyloxy)-2-furoic acid (TOFA) was
resuspended in DMSO at a concentration of 10 mM, aliquoted, and frozen at -20°C.
832/13 cells were treated with media containing 10 uM TOFA or 0.1% DMSO as
control, and islets were treated with media containing 100 uM TOFA or 1% DMSO as
control, for 72 h.

Statistical Analysis - Data were expressed as the mean + SE of at least three independent

experiments performed in duplicate or triplicate. Statistical significance was determined
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by two-sample equal variance Student t-test for all assays. A p value <0.05 was

considered significant.
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Table 1: PCR Primer Sequences

Gene Direction | Sequence
ICDc S AAAATATCCCCCGGCTAGTGA

AS TCATCATTGGCCGACACG
MEc (rat) S TCCGACCAGCAAAGCTGAGT

AS CACGGCCCTTGGTCACTT
MEc (mouse) | S TGAATCCACAGCAGTGCCTTCC

AS TCATCATACTCCTCCCCACGGACAC
MEm S AAATGCCTGCCTGTGTGCATC

AS TCCATCAGATCGTCATAGAGCTGGG
ACCI1 S GCCATCCGGTTTGTTGTCA

AS GGATACCTGCAGTTTGAGCCA
ACC2 S AAGTCATCTCCTGCTTTGCC

AS TGCAAACTCATCTCTCGCTCT
GK S TCGTGTCACAAGTGGAGAGC

AS GCGATTTATGACCCCAGCTA
HK S ACGACACCCCAGAGAACATC

AS GAAGTCTCCCAGGCAGTCAG
cyclophilinB | S CGGACAGCCGGGACAA

AS

TTCGATCTTGCCACAGTCTACAA
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Figure 4: Modeling of Pyruvate Metabolism With Bc Isotopomer Analysis

Shown are two possible metabolic fates of [U-'">C;] pyruvate and the resultant modeled
spectra of glutamate carbons C2 and C4. Above, pyruvate enters the TCA cycle only;
below, pyruvate flux through pyruvate dehydrogenase and pyruvate carboxylase is equal.

Taken from Lu et al. (69)
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3. A Pyruvate Cycling Pathway Involving Cytosolic NADP-
Dependent Isocitrate Dehydrogenase Regulates Glucose-
Stimulated Insulin Secretion

Glucose-stimulated insulin secretion (GSIS) from pancreatic islet B-cells is central
to control of mammalian fuel homeostasis. Glucose metabolism mediates GSIS in part
via Ka1p channels, but multiple lines of evidence suggest participation of other signals.
Here we investigate the role of cytosolic NADP-dependent isocitrate dehydrogenase
(ICDc) in control of GSIS in B-cells. Delivery of siRNAs specific for ICDc caused
impairment of GSIS in two independent robustly glucose responsive rat INS-1-derived
cell lines, and in primary rat islets. Suppression of ICDc also attenuated the glucose-
induced increments in pyruvate cycling activity and in NADPH levels, a predicted
byproduct of pyruvate cycling pathways, as well as the total cellular NADP(H) content.
Metabolic profiling of eight organic acids in cell extracts revealed that suppression of
ICDc caused increases in lactate production in both INS-1-derived cell lines and primary
islets, consistent with the attenuation of pyruvate cycling, with no significant changes in
other intermediates. Based on these studies, we propose that a pyruvate cycling pathway

involving ICDc plays an important role in control of GSIS.

3.1 Introduction

Glucose metabolism in pancreatic islet B-cells generates signals for acute
stimulation of insulin secretion, and it is widely accepted that an increase in ATP:ADP

ratio brought about by glucose flux through glycolysis and the TCA cycle is central to
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this process. The rise in ATP:ADP ratio results in closure of ATP-regulated Karp
channels, plasma membrane depolarization, activation of voltage dependent calcium
channels, and subsequent influx of calcium to stimulate insulin release (12,143). This
Karp channel-dependent pathway has been suggested to be especially important for the
acute, triggering phase of GSIS. In the second, and more prolonged phase of GSIS,
glucose-derived factors in addition to ATP have been implicated (144,145), including
glutamate (146), malonyl CoA/cytosolic long chain acyl CoA esters (111-113,147), and
transport of NADH reducing equivalents into the mitochondria via hydrogen shuttles
(74), but data arguing against a role for some of these events has also been presented
(110,122,146).

PC, which catalyzes the conversion of pyruvate to OAA, is highly active in -
cells, and accounts for approximately 40-50% of pyruvate entry into mitochondrial
metabolism at stimulatory glucose concentrations (43,69,148,149). The high PC activity
in B-cells is remarkable in light of the absence of gluconeogenesis (68) and relatively low
lipogenic activity (150) in these cells. Furthermore, it has been estimated that only 25%
of the glucose-derived carbons entering the TCA cycle via PC are channeled into protein
synthesis (149). These findings suggest that PC-catalyzed entry of metabolites into
mitochondrial metabolic pathways (anaplerosis) may play other roles in B-cell function.

Previously, we examined glucose flux in a set of INS-derived cell lines with
varying capacities for GSIS. These studies demonstrated a critical link between PC-
mediated pyruvate exchange with TCA cycle intermediates (“pyruvate cycling”) and
GSIS (69,72). Moreover, in lipid-cultured cells, the normal glucose-induced increment in
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pyruvate cycling is diminished in concert with inhibition of GSIS (118). The B3C NMR-
based isotopomer analysis used in these studies quantifies flux through the combined
carboxylation (PC) and decarboxylation (MEm and MEc) reactions associated with
pyruvate cycling, but does not precisely identify the pathways that contribute to this
cycle. Pyruvate cycling can occur via the “pyruvate-malate cycle” involving PC-
catalyzed conversion of pyruvate to OAA, reduction of OAA to malate, and
decarboxylation of malate to pyruvate via NADP-dependent MEc or NAD-dependent
MEm. Alternatively, pyruvate cycling can take place via the “pyruvate-citrate” or
“pyruvate-isocitrate” cycles, wherein the first and last steps are the same as in the
pyruvate/malate cycle, but OAA formed in the PC reaction is converted to citrate or
isocitrate, which then leave the mitochondria, after which malate is regenerated via
cytosolic aconitase, citrate lyase, and MDH reactions. Furthermore, cytosolic isocitrate
can be oxidized to a-KG via NADP-dependent ICDc, opening the possibility for a
pyruvate cycling pathway involving re-entry of 0-KG into the mitochondria and
reconversion to malate via enzymes of the TCA cycle. Interestingly, a predicted
byproduct of all of these pyruvate cycling pathways is NADPH, produced via MEc- or
ICDc-catalyzed reactions (see Figure 2).

The present study continued our investigation of the role of pyruvate cycling in
the control of GSIS, and specifically examined the potential involvement of the pyruvate-
isocitrate cycling pathway and NADPH production in this process. We show that whole
cell NADPH levels are closely correlated to insulin secretion when INS-1-derived 832/13
cells are stimulated with increasing concentrations of glucose. We also demonstrate that

43



suppression of ICDc activity by adenovirus-mediated expression of ICDc-specific
siRNAs strongly impairs GSIS in two INS-1-derived cell lines and primary rat islets,
without affecting glycolytic flux or glucose oxidation in these cells. Moreover,
suppression of ICDc impairs the glucose-induced increment in pyruvate cycling flux and
NADPH levels, and results in increases in lactate production in both INS-1-derived cell
lines and primary islets, consistent with suppressed pyruvate cycling. Based on these
observations, we propose that a pyruvate cycling pathway involving ICDc contributes to

regulation of insulin secretion from pancreatic islets.

3.2 Results

Cellular NADPH Levels Correlate with GSIS

An enzymatic cycling assay was employed to quantify NADPH and NADP in
whole cell extracts. 832/13 cells were incubated with a range of 3-20 mM glucose, and
insulin secretion, NADPH, and NADP were measured for each condition. Figure 5
demonstrates that increases in glucose concentration over this range caused proportional
increases in both insulin secretion and NADPH:NADP in 832/13 cells, consistent with a

recent study in MIN-6 cells and primary rat islets (91).

ICDc Suppression Impairs GSIS

Three genetically distinct ICD isoforms are expressed in pancreatic islet B-cells
(144). First, B-cells contain the mitochondrial NAD-dependent ICD (EC1.1.1.41), which

participates in the TCA cycle. The additional two enzymes are NADP-dependent
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(EC1.1.1.42), and are localized in cytosolic (ICDc) and mitochondrial compartments
(ICDm), respectively. We treated 832/13 cells with five siRNA duplexes targeting ICDc
mRNA, and measured the extent of suppression of ICDc mRNA levels by real-time PCR,
as well as the effect on GSIS. As shown in Figure 6, duplexes si290 and si1 100
decreased ICDc expression by 66 + 6% and 28 + 10%, respectively, and had no
significant effect on insulin secretion at 12 mM glucose compared to cells treated with a
control siRNA with no known target. In contrast, duplexes si552, si600, and si654 all
decreased ICDc expression by more than 80%, and all significantly reduced insulin
secretion at 12 mM glucose (p < 0.03). Because duplex 654 caused the most pronounced
reduction in ICDc mRNA levels (92 + 4%), this siRNA was cloned into an adenovirus
(Ad-silCDc) for use in all subsequent experiments. Cells exposed to the nucleofection
procedure in the absence of any siRNA demonstrated similar GSIS and ICDc RNA levels
to cells treated with the control siRNA duplex (data not shown).

ICDc is Effectively Silenced by a Recombinant Adenovirus Containing an
ICDc-Specific siRNA

As shown in Figure 7A, cells treated with Ad-silCDc exhibited a 78 + 5%
reduction in ICDc mRNA compared to cells treated with Ad-siControl. ICDm mRNA
levels were unchanged in Ad-silCDc-treated cells (data not shown).

The decrease in ICDc mRNA in response to Ad-silCDc treatment was
accompanied by a 39 + 9% decrease in NADP-dependent ICD activity in the cytosolic
fraction, and no significant change in activity in the mitochondrial fraction (Figure 7B).

Moreover, immunoblot analysis of fractionated cell lysates using an antibody that detects
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both ICDc and ICDm demonstrated 40 + 14% and 60 + 12% decreases in ICD
immunoreactivity in the total extract and cytosolic fractions, respectively, with no change
in ICD protein level in the mitochondrial fraction (Figure 7C shows a representative blot
from among four used for quantitative analysis). The relative enrichment of the cytosolic
and mitochondrial fractions is indicated by the low levels of the mitochondrial protein
cytochrome C oxidase IV and the cytosolic marker GAPDH in the cytosolic and
mitochondrial compartments, respectively. Similar suppression of ICD mRNA, protein,
and activity levels were observed in an independent robustly glucose responsive cell line,
832/3 (131,133), in response to Ad-silCDc treatment (data not shown). In sum, these
data demonstrate effective silencing of ICDc mRNA, protein and enzyme activity in Ad-
silCDc-treated cells. The lesser decrease in NADP-dependent ICD enzyme activity
compared to ICDc mRNA or protein levels is probably due to some contaminating ICDm
activity in the extract fractions.

siRNA-Adenovirus-Mediated Suppression of ICDc¢ Impairs GSIS in INS-1-
Derived Cell Lines and Primary Rat Islets

Ad-siControl-treated 832/13 cells exhibited an 11.1 + 2.1-fold increase in insulin
secretion as glucose was raised from 3 to 12 mM. In contrast, Ad-silCDc treatment
caused a 59 + 7% decrease in insulin secretion at stimulatory glucose concentrations (p <
0.005), accompanied by a 2.6 + 0.5-fold increase in basal insulin secretion (p < 0.005,
Figure 8A). Thus, Ad-silCDc treatment reduced GSIS to a 1.8 + 0.2-fold response.
Similar experiments in an independent INS-1-derived cell line, 832/3, resulted in a

decline from a 9.7 + 2.7 fold response in Ad-siControl-treated cells to a 3.9 & 0.9-fold
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response in Ad-silCDc-treated cells (data not shown). Importantly, Ad-silCDc treatment
in 832/13 cells had no effect on insulin content compared to Ad-siControl treatment (37.8
+ 2.6 mU insulin/mg protein versus 35.2 + 2.9 mU insulin/mg protein, respectively; p =
0.5).

We next investigated whether the effects of ICDc suppression described in INS-1-
derived cell lines translate to primary cells. Isolated rat islets were treated with Ad-
siControl or Ad-silCDc, or left untreated (no virus control) and cultured for 72 h. Figure
8B shows that isolated rat islets treated with Ad-siControl exhibited a 8.1 + 1.6-fold
increase in insulin secretion in response to stimulatory glucose. Furthermore, the insulin
response in untreated islets was not significantly different than Ad-siControl-treated islets
(» =0.9). In contrast, treatment with Ad-silCDc, which caused a 56 + 6% decrease in
ICDc mRNA, resulted in a 38 + 3% decrease in insulin secretion at stimulatory glucose
concentrations (p < 0.05). The aggregate changes resulted in a decrease in glucose
responsiveness to 4.3 + 0.9-fold in Ad-silCDc—treated islets, similar to the effects noted
for 832/13 and 832/3 cells. To determine whether ICDc suppression affects non-fuel-
mediated insulin release, we stimulated cells with a depolarizing concentration of K™ (40
mM). Addition of K* caused an approximate 3-fold stimulation of insulin secretion
relative to 2.8 mM glucose alone in both Ad-siControl and Ad-silCDc-treated rat islets
(Figure 8B), indicating that suppression of ICDc does not interfere with nutrient-
independent stimulation of insulin secretory granule exocytosis.

Ad-silCDc treatment had no effect on oxygen consumption (Figure 9A).
Furthermore, Ad-silCDc treatment had no effect on cell viability, as measured by
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[methyl-’H] thymidine incorporation (Figure 9B), MTS, or adenylate kinase viability
assays (data not shown). The MTS assay measures cell viability via metabolism of a
tetrazolium compound in mitochondria, and therefore indicates that no gross changes in
mitochondrial function occurred as a consequence of Ad-silCDc treatment.

siRNA-Mediated Suppression of ICDc¢ Does Not Affect Glycolytic Flux or
Glucose Oxidation, but Alters Pyruvate Cycling

As expected, as glucose was raised from 3 to 12 mM, control cells exhibited
significant increases in glycolytic flux, measured by [5-"H] glucose usage assay (Figure
10A) and glucose oxidation, measured by the CO, production of [U-'*C] glucose (Figure
10B). Ad-silCDc treatment had no significant effect on glucose usage or oxidation at
either glucose concentration.

To determine if ICDc influences pyruvate cycling, Ad-silCDc and Ad-siControl-
treated 832/13 cells were incubated with 3 or 12 mM [U-"’C] glucose and pyruvate
cycling was measured by ?C NMR isotopomer analysis (69). As expected, Ad-
siControl-treated cells exhibited an increase in pyruvate cycling as glucose was raised
from 3 to 12 mM (0.50 = 0.08 to 1.07 = 0.07; p < 0.001, Figure 10C). Ad-silCDc
treatment decreased pyruvate cycling at high glucose to 0.84 + 0 .04 (p < 0.02) and also
caused a trend towards an increase at low glucose, such that the overall glucose-induced
increment in pyruvate cycling decreased by 57% (from 0.57 + 0.11 in Ad-siControl-

treated cells to 0.25 + 0.07 in Ad-silCDc-treated cells; p < 0.03) (Figure 10D).
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siRNA-Mediated Suppression of ICDc¢ Influences Cytosolic NADPH Levels

Given that NADPH is a byproduct of the reaction catalyzed by ICDc, we next
measured the impact of Ad-silCDc treatment on NADPH:NADP ratios and total
nicotinamide adenine dinucleotide phosphate levels (NADPH and NADP). As shown in
Figure 11A, glucose caused an increase in NADPH and a decrease in NADP levels in
both Ad-silCDc and Ad-siControl treated cells. The net effect is a 3-fold increase in
NADPH:NADP in response to high glucose in Ad-siControl-treated cells, increasing
from 0.26 + 0.02 to 0.78 + 0.04 (p < 0.001; Figure 11B). However, this glucose-induced
rise in NADPH:NADP ratio was severely blunted in Ad-silCDc-treated cells, an effect
due both to an increase at basal glucose (to 0.41 £ 0.03; p < 0.001) and a decrease at
stimulatory glucose (to 0.64 + 0.05; p = 0.05). Surprisingly, we also observed a small but
significant decrease in the total nicotinamide adenine dinucleotide phosphate pool at high
glucose in both control (9.8 + 1.6%; p < 0.002) and Ad-silCDc-treated (13.3 = 1.9%; p <
0.016) cells compared to low glucose, with lower overall levels in the Ad-silCDc-treated
cells (data not shown). Taken together, these data demonstrate that Ad-silCDc treatment
affects NADPH production at both low and high glucose.

Fatty acid synthesis and elongation are dependent on cytosolic NADPH. To test
whether Ad-silCDc treatment affects cytosolic NADPH levels, we measured [U-"C]
glucose incorporation into lipids. As shown in Figure 11C, glucose incorporation into
lipids decreased by 30 + 9% in Ad-silCDc-treated cells incubated in 12 mM glucose
relative to Ad-siControl-treated cells (p < 0.05). These data provide evidence of a

significant decrease in cytosolic NADPH levels in Ad-silCDc-treated cells.
49



Effects of siRNA-Mediated Suppression of ICDc on Organic Acid Levels

The levels of seven organic acids (lactate, pyruvate, fumarate, malate, citrate,
succinate, and a-KG) were measured in Ad-silCDc- and Ad-siControl-treated cells at
basal and stimulatory glucose by quantitative GC/MS (Figure 12A). Isocitrate was not
detectable. In control cells, the levels of the seven metabolites increased significantly as
glucose was raised from 3 to 12 mM, as previously reported (72). There was no
significant difference in levels of pyruvate, malate, citrate, succinate, or fumarate in Ad-
silCDc versus Ad-siControl-treated cells incubated with 12 mM glucose. In contrast,
lactate levels were increased by 2.8-fold at 12 mM glucose in Ad-silCDc-treated versus
control cells (p < 0.005), whereas a-KG tended to decrease (4.7 + 0.8 to 3.6 £ 0.6
nmol/mg protein, p = 0.14). Also, citrate levels were elevated at basal glucose (2.0 + 0.6
to 3.9 £+ 1.0 nmol/mg protein, p < 0.05) in Ad-silCDc-treated cells.

To determine whether Ad-silCDc also increased lactate levels in islets, secreted
lactate was measured in media from isolated rat islets treated with Ad-silCDc. As shown
in Figure 12B, lactate production increased from 4.5 + 0.2 nmol/islet in Ad-siControl-

treated islets to 6.0 + 0.4 nmol per islet in Ad-silCDc-treated islets (p < 0.005).

3.3 Discussion

Pancreatic islet B-cells exhibit active anaplerosis, defined as entry of metabolites
into mitochondrial pathways that leads to accumulation of TCA cycle intermediates.
Sustained glucose stimulation in islet B-cells results in export of intermediates such as

malate, citrate, isocitrate, and a-KG from the mitochondria to the cytosol (70,151,152).
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Recent work has begun to provide evidence that this export of mitochondrial substrates is
involved in regulation of insulin secretion (69,72,91,118,144,153,154). For example, we
previously demonstrated a strong correlation between PC-mediated pyruvate exchange
with TCA cycle intermediates (“pyruvate cycling”) and GSIS in INS-1 derived cell lines
with varying capacities for glucose response (69), and also showed that lipid-induced
impairment of GSIS results in ablation of the normal glucose-induced rise in pyruvate
cycling activity (118). Furthermore, our group has demonstrated that inhibition of CIC
activity by siRNA dramatically reduces NADPH:NADP, glucose incorporation into
lipids, and GSIS (82). In addition, a pharmacologic CIC inhibitor also ablates GSIS.
These data are consistent with an important role for ICDc in maintaining NADPH and
GSIS.

NADPH has been suggested as a coupling factor that may link pyruvate cycling
activity and insulin secretion (144). NADPH produced in the cytosol through anaplerotic
shuttle systems might be particularly important in -cells since the pentose phosphate
pathway, which produces substantial amounts of cytosolic NADPH in most cell types, is
present at low activity in B-cells (42,43,155). Interestingly, a recent study demonstrated a
correlation between NADPH production and GSIS, and also showed that increasing the
NADPH:NADP ratio in pancreatic B-cells and MIN-6 cells stimulated insulin granule
fusion with the plasma membrane as measured by capacitance changes (91). However,
studies investigating the effects of targeted manipulation of NADPH levels in intact -

cells have not yet been reported. Moreover, among the several different pathways by
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which pyruvate can be recycled in B-cells, the specific pathways involved in control of
GSIS have not been identified.

In rat and human B-cells, NADPH is the byproduct of both the MEc- and ICDc-
catalyzed reactions, whereas in mouse, only the ICDc-mediated reaction contributes to
NADPH generation due to a reported lack of MEc activity in mouse islets (77). Since
ICDc is the universal participant in NADPH production in all three species, we focused
the current studies on manipulation of ICDc expression in INS-1-derived (rat) cell lines
and rat islets. The efficiency of our siRNA-based strategy for suppression of ICD
expression was demonstrated through reductions in ICDc mRNA, protein, and enzyme
activity, with no significant effects on ICDm expression.

We found that suppression of ICDc in 832/13 cells resulted in both an increase in
insulin secretion at basal glucose levels (3 mM glucose) and a decrease in insulin
secretion at stimulatory glucose levels (12 mM glucose), such that the overall effect was
to lower the glucose response from 11.1-fold in Ad-siControl-treated cells to 1.8-fold in
Ad-silCDc-treated cells. Similar results were obtained in a second, independent INS-1-
derived cell line, 832/3. Moreover, Ad-silCDc-mediated suppression of ICDc mRNA
expression by 56 + 6% in primary rat pancreatic islets lowered the glucose response from
8.1 £1.6 to 4.3 + 0.9-fold, showing that the effects of ICDc suppression are recapitulated
in primary cells and are not specific to insulinoma cells. The dramatic effect of Ad-
silCDc treatment in these studies appears to be independent of glucose usage, glucose
oxidation, or oxygen consumption, since all of these activities were unaffected by this
manipulation in 832/13 cells. Instead, suppression of ICDc expression impacted pyruvate
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cycling activity in a manner analogous to its effects on insulin secretion. Thus, pyruvate
cycling was significantly impaired at stimulatory glucose and showed a trend to increase
at basal glucose levels.

3C NMR-based isotopomer analysis quantifies flux through the combined
carboxylation (PC) and decarboxylation (ME) reactions associated with pyruvate cycling,
but does not precisely identify the pathways that contribute to this cycle. Figure 13
shows multiple pathways involving ICDc that may play an important role in pyruvate
cycling (bold arrows). Pyruvate entering the TCA cycle via PC can be converted to
citrate and isocitrate, which exit the mitochondria via mitochondrial membrane
transporters (144). In turn, cytosolic isocitrate participates in pyruvate cycling via ICDc-
mediated conversion to a-KG, which may then enter the mitochondria for conversion to
malate. Finally, malate can either be transported out of the mitochondria to undergo
decarboxylation via MEc, or alternatively, decarboxylation can occur via MEm, thus
completing pyruvate cycling. The data summarized in this chapter suggest that the
particular pyruvate cycling pathway in which ICDc is engaged provides an important link
between glucose metabolism and insulin secretion. Interestingly, siRNA-mediated
suppression of this cycling pathway does not impair insulin secretion in response to a
non-nutrient stimulus such as K'. This is consistent with the idea that pyruvate cycling
makes its main contribution to the second, amplification phase of insulin secretion, rather
than the first, triggering phase, since the latter is the phase that is thought to be regulated

by ATP-sensitive K channels (156,157).
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Ad-siICDc treatment caused a dramatic lowering of the NADPH:NADP ratio in
response to stimulatory levels of glucose, combined with an increased ratio at basal
glucose. These changes in the NADPH:NADP ratio correlated well with insulin
secretion and pyruvate cycling. Also, at stimulatory glucose, there was a significant
decrease in both NADPH and total NADP(H) content in Ad-silCDc treated cells.
Interestingly, it should be noted that another laboratory has also observed a decrease in
total NADP(H) pools in response to glucose stimulation in MIN-6 cells and primary rat
B-cells (91). NADPH has been reported to be co-secreted with insulin in toadfish islets
(97), but the mechanism by which the total NADP(H) pool declines during glucose
stimulation in mammalian islets and cell lines remains to be established.

Since the assays employed for measurement of NADP and NADPH levels did not
discriminate between free and protein-bound nucleotides, or mitochondrial and cytosolic
pools, we examined [U-'*C] glucose incorporation into lipids as an estimate of NADPH
availability in the cytosol, since enzymes required for both fatty acid synthesis and
elongation depend on cytosolic NADPH. We observed a significant decrease in lipid
synthesis in cells with decreased ICDc expression, consistent with the idea that the
observed changes in total cellular NADPH:NADP ratio reflect changes in the cytosolic
compartment. Taken together, these data are consistent with a link between ICDc
expression, NADPH levels, and GSIS. However, it should be noted that our data could
also support an important signaling role for cytosolic a-KG or a downstream metabolite
of this intermediate, as has been suggested by a recent study (73). Further investigation
of this point will be required.
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If NADPH is an important factor, it has several functions that could relate to
insulin secretion. First, it is a cofactor for numerous anabolic pathways including fatty
acid synthesis, desaturation and elongation, all of which occur in B-cells (122,158). In
addition, NADPH is a substrate for 3-hydroxy-3-methylglutaryl-CoA reductase, an
enzyme involved in synthesis of mevalonate, which is required for protein isoprenylation.
Recently, isoprenylation has been suggested to be involved in GSIS (159). NADPH is
also a cofactor for glutathione reductase and thioredoxin reductase, which play critical
roles in protection against oxidative injury. Furthermore, ICDc has been implicated in
the defense against oxidative stress-inducing reagents, such as gamma-irradiation and
oxidizing agents (160,161). Thus, ICDc may play a role in maintaining a redox status in
B-cells that is permissive for efficient insulin secretion, especially in islets subjected to
stressful conditions, such as experienced during exposure to cytokines or high
concentrations of fatty acids. Finally, NADPH has also been suggested to be a direct
regulator of plasma membrane potential. In B-cells, voltage-dependent K (K,) channels
repolarize the plasma membrane after glucose-mediated closure of Katp channels (162).
K, channels consist of integral membrane o subunits, which form the pore, and regulatory
B subunits, which modify K" channel gating. Interestingly, B-subunits containing
NADPH oxidoreductase motifs have recently been identified in both human and rat islets
(163), and direct binding of NADPH to the B-subunits has been demonstrated by X-ray
crystallography (164). Moreover, the rate of inactivation of these channels has been

shown to be correlated with NADPH:NADP ratios (93), prolonging the repolarization
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phase of the plasma membrane current and possibly leading to enhanced insulin
secretion.

In conclusion, our studies provide new evidence for a critical role of ICDc and
pyruvate cycling in control of GSIS. Further studies will be required to understand the
potential molecular links between NADPH or other metabolic byproducts of the
pyruvate/isocitrate cycle and insulin granule exocytosis. Meanwhile, the current studies
seem to contribute clearer understanding of intra- and extra-mitochondrial metabolic
pathways that regulate GSIS, information that may be useful for identification of targets

that improve the performance of dysfunctional islets in type 2 diabetes.
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Figure 5: Correlation Between GSIS and NADPH:NADP

832/13 cells were incubated in 3, 4, 6, 12, or 20 mM glucose, and insulin secretion and
NADPH:NADP ratio were measured as described. Data represent the mean + SD for one
experiment performed in triplicate, and are representative of three independent

experiments.
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Figure 6: Suppression of ICDc Expression with siRNA Duplexes Impairs
GSIS

Five separate siRNA duplexes that target different regions of the ICDc cDNA sequence
(51290, 51552, 51600, 51654, si1100), or a control siRNA duplex with no known target
(siControl) were introduced into 832/13 cells with the Amaxa nucleofection system.
Following 72 h of culture, insulin secretion was measured in response to basal and
stimulatory glucose concentrations. Real time PCR was used to analyze ICDc mRNA

levels. Results represent means = SE for three independent experiments; *p < 0.05.
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Figure 7: Ad-siICDc Decreases ICDc mRNA, Protein, and Enzymatic
Activity

832/13 cells were treated with Ad-silCDc or Ad-siControl for 16 h, followed by an
additional 72 h of cell culture. (A) Real time PCR was used to analyze ICDc mRNA
levels. (B) NADP-dependent ICD activity was measured in cell fractions from Ad-
silCDc-treated cells and quantified relative to the ICD activities of fractions from Ad-
siControl-treated cells. Results represent the mean + SE of three independent
experiments, *p < 0.05. (C) ICDc protein was measured by immunoblot analysis with an
antibody against ICD, and with antibodies for GAPDH (cytosolic marker), cytochrome C,
and cytochrome oxidase IV (mitochondrial markers) to control for efficiency of cell
fractionation. The blot shown is representative of four independent experiments, and

average changes in ICD protein for the four experiments are described in Results.
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Figure 8: siRNA Adenovirus-Mediated Suppression of ICDc Impairs GSIS

(A) 832/13 cells or (B) isolated rat islets were treated with Ad-silCDc or Ad-siControl
adenoviruses, or were left untreated, and 72 h later, insulin secretion was measured in
response to basal and stimulatory glucose concentrations, and for islets, in the presence or
absence of 40 mM KCI. Insulin secretion was normalized to protein content and DNA
content, respectively. Results represent the mean + SE for five independent experiments
in 832/13 cell and three independent experiments in islets, with *p < 0.05 relative to Ad-

siControl-treated cells.
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Figure 9: ICDc Suppression Has No Effect on Cell Growth

832/13 cells and 832/3 cells were treated with Ad-siControl or Ad-siICDc. (A) Oxygen
consumption was measured in cells cultured in 3 or 12 mM glucose. (B) [Methyl-"H]

thymidine incorporation over 4 h was measured using liquid scintillation.
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Figure 10: siRNA-Mediated Suppression of ICDc¢ Does Not Affect Glucose
Usage or Glucose Oxidation, but Impairs Pyruvate Cycling

(A) Glucose usage and (B) glucose oxidation were measured at 3 mM and 12 mM
glucose in 832/13 cells treated with Ad-silCDc or Ad-siControl. Results represent the
mean + SE for three independent experiments. (C) Following Ad-silCDc or Ad-siControl
treatment, 832/13 cells were incubated with [U-"C] glucose and extracted for NMR-
based analysis of pyruvate cycling activity. Results represent the mean + SE for five
independent experiments. *p < 0.05 relative to Ad-siControl. (D) The data of panel C,
plotted as the increment in pyruvate cycling as glucose was raised from 3 to 12 mM. *p <

0.03.
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Figure 11: siRNA-Mediated Suppression of ICDc Alters NADP(H) Levels

832/13 cells were treated with Ad-silCDc or Ad-siControl. (A) NADPH and NADP
levels were measured as described in 832/13 cells exposed to 3 or 12 mM glucose. (B)
Data of panel A expressed as NADPH:NADP ratio. Results represent the mean + SE for
four independent experiments. (C) U-"*C glucose incorporation into lipids was measured
at 3 mM and 12 mM glucose. Results represent the mean + SE for three independent

experiments. *p < 0.05 relative to Ad-siControl.
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Figure 12: Effects of siRNA-Mediated Suppression of ICDc¢ on Organic Acid
Levels

(A) GC/MS was used to quantify levels of organic acids in 832/13 cells treated with Ad-
silCDc or Ad-siControl adenoviruses, and incubated in 3 or 12 mM glucose. Results were
normalized to total cellular protein concentrations and represent the mean + SE for four
independent experiments. *p < 0.05. (B) Lactate was measured in media from islets
treated with Ad-silCDc or Ad-siControl adenoviruses and incubated in 16.7 mM glucose.
Results were normalized to islet number and represent the mean + SE for two

independent experiments, each involving five samples per condition. *p < 0.005.
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Figure 13:Schematic Diagram of Pyruvate Cycling Pathways Involving ICDc¢

Pyruvate cycling measured via '>’C NMR isotopomer analysis can represent several

cycling pathways. Potential pathways involving ICDc are represented in bold arrows.

Oxaloacetate, the product of PC-mediated entry of pyruvate into the TCA cycle, is

converted to citrate and isocitrate. Both intermediates are capable of exiting the

mitochondria via mitochondrial transporters. Cytosolic aconitase catalyzes conversion of

citrate to isocitrate, and in turn, isocitrate can be converted to 0-KG via ICDc. Thereafter,

a-KG may enter the mitochondria for conversion to malate by TCA cycle enzymes, and

subsequent conversion to pyruvate by MEm or MEc, thus completing the pyruvate cycle.
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4. Silencing of Cytosolic and Mitochondrial Malic Enzyme
Isoforms Does Not Affect Glucose-Stimulated Insulin Secretion
from Rat Islets

4.1 Introduction

It is generally accepted that generation of ATP by secretagogue metabolism is
important for insulin secretion. The prevailing model states that an increase in ATP:ADP
results to closure of ATP- sensitive K™ (K arp)channels, leading to plasma membrane
depolarization, calcium influx though voltage-sensitive channels and subsequent release
of insulin-containing granules. This process is known as the K,rp channel-dependent
mechanism of insulin secretion, and appears to be especially central for the first phase of
insulin secretion. In the second phase of insulin secretion, other metabolic coupling
factors are believed to participate, and ATP and calcium are speculated to play a more
permissive role (165).

Attention has been drawn to the importance of pyruvate cycling in GSIS.
Pyruvate carboxylase (PC) is highly expressed in B-cells, and at stimulatory glucose
concentrations, flux though this enzyme is estimated to be roughly equal to flux though
pyruvate dehydrogenase (43,69,148,149). In addition, NMR-based flux analyses on
variously glucose responsive B-cell lines demonstrated positive correlations between
insulin secretion and pyruvate cycling (69,118,153). Furthermore, whereas acute
treatment with a PC inhibitor results in decreases in both GSIS and pyruvate cycling (69-

71), B-cells are protected against RNAi-mediated reduction of PC levels due to a
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compensatory increment in the specific activity of the remaining PC enzyme that serves
to maintain pyruvate cycling flux and GSIS (72).

Pancreatic B-cells express the enzymatic machinery necessary for cycling of OAA
generated via the PC-catalyzed reaction back to pyruvate via at least three different
pathways - the pyruvate-malate, pyruvate-citrate, and pyruvate-isocitrate cycling
pathways. Two recent studies from our laboratory support the involvement of the
pyruvate-isocitrate cycling pathway in generation of metabolic signals for insulin
secretion. In the first report, activity of the mitochondrial citrate/isocitrate carrier (CIC)
was reduced using molecular and pharmacological means, resulting in a robust
impairment of GSIS in both pancreatic cell lines and in rat islets. The defect was
accompanied by reduced cytosolic citrate levels, demonstrating the importance of
mitochondrial citrate export in GSIS (82). Secondly, siRNA-mediated reduction in ICDc
levels also results in impaired GSIS when applied to both B-cell lines and rat islets, in
concert with diminished pyruvate cycling flux and NADPH to NADP ratio (98).

The pyruvate-citrate cycling pathway has been linked to control of insulin
secretion via its byproducts, malonyl CoA and long-chain acyl CoA (113,147,166).
However, prevention of the glucose-induced rise in malonyl CoA by overexpression of
malonyl CoA decarboxylase has no effect in GSIS (110,122). Furthermore, siRNA-
mediated reduction of citrate lyase does not affect GSIS despite severe reductions in both
cytosolic OAA and malonyl-CoA levels (84) providing evidence against the involvement

of the pyruvate-citrate pathway in regulation of GSIS.
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Recently, pyruvate-malate cycling involving NADP-dependent MEc has been
suggested to be involved in GSIS (81). The conclusion was based on RNA1 studies
performed in the 832/13 cell line, in which a ~90% suppression of MEc mRNA levels
resulted in a ~40% reduction of insulin secretion in response to both glucose and the
amino acids leucine and glutamine. In contract, a modest reduction in NAD-dependent
MEm levels did not affect GSIS, but decreased amino acid-stimulated insulin secretion at
basal glucose concentrations. An unfortunate limitation of this study is that these data
were not confirmed in primary islets, and the biological relevance of the pyruvate-malate
cycle in regulation of GSIS remains unclear.

This chapter reports on the effect of reduced MEm and MEc expression on GSIS
in INS-1 derived cell lines, as well as in primary rat islets. In agreement with Pongratz et
al. (81), we found that reduction of MEc expression in 832/13 decreases GSIS. However,
when applied to 832/3 cells or rat islets, a robust reduction of MEc levels of 86 + 2% and
82 + 3% , respectively, had no effect on GSIS. Furthermore, in contrast to the Pongratz
study, we observed an inhibitory effect of MEm reduction on GSIS in the cell lines;
although this inhibitory effect was not recapitulated in islets. Taken together, our study

argues against the involvement of the pyruvate/malate pathway in regulation of GSIS.

Contributions

This work represents a collaborative effort within the Newgard laboratory.

Studies on MEm were performed by Dr. Mette Jensen, and studies on MEc were
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performed by Sarah Ronnebaum. Together, the data on the two enzyme isoforms is a

more complete description of pyruvate-malate cycling.

4.2 Results

The 832/3 Cell Line Exhibits a GLP-1 Response Comparable to Primary
Pancreatic Islets

The 832/13 insulinoma cell line is a widely used model for studying -cell
physiology and function. 832/13 cells express the glucose transporter GLUT-2 and
glucokinase and maintain glucose responsiveness in the physiological range.
Furthermore, in contrast to parental INS-1 cells, which only display a 2-4 fold response,
832/13 cells exhibit glucose responsiveness comparable to what is observed for freshly
isolated primary islets (131). We have recently characterized a sister clone to the 832/13
cell line, the 832/3 cell line. Like 832/13, the 832/3 cells exhibit robust GSIS (Figure
14). However, in contrast to the 832/13 cell line that exhibits no potentiation of insulin
secretion in response to glucagon-like peptide-1 (GLP-1) response, the 832/3 cells exhibit
a 2.6-fold increase in fold insulin secretion compared to stimulatory glucose alone.
Furthermore, the expression level of the transcription factor Nkx6.1 is significantly
higher in both 832/3 cells and islets compared with 832/13 cells (data not shown).
Combined, these results suggest that the 832/3 cell line is more differentiated than the
832/13 cell lines and therefore may serve as a more reliable model for studies of

regulation of insulin secretion.
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Expression of Malic Enzyme Isoforms in Cell Lines and Rat Islets

To investigate the possible involvement of the pyruvate-malate cycling pathway
in GSIS, we first determined the levels of MEm and MEc in cDNA from 832/13 cells,
832/3 cells, and isolated rat islets. As shown in Figure 15, MEc is the dominant ME
isoform in all cell types. When comparing absolute expression levels, MEc is similar in
832/13 cells and 832/3 cells, but both cell lines express significantly less MEc mRNA
than rat islets. 832/3 cells display the highest expression of MEm, followed by islets and
then 832/13 cells.

Mitochondrial Malic Enzyme Suppression Inhibits GSIS in 832/13 Cells, But
Not Primary Islets

To suppress MEm transcription, two distinct small-interfering RNA (siRNA)
molecules were transfected into 832/13 cells (siMEm-1 and siMEm-2), and following 72
h culture, insulin secretion was measured and normalized to total protein content. Figure
16A shows that siMEm-1 and siMEm-2 decreased mRNA levels by 46 + 5 and 87 = 1%,
respectively. As shown in Figure 16B, siControl-transfected cells increased insulin
secretion 5.7 + 1.0-fold secretion when stimulated with glucose. In contrast, MEm
siRNA-1 and MEm siRNA-2-treated cells exhibited only 3.5 + 0.7 and 2.6 + 0.5-fold
secretion, respectively, due in both cases to a significant decrease in insulin secretion at
stimulatory glucose (p < 0.001 for both). This suggests that GSIS was proportional to
the extent of MEm suppression. Similar results were obtained in the more differentiated
832/3 cell line (data not shown). These observations contradict the data obtained by

Pongratz et al., wherein GSIS was unaffected by a 49% reduction in MEm mRNA. A
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possible explanation for this discrepancy is the more complete silencing of MEm that was
achieved in the present study.

Next, adenoviruses were constructed to express MEm siRNA-1 and siRNA-2
(Ad-siMEm-1 and Ad-siMEm-2). These viruses affected GSIS in 832/13 cells in a
manner similar to that reported for the transfected duplexes (data not shown). Isolated rat
islets were transduced with Ad-siControl or a virus expressing the more effective of the
two targets against MEm, Ad-siMEm-2, for 16 h, then cultured an additional 72 h,
followed by measurement of GSIS at 2.8 and 16.7 mM glucose. Ad-siMEm-2 caused a
65 + 3% suppression in MEm mRNA, similar to the extent of suppression in 832/13 cells
(Figure 16C). As shown in Figure 16D, Ad-siControl-treated islets exhibited a 16.9 +
2.8-fold increase in insulin secretion when stimulated with high glucose, but in contrast
to our findings in 832/13 cells, Ad-siMEm-2 treatment did not affect this robust response.
However, basal insulin secretion increased from 18.7 + 3.5 to 42.8 + 4.8 uU/35 in Ad-

siMEm-2 treated islets (p < 0.05), such that the fold response decreased to 7.4 + 1.3.

Mitochondrial Malic Enzyme Suppression Inhibits Cell Growth

Insulin secretion data from control and siMEm-treated 832/13 cells is normalized
to total protein content for the respective samples. However, it was observed that MEm
suppression significantly decreased protein content compared to control, and that siMEm
cells were clearly less confluent at the time of GSIS (results not shown). To test if MEm
silencing affects -cell growth, we measured [methyl-3H] thymidine incorporation into

DNA. As shown in Figure 16E, thymidine incorporation in Ad-siMEm-1 and Ad-
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siMEm-2 cells decreased 26 + 5 and 28 + 3%, respectively, suggesting that MEm is
essential for maintaining cell growth in the 832/13 cell line. We therefore suggest that
the decreased insulin secretion in 832/13 cells with suppressed MEm expression is
secondary to an effect on cell numbers.

Suppression of Cytosolic Malic Enzyme Inhibits GSIS in 832/13 Cells, but Not
832/3 Cells or Primary Islets

The effects of MEc suppression were studied first via transfection of a MEc
siRNA duplex (siMEc) into 832/13 cells. As shown in Figure 17A, siMEc transfection
caused a 76 + 7% decrease of MEc mRNA in these cells. As shown in Figure 17B, si-
Control-treated 832/13 cells demonstrated a 6.1 + 1.2-fold increase in insulin secretion
when stimulated with high glucose, whereas siMEc-treated 832/13 cells had a 43 = 15%
decrease in insulin secretion at 12 mM glucose, resulting in a decrease in the fold
response to 3.3 + 1.0. Similar effects were seen with two other siRNA duplexes targeting
MECc (data not shown). Taken together, these observations are in agreement with results
published by Pongratz et al. (81).

However, a different response was seen when siMEc was transfected into the
INS-1 derived 832/3 cell line. In these cells, siMEc transfection reduced MEc mRNA by
86 + 2% (Figure 17C), but had no effect on insulin secretion at either glucose
concentration in 832/3 cells (Figure 17D), such that the fold response to stimulatory
glucose was fully maintained. Next, we constructed an adenovirus to express siMEc
(Ad-siMEc) in order to silence MEc in isolated rat islets. Ad-siMEc caused an 82 + 3%

reduction in MEc mRNA in islets (Figure 17E). However, this extent of gene
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suppression had no effect on insulin secretion (Figure 17F). Thus, suppression of MEc
impairs GSIS in 832/13 cells, but not in the more differentiated 832/3 cell line or in

primary rat islets.

Suppression of Cytosolic Malic Enzyme Does Not Impair Cell Growth

Because siMEm had powerful inhibitory effects on cell growth, [methyl->H]
thymidine incorporation into DNA was also measured in 832/13 and 832/3 cells
transfected with siMEc. As shown in Figure 17G, siMEc had no significant effect on
thymidine incorporation in either cell type. This suggests that, unlike MEm, MEc is not
essential for supporting cell growth, and that studies investigating the effects of
suppression of MEc on GSIS are not confounded by effects on proliferation of the cell

lines.

Suppression of Cytosolic Malic Enzyme Does Not Impair Glucose Oxidation,
NADPH Ratio, or Organic Acid Levels

We hypothesized that the difference in insulin secretion profiles of 832/13 and
832/3 cells treated with siMEc could be due to changes in glucose oxidation. [U-"*C]
glucose oxidation to '*CO, was measured in 832/13 (Figure 18A) and 832/3 cells (Figure
18B). In siControl-treated 832/13 or 832/3 cells, glucose oxidation rates approximately
doubled in response to stimulatory glucose concentrations. Cells transfected with siMEc
had similar rates of glucose oxidation at both glucose concentrations. In accord with
these findings, oxygen consumption rates were unchanged by siMEc transfection (data

not shown).
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The MEc reaction converts malate to pyruvate while producing NADPH as a
reaction byproduct, and NADPH has previously been shown to correlate with insulin
secretion (91,98). We hypothesized that a decrease in MEc would result in decreased
NADPH:NADP. NADPH and NADP were measured from extracts of 832/13 cells
transfected with siControl or siMEc. As shown in Figure 18C, and in agreement with
earlier studies (72,98), NADPH:NADP increased 2.4 + 0.4-fold with high glucose. In
siMEc-treated cells, there was no significant change in NADPH or NADP at either
glucose concentration, such that the fold increase in NADPH:NADP was 1.9 + 0.3.
Furthermore, organic acid profiling measured via GC/MS was employed to determine
changes in pyruvate (Figure 18D) and other individual organic acids (Figure 18E). As
previously shown (72,98), control cells demonstrate significant increases in the levels of
all organic acids when stimulated with 12 mM glucose. However, there were no
significant differences in organic acid levels in cells treated with siMEc.

Suppression of Cytosolic Malic Enzyme Does Not Impair Pyruvate Cycling
Increment

MEc may be an important enzyme in pyruvate-malate cycling. We used >C
NMR isotopomer analysis to measure pyruvate cycling in 832/13 cells. Figure 19A
shows pyruvate cycling in siControl- and siMEc-treated 832/13 cells. In control cells,
pyruvate cycling increased 2.3 + 0.5-fold with the addition of stimulatory glucose. In
siMEc-treated cells, pyruvate cycling is reduced by 20 + 6% compared to si-Control-
treated cells (p < 0.05). However, due to a similar fall in pyruvate cycling a low glucose,

the fold-response in siMEc-treated cells remains at 2.3 + 0.2-fold, and the increment in
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pyruvate cycling that occurs as glucose is raised from 2.5 to 12 mM is unchanged in
siMEc and siControl-treated cells (Figure 19B).

Expression of Cytosolic Malic Enzyme in Mouse Islets, and Lack of Effect of
Mutation of this Gene in GSIS

Earlier, it has been suggested that mouse B-cells do not express MEc, based on an
absence of NADP-dependent malic enzyme activity (77). To investigate this further, we
performed realtime PCR analyses on mouse and rat islets using primers against glucose-
6-phosphate dehydrogenase as internal control. As shown in Figure 20, MEc is easily
detectable in mouse islets, although the expression level is significantly lower than in the
rat islets.

In addition, MEc”" mice have been described by multiple groups (78,79,167). In
particular, the mmgg mouse, which lacks both MEc and glycerol phosphate
dehydrogenase, has normal blood glucose and serum insulin levels, and islets isolated
from these animals demonstrate normal GSIS. However, it is not known whether mice

express MEm, and whether this enzyme might compensate for a deficiency in MEc.

4.3 Discussion

Flux though pyruvate cycling pathways is strongly correlated with GSIS
(69,118,153). OAA generated from PC-mediated anaplerosis can participate in at least
three different pyruvate cycling pathways (see Figure 2). First, in the pyruvate-malate
cycle, OAA is reduced to malate by mitochondrial MDH, and then converted back to

pyruvate, either by a cytosolic or a mitochondrial form of ME. In the pyruvate-citrate
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cycle, OAA is converted to citrate in the TCA cycle, exported to the cytosol by CIC,
cleaved by ATP-citrate lyase to acetyl CoA and OAA, with the latter intermediate being
converted to malate prior to cycling back to pyruvate via MEm or MEc. Finally, in the
pyruvate-isocitrate cycle, OAA-derived citrate leaves the mitochondria as citrate or
1socitrate, and is oxidized to a-KG via ICDc. The 0-KG formed in the ICDc reaction can
then re-enter the TCA cycle, or via transaminases, be converted back to pyruvate.
Recently, Pongratz et al. have reported evidence for the involvement of the
pyruvate-malate cycle in GSIS (81). The study was performed solely in the 832/13 cell
line. This line was originally isolated from the parental rat INS-1 cell line (168) using a
stable transfection-selection strategy, and displays glucose responsiveness comparable to
what is observed for freshly isolated primary islets (131). The robust GSIS response, in
combination with an ability to retain their B-cell phenotype over more than six months in
culture, has made the 832/13 cell line a widely used tool for studying various aspects of
B-cell function. However, 832/13 cells have a much higher growth rate than normal
islets, and as such, are predicted to have differences in regulation of key metabolic
pathways compared to normal rat islets. Furthermore, isolated -cells in culture lack the
three-dimensional structure of primary islets and physical interaction with other islet cell
types. Consequently, any results obtained in 832/13 cells must always be confirmed in
primary islets before their physiologic relevance can be fully understood (72,98,118,169).
In this report, we investigated the role of MEm and MEc isoforms for GSIS in
two independent INS-1-derived pancreatic B-cell lines as well as primary islets using an
siRNA approach. When delivering siRNAs targeting MEm to either 832/13 or 832/3
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cells, we observed a clear decrease in GSIS that was associated with an equally clear
decline in cell replication, as measured by [methyl->H] thymidine incorporation. In
contrast, Ad-siMEm-mediated suppression of MEm in primary rat islets had no effect on
GSIS.

Pongratz et al. had reported that suppression of MEc impairs GSIS in 832/13
cells, but no confirmatory experiments in primary islets were reported in their studies.
(81). We confirm that siRNA-mediated suppression of MEc impairs GSIS in the current
study. However, suppression of MEc expression in the more differentiated cell line
832/3 or in primary rat islets has no effect on GSIS. The inhibitory effect of MEm
suppression on GSIS in 832/13 cells seems to be independent of cell growth since
[methyl-"H] thymidine was unaltered by this manipulation. Also, glucose oxidation, O,
consumption, and organic acid profile are normal in 832/13 cells treated with siMEc.
NADPH is a by-product of the MEc catalyzed reaction and the metabolite has previously
been suggested to be a coupling factor in GSIS (82,91,98). However, when NADPH and
NADP levels were measured in siMEc-treated 832/13 cells, no changes in these
nucleotides were found relative to siControl-treated cells, demonstrating that the impaired
GSIS in these cells is not due to altered NAPDH levels. Consistent with this finding, the
increment in pyruvate cycling in response to an increase in glucose was unchanged by
siMEc treatment. This indicates that the impairment in GSIS observed in 832/13 cells is
not due to decreased flux though pyruvate cycling pathways. Furthermore, since no
GSIS impairment is observed in the more differentiated 832/3 cell line or in primary
pancreatic islets despite similar suppression of MEc mRNA levels, we suggest that the
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defect in GSIS observed in the 832/13 cells is an unspecific effect due to a less
differentiated state of this cell line.

It has been suggested that MEc is expressed in mouse B-cell lines but not in
primary mouse islets (77). However, real time PCR studies with mouse islet cDNA
reported herein demonstrate that MEc is clearly expressed in mouse islets, although at
significantly lower levels than in rat islets (Figure 20). Importantly, and consistent with
the findings described above, a functional MEc may not be crucial for mouse p-cell
function, since islets from a mouse with a global disruption in MEc exhibit glucose
homeostasis indistinguishable from wildtype islets (79,167).

Combined, the data presented in this study argues against a role of MEm and MEc
in regulation of GSIS. Similarly, flux of carbons though the pyruvate-citrate pathway
appears non-critical for insulin output, since siRNA-mediated suppression of citrate lyase
leaves GSIS intact (84). Overall, the weight of evidence now supports the idea that the
pyruvate-isocitrate pathway is the pyruvate cycling pathway that is critical for generation
of signals for that coordinate glucose metabolism with insulin secretion. The identity of
the pyruvate-citrate cycling-derived factor(s) that links carbon-flux to GSIS is presently
unknown. NADPH as well as a-KG have been suggested as candidates for GSIS

regulation (72,73,91,144). However, further investigation of this point will be required.
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Figure 14: Characterization of INS-1-Derived 832/13 and 832/3 Cell Lines

Glucose-stimulated insulin secretion was measured in 832/13 and 832/3 cells at 2.5 and
12 mM glucose in the presence or absence of 50 nM GLP-1. Insulin secretion was

expressed as fold increase in stimulated secretion from basal secretion.
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Figure 15: Malic Enzyme Isoforms in Cell Lines and Islets

RNA was harvested from 832/13 and 832/3 cells, and isolated rat islets. Quantitative
realtime PCR was used to measure cytosolic (MEc) and mitochondrial malic enzyme
(MEm) isoforms. Data were expressed relative to the internal control cyclophilin B.

Results represent mean = SE of three independent experiments, p < 0.05, " p < 0.005.
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Figure 16: MEm siRNA Impairs GSIS in 832/13 Cells Due to Reduced Cell
Growth

(A) 832/13 cells were transfected with two independent siRNAs targeting MEm, and the
levels of MEm RNA were measured via PCR. (B) Following 72 h culture, GSIS was
measured in 832/13 cells transfected with MEm siRNA targets at 2.5 and 12 mM glucose
and normalized to total protein content. (C) MEm siRNA target siMEm-2 was cloned
into an adenovirus and used to transduce isolated rat islets. MEm mRNA was measured
via PCR. (D) GSIS was measured in isolated islets at 2.8 and 16.7 mM glucose and
normalized to islet number. (E) [Methyl-3H] thymidine incorporation was measured in

832/13 cells transfected with MEm siRNA duplexes, and data was normalized to total
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protein content. Results represent mean + SE of three independent experiments, p <

0.05, "p < 0.005.
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Figure 17: MEc siRNA Impairs GSIS in 832/13, But Not 832/3 Cells or Rat
Islets

An siRNA targeting MEc (siMEc) was transfected in 832/13 cells. Following 72 h
culture, MEc mRNA was measured via PCR (A) and insulin secretion was measured at
2.5 and 12 mM glucose (B). 832/3 cells were transfected with siMEc for measurement of

MEc mRNA (C) and insulin secretion at 2.5 and 12 mM glucose (D). An adenovirus
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expressing siMEc was used to transduce isolated rat islets. MEc mRNA was measured
(E), and insulin secretion at 2.8 and 16.7 mM glucose was normalized to islet number
(F). (G) [Methyl-’H] thymidine incorporation was measured in 832/13 cells (white bars)
and 832/3 cells (black bars) transfected with MEm siRNA duplexes, and data was
normalized to total protein content. Results represent mean + SE of three independent

experiments, *p <0.05, **p <0.005.
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Figure 18: MEc siRNA Has No Effect on Glucose Oxidation, NADPH, or
Organic Acids

[U-'*C] glucose oxidation to CO, was measured at 2.5 and 12 mM glucose in 832/13
cells (A) and 832/3 cells (B) transfected with siMEc. (C) NADPH and NADP were
measured at 2.5 and 12 mM glucose in 832/13 cells transfected with siMEc and
expressed as ratio. (D) Pyruvate and (E) all other measurable organic acids were
measured via GC/MS in 832/13 cells transfected with siMEc at 2.5 and 12 mM glucose.

Results represent mean = SE of three independent experiments.
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Figure 19: MEc siRNA Has No Effect on Pyruvate Cycling
(A) 832/13 cells were transfected with siMEc. Following 72 h culture, cells were
incubated in 2.5 or 12 mM [U-"C] glucose. Cell extracts were collected and pyruvate
cycling was measured via NMR isotopomer analysis. (B) The glucose-induced increment
in pyruvate cycling was calculated. Results represent mean + SE of five independent

experiments.
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Figure 20: Relative MEc mRNA in Isolated Mouse and Rat Islets
Islets were isolated from normal lean mice and rats. RNA was harvested and MEc

expression was measured using real time PCR. Results represent mean + SE of three
independent experiments.
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5. Suppression of Acetyl CoA Carboxylase in B-cells Impairs
Insulin Secretion Via Inhibition of Glucose Rather Than Lipid
Metabolism

Acetyl CoA carboxylase 1 (ACC1) is being investigated as a target for treatment
of obesity-associated dyslipidemia and insulin resistance. To investigate the effects of
ACCI inhibition on insulin secretion, three small interfering RNA (siRNA) duplexes
targeting ACC1 (siACC1) were transfected into the INS-1-derived cell line 832/13; the
most efficacious duplex was also cloned into an adenovirus and used to transduce
isolated rat islets. Delivery of the siACC1 duplexes decreased ACC1 mRNA by 60-80%
in 832/13 cells and islets, and enzyme activity by 46% compared with cells treated with a
non-targeted siRNA. Delivery of siACC1 decreased glucose-stimulated insulin secretion
(GSIS) by 70% in 832/13 cells and 33% in islets. Surprisingly, siACCI treatment
decreased glucose oxidation by 49%, and ATP:ADP ratio by 52%, accompanied by clear
decreases in pyruvate cycling activity and TCA cycle intermediates. Exposure of
siACCl-treated cells to the pyruvate cycling substrate dimethylmalate restored GSIS to
normal without recovery of the depressed ATP:ADP ratio. In siACCl-treated cells,
glucokinase (GK) protein levels were decreased by 25%, correlated with a 36% decrease
in glycogen synthesis and a 33% decrease in glycolytic flux. Furthermore, acute addition
of the ACC1 inhibitor TOFA to B-cells suppressed [ *C] glucose incorporation into lipids
but had no effect on GSIS, whereas chronic TOFA administration suppressed GSIS and

glucose metabolism. Our data show that suppression of ACCI1 activity impairs GSIS via
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inhibition of glucose rather than lipid metabolism. These findings raise concerns about

the use of ACC inhibitors for diabetes therapy.

5.1 Introduction

The key lipogenic enzyme ACC1 has become a target of interest for obesity and
diabetes therapies, as its inhibition would be predicted to decrease de novo lipogenesis
and possibly help remedy the systemic and tissue hyperlipidemia associated with these
disorders. However, if drugs that target ACC are to be used safely, two important
concerns must be addressed.

First, current ACC inhibitors do not discriminate between the ACC1 and ACC2
isoforms; the former enzyme plays a prominent role in synthesis of new fatty acids from
glucose and other fuels, whereas the latter is thought to participate in regulation of fatty
acid oxidation via production of a mitochondria-localized pool of malonyl CoA that
regulates CPT1. Consistent with these ideas, whole body knock-out of ACC1 in mice is
embryonic lethal (107), and liver-specific knock-out impairs hepatic triglyceride
synthesis without affecting glucose homeostasis (108). In contrast, whole body knock-
out of ACC2 results in mice that are lean and protected against diet-induced insulin
resistance (109,170). The consequences of chronic and simultaneous inhibition of both
forms of ACC remain to be fully described.

Second, the role of ACC1 in regulation of insulin secretion is unclear. A previous
report states that stable overexpression of ACC1-specific antisense constructs results in

impaired GSIS (125). Furthermore, treatment of B-cells with the LXR agonist T0901317
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increases expression of a number of lipogenic genes, including ACC1, in concert with an
increase in GSIS (171). In contrast, one group has reported that stimulation of 5" AMPK
activity by molecular or pharmacologic methods causes phosphorylation and inhibition of
ACC, but has no effect on GSIS (172). These data do not provide a clear interpretation
of the effect on ACC1 on GSIS.

GSIS occurs in two phases. The first phase is believed to be catalyzed by an acute
rise in ATP:ADP brought about by mitochondrial glucose oxidation, causing Krp
channel closure, membrane depolarization, and calcium ion influx via voltage-gated
calcium channels. The second, prolonged phase of insulin secretion has been associated
with a variety of metabolic processes, including glutamate metabolism (173), pyruvate
cycling (69), the NADH shuttle system (74), de novo lipogenesis/long-chain acyl CoAs
(111,112), and NADPH production (72,144,149). Fatty acids have complicated effects
on B-cells, in that acute administration potentiates GSIS, apparently in part via activation
of the G-protein coupled receptor GPR40 (119,120), while chronic exposure (>24 h, 1
mM) inhibits insulin secretion, possibly due to impaired pyruvate cycling activity (118),
increased oxidative stress (174), and/or depletion of insulin reserves via stimulation of
basal insulin secretion (175). Less clear is the proposed role of endogenously produced
long-chain acyl CoAs for stimulation of insulin secretion (113), since expression of
malonyl CoA decarboxylase in -cells decreases de novo lipogenesis with no effect on
GSIS in the absence of fatty acids (110,122,123). In light of all of these considerations,

better understanding of the potential role of ACCI in regulation of GSIS is required. The
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goal of the present study was to investigate the effects of pharmacologic and molecular
suppression of ACC1 activity, in both insulinoma cell lines and primary rat islets.

We find that suppression of ACC1 expression or activity results in a significant
impairment of GSIS. However, this effect is linked to an unexpected decrease in GK
protein expression, and subsequent inhibition of glycolytic flux, glucose oxidation, and
ATP production, rather than to a decrease in lipogenic flux. These findings provide a

cautionary note for those pursuing ACC1 as a therapeutic target for diabetes and obesity.

5.2 Results

ACC1 and ACC2 Tissue Expression Pattern

Both ACC1 and ACC2 catalyze the carboxylation of acetyl CoA to form malonyl
CoA; however, these enzymes have different tissue distribution. ACC1 and ACC2
mRNA were measured by realtime PCR in liver, gastrocnemus muscle, and islets from
lean rats, as well as in the rat INS-1 derived 832/13 B-cell line (Table 2). ACCI and
ACC2 are expressed in liver at comparable levels, while ACC2 is the principle isoform
expressed in skeletal muscle. Islets and 832/13 cells express ACC1 mRNA and very
little ACC2 mRNA, consistent with a previous report (176). Therefore, we chose to

focus exclusively on the role of ACCI1 in the pancreatic -cell.

ACCI1 Suppression via siRNA Impairs GSIS

832/13 cells were transfected with one of three siRNA duplexes targeting distinct

regions of the ACC1 transcript (si259, si354, and s15745), or with an siRNA sequence
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with no known gene homology (siControl). Following an additional 48 h of culture,
ACCI1 mRNA, ACCI protein, and GSIS were measured. As shown in Figure 21A, all
three ACC1 siRNA duplexes significantly decreased ACC1 mRNA levels by 70-85%.
Figure 21B shows that the 832/13 cells used in these experiments exhibit robust GSIS, as
stimulation of siControl-treated cells with 12 mM glucose causes a 6.1 + 1.7-fold
increase in insulin secretion compared to secretion at 2.5 mM glucose. Insulin secretion
in untreated or mock-treated cells was not significantly different from siControl-treated
cells at either glucose concentration (data not shown). However, treatment of 832/13
cells with any of the three ACC1 siRNA duplexes decreased insulin secretion at 12 mM
glucose by 40-70%, indicating that ACC1 may play a role in regulating GSIS. Cells
transfected with the most effective siRNA duplex, si354, had similar insulin content to
siControl-treated cells (53 + 5 mU/mg protein compared with 49 + 3 mU/mg protein).
An adenovirus expressing an shRNA sequence corresponding to si354 was
constructed (Ad-siACC1) and used to transduce isolated rat islets for GSIS studies.
ACC1 mRNA was decreased by 59 + 8% in islets treated with Ad-siACC1 compared to
islets treated with the Ad-siControl adenovirus (Figure 21C). Control islets demonstrated
a robust 10-fold increase in insulin secretion when stimulated with 16.7 mM glucose
(Figure 21D). Ad-siACCl treatment inhibited insulin secretion at high glucose by 33 +
9%, but had no effect on basal insulin secretion. Taken together, these data indicate that
suppression of ACC1 expression impairs GSIS in both insulinoma cells and primary rat

islets.
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ACCI1 Protein and Activity are Significantly Decreased with ACC1 siRNA
Treatment

ACCI is phosphorylated (pACC1) and inactivated at low glucose by AMPK
(105), whereas in the presence of high glucose, whereas in the presence of high glucose,
dephosphorylation of ACC1 increases its activity (106). As shown in the representative
immunoblot in Figure 22A, in both control and siACC1-treated 832/13 cells, pACC1
levels are higher at 2.5 mM glucose than at 12 mM glucose. On average, siACC1
treatment caused a 61 + 4% decrease in total ACC1 protein levels, and a proportional
decrease in pACCI1 protein levels (Figure 22B) when normalized to pyruvate carboxylase
(PC) or propionyl-CoA carboxylase (PCC). As shown in Figure 22C, siACCI also
decreased ACC enzymatic activity by 56 + 5%, indicating that the protein knockdown
was proportional to effects on enzyme activity. Furthermore, as shown in Figure 22D,
[U-"*C] glucose incorporation into lipids was suppressed by 64 + 11% at 2.5 mM glucose
and by 57 + 12% at 12 mM glucose in siACCl1-treated compared to siControl-treated
832/13 cells, consistent with the decrease in ACC1 protein levels and in vitro enzyme

activity.

ACC1 siRNA Does Not Affect Total Fatty Acid Oxidation

ACCI1 produces malonyl CoA, but the ACC1-derived pool of this metabolite is
thought to be utilized primarily for lipogenesis, whereas ACC2-derived malonyl CoA is
ascribed the more prominent role in allosteric regulation of CPT1. Cells were cultured in
[1-'*C] palmitate for measurement of fatty acid oxidation. Oxidation to CO, (Figure

23A) and acid-soluble metabolites (ASM, Figure 23B) were measured. Glucose clearly
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inhibited fatty acid oxidation in both siACCI- and siControl-treated cells, but there was
no difference in fatty acid oxidation at either glucose concentration between the two
groups of cells. This data reinforces the current model in which ACC1 regulates fatty

acid production and ACC2 regulates fatty acid oxidation.

Culture in Oleate:Palmitate Does Not Rescue GSIS

It was hypothesized that replenishment of lipids might improve GSIS in cells
treated with siACC1. To better identify the cause of decreased GSIS in siACCl1-treated
cells, 832/13 cells were cultured for 48 h in media containing 0.1% BSA complexed with
0.1 mM oleate:palmitate (2:1), or in media containing BSA alone, and GSIS was
measured in the absence of BSA or fatty acids. As shown in Figure 24, control cells
cultured in BSA demonstrated a robust 8.7 + 1.2-fold increase in insulin secretion. As
previously shown in Figure 21, siACCl treatment significantly decreased GSIS.
Oleate:palmitate culture did not significantly affect GSIS from siControl-treated cells
compared to BSA alone. However, GSIS in siACCl1-treated cells cultured in
oleate:palmitate was still significantly decreased compared to oleate:palmitate control,
and was not significantly improved compared to siACCl1-treated cells cultured in BSA.
Therefore, the effects of ACC1 suppression on GSIS were not rescued by fatty acid

supplementation.
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ACCI1 siRNA Decreases Glucose Oxidation, TCA Cycle Intermediates, and
Short-Chain Acylcarnitines

To further address the metabolic effects of ACC1 suppression in 832/13 cells, we
next measured glucose oxidation by measuring the production rate of '*CO, from [U-'*C]
glucose. As shown previously, glucose induced an approximate doubling in glucose
oxidation rates in siControl-treated cells. Surprisingly, in siACC1-treated cells, glucose
oxidation decreased by 56 + 8% at 2.5 mM glucose and 49 + 10% at 12 mM glucose
compared to siControl-treated cells (Figure 25A). Similarly, oxygen consumption at high
glucose was decreased in siACCI cells, causing a complete ablation of the glucose-
induced increase in oxygen consumption (Figure 25B). These changes did not affect cell
viability, as total cell number per well (Figure 25C) and incorporation of [methyl->H]
thymidine into DNA (Figure 25D) were unchanged 0, 24, and 48 h after removal of
siRNA transfection media. The decreased glucose oxidation and oxygen consumption
was not due to changes in mitochondrial content, as citrate synthase activity was
unchanged in siACCI1 cells (105 = 5 umol/ml/min in siControl-treated cells, 108 + 2
umol/ml/min in siACCl1-treated cells; data not shown).

Because ACCI1 appears to play an important role in regulating glucose oxidation,
it was hypothesized that siACC1 would alter the levels of TCA cycle intermediates and
short-chain acylcarnitines, which are products of mitochondrial fuel metabolism. Using
GC/MS, Figures 26A and 26B demonstrate that glucose induces a rise in the intracellular
levels of all of the organic acids, as we have also reported previously (72,98). However,

in siACCl-treated cells incubated in 12 mM glucose, pyruvate (Figure 26A), a-KG,
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fumarate, and malate (Figure 26B) were all significantly decreased compared to control
cells.

Short-chain acylcarnitines were measured from cells treated with 2.5 or 12 mM
glucose using tandem mass spectrometry (MS/MS), and the complete data is shown in
Table 3. Consistent with the decrease in glucose oxidation, the short-chain acylcarnitines
C2 (acetyl), C4 (butyryl), and C4-OH (B-hydroxybutyryl) measured by tandem mass
spectrometry (MS/MS) were all significantly decreased at 12 mM glucose in siACC1-
treated compared to siControl-treated cells (Figure 27A). C2 acylcarnitine is considered
to be a surrogate marker for mitochondrial acetyl CoA levels (72), whereas C4 and C4-
OH acylcarnitines are in equilibrium with butyryl and B-OH-butyryl CoAs, respectively.

To further demonstrate a reduction in mitochondrial acetyl CoA levels, secreted
B-hydroxybutyrate, which is derived from acetyl CoA, was measured from media of cells
treated with sitACC1. As shown in Figure 27B, secreted B-hydroxybutyrate levels were
significantly decreased with siACC1 treatment. In sum, all of the MS-based metabolite
assays summarized in Figures 26 and 27 are consistent with the suppression of glucose
oxidation in siACCl-treated cells.

ACCI1 siRNA Impairs Pyruvate Cycling and the Glucose-Induced ATP:ADP
Ratio Increase

We have previously demonstrated a strong correlation between pyruvate cycling
and GSIS (69,72,98,118), and have reported that the membrane permeant malate ester,
dimethylmalate (DMM), enhances both insulin secretion and pyruvate cycling (69,118).

To test the potential role of pyruvate cycling in mediating the effects of ACC1
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suppression, siACC1- or siControl-treated 832/13 cells were incubated in 2.5 or 12 mM
[U-"*C] glucose, and pyruvate cycling was analyzed via >C NMR-based isotopomer
analysis. As shown in Figure 28A, in control cells, pyruvate cycling doubles when cells
are stimulated with 12 mM glucose. However, this increment change in pyruvate cycling
induced by a switch from 2.5 to 12 mM glucose was decreased by 47 = 15% in siACC1-
treated cells compared to siControl-treated cells, demonstrating a clear effect of ACC1
suppression on pyruvate cycling activity.

Because the TCA cycle is crucial in providing the reducing equivalents necessary
for ATP production, it was hypothesized that the reduction in glucose oxidation might
also decrease ATP. Furthermore, the decrease in pyruvate cycling might also be
associated with decreased GSIS. In siControl-treated 832/13 cells, increasing the glucose
concentration from 2.5 to 12 mM caused a 70% increase in ATP:ADP ratio, concurrent
with a 4.8 = 0.6 fold increase in insulin secretion (Figure 28B). Incubation of siControl-
treated cells with the pyruvate cycling substrate DMM enhanced insulin secretion at a
stimulatory glucose concentration, as we have previously reported (69), with no
significant enhancement in ATP:ADP. Treatment of 832/13 cells with siACC1 caused a
clear suppression of GSIS and a concurrent decrease in the glucose-induced rise in
ATP:ADP. Remarkably, addition of DMM to siACCl-treated cells had no restorative
effect on ATP:ADP ratio at either glucose concentration, but increased the fold-response
to glucose in siACCl-treated cells from 2.8 + 0.4 to 4.2 + 0.7, indicating that partial
restoration of GSIS in siACCl-treated cells was independent of ATP:ADP, and could be
due to enhanced pyruvate cycling.
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ACCI1 siRNA Decreases Glucokinase Protein

To gain insight into the mechanism by which suppression of ACC1 expression
affects insulin secretion, several genes with previously described roles in GSIS were
measured by realtime PCR. Treatment of 832/13 cells with siACC1 decreased ACC1
mRNA levels by 52 + 7%, resulting in a 31 + 8% decrease in GK mRNA levels. In
contrast, siACC]1 treatment caused no significant changes in hexokinase 1, lactate
dehydrogenase B, the homeobox transcription factor Nkx6.1, or pancreatic and duodenal
homeobox factor | mRNA levels (Table 4). Immunoblot analysis of 832/13 cells
demonstrated that siACCI1 treatment decreased GK protein by 25 + 7% (Figure 29A,
representative blot Figure 29B) and GK enzymatic activity by 16 = 6% (Figure 29C), but
did not affect glucose transporter 2 (GLUT-2) protein levels.

Because glucose-6-phosphate is the substrate for both glycogen synthesis and
glycolysis flux, it was hypothesized that the decrease in GK protein and activity would
cause downstream effects on these metabolic parameters. The rate of synthesis of [U-
(] glucose into glycogen was measured at low and high glucose in siControl- and
siACCl-treated cells. In siControl-treated cells, glycogen synthesis rates dramatically
increase in response to stimulatory glucose. However, consistent with the decrease in
GK activity in siACCl-treated cells, glycogen synthesis was decreased by 30 + 10% at
2.5 mM and by 27 £ 6% in 12 mM glucose (Figure 29D). Glycolysis was measured
using a [5-3H] glucose usage assay. In siControl cells, glucose usage increased 5.0 + 0.7-
fold in response to 12 mM glucose. However, in siACCl-treated cells cultured in 12 mM

glucose, glucose usage was decreased by 24 + 9% (Figure 29E). In summary, these data
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indicate that chronic ACC1 suppression may inhibit glucose metabolism by suppressing

GK.

Pharmacologic Inhibition of ACC1 Decreases GSIS

The non-isoform selective ACC inhibitor 5-(tetradecyloxy)-2-furoic acid (TOFA)
has previously been reported to inhibit insulin secretion in parental INS-1 cells (126), but
the mechanism of this effect has not been elucidated. To determine if TOFA exposure
would demonstrate similar effects to molecular ACC1 suppression on GSIS and glucose
metabolism, 832/13 cells were cultured in 0.1% DMSO or 10 uM TOFA for 72 h,
followed by measurement of [U-"*C] glucose incorporation into lipids in the continued
presence or absence of 10 uM TOFA for 2 h. As shown in Figure 30A, addition of
TOFA only during the 2 h glucose incorporation assay caused a ~50% decrease in
glucose incorporation into lipids in both DMSO and TOFA-pretreated cells. Conversely,
acute removal of TOFA for 2 hours after 72 h of preincubation with the drug in culture
medium resulted in full restoration of normal rates of glucose incorporation into lipids.
TOFA exposure had no effect on cell viability (data not shown). These data demonstrate
that TOFA is both an acute and reversible inhibitor of ACC in 832/13 cells.

Insulin secretion was also measured in the 832/13 cells exposed to TOFA for
varying time periods. As shown in Figure 30B, acute (2 h) addition of TOFA to the
insulin secretion media had no significant effect on GSIS, despite its acute effect to
impair lipogenesis. However, in cells in which TOFA was included in culture media for

72 h but then removed for the subsequent 2 h insulin secretion assay, insulin secretion
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was decreased by 43 + 11% at 12 mM glucose. Cells that were treated with TOFA for
both the 72 h preincubation period and for the 2 h insulin secretion assay exhibited a
similar 46 + 10% decrease in insulin secretion at 12 mM glucose.

These data demonstrate that the block of lipogenesis caused by acute (2 h)
exposure of 832/13 cells to TOFA is not sufficient to cause impairment of GSIS, and
conversely, restoration of lipogenesis by acute removal of the drug after chronic exposure
is not sufficient to rescue glucose sensing. These data support the idea that inhibition of
ACCI impairs GSIS via suppression of glucose metabolism rather than via its effects on
new lipid synthesis. Consistent with this model, TOFA treatment of 832/13 cells for 72 h
caused a 38 + 13% decrease in [5-"H] glucose usage (Figure 30C) and a 27 + 10%
decrease in glucokinase protein levels (p < 0.05; data not shown), similar to data from
siACCl-treated cells. Importantly, treatment of isolated rat islets with TOFA for 72 h
caused a 41 + 9% decrease in GSIS, consistent with our findings in the 832/13 cell line

(Figure 30D).

5.3 Discussion

Acetyl CoA carboxylase has well known roles in regulation of lipid metabolism.
Mammals express both cytosolic (ACC1) and mitochondria-associated (ACC2) ACC
isoforms. Both enzymes catalyze the conversion of acetyl CoA to malonyl CoA, which
serves both as a substrate for fatty acid synthetase in lipogenesis and as a potent inhibitor
of the mitochondrial protein CPT1, which shuttles long-chain fatty acyl CoAs into the

mitochondria for B-oxidation. It has been suggested that malonyl CoA produced by
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cytosolic ACC1 is designated for de novo lipogenesis, whereas by virtue of its
mitochondrial localization, the ACC2-derived malonyl CoA pool serves to regulate
CPT1. Studies of isoform specific ACC knockout mice have provided evidence for
critical regulatory roles of these enzymes in mammalian fuel homeostasis. Thus, ACC2
knock-out mice consume more food than their wild-type counterparts, but weigh less,
accumulate less body fat, and are protected from diet-induced insulin resistance
(109,170). The whole-body ACC1 knockout mouse is embryonic lethal (107), while
liver-specific ACC1 deletion results in decreased liver triglyceride content (108).

Obesity and type 2 diabetes have reached epidemic proportions in many countries
of the world, and are associated with ectopic lipid accumulation in non-adipose tissues
and organs such as liver and muscle. Modern obesity is caused by ingestion of excess
quantities of both glucose and fat, coupled with sedentary life styles. Excess ingestion of
glucose can increase mitochondrial citrate production, leading to increased flux through
the two ACC enzymes. This can lead in turn to simultaneous stimulation of lipogenesis
and inhibition of fatty acid oxidation. This knowledge, coupled with the interesting
features of the ACC”™ mouse, has led to a strong interest in development of
pharmacologic inhibitors of the ACC enzymes as a means of combating excess lipid
accumulation in obesity and type 2 diabetes.

One concern about development of ACC inhibitors for obesity and diabetes
treatments is that their potential impact on metabolic regulation of insulin secretion in the
pancreatic B-cell is incompletely understood. Previous studies showed that stable
expression of an ACCl1-specific antisense construct impaired GSIS in INS-1 cells (125).
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Similarly, treatment of INS-1 cells with TOFA, which inhibits both ACC isoforms at
micromolar concentrations, also was reported to impair GSIS in INS-1 cells (126).
However, in both of these cases it was assumed that the inhibitory effect of ACC
suppression on GSIS was due to blockade of de novo lipogenesis and/or activation of
fatty acid oxidation in response to reductions in malonyl CoA levels. Such an
interpretation was guided by earlier studies suggesting that malonyl CoA serves a
stimulus-secretion coupling factor for GSIS, possibly via its capacity to suppress B-cell
fatty acid oxidation and expand the cytosolic fatty acyl CoA pool. However, several
recent studies are not consistent with this model. Thus, blockade of the normal glucose-
induced rise in malonyl CoA by overexpression of malonyl CoA decarboxylase in 832/13
cells, INS-1 cells, or primary rat islets has no effect on GSIS (110,122,123). Moreover,
siRNA-mediated knock-down of fatty acid synthase (FAS) in 832/13 cells or rat islets
(84), or knock-out of FAS in transgenic mice (177) also does not affect GSIS. Another
report shows that siRNA-mediated knockdown of ATP-citrate lyase (CL), which
produces cytosolic acetyl CoA, also has no effect on GSIS in 832/13 cells or primary rat
islets, despite potent suppression of [U-'*C] glucose incorporation into lipids (84).
Another report from a different group suggests a small decrease in GSIS at intermediate
glucose concentrations in 832/13 cells treated with siRNA specific to CL, but these
authors did not validate these findings in primary rat islets (80). Here we show that the
effects of ACC1 suppression on GSIS require chronic suppression of the enzyme. In
contrast, acute inhibition of ACC1 via addition of TOFA has no impact on GSIS, despite
dramatic effects of the drug on ACC activity as measured by glucose incorporation into
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lipids. These findings align with the growing body of evidence suggesting that neither
malonyl CoA synthesis nor de novo lipogenesis are acute regulators of GSIS.

The current study demonstrates an alternative mechanism for ACC1-mediated
inhibition of GSIS involving impairment of glucose metabolism. Chronic inhibition of
ACCI led to decreased GK protein levels, which occurred in concert with reduced rates
of glucose usage, decreased glucose oxidation, and decreased levels of TCA cycle
intermediates and short-chain acylcarnitines. The fall in C2 (acetyl) carnitine levels
indicates that acetyl CoA was lower in siACCl-treated cells, possibly contributing to the
decrease in pyruvate cycling activity by limiting the allosteric activation of PC.

The mechanism by which ACC1 suppression leads to decreases in GK protein and
glucose flux were not elucidated in these studies. However, preliminary evidence
suggests that changes in GK are not due to decreased transcription. The siACCl1-treated
cells demonstrated a 31% decrease in GK transcript, but while this change may be
statistically significant, it may not be biologically relevant. Furthermore, TOFA-treated
cells demonstrated no significant change in GK mRNA (data not shown). It is possible
that a change in the lipid environment leads to increased GK degradation. In the liver,
GK is regulated by glucokinase regulatory protein, and it has been suggested that GK
associates with the insulin granule in the B-cell (39,40). It is possible that chronically
decreased de novo lipogenesis leads to a change in GK localization within the cell,
perhaps diminishing its stability. The specific mechanism of the effect of ACC1 on GK

is yet to be completely understood.
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The changes in glucose metabolism due to decreased GK protein expression also
led to decreases in ATP:ADP and pyruvate cycling activity. Remarkably, addition of a
pyruvate cycling metabolite, DMM, rescued GSIS without restoring ATP:ADP. This is
now a second example from among our studies of a “disconnect” between the
manipulation of GSIS and ATP and ADP levels. In a prior study, it has been shown that
siRNA-mediated inhibition of pyruvate carboxylase had no effect on GSIS, despite a
30% suppression of ATP levels at high glucose (72). Although surprising in the context
of the long-held view of a critical role for changes in ATP:ADP ratio and regulation of
the Katp channel system in GSIS (12), our recent findings are consistent with studies
showing that transgenic mice lacking expression of the sulfonylurea receptor of the Katp
channel complex exhibit only modest perturbations in GSIS (57,58). These newer
findings are suggestive either of the compensatory activity of another ion channel or a
more prominent role for Karp-channel independent signaling pathways and pyruvate
cycling in control of GSIS than commonly appreciated.

The most widely used chemical ACC inhibitors are nonselective. Delivery of
these compounds to C2C12 cells and Spague-Dawley rats results in increased fatty acid
oxidation in excised muscle samples (178) and improved muscle insulin sensitivity (179);
however, there is data suggesting that their use may result in diminished p-cell function
(180). The current study supports these latter observations and provides a cautionary
note for the use of ACC inhibitors for obesity and diabetes therapy, since their prolonged
administration may lead to a form of B-cell dysfunction and impaired GSIS caused by
interference in B-cell glucose metabolism.
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Table 2: ACC1 and ACC2 mRNA Tissue Distribution

ACC1+SE |ACC2+SE

Liver 1.00+0.23| 1.00+0.25
Muscle| 0.73+£0.10| 21.40+3.34
Islet 0.19+0.03| 0.01 £0.00
832/13| 0.73+£0.09| 0.03+0.00
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Table 3: Acylcarnitines in siACC1-Treated 832/13 Cells

|pmol/mg protein siControl siACCl1

mM glucose 2.5mM = SE 12 mM + SE 2.5 mM + SE 2mM+SE  [fp<
[c2 5843+933 | 2653.7+500.6 502.6£82.9 | 1403.7 +326.5* [0.05
[c3 150.9 + 26.6 125.6 + 18.8 97.3+19.3 63.7£11.6* [0.05
[c4 52.1+5.1 80.2+8.1 405+48 472+6.6* [0.005
[cs:1 74+0.9 132+15 92+2.0 11.1+3.8

lcs 19.8+3.0 18.5+3.6 247+ 4.4 232+3.7

|c4-oH 128+1.7 1184+213 75+1.2 53.7+£10.9* [0.05
[co 54.6+83 735+54 37.9+3.9 462+3.1*  [0.005
|cs-on/C3-DC 15512 20.6 £2.1 17.1+3.2 16.5+ 4.0

|c4-DC 352+3.9 81.0+ 10.6 252+4.6 455+9.4* 10.05
fcs:1 3.2+0.7 3.7£07 23405 3.0+0.9

fcs 26.1+2.1 33.3+22 233£29 229+ 1.7 ]0.005
|cs-DC 33+0.5 3.5+1.0 4.0+0.6 41+1.0

|ce-DC 56+0.9 124+15 3.9+0.7 8.9+0.6* [0.05
Icio:3 2.0£0.4 3.0£0.4 23+0.5 1.0+0.4

[ci0:2 3.6+0.1 3.7+1.1 3.5+07 22+0.0

[cio:1 3.0+0.9 3.6£0.9 42+0.7 3.6+0.7

Icio 16.1+4.3 10.3+2.9 16.8 = 4.6 93+0.9
fcs-DC 2.5+0.6 2.6+0.8 1.1+0.3 3.8+0.6

fci2 10.7£1.5 113+23 12.0 3.3 47+09*  0.05
[c12-oH/C10-DC 2.7+£0.5 2.1+0.4 1.6+0.3 23+04

[ci4:2 3.1+£0.5 42+0.6 33+0.6 3.1+07

[ci4:1 94+17 6.9+1.1 74+13 6.1+0.9

[ci4 21.8+3.9 17.1+28 158 £3.1 132429
|c14-onH/C12-DC 8.5+£2.0 103+4.2 4.6+18 33+0.2

Icie 429+58 345+6.2 355+6.4 24.1+46
[ci6-0H 3.1£06 42+08 2.5+0.6 28+0.5

fcis:2 74+17 63+19 50+ 1.1 6.2+22

[cis:1 228+4.1 156+2.7 17.2+34 113+2.1

[cis 233+3.3 20.5+3.4 17.9£4.0 13.4+24
[cis:1-0H 1.8+0.3 2.8+0.6 2.7+0.6 2.6+0.6
|cis-oH 2.7+0.3 32+06 29+0.5 2.6+0.5

fc20 6.2+1.4 59+08 47+12 42+0.9
|c18-DC/C20-0H 3.1£0.7 2.5+0.6 2.8+0.7 25+0.8

fc22 3.0+0.6 20405 3.1+0.7 24+0.6
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Table 4: Relative mRNA in siControl and siACC1-treated 832/13 Cells

Relative mRNA siControl siACC1
average + SE |average + SE *p

ACCI1 1.00 £ 0.08 0.48 £ 0.07 |0.00
IGK 1.00 + 0.05 0.69 £ 0.08 10.00
hexokinase | 1.00 £ 0.08 0.76 £0.12 |0.07
lactate dehydrogenase |  1.00 = 0.09 1.42+0.24 |10.14
[Nkx6.1 1.00£0.11 0.95+0.06 |0.47
Pdx1 1.00 £0.12 0.99+0.11 |0.77
SREBP1 1.00 £ 0.06 0.78 £0.14 0.12
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Figure 21: ACC1 siRNA Decreases Insulin Secretion in 832/13 Cells and
Islets

832/13 cells were transfected with three siRNA duplexes targeting ACC1 for 24 h, and
following an additional 48 h culture, ACC1 mRNA (A) and insulin secretion at 2.5 or 12
mM glucose (B) were measured. Pancreatic rat islets were transduced for 48 h with Ad-
siControl or Ad-siACCI1 (target 354), and following 24 h culture, ACC1 mRNA (C) and
insulin secretion at 2.8 and 16.7 mM glucose (D) were measured. Results represent mean

+ SE of three independent experiments, *p <0.05, **p <0.005.
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Figure 22: ACC1 siRNA Treatment Decreases ACC1 Protein and Enzyme
Activity

(A) A representative western blot from 832/13 cells transfected with siACC1 and probed
for pACC1, ACCI1, PC, and PCC. (B) pACC1 protein was quantitated at each glucose

concentration relative to PC. (C) ACC1 enzyme activity was measured in 832/13 cells in
an in vitro assay. (D) [U-"*C] glucose incorporation into lipids was measured following a
2 h incubation in 2.5 or 12 mM glucose, and was normalized to protein content and time.

Results represent mean = SE of three independent experiments, ~ p < 0.005.
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Figure 23: ACC1 siRNA Treatment Has No Effect on Fatty Acid Oxidation

1-'*C-palmitatic acid was added to cells incubating for 2 h in 2.5 or 12 mM glucose, and
fatty acid oxidation was measured. (A) Oxidation to CO; and (B) acid-soluble
metabolites were normalized to total cellular protein and time. Results represent mean +

SE of three independent experiments.
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Figure 24: Fatty Acid Supplementation Does Not Rescue GSIS

Following siACCI1 transfection, 832/13 cells were cultured in media containing 0.1%
BSA, or in media containing 0.1 mM oleate:palmitate (2:1) complexed with 0.1% BSA
for 48 h. Insulin secretion was measured at 2.5 or 12 mM glucose in the absence of
exogenous fatty acids. Results represent mean + SE of three independent experiments,

*p <0.05.
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Figure 25: ACC1 siRNA Impairs Glucose Oxidation

(A) U-"*C-glucose oxidation and (B) oxygen consumption were measured in 832/13 cells
transfected with siACC1. (C) Total cells per well and (D) [methyl-"H] thymidine
incorporation into DNA were measured in 832/13 cells 0, 24, and 48 hr after removing

transfection media. Results represent mean + SE of three independent experiments, *p <

0.05.
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Figure 26: ACC1 siRNA Decreases Organic Acid Intermediates

(A) Pyruvate and (B) all other measurable organic acids were measured via GC/MS in

cells incubated in 2.5 or 12 mM glucose. Results represent mean + SE of four

independent experiments. Results were normalized to protein content and represent mean

+ SE of three independent experiments, p < 0.05, " p < 0.005.
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Figure 27: ACC1 siRNA Treatment Decreases Acylcarnitines and Ketones

(A) C2 (left axis), C4, and C4-OH (right axis) acylcarnitines were measured via MS/MS
in cells incubated in 2.5 or 12 mM glucose. (B) Secreted ketones were measured from
media of cells treated with ACC1 siRNA. Results were normalized to protein content

and represent mean % SE of three independent experiments, p < 0.05, " p < 0.005.
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Figure 28: ACC1 siRNA Prevents Glucose-Induced Pyruvate Cycling and
ATP:ADP

(A) Pyruvate cycling increment from 2.5 to 12 mM [U-"C] glucose was measured via
NMR analysis. Results represent mean + SE of four independent experiments, *p <0.05.
(B) 832/13 cells were incubated the presence or absence of 10 mM dimethylmalate
(DMM) for measurement of ATP, ADP, and insulin secretion. ATP:ADP ratio (filled
bars) was calculated and plotted against insulin secretion (white bars) for each condition.
Results represent mean + SE of three independent experiments. “p < 0.005 compared to

siControl, 'p < 0.05 compared to siControl+DMM, *p < 0.005 compared to siACC].
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Figure 29: ACC1 siRNA Decreases GK Protein
(A) GLUT-2 and GK protein levels were measured via immunoblot analysis, using y-
tubulin as loading control. Results represent mean + SE of eight independent
experiments. A representative blot is shown in (B). (C) Glucokinase activity was
measured at 0.5 mM and 100 mM glucose in control and siACCI1 cells. (D) Following
incubation in [U-"*C] glucose, glycogen synthesis was measured and normalized to
protein content and time. (E) Following incubation in [5-°H] glucose, glycolytic flux was
measured and normalized to protein content and time. Results represent mean + SE of

three independent experiments, p < 0.05,  p < 0.005.
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Figure 30: Pharmacologic ACC1 Inhibition Reduces Insulin Secretion

(A) 832/13 cells were cultured in 0.1% DMSO + 10 uM TOFA for 72 h, washed, and

glucose incorporation into lipids was measured in the absence or presence of TOFA for 2

h. (B) 832/13 cells were cultured in TOFA for 72 h and GSIS assay was performed in

absence presence of TOFA for 2 h. (C) [5-°H] glucose usage was measured at 2.5 and 12

mM glucose in 832/13 cells cultured 72 h in TOFA. (D) Islets were cultured in 1%

DMSO =+ 100 uM for 72 h, and GSIS was performed at 2.8 and 16.7 mM glucose in the

absence of TOFA. Results were normalized to protein content and represent mean + SE

of three independent experiments, p < 0.05, " p < 0.005.
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6. Conclusions and Future Directions

Diabetes treatment relies on improving both insulin sensitivity and insulin
secretion, and therefore it is essential to better understand the basic biology of pancreatic
B-cell in normal and pathological conditions. Left untreated, diabetes complications can
increase the risk of heart disease, stroke, blindness, and infections requiring amputation.
The prevalence of diabetes has reached epidemic proportions, both nationally and
worldwide. Furthermore, the incidence of cases in patients under age 44 has doubled
since 1980 (181). This alarming trend underscores the need to elucidate mechanisms of
insulin secretion, as young patients need better therapies to halt the disease progression
and ensure a healthy life.

It is well established that the production of ATP from metabolism of glucose is
correlated with insulin secretion. For more than 20 years, this has led to broad
acceptance of a dominant role for the Ksrp-dependent pathway of GSIS, in which
increases in ATP:ADP ratio in response to glucose metabolism lead to closure of Katp
channels and activation of voltage-gated calcium channels to trigger insulin granule
exocytosis. More recently, it has become apparent that Kap channel-independent
mechanisms may also play a very prominent role in GSIS, and second messengers such
as NADH, NADPH, and long-chain acyl CoAs have been implicated as potentially

important in this process.
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6.1 Current Model of Pyruvate Cycling

Our laboratory has focused on the correlation between pyruvate cycling and
GSIS, with the help of a fruitful collaboration with researchers who developed a >C
NMR isotopomer analysis method to quantitatively measure pyruvate cycling
(69,72,98,118). Pyruvate cycling, rather than pyruvate oxidation, was found to be
strongly correlated with GSIS in several INS-1 derived cell lines with varying glucose
responsiveness (69,131). Furthermore, activation of pyruvate cycling through addition of
the pyruvate cycling substrate DMM increased GSIS, while inhibition of pyruvate
cycling using the PC-inhibitor PAA decreased GSIS. The inhibitory effect of PAA on
GSIS has been confirmed by other groups who also conclude that anaplerosis is a
necessary component of GSIS (70,71). Our group has also demonstrated that PC activity
is tightly regulated to maintain activity. Jensen et al. has shown that siRNA-mediated
inhibition of PC has no effect on pyruvate cycling or insulin secretion due to a
compensatory rise in acetyl CoA, which acts to increase the specific activity of PC and

thus maintain flux through the enzyme (72).

Pyruvate-Malate Cycling

The regulation of PC activity indicates the overall importance of PC-mediated
production of OAA from pyruvate. As shown in Figure 2, PC-derived OAA may
immediately participate in pyruvate-malate cycling through conversion to malate by
mitochondrial MDH. Malate can be directly converted to pyruvate through MEm, or

may then exit the mitochondrial through the malate transporter DIC and be converted to
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pyruvate by MEc. We hypothesized that pyruvate-malate cycling through MEm and
MEc might regulate GSIS.

Pongratz et al. has shown that MEc, but not MEm, inhibition in rat INS-1-derived
832/13 cells decreases GSIS and pyruvate cycling (81). However, this study was flawed
in several aspects: 1) Results were not verified in isolated rat islets, 2) the MEm siRNA
decreased expression by only 50%, 3) untreated cells were used as control, and 4) control
cells demonstrated only a 2- to 4-fold increase in insulin secretion in the presence of
stimulatory glucose concentrations, which is a poor response profile for this cell line that
could have obscured the effects of gene manipulation on GSIS. Therefore, we chose to
address these concerns by studying the effects of MEc and MEm suppression in both cell
lines and islets.

As described in Chapter 4, siRNA-mediated inhibition of MEm in INS-1 derived
832/13 cells leads to a dramatic decrease in cell proliferation, as indicated by thymidine
incorporation into DNA. MEm siRNA causes a severe impairment in GSIS, even when
cell protein content in taken into account. This is consistent with the well-established
concept that B-cells require cell-cell contact for optimum function and secretion (182).
However, MEm suppression in isolated islets had no effect on GSIS. In addition, siRNA-
mediated MEc inhibition decreased GSIS in 832/13 cells, but not a similar INS-1 derived
cell line, 832/3. Similar to MEm suppression, MEc siRNA also did not affect GSIS from
isolated rat islets. MEc inhibition had no effect on glucose oxidation or thymidine

incorporation in either 832/13 or 832/3 cells. In 832/13 cells, the inhibition of GSIS was
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not due to a decrease in any individual organic acid, pyruvate cycling rates, or
NADPH:NADP.

A reported lack of NADP-dependent MEc activity in mouse islets has added to
controversy over pyruvate-malate cycling (77). However, data published in Chapter 4
establishes that mouse islets do express MEc mRNA. Surprisingly, the Mod1 mouse,
which lacks MEc in all tissues, has normal blood glucose and serum insulin (78,79). It
would be extremely informative to compare GSIS from islets isolated from these mice
with normal mice. While NADP-dependent ME activity has not yet been detected in
mouse islets (77), NAD-dependent MEm activity has not been measured and may
compensate for a reduction in MEc. Indeed, MEm may be an essential enzyme even
when MEc is expressed at normal levels, due to the observation that multiple siRNA
sequences targeting MEm inhibited cell growth.

The current model of anaplerosis suggests a net transport of malate out of the
mitochondria. However, malate can be generated through an alternate pathway in the
cytosol, in which cytosolic a-KG is converted to glutamate by the aspartate
aminotransferase reaction of asparate conversion to OAA. OAA can then serve as
substrate for MDH, generating cytosolic malate. Malate can then enter the mitochondria
through the bidirectional malate transporter, dicarboxylate transporter (DIC), and it is
possible that this flux of malate into the mitochondria serves to regulate GSIS.
Consistent with this, overexpression of DIC increases insulin secretion (183), while
Joseph et al. has shown that siRNA-mediated inhibition of DIC results in decreased
GSIS, without having effect on glucose oxidation (unpublished data). Our laboratory is
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currently investigating the effects of aminotransferase inhibitors, which block the
aspartate aminotransferase reaction. We benefit from the use of GC/MS and MS/MS to
profile organic acids and amino acids, respectively. This data, coupled with insulin
secretion data and other metabolic assays, will yield a more clear model of pyruvate

cycling pathways and GSIS.

Pyruvate-Citrate Cycling

Because pyruvate-malate cycling through MEm and MEc may not be essential for
islet GSIS, our group has also studied the potential involvement of pyruvate-citrate
cycling in GSIS. To this end, Joseph ef al. has demonstrated that inhibition of CIC,
which transports citrate and isocitrate out of the mitochondria, decreases GSIS in both
INS-1 derived B-cell lines and isolated rat islets (82). An important aspect of this study
was that the acute addition of 1,2,3-benzenetricarboxylate, a potent CIC inhibitor,
dramatically reduced GSIS in both 832/13 cell and isolated rat islets, indicating that flux
of isocitrate and citrate through this carrier maintains GSIS. Cytosolic citrate can then be
cleaved by CL to OAA and acetyl CoA, which can then serve as substrates for pyruvate —
citrate cycling and ACC, respectively. Surprisingly, while CIC suppression decreases
GSIS, siRNA-mediated inhibition of CL has no effect on pyruvate cycling or GSIS (84).
In addition, the acute inhibition of CL using a pharmacologic agent, hydroxycitrate, has
no effect on GSIS. Because CL is an essential enzyme in pyruvate-citrate cycling, these
data suggest that this pathway may not regulate GSIS. However, because cytosolic

citrate can be converted to isocitrate by cytosolic aconitase, it is possible that the
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inhibition of CIC affects GSIS by virtue of inhibiting flux through NADP-dependent
ICDc. We focused on the potential role of ICDc in pyruvate-isocitrate cyclin, and
hypothesized that inhibition of this enzyme would reduce pyruvate cycling, NADPH, and

GSIS.

Pyruvate-Isocitrate Cycling

We measured the effects of siRNA-mediated inhibition of ICDc on pyruvate
cycling and GSIS. As described in Chapter 3 and Ronnebaum et al. (98), siRNA-
mediated inhibition of ICDc decreases GSIS in 832/13 cells in a dose-dependent manner,
and decreases GSIS in isolated rat islets. Furthermore, inhibition of ICDc has no effect
on glucose oxidation, but significantly inhibits pyruvate cycling, suggesting that the flux
of isocitrate and a-KG in pyruvate-isocitrate cycling may be correlated with GSIS. ICDc
suppression also decreases NADPH:NADP at stimulatory glucose concentrations, which
is consistent with the theory that ICDc substantially contributes to the total NADPH pool.
The decrease in cytosolic NADPH was confirmed by demonstrating a decrease in glucose
incorporation into lipids, an NADPH-dependent enzymatic process. GC/MS-based
organic acid profiling was used to detect a significant increase in lactate levels,
concurrent with stable levels of pyruvate. The increase in lactate was verified by
measuring secreted lactate in media from isolated islets with reduced ICDc expression.
These data presented a novel pyruvate cycling pathway, in which ICDc contributes to

pyruvate-isocitrate cycling, NADPH, and GSIS. The decrease in pyruvate cycling is
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compensated for by an increase in lactate dehydrogenase-mediated pyruvate conversion
to lactate.

At this point, the specific mechanism through which NADP-dependent ICDc
activity correlates with GSIS is not understood. In various manipulations of metabolic
genes, our data suggests that NADPH:NADP is directly correlated with GSIS, in that
reductions in both CIC and ICDc reduce NADPH and GSIS (82,98), while PC inhibition
causes no change in NADPH or GSIS (72). One way to address the biology of pyruvate-
isocitrate cycling is to manipulate downstream effectors, such as the mitochondrial a-KG
transporter (a-KGT). In unpublished studies by Odegaard et al., siRNA-mediated
inhibition of a-KGT inhibits insulin secretion in both 832/13 cells and islets. To better
understand anaplerotic flux in cells with suppressed a-KGT, organic acids were measured
from the cytosol and mitochondria of 832/13 cells. Suppression of a-KGT decreases
mitochondrial succinate, citrate, a-KG, fumarate, and malate, but decreases cytosolic
lactate and pyruvate. This implies that under normal conditions, a-KG enters the
mitochondria through a-KGT to replenish the TCA cycle intermediates, and is consistent
with an important role of ICDc in maintaining glucose metabolism.

This data is consistent with preliminary data suggesting that inhibition of
mitochondrial, but not cytosolic, aspartate aminotransferase inhibits insulin secretion. As
shown in Figure 31, a-KG derived from the ICDc reaction may enter the mitochondria
and generate OAA by mitochondrial aspartate aminotransferase. OAA may then be
converted to citrate or isocitrate, which can then serve as substrate for the ICDc-mediated
regeneration of a-KG. It is possible that this pathway serves to regulate production of
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NADPH. This pathway will be further investigated to better understand pyruvate-

isocitrate cycling and the role of NADPH in GSIS.

6.2 ACCI and the Long-Chain Acyl CoA Hypothesis

Besides pyruvate cycling, long-chain acyl CoA production has been proposed as a
Karp-independent pathway regulating GSIS. Cells depend on de novo lipogenesis to
produce and replenish membrane lipids and store fuel. In most cells, a complete block in
lipogenesis leads to growth arrest or cell death. In yeast, which express a single ACC
isoform, disruption of one ACC allele blocks cell growth (184), and ACCI1 is the target of
several herbicides (185,186). Lipogenesis is essential in mammalian cells, demonstrated
by the embryonic lethality of ACC1”" mice (107) and FAS” mice (187). The liver-
specific ACC1” mouse is viable and has decreased liver triglyceride accumulation (108),
while the liver-specific FAS” mouse demonstrates increased liver triglycerides and
decreased liver cholesterol content (188), most likely due to decreased fatty acid
oxidation. In contrast, fatty acid oxidation is unregulated by glucose in ACC2" mice
(170). In summary, these data suggest that ACC2 normally regulates fatty acid oxidation
through malonyl CoA production and inhibition of CPT1, while ACC1 is essential in de
novo lipogenesis. Based on these animal models, it has been suggested that the ACC
enzymes might be an attractive target for the treatment of obesity and diabetes (reviewed
in (124,179)). Theoretically, simultaneous inhibition of these enzymes would promote

fatty acid oxidation while inhibiting fatty acid synthesis.
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However, inhibition of ACC1 and ACC2 might have a major caveat in the
pancreatic B-cell. It has been suggested that long-chain acyl CoAs regulate GSIS through
an intracellular signaling mechanism (reviewed in (113)). Our laboratory has countered
this hypothesis by repeatedly demonstrating that decreasing malonyl CoA levels via
MCD overexpression has no effect on GSIS (110,122). Support for the long-chain acyl
CoA hypothesis is derived from studies involving fatty acid supplementation. When cells
are cultured in low concentrations of exogenous fatty acids (<0.2 mM) for acute time
periods (<12 h), GSIS improves. However, the characterization of the fatty acid-binding
G-protein coupled receptor GPR40, and the demonstration that agonists of this receptor
increase GSIS, weakens this argument (119-121). Still, the role of long-chain acyl CoAs
is not completely understood.

Inhibition of ACCI1 using stable transfection of antisense DNA into INS-1 cells
caused decreased insulin secretion (125), and was attributed to a decrease in long-chain
acyl CoAs. However, a mechanism for this effect was not demonstrated, and the study
was lacking in several areas, including 1) glucose metabolism was not measured in these
cells, 2) the effect of ACC1 suppression on cell growth rates was not measured, and 3)
the effects of chronic versus acute enzyme inhibition were not compared. These
questions were addressed in the current studies by transiently suppressing ACC1 using
siRNA or a pharmacologic inhibitor in 832/13 cells and isolated rat islets. As described
in Chapter 5, multiple siRNA duplexes targeting ACC1 suppressed both ACC1 gene
expression and GSIS. This effect was recapitulated in isolated islets treated with ACC1
siRNA. ACCI inhibition had little effect on fatty acid oxidation rates, but did
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dramatically decrease glucose oxidation at both low and high glucose concentrations.
The glucose-induced rise in ATP:ADP, which is dependent on TCA cycle flux, was
ablated in ACCI1 siRNA-treated cells, but GSIS could be rescued independently of
ATP:ADP via addition of the pyruvate cycling substrate DMM. The decrease in glucose
oxidation was also consistent with organic acid profiling data showing decreased
pyruvate, malate, and a-KG, which participate in pyruvate cycling, and it was
demonstrated that the glucose-induced pyruvate cycling increment was suppressed by
virtue of effects on glucose oxidation. Immunoblot analysis and enzymatic assays for
GK demonstrated that ACC1 inhibition led to a decrease in GK, which had downstream
effects on glycogen synthesis and glucose usage. Therefore, it is possible that the
reduction in GK caused by chronic ACC1 suppression was responsible for the decrease in
glucose oxidation.

An interesting aspect of ACC1 suppression was the unexpected effect on pyruvate
cycling. The reduction in pyruvate cycling appears to be a consequence of a depletion of
TCA cycle intermediates caused by reduced glycolytic flux and glucose oxidation. In
addition to decreased glucose oxidation, the reduction in glycolytic flux is also confirmed
by acylcarnitine profiling demonstrating decreased C2 (acetyl) carnitine levels, a
surrogate measurement for mitochondrial acetyl CoA. Acetyl CoA regulates pyruvate
flux by allosterically activating PC, and therefore the lack of PC activation via glucose-
induced acetyl CoA production might also explain the decrease in pyruvate cycling.

Also, consistent with the observed decrease in pyruvate cycling, it was shown that
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addition of the pyruvate cycling substrate DMM increased GSIS in both siControl- and
siACCl1-treated cells, but had no effect on ATP:ADP.

The improvement in GSIS in DMM-treated cells with suppressed ACC1
expression is an important example of a “disconnect” between ATP and GSIS. Our lab
has demonstrated this concept in two independent studies: 1) Suppression of PC activity,
which does not affect GSIS, reduces ATP (72), and 2) suppression of CIC activity, which
dramatically inhibits GSIS, has no effect on ATP:ADP (82). In sum, these studies
complicate the minimal model of GSIS, and provide more weight to the importance of
Karp-independent insulin secretion.

Because long-chain acyl CoAs are thought to acutely potentiate GSIS (reviewed
in (113)), a major concern in these experiments was that the effects on GSIS might be
secondary to a decrease in long-chain acyl CoA production. TOFA is a reversible,
competitive pharmacologic inhibitor of ACC and was used to test the hypothesis that
chronic, and not acute, inhibition of ACC1 might decrease GSIS through a lipogenesis-
independent mechanism. 832/13 cells were cultured in normal media or TOFA for 72 h,
and insulin secretion was measured in the presence or absence of TOFA. TOFA did not
appear to cause cell toxicity in either short or long-term culture. These experiments
clearly demonstrated that long term TOFA culture and subsequent removal had no effect
on acute de novo lipogenesis, but decreased GSIS, GK protein expression, and glucose
usage. Importantly, GSIS was reduced in islets that were cultured chronically in TOFA
but assayed in the absence of the inhibitor. In contrast, acute TOFA exposure
dramatically decreased de novo lipogenesis, but had no effect on GSIS.
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While inhibition of CIC, CL, ACC1, and FAS all decrease glucose incorporation
into lipids and the production of long-chain acyl CoA molecules thought to act as second
messengers, acute inhibition of CL, ACC1, and FAS do not appear to have any effect on
GSIS (82,84). Therefore, these data make a strong argument against the long-chain acyl
CoA hypothesis. Moreover, the reduction in GSIS observed during both chronic (siRNA-
mediated) and acute (pharmacologic agent) inhibition of CIC suggests that these effects
are mediated through a reduction in pyruvate-isocitrate cycling, and not through
pyruvate-citrate cycling or production of long-chain acyl CoAs. Thus, it appears that the
effects of ACC1 inhibition on glucose metabolism and GSIS might be mediated through

the observed reduction in GK and downstream glucose metabolism.
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GK and ACC1

ACC is tightly regulated by glucose. At low glucose concentrations, ACC is
inactivated due to AMPK phosphorylation, but is activated at high glucose by both
dephosphorylation and allosteric activation by rising concentrations of citrate (105,106).
Therefore, lipogenesis mainly occurs only when excess glucose is available. GK acts as a
glucose sensor and has been shown to affect ACC1 expression. For example, when GK
is overexpressed in rat liver, ACC1 mRNA expression increases even in the fasted state,
independent of SREBP-1c¢ expression (189). In addition, the normal glucose-induced
increase in liver ACC1 mRNA expression is absent in hepatic GK™" mice (190). Because
these studies were performed in liver, which has demonstrated different regulation of GK
transcription (10), similar studies should be performed using B-cells. Still, these data
indicate a possible connection between GK and ACCI1.

As described in Chapter 5, both ACC1 siRNA and TOFA significantly decreased
GK protein expression and glucose usage rates. But because siRNA-mediated ACC1
suppression had significant but small effects on GK mRNA, and TOFA exposure had no
effect on GK mRNA, it appears that ACC1 somehow regulates GK protein translation or
stability. An appealing possibility is that the change in the lipid environment due to
reduced lipogenesis affects GK protein levels, either due to an increase in ubiquitin-
mediated degradation or change in localization leading to protein instability. The former
possibility could be addressed by measuring GK protein half-life through pulse-chase
experiments, while the latter possibility could be addressed by measuring glucose-

induced changes in GK localization, as GK is known to be associated with various
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organelles (39,40). This could be accomplished through immunofluorescence, either by
overexpressing a fluorescent-tagged GK protein and measuring glucose-induced
movement, or probing endogenous protein using fluorescent antibodies. GK could also
be measured from cell fractions by western blot analysis.

It is also possible that ACC1 and GK might physically interact to improve
stability. GK is known to bind a precursor subunit of propionyl CoA carboxylase (PCC)
(191), a biotin-binding enzyme used as a loading control in Figure 22. ACC also binds
biotin, and it is possible that GK might benefit from association with other biotin-binding
enzymes. Biotin is also known to affect GK transcription (192), although as discussed
earlier, it seems that the decrease in GK is not mediated through mRNA. This possibility
could be assessed through yeast two-hybrid screens, co-immunoprecipitation
experiments, or chemical crosslinking followed by MALDI-MS protein analysis. Results
of such experiments might lead to a better understanding of the influence of ACC1 on

GK.

6.3 Summary

Correlations between fuel metabolism, Ka1p channel activity, and granule
exocytosis has led to a model of insulin secretion dependent on ATP. However, in an
effort to better understand K rp-independent pathways that regulate insulin secretion, our
laboratory has demonstrated the importance of pyruvate cycling pathways. The focus of
this dissertation was to identify which specific pyruvate cycling pathways are involved in

control of GSIS. This work demonstrates that ICDc participates in pyruvate cycling, and
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that pyruvate-isocitrate cycling is closely associated with GSIS. Unexpectedly, pyruvate-
malate cycling does not appear to be an essential pathway, as MEc inhibition had no
effect on pyruvate cycling, NADPH:NADP, or islet GSIS. Furthermore, this work
explored the long-chain acyl CoA hypothesis via inhibition of ACC1, and demonstrated
that chronic, but not acute, ACC1 inhibition reduced GSIS. This means that acute
generation of long chain acyl CoA molecules is not an important mechanism for control
of GSIS. Instead, the chronic effects of ACC1 inhibition on insulin secretion are
explained by inhibition of glucose rather than lipid metabolism. This effect may be
mediated through a decrease in GK, which led to downstream effects on both TCA cycle
flux and pyruvate cycling. This work generates new questions to be addressed in our
laboratory and others, such as identification of the exact second messenger that is

generated by pyruvate cycling that links to insulin granule exocytosis
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Figure 31: ICDc-Asparate Aminotransferase Cycling Pathway

A proposed cycling pathway involves a-KG entry into the mitochondria and subsequent

generation of oxaloacetate, which may then efflux the mitochondria as citrate or isocitrate

and maintain flux through ICDc. This pathway might serve to regulate levels of

NADPH.
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