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Abstract

Metabolomics, the characterization of the set of small molecules in a biological system, is
advancing research in multiple areas of islet biology. Measuring a breadth of metabolites
simultaneously provides a broad perspective on metabolic changes as the islets respond
dynamically to metabolic fuels, hormones, or environmental stressors. As a result, metabolomics
has the potential to provide new mechanistic insights into islet physiology and pathophysiology.
Here we summarize advances in our understanding of islet physiology and the etiologies of type-1
and type-2 diabetes gained from metabolomics studies.
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1. Introduction

Type 2 diabetes (T2D) mellitus is the most common metabolic disease worldwide, affecting
21 million people in the US alone, and both its incidence and prevalence are on the rise
globally. Type 1 diabetes (T1D) is less common, with approximately 3 million patients
afflicted in the US [1]. Both T1D and T2D are diseases of insulin deficiency, but with
different etiologies. T2D is often associated with excess caloric intake and obesity, which
contribute to development of peripheral insulin resistance. Over time, pancreatic 3-cells fail
to compensate for the increased insulin demand due to loss of key p-cell functions such as
glucose-stimulated insulin secretion (GSIS), in concert with a gradual depletion of p-cell
mass [2]. In contrast, T1D, which often manifests during childhood, is a result of selective
autoimmune destruction of the pancreatic p-cells, leading to insulin deficiency [3]. The
mechanisms linking glucose metabolism and insulin secretion in the p-cell are still
incompletely understood, as are the mechanisms of p-cell dysfunction and death.

A clearer understanding of p-cell function is essential for ultimate success in creation of
surrogate cells for insulin replacement therapy in T1D and for developing better drugs for
treatment of T2D. Metabolomics represents an emergent tool for understanding of -cell
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biology, and offers a systems level view of metabolism as the cells respond dynamically to
glucose stimulation in the healthy state, as well as global changes that occur as p-cells
become dysfunctional in the diseased state. Since pancreatic islets are intrinsically difficult
and expensive to isolate, and are typically available in limited quantities, pancreatic p-cell
lines have been developed as alternative systems for study (reviewed in [4]). The most
utilized cell lines for metabolomics studies are the Min6, 832/13 and INS-1E cell lines.
Recent studies have compared unbiased GC-MS metabolic profiles from 832/13 cells and
primary rat islets [5] as well as from a recently developed human cell line EndoC-gH1 and
human islets [6] with the finding that the profiles were quite similar [5,6]. These studies
suggest that while not perfect, B-cell lines can serve as reasonable surrogate systems for
studies of biochemical features of primary pancreatic -cells.

A thorough discussion of metabolomics applied to diabetes in general [7,8] or of all current
mechanistic models of islet function [9] and dysfunction [2,10] is beyond the scope of this
review, and we therefore refer the reader to excellent work elsewhere. Instead, we choose to
focus the current review on new insights in islet biology derived from application of static
and dynamic metabolic profiling methods, and the implications of this new information for
translational applications.

2. General principles and methods

Metabolomics refers to the measurement of the set of small molecules in a biological
system, referred to as the metabolome. The primary value of metabolomics is that it
measures analytes that integrate gene expression and environmental regulation on a short
time scale to identify emergent properties of a system. The global perspective provided by
such analyses can be used to generate and test hypotheses. The variety of chemistries
represented by the metabolome provides unique processing and analytical challenges. A
generalized typical workflow is illustrated in Fig. 1. These methods typically, but not
always, involve a cell lysis and metabolite extraction step to quench metabolism and
solubilize the metabolome. The extract is then usually purified and/or derivatized, and the
solvent is exchanged to improve compatibility with analytical techniques. Methods may then
include optional fractionation steps including capillary electrophoresis, gas or liquid
chromatography prior to detection of the analytes by mass spectrometry or nuclear magnetic
resonance [11,12]. The resulting data is then processed as needed for the particular
technique, and data features are selected, aligned, and scaled. Multivariate statistical tools
are often applied in these studies to reduce data dimensionality, identify the metabolites
mainly responsible for the differences between experimental groups, and to build
classification models. Compound identification may happen during experimental design
when choosing instrument settings (targeted analysis), after data processing by searching the
data for a known set of compounds (targeted data analysis), or after statistical analysis by
matching data of interest to metabolite databases (untargeted analysis). Once identified,
compounds can be mapped to known metabolic pathways to aid hypothesis generation and
biological interpretation [13-15]. Of the 35 studies referenced in this review, 24 used a mass
spectrometry method, 5 used an NMR method, and 6 used a combination of both.
Metabolomics methods developed specifically for use in B-cell lines include an extraction
protocol determined by statistical design prior to GC-MS analysis [16], and an extraction
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procedure developed for adherent cells compatible with LC-MS [17]. Cell numbers required
for each analysis vary by method. For the studies included here, a typical GC-MS analysis
uses 1.2-3.4 million cells [5,18], LC-MS 3.4-35 million [19,20], NMR 1.5-180 million
[21-23], and lipidomics 9-94 million cells [24-26]. For context, 300-400 medium-to-large
sized islets can be isolated from a single rat, with each islet comprised of 12000-1500 cells,
yielding around 400,000 cells per animal. Some of the following studies include data
collected from 200 to 500 primary islets [5,27], but this is the exception and not the rule.
Further advances in instrument sensitivity and analyte detection are needed to fully
maximize the potential of metabolomics methods applied to islet biology. Two emergent
technologies that have been reported to this end: a 2D capillary LC—-MS strategy to improve
metabolite coverage and facilitate analysis of small tissue samples [28], and direct MADLI-
TOF analysis of single islets [29].

3. Healthy islet function

The main function of pancreatic islet p-cells is to synthesize and secrete insulin at
appropriate rates to control blood glucose within a narrow range. It has been appreciated for
many years that the effect of glucose to stimulate insulin secretion is not mediated by a cell
surface glucose receptor but rather requires metabolism of the sugar to generate coupling
factors that trigger insulin exocytosis [30-32]. The contributions of glycogen synthesis and
the pentose phosphate pathway (PPP) to total glucose utilization are thought to be low in j-
cells, and >90% of glucose molecules entering p-cells are estimated to engage in glycolysis
and subsequent mitochondrial metabolism [33,34]. In agreement with this, unbiased
metabolomics analysis of 832/13 cells has demonstrated a significant glucose-induced
increment of all glycolytic intermediates measured (glucose-6-phosphate, fructose 1,6-
bisphosphate, dihydroxyactone phosphate, 2/3-phosphoglycerate, phosphoenolpyruvate and
pyruvate) [18,20]. Furthermore, targeted as well as unbiased metabolomics analyses have
revealed a robust increase in TCA intermediates ((iso)citrate, aconitate, a-ketoglutarate,
succinate, fumarate and malate) in response to 45-120 min of glucose stimulation [18—
20,35,36]. Glucose-mediated changes in metabolite levels reported throughout Section 3 are
summarized in Table 1.

Insulin secretion from primary B-cells is biphasic. The first phase starts within minutes of
glucose stimulation, peaks around 10 min, and is followed by a rapid decline of insulin
output. The second and quantitatively more important phase of insulin secretion is
characterized by a gradually increasing rate of release until a plateau is reached after an
additional 25-30 min [32]. One particular model of glucose stimulus/secretion coupling has
gained wide acceptance. In this model, glycolytic and mitochondrial metabolism of glucose
lead to increases in cytosolic ATP:ADP ratio, resulting in closure of ATP-sensitive K*
(KaTp) channels, plasma membrane depolarization, and activation of voltage-dependent
Ca?* channels. The resulting increase in cellular calcium promotes exocytosis of insulin-
containing granules [37]. However, significant GSIS also occurs under conditions where
closure of Karp channels is prevented, demonstrating an important role for Katp channel-
independent pathways for fuel-regulated insulin granule exocytosis [38,39]. The general
consensus is that the Katp channel-dependent pathway is particularly important in first
phase insulin secretion, and although ATP may participate in the second phase of insulin
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secretion, it is evident that other factors are involved as well. Suggested stimulus/secretion
coupling factors for the second phase include NADPH [40,41], GTP [42,43], glycerolipid/
free fatty acid cycle and monoacylglycerol [44,45] and glutamate [46] (Fig. 2).

3.1. Metabolite changes during the first phase of GSIS

Several labs have explored metabolic changes during the first phase of insulin secretion
using metabolomics and have detected significant increases in glycolytic and TCA
intermediates within 2-15 min of glucose stimulation in 832/13 cells. The degree and timing
of induction varies slightly among the studies [20,47,48]. Furthermore, Lorenz et al. [20]
observed a drop in AMP and ADP, resulting in a distinct increment in ATP/ADP ratio within
the first 5 min of glucose stimulation which is in agreement with an important role of Karp
channels in triggering the first phase of insulin secretion.

Using untargeted GC-MS in 832/13 cells, first phase insulin secretion was also found to be
negatively associated with aspartate, lysine and proline and positively with ribose-5-
phosphate, 6-phosphoglucono-1,5-lactone, gulonic acid y-lactone, ribitol, sedoheptulose, N-
acetylglucosamine, lactose, sorbitol, fructose, alanine, and 3-aminoisobutyrate [48]. In
another GC-MS based study, first phase insulin secretion was found to be negatively
correlated with aspartate, (iso)leucine, hydroxyproline, proline and valine, and positively
correlated with ribose-5-phosphate, lactate, glycerol-3-phosphate, alanine, cysteine,
glutamate, and glycine [47]. Lorenz et al. [20] found an inverse relationship between
asparagine, glutamine, lysine, serine, long chain fatty acids, long-chain acyl-CoAs, HMG-
CoA, NADP, mono- and diphosphonucleotides and first phase insulin secretion using
unbiased LC-MS/MS in glucose-stimulated 832/13 cells. In contrast, this group also
observed increases in farnesyl pyrophosphate, NADH, 6-phosphogluconate, sedoheptulose
phosphate, phosphoribosyl pyrophosphate, ZMP, glycinamideribotide, and GDP-mannose.

Lorenz et al. employed [U-13C]glucose isotopologue analyses to assess flux through
metabolic pathways in response to glucose [20]. In these studies, it was observed that the
aspartate used for anaplerosis is not derived from exogenously added glucose. It was also
demonstrated that rapid esterification of long chain acyl-CoA with de novo synthesized
glycerol-3-phosphate occurs during first phase, explaining the rapid fall in long chain acyl-
CoAs, and possibly contributing to enhanced closure of Karp channels [49]. Finally, a
significant flux of glucose-derived carbon into HMG-CoA was observed. This was
accompanied by a rapid depletion of the levels of this metabolite, with a parallel rise in
farnesyl pyrophosphate, potentially providing substrate for prenylation of proteins. This
observation is in agreement with earlier reports demonstrating that specific small G-proteins
(Cdc42 and Racl) that are essential for the transport and fusion of insulin-containing
secretory granules with the plasma membrane and insulin exocytosis are regulated by
prenylation [50]. The authors hypothesized that the rapid increase in farnesyl pyrophosphate
allows prenylation to occur in a time frame relevant to first phase insulin secretion, and that
the dramatic reduction in HMG-CoA may become limiting to flux through this pathway,
thus participating in the fall in insulin secretion after the first phase peak. This interesting,
but yet unproven idea, deserves further investigation.
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3.2. Metabolite changes during second phase of GSIS

As mentioned above, the second phase of insulin secretion correlates with elevated pools of
glycolytic and TCA intermediates. Furthermore, the changes in nucleotide levels, PPP
intermediates and long chain fatty acids observed in the first phase by unbiased LC-MS/MS
are sustained in the second phase [20]. Also, PPP intermediates ribose-5-phophate and 6-
phosphogluconate, and the amino acids alanine, (iso)leucine, lysine, serine, and medium and
long chain fatty acids associate with the second phase, whereas aspartate, sarcosine, and 3-
aminobutyric acid are down-regulated by glucose (unbiased GC-MS; [18,48]). In another
study, targeted LC-MS/MS analyses on 832/13 cells demonstrated increases in ATP, GTP,
NADH, NADPH, glutamine, glutamate, succinyl-CoA and malonyl-CoA pools after 45 min
of glucose stimulation whereas adenosine, AMP, aspartate and HMG-CoA levels decreased
[19].

Pancreatic B-cells have high capacity for anaplerotic influx of substrates into the TCA cycle,
and it has been estimated that ~40-50% of pyruvate enters p-cell mitochondrial metabolism
through pyruvate carboxylase (PC) at stimulatory glucose concentrations [33,34,51,52].
Using NMR-based lux analysis of variously glucose-responsive p-cell lines, including
832/13, our laboratory observed a strong positive correlation between insulin secretion and
pyruvate carboxylase flux but no correlation with pyruvate dehydrogenase-catalyzed glucose
oxidation [51]. The anaplerotic influx of carbon into the mitochondria is paired with efflux
of certain TCA cycle intermediates, particularly malate, citrate and isocitrate [34,53,54].
Using an interdisciplinary approach involving 13C NMR-based metabolic flux analyses and
targeted knockdown of specific organic acid transporters and metabolic enzymes, we have
shown that the mitochondrial export of citrate and isocitrate and engagement of isocitrate
with cytosolic, NADP-dependent isocitrate dehydrogenase (also known as IDH1, or
hereafter, ICDc) play a central role in regulation of GSIS [41,55,56]. Furthermore, our group
has recently demonstrated that NADPH generated by ICDc enhances exocytosis via
signaling through reduced glutathione (GSH). Furthermore, intracellular provision of
isocitrate, NADPH, or GSH rescues impaired exocytotic function in B-cells from donors
with T2D. Thus, the isocitrate-NADPH-GSH pathway represents an important link between
glucose metabolism and insulin exocytosis ([57], submitted for publication).

3.3. Fatty acids and incretins

Free fatty acids play an important role in regulating B-cell function under physiological
conditions. Exposure to fatty acid is known to amplify GSIS, with maximal potentiation
depending upon both fatty acid metabolism within the B-cell [58] and activation of the G-
protein coupled receptor, FFAR1/GPR40 [59]. Extensive LC-MS/MS metabolite profiling
and [U-13C]glucose flux analyses of 832/13 cells exposed to 0.5 mM palmitate showed a
fatty acid-induced increase in long chain acyl-CoAs that were rapidly esterified with
glucose-derived glycerol-3-phosphate to form lysophosphatidic acid, mono- and
diacylglycerols, and other glycerolipids [60]. Exposure to fatty acids also caused a surprising
increase in glycolytic flux, along with a reduction in the NADH/NAD ratio. Using pulse-
chase experiments, the authors demonstrated that increased glycolytic flux was due to
enhanced conversion of dihydroxyacetone phosphate to glycerol-3-phosphate (NADH
dependent) driven by the fatty acid-mediated increase in glycerol-3-phosphate consumption.
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Furthermore, increased glucose flux into the TCA cycle was observed as well as increased
oxygen consumption. Treatment of cells with an FFAR1/GPR40 antagonist decreased fatty
acid-induced glycerolipid formation, attenuated fatty acid-mediated increases in glucose
oxidation, and increased mitochondrial fatty acid flux, as evidenced by increased
acylcarnitine levels. Conversely, FFAR1/GPRA40 activation in the presence of low fatty acid
concentrations increased flux into glycerolipids and enhanced glucose oxidation. While, the
study convincingly demonstrates extensive remodeling of glucose and lipid metabolism in
response to fatty acids, no clear mechanistic link between these changes and insulin granule
exocytosis was established. Further studies will be needed to fully define this potential
signaling mechanism.

Metabolomics has also provided insight into the mechanisms of incretin-mediated insulin
release. Incretins such as GLP-1 and GIP are critical for preventing postprandial
hyperglycemia by amplifying GSIS through cAMP signaling [61]. Evidence suggests CAMP
enhances insulin secretion through protein kinase A (PKA) dependent and -independent
signaling [62] but a complete mechanistic understanding remains elusive. Gheni and
coworkers compared incretin-responsive and unresponsive Min6 cells. These cell lines
display no differences in cAMP production in response to incretins, and the integrity of
downstream signaling targets of CAMP was intact in both lines, indicating that the difference
in incretin responsiveness is not due to disruption of the incretin/cAMP signaling pathways.
Instead, since incretin-induced insulin secretion is glucose dependent, they hypothesized that
the impaired incretin responsiveness results from compromised “metabolism-cAMP
coupling.” To test this, the authors applied CE-MS analyses and observed decreased glucose
6-phosphate, fructose 6-phosphate, fructose 1,6-bisphosphate, NADH, glutamate, and
aspartate levels in the incretin-unresponsive cell line, suggesting reduced malate-aspartate
shuttle activity [63]. The involvement of the malate-apartate shuttle in incretin response was
further indicated by use of an array of inhibitor and siRNA manipulations of key shuttle
enzymes in incretin sensitive Min6 cells and primary mouse islets. MS analyses on -cells
exposed to [U-13C]-glucose demonstrated increased cytosolic glutamate and GLP-mediated
transport of glutamate into insulin granules via cAMP/protein kinase A signaling. Finally,
using siRNA techniques in incretin sensitive Min6 cells and islets from knockout animals,
the authors demonstrated that vesicular glutamate transporter-1 is essential for incretin-
mediated insulin secretion. These studies indicate that cytosolic glutamate derived from
glucose through the malate-aspartate shuttle is a signaling factor in incretin-induced insulin
secretion [63].

3.4. Healthy B-cells — lessons from metabolomics

Metabolomics has confirmed our current perception that glucose stimulation of -cells
increases glycolysis and TCA cycle flux. The increases in glycolytic and TCA metabolites
happen early in first phase and are prolonged in second phase of insulin secretion, and these
pathways and their derivative pathways are likely involved in generating stimulus/secretion
coupling factors such as a-ketoglutarate and NADPH via ICDc [41] (Fig. 2). As discussed in
Sections 3.1 and 3.2, simultaneous measurements of a whole array of metabolites have
revealed several new and potentially interesting metabolites that associate with the first
and/or second phase of insulin secretion. In most cases, however, only correlations have
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been reported and it remains to be tested if the observed changes in metabolite levels are
directly involved in regulation of insulin secretion.

An interesting candidate is GDP-mannose which increases 14-fold over basal within 8 min
of glucose stimulation [20]. Another candidate is ZMP which is an intermediate in purine
synthesis pathway. ZMP levels increase 9-fold and reach a plateau at 25 min [20] (Fig. 2).
Further studies are needed to elucidate if GDP-mannose, ZMP or their metabolites are
involved in regulation of GSIS.

As highlighted earlier, metabolomics studies seem to demonstrate a global increase in
intermediates of the PPP in response to glucose stimulation of -cells, including 6-
phosphogluconate, ribose-5-phosphate, sedoheptulose 7-phosphate, and phosphoribosyl
pyrophosphate (PRPP) [18,20,47]. Since flux through the PPP is low relative to glycolytic
flux in B-cells, it has been suggested that it contributes very little to overall NADPH
production, as compared to other NADPH producing enzymes such as ICDc [53]. However,
recent studies involving siRNA-mediated or pharmacologic suppression of the rate-limiting
enzyme of the PPP, glucose-6-phosphate dehydrogenase (G6PDH), have reported a modest
impairment of GSIS, although direct measurements of NADPH were not reported in these
studies [47,64]. In contrast, no effect on GSIS was observed by another group when siRNA
was used to suppress G6PDH, or 6-aminonicotinamide to inhibit the second step of the PPP
pathway catalyzed by 6-phosphogluconate dehydrogenase (6PGDH) [18]. The reasons
behind the conflicting results are not clear, and further studies are needed to clarify the role
of the PPP in GSIS. One possibility is that the PPP may provide substrates for nucleotide
biosynthesis and salvage pathways via ribose-5-phosphate and PRPP. Given the wide-
ranging changes in nucleotides pools with glucose [20,42] and intriguing glucose-induced
increases in intermediates such as ZMP, it is possible that the PPP plays a regulatory role in
GSIS independent of NADPH. Changes in these metabolites were not monitored in any of
the foregoing studies on manipulation of the PPP, and could explain the discrepant results
between groups.

4. B-Cell dysfunction and T2D

Obesity is strongly associated with peripheral insulin resistance, which induces
compensatory increases in insulin secretion and p-cell mass. T2D is characterized by the
failure of B-cell compensation in response to this stress and reductions in p-cell function and
mass (Fig. 3A). The current mechanistic model of B-cell failure includes varying
contributions by genetic susceptibility, ER stress due to insulin synthesis demands, the
accumulation of amyloid fibrils in the cell membrane, and metabolic stress from glucose and
fatty acid overload [2]. The majority of metabolomics literature in this area focuses on
identifying metabolites that may mediate metabolic stress induced by overnutrition.

4.1. Glucotoxicity

Prolonged exposure to high blood glucose concentrations leads to blunted GSIS in response
to normally stimulatory glucose levels, and B-cell apoptosis [65-67]. Chronic hyperglycemia
causes changes in gene expression including reduced insulin gene expression and altered
signaling pathways [68]. Multiple contributors to $-cell dysfunction have been proposed,
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including oxidative stress [69,70], ER stress [70], altered glucose metabolism [71] or
impaired exocytosis mechanisms [72-75]. Several GC-MS-based metabolomics studies
have been reported for insulinoma cell models of glucotoxicity, three of which were
combined with 13C-tracer and NMR experiments [21,22,36,64,76]. Despite similarities in
methods used, significant variation in metabolite coverage remains. Changes reported in the
metabolome in models of T2D are summarized in Fig. 3B, and responses to prolonged
exposure to high glucose media are summarized in Table 2.

Glycolysis and TCA cycle intermediates accumulate when cells are exposed to chronic
hyperglycemia. However, the elevated concentrations of these intermediates are rapidly
lowered in response to lowering of the extracellular glucose concentration. Chronic exposure
of p-cells to high levels of pyruvate does not have the same toxic effects as hyperglycemia,
suggesting that unique metabolic fates of glucose rather than “bioenergetic overload”
induced by provision of a bolus of mitochondrial substrate is driving glucotoxicity [76].
Similar to glucotoxicity, inhibition of 6PGDH inhibits insulin gene expression, GSIS and
causes PPP intermediates to accumulate. Both glucotoxic conditions and 6PGDH inhibition
have a similar effect to activate ERK1/2, and an ERK inhibitor attenuates glucose-induced
PPP intermediate accumulation and GSIS inhibition, supporting the hypothesis that
metabolites derived from the PPP activate ERK1/2 and contribute to the decline in -cell
function [64]. Finally, chronic exposure to hyperglycemia caused glutamine concentrations
and C4-glutamate labeling from U-13C-glucose to decrease, while GABA concentrations
increased. These changes may indicate changes in flux through the GABA shunt pathway
and glutamate dehydrogenase which have both been implicated in B-cell function [21].
While this study did not investigate the mechanism of these changes, the results partly align
with another report that employed the GABA transaminase inhibitor gabaculine and succinic
semialdehyde supplementation of the GABA shunt to link GABA metabolism to GSIS in rat
islets [77].

Glucotoxic conditions increase expression of lipogenic genes, activate fatty acid synthesis
(eg. increased palmitate labeling in the presence of [U-13C]glucose) and elevate total fatty
acid concentrations [22]. A parallel decrease in phosphocholine concentrations has also been
observed [21,22]. One study reported a glucose-induced reduction in percent composition of
low abundance polyunsaturated fatty acids (PUFAS) [21], whereas another study found no
change in percent composition for high-abundance fatty acids over a variety of chain lengths
and saturation levels [22]. As a result, the extent to which glucotoxicity affects membrane
phospholipid composition and functional properties of islet cell membranes remains to be
determined.

Lipidomics analysis of INS-1E cells pre-exposed to intermediate periods of hyperglycemia
(16 h at 16 mM glucose), demonstrated decreased PUFA content, including arachidonic acid
and linoleic acid, higher monounsaturated fatty acid content and higher concentrations of 4-
hydroxy-2E-nonenal (4-HNE) a product of arachidonic acid oxidation via a nonenzymatic
route [25]. Relative abundance of n-3 PUFAs increased while n-6 PUFAs decreased. These
changes occurred in parallel with a compensatory increase in insulin secretion, increased
phosphorylation and activation of calcium-dependent phospholipase A2 (cPLAy), and
accumulation of reactive oxygen species. Supplementation of 4-HNE activated PPARS and
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GSIS in a dose dependent manner, and these effects were inhibited by the antioxidant N-
acetylcysteine and PPARS antagonist GSK0660. PPARS activity potentiated by 4-HNE may
therefore have an amplifying effect on insulin secretion during -cell adaptation to
intermediate hyperglycemic exposure.

4.2. Lipotoxicity

Prolonged exposure to fatty acids in the presence of intermediate glucose can also impair p-
cell function [78]. A lipidomic profile of Min6 cells treated with 0.4 mM palmitate in the
presence of 6 mM glucose for 48 h found increases in total phosphatidylcholine, di-, and
triacylglycerol content with enhanced incorporation of palmitate, but no significant changes
in total cholesterol esters or cholesterol saturation index. Phosphatidylethanolamine pools
were 50% higher in response to palmitate. In the sphingolipid class, pools of
glucosylceramide, lactosylceramide, and trihexosylceramide increased with palmitate, while
ceramide and sphingomyelin pools were unchanged. Unsaturated and long chain
glucosylceramide variants also accumulated with palmitate treatment [79]. A more detailed
analysis of lipid species in the subcellular fractions of the same Min6 model identified a
significant rise in the ceramide pools in the ER and lysosome fractions, an increase in the
glycosylceramide pools of the ER and plasma membrane, and a decrease in sphingomyelin
and free cholesterol content in the ER [24]. An independent laboratory found sphingosine-1-
phosphate and dihydrosphingosine-1-phosphate accumulated upon chronic palmitate
exposure in INS-1 cells [26] (Fig. 3B).

Palmitate-induced changes in the lipid profile were not replicated by thapsigargin or
tunicamycin, agents that trigger ER stress, indicating that these changes are not the result of
ER stress-induced lipid remodeling. The functional implications of changes in ER lipid
profile were also investigated. Sphingomyelin and cholesterol are co-regulated by palmitate
and colocalize in lipid rafts. Palmitate promoted ER lipid raft formation in Min6 cells and
islets [24], slowed ER-to-Golgi protein trafficking [24,26], and enhanced apoptosis [24].

Specific enzymatic machinery was interrogated for a direct role in lipid profile changes and
inhibited ER and p-cell function. Malonyl-CoA decarboxylase overexpression in lipid-
exposed insulinoma cells or islets from Zucker diabetic fatty (ZDF rats) prevents
triacylglycerol accumulation, but does not reverse impaired GSIS in these models. The
mechanism of GSIS inhibition is therefore more complex than “overstorage” of
triacylglycerols [23]. Sphingolipid metabolism may play a more direct role. Inhibition of
serine palmitoyltransferase 1, the enzyme that catalyzes the first step of ceramide synthesis,
inhibits induction of CHOP and activation of caspase 3 in response to palmitate, implicating
ceramide synthesis in lipotoxic ER stress and apoptosis [79]. Conversely, glucosylceramide
synthase overexpression, which increases the conversion of ceramide to glucosylceramide,
protected Min6 cells from ER stress and apoptosis. However, glucosylceramide
accumulation was not observed in primary mouse islets when exposed to lipotoxic
conditions as reported for Min6 cells, casting some doubt on the importance of this pathway
in development of islet dysfunction [24]. Expression of sphingosine kinase 1 (SphK1), an
ER localized enzyme, is induced by palmitate, and SphK1 overexpression potentiates
dihydrosphingosine-1-phosphate accumulation while attenuating accumulation of multiple
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ceramides. Pharmacological inhibition of SphK1 increases caspase 3/7 activation in response
to palmitate exposure. SphK1 overexpression also partly protects against the palmitate
induced ER-to-Golgi trafficking defect and apoptosis [26]. Sphingomyelin synthase 1
(SMS1) overexpression attenuated palmitate-induced apoptosis, while sphingomyelinase
Smpd4 potentiated it [24]. These findings, among others, point to palmitate-induced changes
in sphingolipid metabolism that contribute to defects in ER-to-Golgi protein trafficking, and
support the hypothesis that protein overload in the ER contributes to induction of ER stress
and apoptosis under lipotoxic conditions.

The ob/ob mouse, a model of metabolic syndrome and obesity, was cross-bred with a
PPARY2~/~ mouse to produce the POKO mouse. POKO mice are less obese than ob/ob
mice, but become more hyperglycemic and hyperinsulinaemic than the ob/ob mice at 4
weeks of age [80]. In contrast, mice with islet specific knockout of PPARY did not become
hyperglycemic [81], indicating that the POKO mouse phenotype is not due to loss of PPARy
in islets. Lipidomic analysis of islets isolated from POKO and PPARy2 KO mice at 4 weeks
of age showed no dysregulation of lipid content [82], whereas at 16 weeks diacylglycerides
and short chain tri-acylglycerides were decreased in the knockout strains compared to wild-
type. This was associated with decreased levels of ethanol-amine plasmalogen (36:2), and
increased levels of phosphatidylethanolamine (36:2) and ceramides (20:0 and 22:0) in islets
of POKO mice compared to PPARY2 knockouts -and wild type mice [80]. These findings
implicate similar lipids in development of -cell dysfunction in living mice as in the in vitro
models of lipotoxicity described above.

4.3. Transcription factor ARNT/HIF-1p

Gene expression profiling of diabetic human islets revealed down regulation of transcription
factor ARNT/HIF-1f and its targets, and siRNA knockdown of ARNT/1p expression in
Min6 cells negatively affected -cell function [83]. Metabolomic analysis of 832/13 cells
treated with siRNA duplex targeting ARNT/HIF-1 demonstrated impaired glucose
metabolism [84]. This study represents an interesting workflow from an observation in
humans to analysis of its consequences in a model system by metabolomics. Further work
will be necessary to determine if ARNT/HIF-1f regulates GSIS in a physiological context.

4.4. Paracrine signaling and islet a-cells

The glucagon secreting islet a-cell is also involved in the pathogenesis of diabetes since
glucagon raises blood glucose levels and is suppressed by insulin [85-87]. Abnormal
glucagon secretion may contribute to poor glucose control in diabetic patients [88-90]. An
a-cell model of deficient insulin sensing, IRKD, was produced by lentiviral knockdown of
the insulin receptor in the aTCI-6 cell line, and the metabolome was analyzed by CE-TOF-
MS after glucose stimulation [91]. PCA and cluster analysis demonstrated global differences
in metabolism. Specifically, CDP-choline, choline, taurine, and hypotaurine levels were
increased at all glucose concentrations in the IRKD cells compared to controls. This de-
repression of taurine concentrations by insulin was correlated with higher rates of taurine
uptake, and enhanced expression of cysteine sulfinic acid decarboxylase which produces
hypotaurine. IRKD cells secreted abnormally high levels of glucagon in response to glucose
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stimulation and this effect was potentiated by the provision of taurine. The significance of
these findings for regulation of glucagon secretion /n vivo s yet to be determined.

Paracrine signaling between a-cells and B-cells was also investigated directly in healthy and
diabetic human islets [27]. Of the six diabetic donors, three had low basal secretion of both
insulin and glucagon, and glucagon secretion failed to be suppressed by glucose (T2D-
aNGR). These islets were analyzed by GC-MS for amino acid content and 13C enrichment
after stimulation with [U-13C]glucose. Normal islets displayed a decrease in aspartate and
GABA pools and increased 13C enrichment in alanine, aspartate, GABA and glutamate in
response to glucose stimulation. The T2D-aNGR islets accumulated alanine, glutamate,
glutamine, glycine and serine while GABA levels dropped 80% at basal and stimulatory
glucose compared to normal islets. GABA 13C enrichment, GABA/glutamate, and glutamate
decarboxylase expression were also significantly lower in the T2D-aNGR islets. The GABA
shunt was therefore severely impaired in this group and may be mediating glucagon
suppression by glucose. Further studies found the y-hydroxybutyrate (GHB) loop enzymes
were expressed in normal islets, and that both GHB content and release increased with
glucose stimulation. The GHB mimicking agonist 3-CPA inhibited amino acid-stimulated
glucagon secretion, whereas the GHB receptor antagonist reversed glucose inhibition of
glucagon secretion. Hence, survey of a relatively small metabolite panel was used to uncover
a glucose-derived metabolite, GHB, that appears capable of paracrine regulation of glucagon
secretion.

Islets may also receive paracrine signals from peripancreatic adipose tissue [92].
Metabolomics was employed to study differences in the secretomes of peripancreatic and
epididymal adipose tissue and their effects on gene expression in islets from a model of diet-
induced obesity [93]. This complex design offers an example of future application of
metabolomics to systems biology circuits.

4.5. Evaluation of T2D drug targets

One strong impetus for applying metabolomics to islet biology is the potential for
identification of novel drug targets. Acetyl-CoA carboxylase (ACC) was a proposed target
for the development of new diabetes treatments because its inhibition in peripheral tissues
has beneficial effects such as increasing insulin sensitivity [94]. However, Ronnebaum and
coworkers found that chronic ACC1 suppression via siRNA or administration of the
inhibitor 5-(tetra-decyloxy)-2-furoic acid (TOFA) impairs GSIS. siACC1 also impaired
glucose oxidation and glucokinase expression, and caused a reduction in levels of pyruvate,
a-ketoglutarate, and malate and acetylcarnitine in 832/13 cells [95]. Metabolic profiling
therefore supported the conclusion that ACC inhibition is likely to inhibit glucose rather than
lipid metabolism, and diminish p-cell function in the long term.

Metabolomics was also used to evaluate FFAR1/GPR40 antagonists and agonists including
phase Il candidate fasiglifam (TAK-875), as discussed in Section 3.3 [60].
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5. B-Cell death and T1D

Type 1 diabetes is a chronic autoimmune disease in which the immune system selectively
destroys islet B-cells, leading to insulin deficiency. Evidence suggests both genetic
susceptibility and an environmental trigger are required for progression to type 1 diabetes
[3]. A metabolomics experiment could detect effects due to either of these factors.

5.1. Progression to T1D

A prospective clinical study in children at higher genetic risk of developing T1D identified
metabolic perturbations that precede the development of autoantibodies [96]. Efforts to
validate these findings in a model system such as the non-obese diabetic (NOD) mouse
model of T1D are needed to demonstrate the disease specificity of the metabolic phenotype,
and to provide a model for understanding the significance of predictive metabolic profiles at
a mechanistic level. In this vein, a recent study in NOD mice found plasma lipid metabolite
phenotypes similar to those observed during progression to T1D in children [97]. After
validation of the model, an independent study stratified 8- and 19-wk old NOD mice into
low and high risk groups by lipid profile and the presence of autoantibodies. Metabolite
analysis by GC x GC-TOF in isolated islets from each group found increased concentrations
of glucose-6-phosphate, glutamate, aspartate, valine, leucine, and isoleucine and other
metabolites in the high risk group that correlated with enhanced insulin secretion in response
to glucose and upregulated expression of genes in the TCA cycle and glycolysis/
gluconeogenesis independent of the presence of insulin autoantibodies. There are therefore
islet specific metabolic disturbances in NOD mice that are progressing to diabetes, prior to
the onset of disease [97]. How this might relate to susceptibility of islets to autoimmune
damage remains to be investigated.

5.2. Cytokine toxicity

The toxic effects of cytokines on the B-cell are well known [98], but some debate remains
surrounding the mechanism of cell death: apoptosis, necrosis or autophagy. In order to find
ways to protect B-cells from destruction, it is necessary to understand the mechanism of -
cell death. An LC-MS/MS metabolomics strategy was used to compare the metabolic
phenotype of 832/13 cells treated with pro-inflammatory cytokines IL-1f and y-IFN or the
apoptosis-inducing agent camptothecin. The two treatments induced distinct global
metabolic responses. For example, citrulline, a product of the iINOS reaction, accumulates
upon IL-1B and y-IFN treatment but not after camptothecin treatment. This data supports the
idea that necrosis is an important mechanism of cell death in response to cytokine exposure
in the p-cell [99].

5.3. Cytotherapy

One major goal of islet biology is to identify methods for protecting p-cells in the context of
transplantation therapy for T1D. To identify markers for screening islet quality prior to
transplantation and monitoring transplant success, Tian and coworkers investigated how
INS-1 cells respond to hypoxia over time, using a tH-NMR profiling approach. A decrease
in creatine and an increase in taurine were observed over 24 h of hypoxic growth conditions.
Choline and phosphocholine concentrations peaked during the first 2—6 h of hypoxic
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exposure, while glycerophosphocholine levels dipped. These observations correlate well
with cell viability, indicating these markers could be exploited to monitor B-cell health in a
noninvasive, nondestructive fashion via imaging techniques [100].

Finally, mesenchymal stromal cells isolated from islets were characterized by NMR
metabolomics and other techniques to suggest that these cells have similar characteristics to
bone-marrow derived mesenchymal stromal cells investigated for use in islet transplantation.
One point of departure was identified. The islet-derived cells are more effective at
suppressing lymphocyte proliferation. Thus donor banks of islet-derived mesenchymal
stromal cells may be a more useful feeder-layer for ex vivoislet culture or to provide a more
suitable islet microenvironment after transplantation [101].

6. Conclusions and future directions

Metabolomics has been increasingly applied for understanding of metabolic functions of the
pancreatic islet over the past several years. Static profiling studies of p-cells have revealed
unanticipated findings, such as the emergence of the PPP as an interesting glucose-regulated
pathway deserving of further investigation for its potential mechanistic connection to GSIS.
Metabolic flux analysis has also been revealing, for example in identification of the link
between pyruvate carboxylase-catalyzed anaplerotic metabolism of glucose and GSIS.
Lipidomics analyses have implicated sphingolipid metabolism in development of $-cell
dysfunction, and have led to supportive cause and effect experiments involving manipulation
of key enzymes of ceramide metabolism. Although many key findings have come from
studies of B-cell lines due in part to the practical limitations of pooling hundreds of islets for
each sample, a subset of studies have validated key findings in islets, suggesting the
legitimacy of the approach. The next phase of application of metabolomics to islet biology
will be greatly encouraged by continued improvement in sensitivity and quantitative
reproducibility of available methods. This will allow more of the work to be conducted in
primary islet preparations from normal and diabetic subjects, thereby facilitating discoveries
with high translational relevance.
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GSIS glucose-stimulated insulin secretion

ICDc cytosolic NADP-dependent isocitrate dehydrogenase

LC liquid chromatography

MS mass spectrometry

NMR nuclear magnetic resonance

PPP pentose phosphate pathway

PUFA polyunsaturated fatty acid

TiD type 1 diabetes

T2D type 2 diabetes

TCA tricarboxylic acid cycle

TOF time-of-flight mass spectrometry

ZMP 5-aminoimidazole-4-carboxamide ribonucleotide
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A generic metabolomics workflow. Samples are harvested and minimally processed before
NMR or MS analysis. Features are selected from the data set, aligned, integrated and scaled
before statistical analysis and compound identification. Identified compounds may then be
mapped to biological pathways for interpretation. Each step may vary depending on the
experimental design and analytical technique.
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Fig. 2.
Mechanisms of glucose stimulated insulin secretion (GSIS) and suggested stimulus/secretion

coupling factors. The canonical model of GSIS holds that an increase in -cell glycolytic and
mitochondrial metabolism of glucose lead to increases in cytosolic ATP:ADP ratio, resulting
in closure of ATP-sensitive K* (Karp) channels, plasma membrane depolarization,
activation of voltage-dependent Ca2* channels and Ca2*-mediated activation of insulin
granule exocytosis. B-cells have high capacity for anaplerotic influx of glucose-derived
pyruvate into the TCA cycle via pyruvate carboxylase (PC), which in turn is paired with
efflux of citrate and isocitrate via the citrate-isocitrate carrier (CIC), and cytosolic isocitrate
dehydrogenase (ICDc)-mediated conversion of isocitrate into a-ketoglutarate under
generation of NADPH, a suggested coupling factor for GSIS. NADPH is also generated to
lesser degree in the pentose phosphate pathway (PPP), a revived pathway of interest for
regulation of GSIS. Other suggested metabolic coupling factors include glutamate, GTP,
protein prenylation and two new candidates, ZMP and GDP-mannose identified from
metabolomics studies. Fatty acids potentiate GSIS via mechanisms that involve activation of
the surface receptor FFAR/GPR40 as well as intracellular fatty acid metabolism, and fatty
acid-mediated coupling factor candidates include glycerolipids such as monoacylglycerol.
GSIS is also amplified by incretins secreted from the small intestine in response to a meal. A
recent metabolomics study has identified a novel pathway involving cytosolic glutamate
derived from glucose to a signal for incretin-induced insulin secretion (see text for details).
G3P: glycerol-3-phosphate; G6P: glucose -6-phosphate; GRX: glutaredoxin; GSH: reduced
glutathione; R5P: ribose-5-phosphate; M6P: mannose-6-phosphate.
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Fig. 3.

Mztabolic disruption in models of T2D. Peripheral insulin resistance generates metabolic
demand in the B-cell which compensates by increasing cell mass and insulin secretion. T2D
is characterized by the failure of $-cell compensation in response to this stress and
reductions in B-cell function and mass (A). Biological processes observed to change in
metabolomics studies of glucotoxicity, lipotoxicity, or a-cell paracrine signaling dysfunction
models of T2D are summarized in (B). 4-HNE: 4-hydroxynonenal; DAG: diacylglycerol;
ER: endoplasmic reticulum; GABA: y-aminobutyric acid; GHB: y-hydroxybutyric acid; KD:
knock-down; PC: glycerophosphocholines; PE: glycerophosphoethanolamine; PPP: pentose
phosphate pathway; PUFA: polyunsaturated fatty acid; TAG: triacylglycerol; T2D: type-2
diabetes.
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Changes in metabolite concentrations in 3-cell lines after glucose stimulation. The list is not intended to be

inclusive, but rather highlight metabolites in major pathways regulated by GSIS.

Pathway First-phase Second-phase Metabalite Refs.
Glycolysis
Up Up Glucose-6-phosphate [5,18,48,60]
Up Up Fructose phosphate [5]
Up Up Fructose bisphosphate [20,60]
Up Up Dihydroxyacetone phosphate  [18,19,47,48]
Up Up Phosphoglycerate [5,18,20,47,60]
Up Up Phosphoenolpyruvate [5,20,47]
Up Up Pyruvate [5,18,19,47,48]
Up Lactate [47,48]
TCA cycle
Up Acetyl-CoA [20,60]
Up Up (iso)Citrate [5,18-20,47,48,60]
Up Aconitate [18,47]
Up Up a-Ketoglutarate [5,18-20,47,48,60]
Up Succinyl-CoA [19,20]
Up Up Succinate [18,20,47,48]
Up Up Fumarate [5,18,19,47,48]
Up Up Malate [5,18-20,47,48,60]
PPP
Up Up 6-Phosphogluconolactone [48]
Up Up 6-Phosphogluconate [18,20,60]
Up Up Ribose-5-phosphate [5,18,20,48,60]
Up Up Sedoheptulose phosphate [20,60]
Up Up PRPP [20]
Amino acids
Up Up Alanine [5,18,47,48]
Down Down Asparagine [20,60]
Down Down Aspartate [5,18-20,47,48,60]
Up Up Glutamate [5,19,47]
Inconsistent Glutamine [19,20]
Down Down Glycine [48]
Inconsistent Hydroxyproline [47,102]
Inconsistent (iso)Leucine [18,47]
Inconsistent Lysine [18,20]
Down Down Proline [48]
Up Sarcosine [48]
Inconsistent Serine [18,20]
Lipids
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Pathway First-phase Second-phase Metabolite Refs.
Up Up Glycerol-3-phosphate [5,19,20,47,60]
Up Capric acid (C10:0) [48]
Up Medium-chain fatty acids [18,48]
Up Up Long-chain fatty acid [20]
Up Up Malonyl-CoA [19,20,60]
Down Down HMG-CoA [19,20,60]
Down Long-chain acyl-CoA [20]
Up Up Farnesyl pyrophosphate [20]
Nucleotides
Down Down CDP [20,60]
Down Down CMP [20]
Down Down UDP [20]
Down Down UMP [20]
Up Glycinamideribotide [20,60]
Up Up ZMP [20,60]
Inconsistent ATP [19,20]
Down Down ADP [20,60]
Down Down AMP [19,20]
Up GTP [19]
Down Down GDP [20,60]
Down Down GMP [20]
Up Up GDP-mannose [20]
Up Up NADH [19,20,60]
Down Down NADP [20]
Up Up NADPH [19]
Other Up Up Phosphocreatine [20,60]
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Changes in metabolite concentrations in f-cell lines after exposure to glucotoxic conditions.

Table 2

Pathway Metabolite Refs.
Glycolysis
Up Glucose [21,64]
Up Glucose-6P [36,64]
Up Pyruvate [36,64]
Up Lactate [64]
TCA
Up Citrate [36,64]
Up Isocitrate [76]
Up a-Ketoglutarate [64]
Up Succinate [64]
Up Fumarate [36,76]
Up Malate [36,64,76]
PPP
Up Gluconic acid [64]
Up Glucono-8-lactone [64]
Up 6-Phosphogluconic acid [64]
Up Ribose 5-phosphate [36,64]
Amino acids
Down Glutamine [36]
Down Serine [36]
Down Ornithine [36,64]
Up Glycine [21]
Down Aspartate [21]
Inconsistent  Alanine [21,36]
Up Hydroxyproline [36]
Up GABA [21,64]
Lipids
Down Glycerophosphocholine phosphocholine [22]
Down Phosphocholine [21]
Inconsistent ~ Creatine/creatinine [21]
Up Myristic acid (C14:0) [21]
Down Arachidonic acid (C20:4n6) [21]
Down EPA (C20:5n3) [21]
Down cis-8,11,14-eicosatrienoic acid (C20:3n6)  [21]
Up Total monounsaturated fatty acids [21]
Down Total polyunsaturated fatty acids [21]
Up Total fatty acids [22]
Other
Up Carbamylaspartic acid [64]

Arch Biochem Biophys. Author manuscript; available in PMC 2016 May 11.

Page 24



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Gooding et al.
Pathway Metabolite Refs.
Up Sorbitol [64]
Up NAD [21]
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