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Defining the key metabolic pathways that are important for fuel-regulated insulin secretion is critical to providing a
complete picture of how nutrients regulate insulin secretion. We have performed a detailed metabolomics study of
the clonal B-cell line 832/13 using a gas chromatography-mass spectrometer (GC-MS) to investigate potential coupling
factors that link metabolic pathways to insulin secretion. Mid-polar and polar metabolites, extracted from the 832/13
B-cells, were derivatized and then run on a GC/MS to identify and quantify metabolite concentrations. Three hundred
fifty-five out of 527 chromatographic peaks could be identified as metabolites by our metabolomic platform. These
identified metabolites allowed us to perform a systematic analysis of key pathways involved in glucose-stimulated insulin
secretion (GSIS). Of these metabolites, 41 were consistently identified as biomarker for GSIS by orthogonal projections to
latent structures (OPLS). Most of the identified metabolites are from common metabolic pathways including glycolytic,
sorbitol-aldose reductase pathway, pentose phosphate pathway, and the TCA cycle suggesting these pathways play
an important role in GSIS. Lipids and related products were also shown to contribute to the clustering of high glucose
sample groups. Amino acids lysine, tyrosine, alanine and serine were upregulated by glucose whereas aspartic acid was
downregulated by glucose suggesting these amino acids might play a key role in GSIS. In summary, a coordinated signaling
cascade elicited by glucose metabolism in pancreatic B-cells is revealed by our metabolomics platform providing a new

conceptual framework for future research and/or drug discovery.

Introduction

As a key regulator of whole body metabolism, the hormone insu-
lin is secreted by pancreatic B-cells as a response to an elevation
in nutrients. Defective insulin secretion resulting from dysfunc-
tional B-cells is a major determinant leading to the development
of type 2 diabetes.”®* Understanding how the B-cell secretes
insulin is critical to developing novel therapies to treat type 2
diabetes.

A key metabolic pathway regulating insulin release involves
an increase in the ATP/ADP ratio leading to an inhibition of
ATP-sensitive K* (K*™?) channels, plasma membrane depolar-
ization, activation of voltage-gated Ca** channels, and influx
of extracellular Ca?* that leads to insulin granule exocytosis.”®
This pathway, often referred to as the KA™" channel-dependent
pathway, is unable to fully explain the mechanism of GSIS.
Studies over the last several decades have suggested that there
is an unknown coupling factor that may act independently of
KAT? channels (referred to as the KAT? channel-independent path-
way or amplifying pathway).'®? Strong evidence for the KAT
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channel-independent pathway(s) of GSIS has been provided by
studies showing that glucose can still augment insulin secretion
in islets from mice that lack functional K*™ channels® or in
conditions where the KA™" channels are held open using diazox-
ide followed by membrane depolarization with high K*.'"* Some
potential coupling factors that may act in a KA™ channel-inde-
pendent fashion include GTP,>*"% glutamate,*“**” malonylCoA/
LC-CoA®%® and NADPH 2232526

Most of these candidate coupling factors were discovered
using enzyme based reactions that can only measure one metabo-
lite at a time. However, metabolism itself is a complex network
of interdependent chemical reactions catalyzed by highly regu-
lated enzymes. Since -cells rely on metabolism to regulate insu-
lin secretion it is likely that multiple interconnected metabolic
pathways are involved in this process. The discovery of the cur-
rently proposed candidate coupling factors was mainly based on
manipulation of one single gene or enzyme, which could lead
to false-positive or false negative observations. In some instances
this has been demonstrated with the publication of contradictory

results for some of these proposed coupling factors.>#147:52:61.6473
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Thus, the intrinsic disadvantage of the current traditional
methods used to study B-cell metabolism requires a more com-
prehensive and powerful method/technology for reliable recon-
struction of the metabolic networks in B-cells in response to
experimental perturbations. This goal was, at least partially,
fulfilled by the appearance of metabolomic platforms that
simultaneously profiles (identify and quantify) a large array of
metabolites.”

GC-MS based metabolomics is one of the most efficient
metabolomics platforms because of the high separation effi-
ciency to resolve the complex biological mixtures, compre-
hensive databases and the good reproducibility.'®®® As an
integrated part of systems biology, metabolomics has certain
advantages over other “omics” technologies, since metabolites
are the end products of cellular biological process and their
level ultimately reflects the most integrated response of a bio-
logical system. The net effect of genomic (-25,000 genes), tran-
scriptomic (~100,000 transcripts) and proteomics (~1,000,000
proteins) is reflected in the net changes in metabolite levels in
cells.® Although this technology has been successfully applied
in a number of studies including diabetes research,'? the tech-
niques used in metabolomics still require further development.
There is still a need for improved metabolite extraction meth-
ods that gives a better yield of the diverse chemicals found in
cells, improved handling of the wide-ranging concentration
of analytes, and improved data mining software to assess the
“information-rich” data sets.?”

In our study, a robust GC-MS based metabolomics strategy
was applied to a clonal B-cell line 832/13 cells. A non-targeted
metabolomic analysis was performed to reveal critical metabolic
pathways that could play a key role in B-cell stimulus secretion
coupling. We show that glucose initiates a series of signaling cas-
cades in B-cells and provide evidence for key up- and downregu-
lated pathways in B-cell metabolism.

Results

Insulin secretion. Insulin secretion was assessed after incubating
cells with low glucose (LG, 2 mM) or high glucose (HG, 16.7
mM) for 2 h. LG treated cells had an insulin output of 129 *
5 pU insulin/mg protein and HG treated cells had an insulin
output of 793 + 80 U insulin/mg protein. The fold increase in
insulin output was 6.1 + 0.6.

Metabolite analysis by GC/MS. Cells treated with either LG
or HG were harvested followed by metabolite extraction and then
assessed using GC/MS (GC-Quadrupole MS in EI scan mode).
A typical total ion chromatogram (TIC) from 832/13 B-cells is
shown in Figure 1A for LG and Figure 1B for HG. Figure 1C
shows the net difference (LG chromatogram subtracted from the
HG chromatogram). Figure 1C demonstrates that some peaks
were positive (upregulated) and others were negative (downregu-
lated). For example, peaks for pyruvate, succinate, fumerate,
malate, a-ketoglutarate, dihydroxyacetone phosphate (DHAP),
(iso)citrate, palmitate, glucose-6-phosphate and 6-phosphoglu-
canate were all upregulated whereas aspartate was downregulated
in response to glucose.
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Deconvolution and identification. Deconvolution of the data
set by AMDIS identified 527 unique chromatographic peaks
(potential metabolites) across all data sets. The Fichn library
identified 152 of the 527 peaks using retention time and mass
spectra, and of these identified metabolites 101 were unique (51
of the identified peaks were from metabolites that had multiple
derivatization products). The remaining 375 peaks were assessed
using the NIST library resulting in the identification of an addi-
tional 302 metabolites. Of the 302 identified metabolites 254
were unique metabolites (48 of the identified peaks by NIST
were from metabolites that had multiple derivatization products).
The remaining 73 peaks could not be identified using either the
Fiehn or NIST libraries.

Orthogonal projection to latent structures (OPLS) analysis.
We constructed an OPLS model that accounts for metabolic vari-
ations related to high glucose treatment of our cells. The model
generated only one principle component (PC1) that describes
92% of the variation in the X and Y matrixes (R?X = 0.92 and
R%Y = 0.995). The R*X and R2Y values are a measure of fit, i.e.,
how well the model fits the X data set. The model also had three
orthogonal components (R*Xo = 0.678). A large R* (close to 1)
is a necessary condition for a good model, but it is not sufficient.
The Q? value indicates how well the model (X) predicts new
data (Y). A large Q? (Q? > 0.5) indicates good predictability. The
model had an acceptable predictability of 93.5% (Q? = 0.935).
The orthogonal variation is likely composed technical and bio-
logical variation not related to treating cells with either LG or
HG.

The score plot (Fig. 2A) and the loading plot (Fig. 2B) pro-
vide an overview of the OPLS model. For our single-Y OPLS/
O2PLS model (a model that contains only one principle compo-
nent), the score plot shows the first predictive component (PC1)
vs. the first orthogonal component in X (Fig. 2A, t1 vs. tol). The
score plot shows clustering of the LG data sets and clustering of
the HG data sets along t[1]. The loading plot (Fig. 2B) illustrates
which metabolites mainly account for the clustering seen in the
score plot. In the loading plot, the metabolites furthest away from
the origin of the coordinates along the first PC (X-axis) are con-
sidered biomarkers contributing most to GSIS.

Coefficient plots. Figures 3A (all variables) and 3B (variables
with a regression coefficient of less than 0.015 and greater than
0.015) show that at least 41 metabolites play a significant role in
differentiating the 832/13 cells cultured at 2.0 mM glucose from
those in 16.7 mM glucose. Among them, seven were negatively
associated with GSIS and included aspartic acid, adenosine,
a-D-glucosamine phosphate, inosine, serotonin, 2-ketocaproic
acid and 2 ketoisocaproic acid. The remaining 34 were positively
associated with GSIS.

Metabolic pathway analysis. Forty-one metabolites differ-
entiated the response of the 832/13 cells cultured at LG from
those cultured at HG (Fig. 3B). These metabolites belong to a
number of metabolic pathways including glycolysis, tricarboxylic
acid cycle (TCA cycle), amino acid, fatty acid, pentose phosphate
pathway and sorbitol-aldose reductase pathway. The coefficient
plot confirms that glycolytic intermediates play a critical role in
the insulin secretion response of B-cells to glucose. Key glycolytic
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Figure 1. Representative total ion current chromatogram (TIC) of INS-1 832/13 B-cells. (A) TIC for LG. (B) TIC for high glucose (HG). (C) LG TIC subtracted

metabolites identified in the current set of data include glucose-
6-phosphate, dihydroxyacetone phosphate, 3-phosphglycerate
and pyruvate (Fig. 4).

Anaplerosis, which is a net increase in TCA cycle intermedi-
ates, has also been suggested to play a key role in the metabolic
regulation of insulin secretion.?"**” Key TCA cycle metabolites

212 Islets

were identified in our OPLS model and include (iso)citrate,
a-ketoglutarate, succinate, fumarate, malate and trans-aconitic
acid (Fig. 5). Oxaloacetate and succinyl-CoA were not detected
in our experiments. These TCA metabolites also contributed sig-
nificantly to the clustering seen in INS-1 832/13 cells cultured at
16.7 mM glucose (Fig. 3B).
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Figure 2. Score and loading plots generated by OPLS on identified metabolites. (A) Score plot. Ellipse is Hotelling T2 (95% confidence). (B) Loading

Interestingly, other metabolites were also strongly associated
with insulin secretion as seen in our OPLS model coefficient
plot (Fig. 3B). For example, sorbitol-aldose reductase pathway
intermediates sorbitol, fructose, and pentose phosphate pathway
intermediates 6-phosphogluconate, ribulose-5-phosphate, ribose-
5-phosphate (Fig. 6).

Amino acids leucine, lysine, tyrosine, alanine and serine
were positively associated with clustering the INS-1 832/13 cell
response to 16.7 mM glucose (Fig. 7). On other hand, aspartic
acid was the most negatively associated metabolite contribut-
ing to clustering of the response of INS-1 832/13 cells to 16.7
mM glucose (Fig. 7). Intermediates associated with fatty acid
metabolism were also identified in our coefficient plot including
palmitic acid, oleic acid, palmitoleic acid, glycerol-1-phosphate
(Fig. 8).

Role of the pentose phosphate pathway and sorbitol-aldose
reductase pathway in insulin secretion. The role of the pentose
phosphate pathway and sorbitol-aldose reductase pathway in
insulin secretion is controversial.">**717 In order to assess the
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significance of flux through the pentose phosphate pathway, two
siRNAs against the first enzyme in the pentose phosphate path-
way, glucose-6-phosphate dehydrogenase (G6PDH), was used to
assess the role of this enzyme in GSIS. The first siRNA (siG-
6PDH-1) and second siRNA (siG6PDH-2) both knockdown
G6PDH mRNA by 60 + 5% and 62 + 6% respectively (Fig. 9A);
however neither siRNA affected GSIS (Fig. 9B). 6-aminonico-
tinamide (6AN) was also used to inhibit the pentose phosphate
pathway. 6-AN is an inhibitor of the NADP* dependent enzyme,
6-phosphogluconate dehydrogenase.® As compared with no
treatment control or DMSO vehicle control 6-AN had no effect
on GSIS at 100, 500 and 1,000 wM (Fig. 9C). 2,5-Dihydro-
4-hydroxy5-oxo-1-(phenylmethyl) -1H-pyrrole-3-carboxylic acid
ethyl ester (EBPC), a specific inhibitor of the sorbitol-aldose
reductase pathway enzyme aldose reductase, was used to test the
role of this pathway in GSIS. Ten, 50 and 200 uM EBPC had no
effect on GSIS (Fig. 9C). It is possible that blocking flux to both
of these pathways may also affect insulin secretion so we next
tried a combination of both 6-AN and EBPC at 100-1,000 pM
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Figure 4. Relative glycolytic metabolite levels identified from INS-1 832/13 B-cells (LG =2 mM

glucose; HG = 16.7 mM glucose) (n = 3).

for 6-AN and 10-200 wM of EBPC and none of these combina-
tions inhibited GSIS (Fig. 9C).

Discussion

Although GSIS has been extensively studied, the biochemical
pathways linked to insulin secretion have not been completely
defined. In our study, an unbiased GC-MS based non-targeted
metabolomics approach was applied to INS 832/13 cells in
order to gain insight into the metabolic regulation of insu-
lin secretion. Overall, 527 chromatographic peaks (or poten-
tial metabolites) were detected of which 355 were identified
as unique metabolites. Limiting the identification of unique
metabolites from the 527 chromatographic peaks was partly due
to the fact that some metabolites had multiple active functional
groups that could be modified during the derivatization process.
Using a combination of two libraries, the Fiehn library which
identifies endogenous metabolites and the NIST library which
identifies endogenous and exogenous metabolites, led to the
identification of 355 unique metabolites. The number of iden-
tified metabolites is larger than other studies of B-cells using
similar techniques.'***” The most significant metabolites that
differentiated low glucose treated cells from those treated with
16.7 mM glucose were identified by supervised pattern recogni-
tion using OPLS. Less than 8% of the information is lost during
the analysis and there was only one principal component. Our
OPLS model forms a good summary of the data set and has
good predictability. Among all the metabolites detected by our
system, 41 metabolites were found to be strongly associated with

www.landesbioscience.com

Islets

ciated with GSIS in our OPLS model. In
addition to increased glycolytic flux, sev-
eral other cytosolic pathways were also
shown to be associated with GSIS in our
OPLS model. These pathways include
the pentose phosphate pathway (PPP), represented by 6-phos-
phogluconate, ribulose-5-phosphate, ribose-5-phosphate and
the sorbitol-aldose reductase pathway (also known as the polyol
pathway), represented by sorbitol and fructose in our metabolo-
mics study. A key role for NADPH in regulating insulin release
has been suggested (reviewed in refs. 22 and 25) and the PPP is
one pathway that may produce NADPH for modulating insulin
secretion. PPP plays a role in providing NADPH, ribose-5-phos-
phate for synthesis of nucleotides and nucleic acids, and ery-
throse-4-phosphate for synthesis of aromatic amino acids. The
role of the PPP in insulin release is still being debated.>>*7174
The contribution of the PPP to total glucose utilization has been
shown to be low in B-cells.!”?”¢¢ Also, the oxidative portion of
the PPP contributes a relatively small amount of the total glu-
cose oxidation rate.® It has been suggested that part of the rea-
son for the low PPP activity in B-cells may be because of the
glucose-stimulated increase in the cytosolic NADPH/NADP*
ratio®® which is thought to inhibit glucose-6-phosphate dehy-
drogenase (G6PDH) (the flux-generating enzyme of the PPP).?
Since the activity of the PPP is low, it has been suggested that it
contributes very little to the overall generation of NADPH? as
compared with other NADPH producing pathways such as the
pyruvate cycling pathways.?>* However, the overall contribution
of this pathway to NADPH production has not yet been directly
studied. Interestingly, other studies have suggested that the PPP
activity is dependent on glucose concentration and its enzyme
transaldolase might be activated by glucose.”

Intravenous (IVGTT) and oral glucose tolerance tests

(OGTT) in patients with G6PDH deficiency showed that first
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phase insulin release was defective in these indi- A (Iso)Citrate B . a-Ketoglutarate
viduals.’® Also more recently it has been shown 2 2
that inhibition of G6PDH with siRNAs led 3507 3257
to increased ROS, apoptosis, decreased prolif- £ 404 £ 201
eration and impaired insulin secretion.”* The .§3o '§1s-
impaired GSIS associated with long-term high 2 . 2.,
glucose treatment of cells could be improved @ @
by overexpressing GGPDH.”* G6PDH deficient F107 E 5T
mice had smaller islets and impaired glucose € o . € ——
tolerance which suggests an important role for LG HG LG HG
the PPP in B-cells.” Since our OPLS model also Succinate
suggests that metabolites involved in PPP were Cm % D&, 141 Fumarate
associated with GSIS and this is consistent with g 20 - % 12 4
previously published studies'? we performed ® 104
further studies on the role of this pathway. Fad S 8-
Using both the PPP inhibitor 6-AN andsiRNAs g 10 2 6
against G6PDH, our results provide contradic- 2 z
tory results suggesting that the PPP pathway is % 5 1 % ) ]
not involved in insulin secretion. < . - g,
The sorbitol-aldose reductase pathway con- LG ' HG LG HG
tributes only a small fraction of the total glu-
cose utilization (both PPP and sorbitol-aldose | £ 1% Malate F oz Trans-aconitic acid
reductase pathways do not exceed 10% of the gzg: é
overall glucose utilization®®). Interestingly, 340 3020
the sorbitol-aldose reductase pathway enzyme, £ 60 4 %0.15
aldose reductase, which has a high Km value for .g 50 1 ;|
glucose (20-200 mM) 75! can be stimulated by 2 :g 1 S 0.0
ATP and inhibited by ADP by about +20% over 2.0 :3: 0.05
the physiological concentration range of these 810 3
nucleotides.” Another sorbitol-aldose reductase € . o '
pathway enzyme, sorbitol dehydrogenase activity LG HG LG HG

is also favored by high glucose usually accom-
panied by lower NADH levels.>* Treating cells
with high glucose likely stimulates the sorbitol-
aldose reductase pathway since glucose stimu-
lates an increase in the NAD*/NADH ratio in
B-cells. The sorbitol-aldose reductase pathway has been shown
to play a role in GSIS in some studies'® and not in other stud-
ies.**® In one study, inhibitors of aldehyde and aldose reduc-
tases were shown not to inhibit GSIS or glucose metabolism in
islets.** Overexpression of aldose reductase lead to a reduction of
the NADPH/NADP* ratio and this was associated with B-cell
apoptosis.'® In combination with the above discussed studies our
studies also suggest that this pathway is upregulated in response
to glucose in B-cells however it is unlikely this increase is relevant
for insulin secretion since a specific inhibitor of aldose reductase
does not inhibit GSIS.

To date, the PPP and sorbitol-aldose reductase pathways have
only been studied individually, however, there may be potential
for cross-talk between these two pathways. The sorbitol-aldose
reductase pathway oxidizes NADPH whereas the PPP reduces
NADPH which may allow both pathways to facilitate each
other’s activity through the cyclic use of NADPH. In addition,
increased sorbitol-aldose reductase pathway activity could pro-
vide fructose for glycosylation and glycerol production which
has been suggested to be important for GSIS.*® Since there is
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Figure 5. Relative TCA metabolite levels identified from INS-1 832/13 B-cells (LG =2 mM
glucose; HG = 16.7 mM glucose) (n = 3).

significant flux into these pathways, inhibition of both the PPP
and the sorbitol-aldose reductase pathway may promote greater
flux through glycolysis and increase insulin secretion however
we show that using inhibitors to both pathways does not inhibit
insulin secretion. This suggests that although glucose can
diverge away from glycolysis into the PPP and sorbitol-aldose
reductase pathways this loss of flux into glycolysis does not affect
insulin secretion.

The role of lipids in GSIS is controversial with numerous
studies suggesting that glucose-stimulated lipid synthesis plays
a role in insulin secretion®*>*° whereas other studies provide evi-
dence against this hypothesis.?**44°262 Most researchers in the
area agree that intracellular levels of citrate, malonyl-CoA, pal-
mitate and LC-CoA’s rise rapidly in B-cells exposed to elevated
glucose concentrations. This evidence led to the proposed malo-
nyl-CoA/LC-CoA hypothesis that states that pyruvate carbox-
ylase (PC)-mediated replenishment of oxaloacetate in the TCA
cycle facilitates the accumulation and escape of citrate from the
mitochondrial matrix into the cytosol for lipid synthesis. The role
of lipids in GSIS is supported by our data showing that the levels
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there may be a link. Interestingly, a role for
these amino acids is supported by in vivo stud-
ies showing that alanine and serine induced
a strong enhancement of insulin secretion as
compared with other amino acids.”

The most significantly reduced metabolite
by high glucose treatment was the amino acid
aspartate which is consistent with previous

studies in references 12, 40 and 60. Aspartate
can be transaminated to glutamate by aspartate

aminotransaminase. Aspartate aminotransfer-
ase plays a role in the malate-aspartate shuttle
which shuttles NADH from the cytosol into
the mitochondrial matrix and is a key player
in the regeneration NAD* for maintaining flux
through glycolysis. High glucose treatment of
B-cells may reduce aspartate levels in part due
to the higher demand on the malate-aspar-
tate shuttle enzyme aspartate transaminase.

HG Interestingly, the glycerol-phosphate shuttle

metabolite dihydroxyacetone phosphate was
also positively associated with GSIS in our
OPLS model.

Glycolysis-derived pyruvate enters the TCA
cycle via one of two pathways, one involving
pyruvate dehydrogenase (PDH) and the other
involving PC. Pyruvate entering via PDH
is oxidized to CO, generating NADH and
FADH2 for ATP synthesis and pyruvate enter-
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Figure 6. Relative aldose reductase and pentose phosphate pathway metabolite levels
identified from INS-1 832/13 B-cells (LG = 2 mM glucose; HG = 16.7 mM glucose) (n = 3).

of palmitic acid, oleic acid, palmitoleic acid and lauric acid are
elevated by treating cells with 16.7 mM glucose and were also
identified by our OPLS model as significant metabolites contrib-
uting to clustering of high glucose treated cells.

Amino acids, leucine, lysine, tyrosine, alanine and serine were
also shown to contribute significantly to clustering of high glu-
cose treated cells in our OPLS model of insulin secretion. The
significance of these amino acids in insulin secretion may be only
to provide sufficient resources for insulin biosynthesis however
it is also possible that they could be directly involved in regu-
lating insulin release. Leucine is a known activator of glutamate
dehydrogenase (GDH) ! and increased GDH activity has been
suggested to play a key role in GSIS.® The elevated leucine levels
seen in our studies provides further support for this role. One
commonly mentioned amino acid associated with GSIS is gluta-
mate. Glutamate was originally proposed as a potential coupling
factor linking glucose metabolism to insulin secretion’ however
this effect is controversial.”! In our study glutamate was not a
significant player in our OPLS model and in fact was negatively
associated with insulin release. Less is known about the roles that
alanine and serine play in GSIS but our OPLS model suggest
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HG ing via PC is involved in net accumulation of
TCA intermediates (anaplerosis).?>3"3%¢¢ All
TCA intermediates were positively associated
with insulin secretion in our OPLS model.
Citrate/isocitrate, a-ketoglutarate, succinate,
fumarate and malate were elevated by high
glucose treatment of cells. The replenishment of TCA inter-
mediates (PC-mediated anaplerosis) appears to be of critical
importance for B-cell glucose competence as C*-NMR iso-
topomer analysis revealed that glucose responsiveness is more
stringently associated to anaplerotic substrate flow as opposed
to oxidative substrate flux.’® Efficient knockdown of PC activity
(by 50% or more) renders clonal B-cells and primary rat islets in
a glucose unresponsive state without any changes in the glucose
oxidation rate. Interestingly, PC activity was also reported to be
reduced by at least 70% in human islets obtained from type 2
diabetics.*

The intrinsic disadvantage of the current traditional methods
used to study B-cell metabolism requires a more comprehensive
and powerful method/technology for reliable reconstruction of
the metabolic networks in B-cells in response to experimental
perturbations. In our metabolomics study, a potential limitation
is the work uses the clonal cell line, 832/13 cells, in contrast to
isolated islets. However, the advantage of using the 832/13 cells
is that it is a homogenous preparation of B-cells as compared with
islet preparations and obtaining sufficient number of cells is rela-
tively easy. One of the key limitations of the metabolic platforms is
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presented in this study allows one to
assess the effects of perturbations to
B-cell metabolism on most of the key
metabolic pathways in a single assay.
It is important to have broad assess-
ment of these pathways in response to manipulating metabolic
enzymes because of the complex metabolic interconnectivity seen
in these cells. This integrating paradigm will provide a new con-
ceptual framework for future research and drug discovery.

Materials and Methods

Reagents. All reagents were purchased from Sigma-Aldrich,
unless otherwise stated.

Cell culture. The clonal B-cell line 832/13, derived from
the parental INS-1 rat insulinoma cells, was kindly provided by
Christopher Newgard.?® 832/13 cells were cultured at 37°C and
5% CO, in RPMI1640 supplemented with 10% fetal bovine
serum, 100 U/ml penicillin, 100 pg/ml streptomycin, 10 mmol/I
HEPES, 2 mmol/l L-glutamine, 1 mmol/l sodium pyruvate and
50 wmol/l B-mercaptoethanol.

Insulin secretion assay. Insulin secretion assay was performed
as previously described in references 20, 21, 26 and 27. Briefly,
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Figure 7. Relative amino acid metabolite levels identified from INS-1 832/13 B-cells (LG = 2 mM glu-
cose; HG = 16.7 mM glucose) (n = 3).

832/13 cells were seeded in six-well plates with an initial den-
sity of 1.0 x 10° cells/well and were grown to confluence. Cells
were treated for 2 h with KRB (129 mM NaCl, 10 mM HEPES,
5 mM HCO,, 3.11 mM CaCl,, 0.25% bovine serum albumin
and supplemented with 2 mM glucose, pH 7.4) followed by treat-
ing cells with 2 h with KRB containing either low glucose (LG,
2 mM) or high glucose (HG, 16.7 mM). After incubating cells
the supernatant was taken and insulin was measured by RIA
using the Coat-a-Count kit (SIEMENS).

Extraction and derivatization of metabolites for GC-MS
analysis. After the insulin secretion assay, cells were washed once
with ice-cold PBS, scraped off the plates followed by centrifuga-
tion at 3,500 rpm for 1 min at 4°C. The supernatant was dis-
carded and the cell pellet was resuspended in 100 wl of water
followed by sonicating for 60 sec (-40 KHz, ~140 W). One ml
of methanol was added followed by centrifugation for 5 min at
13,300 rpm. Supernatant was mixed with 5 ul of 0.25 mg/ml
myristic acid-d27 as an internal standard (IS; used for retention
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and OPLS analysis, the data set was orga-
nized into a X-matrix (metabolite level) and
Y-matrix (insulin secretion). Preprocessing
of the data was done by unit variance (UV)
scaling using the SIMCA P + 12.0 soft-
ware from Umetrics. The data set was also
preprocessed by logl0 transformation to
recover false-negative results by increasing

» | the weight of low abundant metabolites and
to remove false-positive results by reducing

the stronger influence from highly abundant
metabolites.

PCA was used to describe all the sys-
tematic variation in the X-matrix and
Y-matrix.”®’> OPLS is similar to PCA how-
ever it is used to find relations between two
different matrixes (X and Y). OPLS was
used to model the differences seen in the
X-matrix (metabolite levels) to a Y-matrix
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Figure 8. Relative metabolite levels associated with fatty acid metabolism identified from INS-1

832/13 B-cells (LG = 2 mM glucose; HG = 16.7 mM glucose) (n = 3).

time locking) followed by drying with nitrogen. Derivatization
was then performed in two steps: first, carbonyls were protected
by methoximation using methoxyamine hydrochloride in pyri-
dine at 50°C for 30 min. Second, acidic groups were silylated
with 90 Wl N-methyl-N-(trimethylsilyl)-trifluoroacetamide
(MSTFA) with 1% TMCS at 50°C for 30 min.

GC-MS analysis. One microliter of the derivatized sam-
ple was injected in split mode with 1:2 split ratio onto a GC
[7890A Agilent, USA; DB-5MS column (30 min x 250 pwm x
0.25 wm)]. Detection was performed with a quadrupole mass
spectrometer (5895C Agilent USA). Each sample was run four
times.

Deconvolution and identification. The Automated Mass
Spectral Deconvolution and Identification System software
(AMDIS, Version 2.65) was used for peak detection and mass
spectrum deconvolution. Target compounds were identified
using retention time and by matching mass spectra in either
Fiehn GC/MS Metabolomics Retention Time Locking (RTL)
Library (Version 2.0f) or NIST library (2008). A known
amount internal standard (myristic acid-d27) was used to cal-
culate relative metabolite levels.

Multivariate analysis using principle component analysis
(PCA) and orthogonal projection to latent structures (OPLS).
The large data sets generated by metabolomics platforms requires
specialized tools for analysis such as multivariate statistics.”” We
used PCA and the OPLS to model our data set.”*”* Prior to PCA
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(insulin secretion). The advantage of using
OPLS is that sometimes the systematic
variation in the X matrix is unrelated to
the Y-matrix making the model difficult
to interpret. OPLS separates the systematic
variation in the X matrix into one that is
linearly related to Y (predictive) and one
that is unrelated to Y (orthogonal).””? Note
for OPLS, the orthogonal components have a subscript o, e.g.,
tol for the first orthogonal component in X.

Identification of outliers. DModX Plot displays the residual
standard deviation (RSD) of the observations in the X space after
all the computed dimensions. This RSD is proportional to the
distance of the observation to the model hyper plane. Larger
DModX than the critical limit indicates that the observation is
an outlier in the X space. In the current OPLS model there were
no outliers (data not shown).

Coefficient plot. The regression coefficient plot reflects the
importance of variables in the model both with respect to Y, i.e.,
its correlation to all the responses, and with respect to X (the
projection). As the coefficient becomes more negative or positive
the more influence the variable has on the model.

siRNAs. Two siRNAs were used in these studies (siG6PDH-1,
rGrGrA rGrArA rGrCrU rArCrC rArArU rGrGrG rUrArC
rUrUA G) and second siRNA (siG6PDH-2, rCrCrA rCrArU
rCrUrC rCrUrC rUrCrU rGrUrU rUrCrG rUrGA G).
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