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C NMR isotopomeric analysis and its application in the
study of endocrine cell metabolism and function

Nicholas E. Simpson, Toannis Constantinidis
Division of Endocrinology, Department of Medicine, The University of Florida, FL, USA

Abstract. Defining mechanisms and enzymatic paths critical to cellular function (e.g., secretion) of en-
docrine cells is a key research goal that can lead toward novel avenues of therapeutic intervention for a vari-
ety of disorders. ®C NMR spectroscopy and isotopomer analysis of cell extracts are excellent tools to quan-
titatively assess metabolism through intermediate labeling and estimate carbon entry to the TCA cycle. Dis-
cussed are: cell lines and in vitro culturing; extraction of intracellular material; NMR spectroscopy of the ex-
tract; isotopomeric analysis and modeling to obtain relative metabolic fluxes to the TCA cycle. This paper
describes issues related to the application of NMR spectroscopic techniques on cell line extracts. Included
are results of two studies that illustrate considerations that must be taken when performing analogous stud-
ies on neuroendocrine tissue: one involving the effect of media composition on cell behavior and isotopomer
labeling; the second looking at effects of applying different metabolic models to “C data and inferences that
may be drawn. NMR isotopomeric analysis is a powerful technique that may be applied to better understand

endocrine cell function. (www.actabiomedica.it)
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Abbreviations

0-KG, alpha-ketoglutarate; ACS, acetyl-CoA acetyltransfera-
se; ALT, alanine aminotransferase; AST, aspartate aminotran-
sferase; LDH, lactate dehydrogenase; ME, malic enzyme;
NMR, nuclear magnetic resonance; OAA, oxaloacetate; PBS,
phosphate buftered saline; PC, pyruvate carboxylase; PDH, py-
ruvate dehydrogenase; PEP, phosphoenolpyruvate carboxylase;
PK, pyruvate kinase; TCA, tricarboxylic acid.

Introduction

There are many aspects of neuroendocrinology
that need to be addressed. One of these is to better un-
derstand the relationship between cell function and
bioenergetics (i.e., the link between the cell’s energe-
tic machinery and the ability to secrete hormones).
This may be particularly important in pituitary ade-
nomas, whose metabolic requirements and bioenerge-

tic machinery could differ from those of normal tissue,
and impact the function of the tissue. Presently, there
are methods readily available to study many aspects of
cellular metabolism on in vitro systems. For example,
oxygen consumption rates, glucose and lactate pro-
duction rates, hexokinase/glucokinase enzymatic cha-
racteristics, and Ca* flux can all be studied and related
to secretion under a variety of physiological condi-
tions. However, the addition of *C NMR spectrosco-
pic techniques (on cellular extracts) to this analytical
arsenal provides a powerful means by which substan-
tial metabolic information concerning cellular energe-
tics can be obtained, particularly information regar-
ding that occurring in the mitochondria. Properly
analyzed NMR spectroscopic data may be related to
information gleaned from other assays to give a more
complete view of intracellular bioenergetics and its re-
lationship to the function of the cell.
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This NMR technique has been used in a variety
of cell systems to tease out biochemical information
(1-10). The bulk of these studies have been performed
in model insulin-secreting cell lines (i.e., insulinomas)
and attempt to determine critical links between cellu-
lar energetics and cellular function (e.g., insulin secre-
tion). However, the study of other model cell systems
has been enhanced by the application of isotopomer
analysis; specifically, the metabolic consequences of an
enzyme deficiency and its treatment in fibroblasts
(11). In theory, there is no reason why one cannot pur-
sue similar studies with endocrine tissues. For exam-
ple, one could study the pathogenesis of disease, or
identify novel molecular targets. Armed with a basic
metabolic knowledge of critical steps of metabolism
important to cellular function (e.g., secretion), new
avenues of therapeutic intervention may be tested to
up- or down-regulate these critical metabolic steps. To
aid the reader in appreciating the NMR technique,
tollowing is a simplistic description of how the com-

plex NMR signals arise.

NMR spectroscopy and isotopomer analysis

Although it’s a vastly oversimplified statement,
atoms with nuclei that possess a nuclear spin (angular
momentum) can be manipulated within a magnetic
field to create the NMR phenomenon, and obtain si-
gnal. The growing discipline of magnetic resonance
(which includes both spectroscopy and imaging) takes
advantage of this phenomenon to obtain vast amounts
of diverse information; biochemical, structural (che-
mical), anatomical, etc., depending on the experiment
performed. For a complete description of the NMR
phenomenon, the following books are suggested to the
reader (12, 13).

As stated earlier, NMR spectroscopy is a power-
ful tool by which one can obtain bioenergetic infor-
mation. One method is through studying changes in
the carbon labeling of compounds involved in meta-
bolic pathways. Although the usual isotope of carbon
(2C) is not NMR-detectable (i.e., it has no nuclear
spin), the non-radioactive isotope *C does have a nu-
clear spin, and is readily NMR-observable. Because

this isotope of carbon has an extremely low natural

abundance, feeding cells a metabolizable label that in-
cludes "C is essential for detection and analysis. If a
1C label is given to cells (e.g., *C-labeled glucose), the
carbon label will enter the cell, and be distributed
among various compounds reflective of the processes
of metabolism. A standard model of glucose metabo-
lism (14, 15), including glycolysis and pyruvate entry
to the TCA cycle, is shown in Figure 1. In this model,
following our example of stimulation with *C-
uniformly-labeled glucose, glucose is metabolized to
pyruvate through glycolysis. Glycolysis turns molecu-
les of uniformly-labeled glucose into molecules of
uniformly-labeled pyruvate, which have a number of
potential metabolic fates. Among these are: 1) conver-
sion to lactate (via lactate dehydrogenase: LDH); 2)
conversion to alanine (via alanine aminotransferase,
ALT); 3) entrance to mitochondria and the TCA cy-
cle either by conversion to acetyl-CoA via the pyruva-
te dehydrogenase complex (PDH), or anaplerotic car-
bon entry via PC to form oxaloacetate (OAA). This
cytosolic pyruvate pool can also be replenished from
TCA cycle intermediates malate or OAA by malic
enzyme (ME) or phosphoenolpyruvate carboxylase
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Figure 1. Standard model of glucose metabolism. In this mo-
del, glucose is metabolized to pyruvate through glycolysis, and
then has a number of potential fates. Important enzymes in-
clude: ALT (alanine transaminase); LDH (lactate dehydroge-
nase); PDH (pyruvate dehydrogenase complex); PC (pyruvate
carboxylase); ACS (acetyl-CoA acetyltransferase); AST
(aspartate transaminase); “ATF” (aminotransferase); ME (ma-
lic enzyme); PEP/PK (phosphoeno/pyruvate carboxylase/pyru-
vate kinase)
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(PEP)/pyruvate kinase (PK), respectively. Also of si-
gnificance are a-ketoglutarate (a-KG) and aspartate.
Conversion between aspartate and OAA is mediated
by aspartate aminotransferase (AST). a-KG can be
converted to the amino acid glutamate via glutamate
dehydrogenase (which also can catalyze the reverse
reaction). The exchange between these two species is
also mediated by aminotransferases (ALT or AST).
An approach to determine the carbon flux throu-
gh metabolic pathways by NMR spectroscopic means
is by analyzing the carbons of glutamate, an amino acid
and 5-carbon TCA cycle byproduct. When adjacent
carbons are labeled, complex carbon multiplet resonan-
ce patterns emerge due to “C-"C spin-spin interac-
tions, or J-coupling. Analysis of these isotopomer pat-
terns provides a quantitative assessment of metabolism
and determines information regarding carbon entry to
the TCA cycle (i.e., ‘flux’ through critical enzymatic
steps) (16-18). Figure 2A outlines a simple example of
how isotopomeric patterns arise. In this example, only
the signals potentially arising from the 4* carbon of
glutamate are considered. If the 4* carbon (C4) is la-
beled, but has no immediate neighboring carbons (C3
or C5) with a label, a single peak results (a singlet). In
all cases, it is irrelevant what labeling occurs in non-
neighboring carbons (C1 or C2, in this example). If the
labeled C4 has a neighboring labeled C3, two peaks
arise (a doublet). Likewise, if a labeled C4 has a neigh-
boring C5 that is labeled, another doublet arises at a
slightly different separation. This shift differs from the
other doublet due to local chemical differences. Lastly,
the labeled C4 carbon may have both neighbors labe-
led, giving rise to four peaks (a quartet). The distribu-
tion of each of these four possibilities (termed the frac-
tional enrichment) dictates how the final resultant pat-
tern will appear. For example, if each possibility is
equal in number (e.g., 25% for each), the pattern for
the glutamate C4 carbon will appear as depicted in Fi-
gure 2B. Likewise, the glutamate C4 pattern would ap-
pear as depicted in Figure 2C for the different stated
fractional enrichment. Similar isotopomeric patterns
arise from each glutamate carbon (C1, C2, C3, C4 and
C5). These patterns are vital to determine the contri-
butions of key enzymatic reactions in glucose metabo-
lism. Because the paths by which labeled substrates en-
ter (and re-enter) the TCA cycle impacts the scram-

bling of the carbon label, the steady-state isotopic la-
beling patterns of many TCA cycle intermediates and
end-products reflect the contributions of the labeled
and non-labeled substrates as well as the relative flux of
the various entry ports into the TCA cycle (via PDH,
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Figure 2. C isotopic splitting. Panel A depicts an example of
how neighboring labeled carbon atoms influence the isotopo-
meric splitting of a selected labeled 4* carbon of glutamate
(C4). Dark circles represent labeled carbon, and open circles
represent unlabeled carbon. Shown are the individual possible
signals arising from a labeled 4" carbon as a consequence of la-
beling of the immediate neighbors. Panel B illustrates the re-
sultant pattern of C4 glutamate if the labeled neighboring car-
bons have the fractional enrichment stated to the right of the
figure. Panel C illustrates the resultant glutamate C4 pattern
with a different fractional enrichment
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PC or other anaplerotic pathways). In other words, by
observing the isotopomeric patterns of glutamate, and
analyzing (by hand or computer) the fractional enrich-
ment, one can predict how the carbon must have ente-
red the TCA cycle, and thus obtain estimates of TCA
cycle metabolic flux.

Proper application of this NMR spectroscopic
isotopomer analytical technique requires considera-
tion of several factors. In this paper, we draw from our
experience with insulin secreting cell lines and identify
two potential pitfalls that must be considered when
using the NMR isotopomeric approach. The first one
(study 1) involves the effect of media on cell behavior
and integration of the carbon label. The second (study
2) looks at the effects of applying different metabolic
models to ®C data and discusses inferences that may
be drawn when using an appropriate model. However,
this paper does not explicitly discuss any data related
to pituitary research. Rather, this paper describes the
promising applicability of the technique to analogous
cell systems (such as neuroendocrine adenomas) for
studying links between metabolism and secretion in a
tissue of interest.

Materials and Methods
Cells

INS-1 (832/13) rat insulinoma cells were obtai-
ned from Christopher Newgard (Duke University,
Durham, NC). Cells were cultured as monolayers in
RPMI-1640 (Mediatech, Herndon, VA) and fed me-
dia every 2-3 days. The growth media contained ~11
mM glucose and was supplemented with 10% FBS
(Hyclone, Logan, UT), antibiotics (100 U/ml penicil-
lin and 100 pug/ml streptomycin), 2 mM Hepes, 2 mM
L-glutamine, 1 mM sodium pyruvate and 50 yM
B-mercaptoethanol (Sigma, St. Louis, MO). All cul-
tures were grown at 37° C under humidified (5% CO,/
95% air) conditions.

BC labeled incubation media

Three different incubation media were tested on
the insulinoma cultures: PBS, containing no nutrients

other than the added labeled glucose; incomplete me-
dia (RPMI-1640) containing labeled glucose and a
supplement of glutamine and antibiotics described
above, but no sera; and complete media containing the
label and a full supplement of sera. The incubation
media contained either 3 or 15 mM uniformly-labeled
BC-glucose. These media created a variety of condi-
tions to study metabolic links to secretion. The pH of
all solutions was maintained at 7.2 to eliminate a po-
tential pH effect on insulin release (19, 20). Cells we-
re rinsed with glucose-free PBS, incubated in gluco-
se—free PBS for 1.5 h, and rinsed again in glucose-free
PBS prior to receiving the *C-labeled incubation me-
dia and being exposed for 4 hours.

Cell extraction

Four to six confluent T-175 flasks were used for
each extraction. A representative flask of each trial
helped determine the approximate number and viabi-
lity of monolayer cultures through Trypan Blue exclu-
sion and manual cell counting. After the incubation
period, extracts were created as described by Tyagi et
al. (21). Flasks were rinsed with ice-cold saline to re-
move residual extracellular media, extracted with ice-
cold methanol and scraped off the flask. The metha-
nol cell slurry was collected and equal volumes of ch-
loroform and water were added. The aqueous portion
was isolated, treated with Chelex-100 (Sigma, St.
Louis, MO) to remove paramagnetics or compounds
that would negatively impact the NMR signal, lyophi-
lized, resuspended in 450 wl of D,O (Cambridge Iso-
topes, Cambridge, MA), and placed in a 5 mm NMR
tube.

Assays

Media samples were drawn from each flask at the
start and conclusion of the incubation periods and as-
sayed for glucose (all studies). Glucose concentrations
were determined on a Vitros DT60II Bioanalyzer
(Ortho-Clinical Diagnostics, Rochester, NY). Rates
of glucose consumption (GCR) were calculated from
the change in glucose levels during the incubation pe-
riod. The rate of insulin release (ISR) was determined
from media samples drawn at the start and at 20 mi-
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nutes into the exposure. These were assayed with a
commercially available double-antibody EIA kit (Lin-
co Research, St. Charles, MO) measured on a Synergy
HT plate reader (Bio-Tek, Winooski, VT).

NMR spectroscopy

NMR data were acquired using a 5 mm broad-
band receiving coil in an 11.75 Tesla vertical bore
Bruker Avance-500 equipped with a 'H decoupling
channel (Bruker, Billerica, MA). A coaxial insert con-
taining dioxane (“C) and TMP (*P) acted as a che-
mical shift and concentration reference. Acquisition
parameters were: *C- sweep width, 30 kHz; repetition
time, 6 s; number of transients, 10240. *P- sweep
width, 8.09 kHz; repetition time, 6 s; number of tran-
sients, 1024. Waltz 'H decoupling was applied throu-
ghout the acquisitions. Areas under the *'P resonances
of the a-ATP and a-ADP were determined by line-
fit analysis with the program ‘Nuts’ (AcornNMR, Fre-
mont, CA) and the ATP/ADP ratios calculated. *C
NMR spectra were analyzed as described below.

BC isotopomeric analysis

Area calculations of the isotopomer patterns of
the C2, C3, C4 and C5 glutamate resonances in the
BC NMR spectra were performed by line-fit analysis
(Acorn NMR, Fremont, CA). Correction factors we-
re applied to glutamate signal areas to correct for re-
laxation and nuclear Overhauser effects. Isotopomeric
modeling analysis using the patterns and the C3/C4
ratio was performed with ‘tcaCALC’ (16-18), a pro-
gram which uses algebraic equations to describe gluta-
mate isotopomeric labeling patterns in terms of
pathway fluxes of an applied metabolic model. Mon-
te-Carlo simulations and non-linear least-squares
analysis of the contributions of the various glutamate
resonance multiplets determined the following meta-
bolic information: the ratio of pyruvate going through
PC vs. PDH (‘YPC); the fraction of labeled pyruvate
carbons; the % of acetyl CoA derived from a pyruvate
pool; the replenishment of pyruvate from TCA cycle
intermediates (‘PK’); and the amount of non-PC ana-
plerotic carbon entrance to the TCA cycle. The %
anaplerosis is defined as the relative carbon entry from

both anaplerotic pathways to the total carbon entering
the TCA cycle. Pyruvate cycling is defined as the ave-
rage of YPC’ and ‘PK’ flux rates (2, 4). All rates are re-
lative to the TCA cycle (i.e., entrance via citrate
synthase), defined as 1.

Metabolic models

Metabolic models applied in ‘tcaCALC’ included
a standard single-pyruvate pool model of glucose me-
tabolism without (Simple’) and with a second (‘modi-
fied’) anaplerotic entrance, as shown in Figure 3A, and
a dual-pyruvate pool model described by Lu et al. (2)
represented in Figure 3B. The simple’ model is essen-
tially the standard model of metabolism which was
described earlier in the introduction (Fig. 1). Fully-la-
beled pyruvate is formed from the uniformly-labeled
glucose and can enter the TCA cycle via PC or PDH.
Unlabeled acetyl-CoA can be synthesized through
other sources via acetyl-CoA acetyltransferase (ACS).
Lastly, carbon units from the TCA cycle can repleni-
sh the pyruvate pool (represented by PK in the ‘tca-
CALC’ program, but which includes pyruvate derived
from malate or OAA via ME or PEP & PK).

The dual-pyruvate pool model as described by
‘tcaCALC’ (Fig. 3B) is more difficult to model and re-
quires some redefining of terms. Here, glucose is me-
tabolized to a primary pyruvate pool that enters the
TCA cycle predominantly through acetyl-CoA (i.e.,
PDH), while another pyruvate pool predominantly
cycles to the TCA cycle as defined earlier. To model
this in ‘tcaCALC’, the substrate that creates
uniformly-labeled acetyl-CoA is redefined as
uniformly-labeled ‘fat12’. However, rather than ‘fat12’
representing the two-carbon acyl groups that enter the
metabolic cycle, we define the ACS activity here to re-
present the PDH activity on the primary pyruvate
pool. A second pyruvate pool is derived from TCA cy-
cle intermediates (defined as PK) that re-enter the
TCA cycle via PC or PDH. Contribution to acetyl-
CoA via PDH activity from this second pool indica-
tes communication (mixing) between these two pyru-
vate pools. Pyruvate cycling is modeled only between
the secondary pool and the TCA cycle.

The ‘modified’ single-pyruvate pool model depic-
ted in Fig. 3A includes the addition of non-PC ana-
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Figure 3. Schematics of the models of metabolism used by the
program ‘tcaCALC’. Panel A depicts both single pyruvate pool
models. In the simple’ model, glucose metabolizes to a pyruva-
te pool, which enters the TCA cycle via PDH or PC. There
may also be contribution to acetyl-CoA through ACS from
unlabeled sources. The modified’ model includes the depicted
additional anaplerotic substrate entrance to the TCA cycle. Pa-
nel B shows how parameters in ‘tcaCALC’ can be redefined to
represent the dual-pyruvate pool model. Here, “fat12” and
“ACS” are used to represent the uniformly-labeled pyruvate
pool (pool 1) and PDH, respectively. Pyruvate is defined as a
secondary pool (pool 2), which enters the TCA cycle through
PC, and through which pyruvate cycling occurs. PDH here re-
presents possible communication between the two pools, and
is generally low, indicating little communication between the
two defined pyruvate pools. In all models, pyruvate cycling is
defined as the circulation of carbons between the TCA cycle
and the pyruvate pool. This effectively adds partial labels to the
pyruvate carbons in the pool. PK represents all re-entry to the
pyruvate pool from TCA cycle sources and includes potential
contributions from ME and PEP/PK enzyme systems

plerotic entrance to the TCA cycle from undefined la-
beled carbon sources. Anaplerosis from the pyruvate

pool to the TCA cycle is through PC activity (to
OAA) as well as potential conversion to malate via
malic enzyme (ME). In all models used in the analy-
sis, the sum of PDH + ACS is defined as 1. The term
‘anaplerotic substrate’ depicted on the figure repre-
sents any anaplerotic carbon entrance into the TCA
cycle from sources other than pyruvate (e.g., aspartate,
glutamate). Anaplerosis from the pyruvate pool to the
TCA cycle includes PC activity (to OAA) as well as
potential conversion to malate via ME. Therefore, the
total anaplerosis includes that from aspartate, gluta-
mate or pyruvate, and the % anaplerosis is defined as
the relative carbon entry from both anaplerotic
pathways to the total carbon units entering the TCA
cycle. Pyruvate cycling is defined as the average of the
anaplerotic entrance from the pyruvate pool and the
PK flux rate, as per Lu et al (2). A paper detailing fi-
ner aspects of modeling with the program ‘tcaCALC’
is discussed elsewhere (18).

Statistical methods

For groups within a set of data (e.g., PBS, incom-
plete and complete media incubation groups), means
and standard deviations were calculated, and 2 homo-
scedastic Student’s t-test (two-tailed) for independent
samples was performed. Relationships between data
(e.g., GCR vs. ISR) were tested with the Pearson pro-
duct-moment correlation.

The percentage errors of the glutamate C3/C4
ratio between the measured NMR data and modeled
estimates were tabulated by the formula:

% C3/C4 error = 100 * [modeled (C3/C4) — mea-
sured (C3/C4)] / [measured (C3/C4)].

A heteroscedastic (two-sample, unequal variance)
Student’s t-test was performed on the model-derived
residuals and % C3/C4 errors for each cell line to test
whether different metabolic models provide similar
values when applied to the same data. An F-test was
performed on the standard deviations of the model-
derived % C3/C4 errors and residuals to test whether
different metabolic models provide similar precisions
when applied to the same data. Relationships between
data (e.g., ISR vs. PC activity, total anaplerosis, non-
PC anaplerosis, etc.) were tested with the Pearson
product-moment correlation.
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Results and Discussion
Study 1

An important consideration when performing
functional studies is to define the conditions under
which cells should be studied to best reflect the in vi-
vo situation. This is true for any cell system being stu-
died. Following is an example of the impact that me-
dia selection has on cell function and metabolism in
an insulin-secreting cell line, and how media compo-
sition influences the NMR spectra and isotopomer
data.

It is known that fuel metabolism is required for
insulin secretion (22), and a widely accepted mechani-
sm for glucose stimulated insulin secretion termed the
Fuel Hypothesis has been postulated (22-25), but the
precise metabolic coupling factors to secretion are not
yet fully understood. To this end, "C NMR spectro-
scopic studies on the metabolism of insulin-secreting
cells have been performed. However, given the com-
plexity of the resultant patterns and the need to obtain
high spectral resolution, laboratories generally

perform *C studies in buffered salts (2, 26-28) or me-
dia that does not contain sera (29-32). This occurs
routinely despite published studies on insulin secre-
ting cells that found that culture media and factors
present in added serum affect the insulin secretion of
the cells (33, 34). Consequently, most studies on the
dynamic relationship between insulin release and cel-
lular bioenergetics are not relevant to the in-vivo si-
tuation. Because it is reasonable to assume that as in-
cubation media becomes more complex (with the ad-
dition of amino acids, fatty acids, vitamins and other
co-factors), not only is the function of the cell altered,
but metabolic pathways are altered to accommodate
these nutrients. Consequently, the isotopomeric labe-
ling patterns will be altered as well.

Figure 4 illustrates the effect that media com-
plexity has on the integration of carbons derived from
BC-glucose in INS-1 cells. Shown are representative
BC spectra acquired from extracts of INS-1 cells ex-
posed to PBS, incomplete media (no sera), or comple-
te media (10% sera), each containing 15 mM labeled
glucose. Incubation with labeled media yields reso-
nances from a variety of metabolites. The most preva-
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Figure 4. Representative proton-decoupled *C-NMR spectra obtained from extracts of INS-1 monolayer cultures exposed to PBS,
incomplete media or complete media conditions containing 15 mMM uniformly-labeled *C-glucose. Spectra are shown with equi-
valent S/N. On the x-axis at the bottom of the figure is the chemical shift region between 15 and 60 ppm. Species of interest are
lettered, and include: (a) serine C2; (b) glutamate C2; (c) aspartate C2; (d) alanine C2; (e) citrate C2 & C4; (f) glycine C2; (g)
aspartate C3; (h) glutamate C4; (i) glutamate C3; (j) lactate C3; and (k) alanine C3
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lent metabolite produced by the INS-1 cells is gluta-
mate (resonances b, h and 1), implying that much of
the glucose label is metabolized to pyruvate and enters
the TCA cycle. This preference is reinforced by the
profound lack of lactate produced (j), suggesting that
lactate dehydrogenase activity is low, a characteristic
that is far different from most other insulin-secreting
cell lines. A substantial amount of alanine is visible
(resonances d and k), indicating alanine transaminase
activity, as is aspartate (resonances ¢ and g), indicating
aspartate transaminase activity. Additionally, the ami-
no acid serine (resonance a), glycine (resonance f), as
well as citrates (resonance e), are observed. Some other
small resonances not yet assigned are also detected.
Visual inspection reveals striking differences in
resonance signal intensities as a function of media
complexity, with many detectable resonances increa-
sing with media complexity. This is clearly the case for
glutamate (b, h and 1), serine (a), alanine (k), and so-
me of the unassigned resonances. This indicates that
label integration is enhanced by the presence of unla-
beled compounds in the media such as amino acids or
fatty acids and substances found in sera. Unusual

changes are noted in the aspartate resonances (¢ and
g), as they increase from PBS-exposure levels upon ex-
posure to incomplete media, but again decrease upon
exposure to complete media.

Figure 5 shows the isotopomer patterns of gluta-
mate carbons (C2, C3 and C4) under three different
media compositions, each containing 15 mM labeled
glucose. This figure clearly indicates large differences
in the isotopomeric patterns, and thus the fractional
enrichment (this concept is outlined in Figure 2). In
general, under PBS conditions, most carbons are labe-
led, leading to more quartets and triplets (where ap-
plicable), and less singlet. However, under complete
media conditions, where the unlabeled amino acids
and fatty acids present in the media are non-negligi-
ble components, less contiguous labeling occurs, resul-
ting in a rise in singlets and doublets (where applica-
ble). Differences in these patterns are attributable to
differences in key enzymatic reactions of glucose me-
tabolism, and these are examined in study 2.

When the glucose concentration is altered, but
not the media complexity, the labeling of most amino
acids and other metabolites increased or maintained
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Figure 5. Proton-decoupled “C-NMR spectra of glutamate obtained from extracts of INS-1 monolayer cultures exposed to PBS, in-
complete media or complete media conditions containing 15 mM uniformly-labeled *C-glucose. Under the lowermost representati-
ve glutamate carbon 2, 3, and 4 isotopomer patterns are symbols delineating from where the peaks arise. S represents the singlet; D
the doublet; Q_the quartet, and T the triplet (actually a quartet with the two middle components coincidental with the singlet)
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Figure 6. Representative proton-decoupled “C-NMR spectra obtained from extracts of INS-1 monolayer cultures exposed to com-
plete media conditions containing 3 mM or 15 mM uniformly-labeled *C-glucose. Spectra are shown with equivalent S/N. On the
x-axis at the bottom of the figure is the chemical shift region between 15 and 60 ppm. Species of interest are lettered, and include:
(a) serine C2; (b) glutamate C2; (c) aspartate C2; (d) alanine C2; (e) citrate C2 & C4; () glycine C2; (g) aspartate C3; (h) gluta-
mate C4; (1) glutamate C3; (j) lactate C3; and (k) alanine C3

their relative concentration, as depicted in Figure 6. In  secretory hormone was insulin, the same type of expe-
this figure, INS-1 cells were exposed to 3 mM or 15 riments can be performed with a variety of neuroen-
mM glucose conditions in complete media, and large docrine cells. Most importantly, the composition of
increases are observed in glutamate (b, h and i), serine the incubation media impacts the metabolic and se-
(a), alanine (d and k), lactate (j), and citrate (e) reso- cretory ability of the cells as well as the *C isotopomer
nances. Most of the remaining resonances show simi-  patterns. This is a critical take-home lesson for any
lar levels, with the notable exception of aspartate, who-  study attempting to link cellular energetics with cellu-
se labeled levels decreased under high glucose condi- lar function. Because media plays a significant role in
tions (resonances ¢ and g). Supporting the NMR iso- the performance of the cells under study, and is easily
topomer data are results of glucose consumption and manipulated, strict adherence to protocol is necessary
insulin secretion under different media conditions.  to obtain meaningful information.

These also show an increase in response to glucose le-
vels or media complexity. However, ATP/ADP levels  Study 2

were influenced more by glucose levels than by media

complexity. It is important to note that this observa- A second important consideration when perfor-

tion or similar correlations between cell bioenergetics ~ ming NMR isotopomer studies, regardless of the cell

and metabolism may be cell line dependent (35). system under scrutiny, is how to best analyze the iso-
Conclusions to be gained from this study are that ~ topomeric data through metabolic modeling. Fol-

NMR spectroscopy can be used in concert with meta-  lowing is an example of the impact that model selec-

bolic and secretory measurements to provide an un-  tion has on data interpretation.

derstanding of the relationship between hormone se- Defining pathways critical to insulin secretion in

cretion and cell energetics. Although in this case the  surrogate sources as well as native islets is a research
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goal key towards discovering novel avenues of thera-
peutic intervention for diabetes. One reason is becau-
se determining paths critical to secretion would enable
cellular engineers to tailor superior surrogate cells.
Though the “Fuel Hypothesis” (22-25) links ISR to
the oxidative metabolism of a variety of metabolic
tuels, and is broadly accepted for islets, there are ano-
malies that the model cannot adequately address.
Consequently, the importance of specific enzymatic
pathways to insulin release is still under investigation
(1-4, 36-38). Although NMR isotopomer analysis can
obtain bioenergetic information through the study of
the carbons of glutamate, choosing an appropriate
metabolic model is of paramount importance when
estimating metabolic data and correlating it with cel-
lular function (in this case, ISR). Using “C isotopo-
mer analysis to define a link between ISR and meta-
bolic parameters, other workers have put forth a con-
troversial two-pyruvate pool metabolic model (2),
which although it allowed fitting of their isotopomer
data, does not conform to the standard model of glu-
cose metabolism (as depicted in Figure 1). Analysis of
their isotopomer data with a dual-pyruvate pool mo-
del yielded a strong correlation between the insulin in-
duction level and pyruvate cycling, a previously undo-
cumented relationship. However, though there are
possible mechanisms for compartmentation of meta-
bolites (39-42), the dual-pool concept is controversial
(43), and has not yet been robustly demonstrated to
exist in native [3-cells or insulinomas.

For this study, all the acquired data were fit by
‘tcaCALC’ using three different metabolic models: the

two-pyruvate pool model (2) depicted in Figure 3B; a
simple’ single-pyruvate pool model (Fig. 3A); and a
modified’ single-pyruvate pool model, which has an
additional carbon entrance via non-PC anaplerosis
(Fig. 3A). A metabolic model’s ability to derive useful
information from isotopomer data was judged by how
well the model-generated results reflected the measu-
red isotopomeric fraction data (defined as the residual
difference) and by how well the glutamate C3/C4 ra-
tio was replicated (measured by the % C3/C4 error).
Table 1 details the model-specific residuals and %
C3/C4 errors (when using the simple’ single-pyruvate
pool, dual-pyruvate pool or modified’ pyruvate pool
models) for the INS-1 cells and the media conditions
under which they were tested. Isotopomeric analysis
using ‘tcaCALC’ with the Simple’ single-pyruvate pool
model was the poorest of the three models under com-
plete media conditions, as indicated by the large resi-
dual and % C3/C4 error shown in Table 1. This fitting
anomaly, particularly evident in the observed %
C3/C4 error when cells are exposed to complete me-
dia (reaching an error of over 115 %), suggests that the
simple’ single-pyruvate pool model is insufficient to
properly analyze data. The two-pyruvate pool model
fit the data much better than the simple single-pyru-
vate pool model (i.e., reduced residuals and % C3/C4
errors), in all cases except for cells exposed to PBS
containing 15 mM glucose. However, a major limita-
tion of this model is that although the model allows
for limited ‘crossover’ between the cycling secondary
pyruvate pool and the primary pyruvate pool, pyruva-
te in the primary pool cannot enter the TCA cycle via

Table 1. Effect on the residual and % C3/C4 error when applying different models of metabolism (shown are results of applying
simple’ single pyruvate pool, dual-pyruvate pool, and modified’ pyruvate pool models) to INS-1 cell extract data acquired under a va-

riety of media conditions

simple’ single pyruvate pool

dual-pyruvate pool ‘modified’ single pyruvate pool

Cell Line  Media Conditions residual % C3/C4 error  residual % C3/C4 error  residual % C3/C4 error
INS-1 3 mM PBS 0.0561 4.25 0.0540 -0.41 0.0557 1.38
15 mM PBS 0.0101 7.93 0.0101 7.93 0.0086 0.17
15 mM PBS 0.0260 17.63 0.0260 17.63 0.0048 4.40
15 mM incomplete 0.1280 45.24 0.0012 -1.99 0.0032 -1.35
15 mM incomplete 0.0850 33.33 0.0019 -0.53 0.0009 -0.83
3 mM complete 0.1921 66.22 0.0266 -0.32 0.0270 -0.38
3 mM complete 0.2885 115.66 0.0031 2.09 0.0048 2.14
15 mM complete 0.1620 5291 0.0053 -3.30 0.0049 -3.20
15 mM complete 0.0617 25.23 0.0025 -0.84 0.0037 -0.13
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Table 2. Statistical comparison of the residual and % C3/C4 error derived from the three applied models of metabolism. The t-te-
st measures for differences between the values (smaller values are better), and the F-test is applied to determine differences in the
scatter (less scatter is better). A single * denotes a statistical significance of p<0.05, and ** denotes p<0.01

dual-pyruvate pool

‘modified’ single pyruvate pool

residual % C3/C4 error residual % C3/C4 error
0.0145 = 0.0179 2.25 + 6.60 0.0126 = 0.0179 0.24 +2.19

‘simple’ single pool

residual = 0.1122 + 0.0898 t-test * * * o

% C3/C4 error = 40.93 = 34.76 F-test o o e -
dual-pyruvate pool

residual = 0.0145 + 0.0179 t-test N.S. N.S.

% C3/C4 error = 2.25 = 6.60 F-test N.S. *

PC. In essence, the cytosolic pyruvate has a ‘memory’
of its source and is metabolized by an appropriate
enzyme. Analysis with the ‘modified single-pyruvate
pool model proved vastly superior to the simple sin-
gle-pyruvate pool model and equal or superior to the
two-pyruvate pool model under all conditions tested
(measured by significantly reduced residuals and %
C3/C4 errors, and tighter precision (i.e., scatter) of
the residual and % C3/C4 error). Table 2 shows the
results of direct comparative tests between the three
models. Application of the dual-pyruvate pool model
significantly reduced residuals and the % C3/C4 error
(t-test; p<0.05), and the precision (scatter) of the resi-
duals and the % C3/C4 error was significantly impro-
ved (F-test; p<0.01), compared to those derived from
the simple’ single-pool model. Application of the 70~
dified’ single-pool model yielded similar improve-
ments, and an even better reduction of the % C3/C4
error (p<0.01), when compared to the Simple’ single
pool model. The mean values obtained by the modi-
fied’ single-pool model are lower than those of the
dual-pyruvate pool model, but statistically, there is no
difference except in the great improvement of preci-
sion of the % C3/C4 error (F-test; p<0.01). As the
modified’ model conforms to the standard model of
metabolism and does not require any unproved cha-
racteristics, it was deemed the ‘best’ model for analy-
sis of the isotopomer data. However, even though this
model is arguably the best metabolic model for the cell
line studied, subsequent analyses were performed with
all three models to illustrate what type of information
can be extracted from isotopomer analysis, even if the
model applied is inappropriate.

Regardless of metabolic model applied, most cor-
relations between GCR, ATP/ADP or ISR to model
parameters (i.e., pyruvate cycling, anaplerosis through
PC, non-PC anaplerosis, total anaplerosis and % ana-
plerotic carbon entry to the TCA cycle, etc.) from
INS-1 cells exposed to a variety of conditions that al-
ter metabolic and secretory activities were weak (data
not shown). The critical correlations here are with the
function of the cell, i.e., insulin secretion. The stron-
gest correlations overall between insulin release and a
modeled parameter (for each model tested) are repre-
sented in Table 3, which lists the Pearson product-
moment correlation R values. The strongest relation-
ship found when applying the ‘simple’ single-pyruvate
pool model was between ISR and pyruvate cycling
(R=0.488) or % anaplerosis (R=0.420), neither of whi-
ch are particularly good correlations. The fact that this
model is insufficient to properly fit the data (as de-
scribed earlier) lends little support to these correlated

Table 3. Pearson product-moment correlations (R) between in-
sulin release of INS-1 cells exposed to a variety of media con-
ditions and parameters of metabolism derived from application
of models of metabolism (Simple’ single-pyruvate pool; dual-
pyruvate pool; modified’ single-pyruvate pool) to *C isotopo-
mer data. N.A. indicates that the parameter is not applicable
for that model

Pyruvate ~ Non-PC %
cycling  anaplerosis  anaplerosis
simple’ single 0.488 N.A. 0.420
pyruvate pool
dual-pyruvate pool 0.743 N.A. 0.793
‘modified’ single 0.583 0.736 0.720

pyruvate pool
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values. Correlations between ISR and parameters de-
rived when applying the dual-pyruvate pool model
were much improved for ISR vs. pyruvate cycling
(R=0.743) or for ISR vs. % anaplerosis (R=0.793).
Although as described above, the model fits the data
well, it is not yet determined if dual-pyruvate pools
can or do exist in this cell line. Nonetheless, these re-
sults suggest that anaplerosis plays an important role
in insulin release, and corroborate observations made
by Lu et al. in their studies with the INS-1 cell line.
Application of the modified’ single-pyruvate pool mo-
del also shows a relationship between ISR and pyru-
vate cycling (R=0.583) or % anaplerosis (R=0.720),
echoing that anaplerosis is a key player in the hormo-
ne release of this cell line. Importantly, an additional
observation is obtained by the application of the o-
dified’ single-pyruvate pool model, namely that non-
PC anaplerosis correlates well with insulin release
(R=0.736). This suggests an entirely new avenue of re-
search.

The data suggests a complex relationship
between ISR and modeled parameter of metabolism
(e.g., non-PC anaplerosis in the modified’ single-py-
ruvate pool model). To address this complexity, we te-
sted the change in model-derived parameters vs. the
change in ISR under conditions that induce the ISR
changes. Composition changes included: 3mM gluco-
se PBS vs. 15 mM PBS; 3 mM glucose complete me-
dia vs. 15 mM glucose complete media; 3 mM gluco-
se PBS vs. 3 mM glucose complete media; and 15 mM
glucose PBS vs. 15 mM glucose complete media.
When using the most appropriate ‘modified” single-
pyruvate pool model, the Pearson product-moment
correlation was strongest between the change in ISR
vs. the change in non-PC anaplerosis (R=0.910) and
again suggests that a change in non-PC anaplerosis
plays a key role in secretion. It also corroborates recent
studies linking anaplerotic substrates to insulin secre-
tion (44), and begs the question “What is the poten-
tial source of the non-PC anaplerosis?”.

There are two major candidates for this source:
glutamate (which could enter the TCA cycle after con-
version to aKG), and aspartate (which could enter the
TCA cycle after conversion to OAA). These amino
acids are readily labeled upon incubation with labeled
glucose, as observed by inspection of Fig. 4. The role of

glutamate in insulin release has been debated (45), but
is now thought not to play a direct role (46, 47). We
have recently hypothesized that the key non-PC ana-
plerotic substrate is aspartate (48), and a manuscript
regarding this is in preparation. Further evidence of an
association between aspartate and insulin release invol-
ves aspartate aminotransferase. When an inhibitor of
aspartate aminotransferase (aminooxyacetate) is intro-
duced, insulin secretion stimulated by succinate esters
is not affected. However, this compound is known to
completely inhibit glucose-stimulated insulin secretion
(49). In other words, when aspartate levels are not al-
lowed to drop, insulin release is inhibited.

To summarize, this study demonstrates that iden-
tifying the appropriate model of metabolism is key in
the interpretation of the isotopomer patterns and the
subsequent extraction of enzymatic fluxes. This exer-
cise points to the fact that it is possible that more than
one model may have the statistical power to fit the da-
ta. Here, a robust modified’ single-pyruvate pool me-
tabolic model and a non-conventional two-pyruvate
pool model provided essentially the same excellent fits
to isotopomer data derived from INS-1 cells exposed
to a wide variety of media conditions. However, diffe-
rent critical pathways are suggested by the models,
warranting further studies to validate the most appro-
priate model.

Conclusion

By considering the above studies, it should be ap-
parent how NMR spectroscopic studies similar to
those outlined here may be of great importance to the
study of pituitary adenomas. For example, one could
determine the efficacy of a host of metabolic modula-
tors. Or conversely, one may observe the metabolic ef-
fects of a known modulator of cell function, to glean
insight to links between metabolism and cell function.
If a pituitary adenoma has biochemical machinery
that differs sufficiently from normal tissue, one may
have exploitable differences in metabolism that will
present an opportunity or a target for successful thera-
peutic intervention. Therefore, although no definitive
studies on the metabolic fate of labeled carbons in
adenomas have been yet performed, there are many
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new avenues for exploration towards defining critical
metabolic pathways related to hormone release.
However, caution is offered to perform the experi-
ments with the most physiologically relevant media
and choose appropriate metabolic models to assure
that the results obtained are valid and relevant to the
actual physiology of the pituitary adenoma under
study. With proper application of powerful NMR
spectroscopic techniques, important information re-
garding cellular energetics of pituitary adenomas will
be determined.
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