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Abstract

Recent studies suggest a permissive requirement for guanosine
5'-triphosphate (GTP) in insulin release, based on the use of
GTPsynthesis inhibitors (such as mycophenolic acid) acting at
inosine monophosphate (IMP) dehydrogenase; herein, we ex-
amine the glucose dependency of GTPsynthesis. Mycopheno-
lic acid inhibited insulin secretion equally well after islet cul-
ture at 7.8 or 11.1 mMglucose (51 %inhibition) but its effect
was dramatically attenuated when provided at < 6.4 mMglu-
cose (13% inhibition; P < 0.001). These observations were
explicable by a stimulation of islet GTPsynthesis derived from
IMP since, at high glucose: (a) total GTPcontent was aug-
mented; (b) a greater decrement in GTP(1.75 vs. 1.05 pmol/
islet) was induced by mycophenolic acid; and (c) a smaller
"pool" of residual GTPpersisted after drug treatment. Glucose
also accelerated GTPsynthesis from exogenous guanine ("sal-
vage" pathway) and increased content of a pyrimidine, uridine
5'-triphosphate (UTP), suggesting that glucose augments pro-
duction of a common regulatory intermediate (probably 5-
phosphoribosyl-1-pyrophosphate). Pathway-specific radiola-
beling studies confirmed that glucose tripled both salvage and
de novo synthesis of nucleotides. We conclude that steep
changes in the biosynthesis of cytosolic pools of GTPoccur at
modest changes in glucose concentrations, a finding which may
have relevance to the adaptive ( patho ) physiologic responses of
islets to changes in ambient glucose levels. (J. Clin. Invest.
1993. 92:872-882.) Key words: (Pancreatic) islet * nucleotide.
purine * adenosine triphosphate * guanine

Introduction

We recently reported that exocytotic insulin secretion from
isolated, intact rat pancreatic islets depends upon an adequate
islet content of guanosine 5'-triphosphate (GTP)' ( 1).
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The conclusion was based on the use of four selective inhibi-
tors of inosine monophosphate (IMP) dehydrogenase (EC
1.1.1.205), a rate-limiting step in the de novo synthetic path-
way for purine nucleotides. Two of these drugs, mycophenolic
acid (MPA) and mizoribine, when provided during an 18-h
culture period in RPMI 1640 (a purine-free medium), were
shown to drastically curtail islet content of GTP and, pari
passu, the subsequent insulin secretory responses to glucose
and other secretagogues. MPAor mizoribine also caused a
more modest inhibition of ATP content (by about 40%) and
dramatic elevations of a pyrimidine, uridine 5'-triphosphate
(UTP), presumably due to redirection of a precursor common
to both pyrimidine and purine synthesis, such as 5-phosphori-
bosyl- 1-pyrophosphate (PRPP). However, GTP was impli-
cated as the regulatory factor since: (a) provision of exogenous
adenine reversed changes in ATPand UTP, while leaving unal-
tered the decrements in GTPand in insulin release; and (b)
provision of exogenous guanine, by fueling the "salvage" path-
way for purine synthesis, restored both GTP and secretion
nearly to normal levels. Weconcluded therefore that GTPwas
a permissive factor required for exocytotic insulin release ( 1 ).

In those studies, pancreatic islets were cultured overnight in
1. 1 mM(200 mg/dl) of glucose, since this usually is the most

effective concentration for cultured islets to maintain insulin
content and secretion (2, 3). However, we were intrigued by an
absence of reports of the induction of hyperglycemia in normal
animals or humans treated with high concentrations of these
drugs (e.g., MPA, provided as its pro-drug RS-61443, refer-
ences 4 and 5). Therefore, we questioned whether the ambient
glucose concentration might modulate the islet content of pu-
rine nucleotides and, if so, whether glucose might alter the rela-
tive predominance of the pathways involved in the synthesis of
GTP. The current studies (the first to our knowledge which
address purine nucleotide metabolic pathways in peptide-se-
creting endocrine cells) provide data that support both possibili-
ties and suggest that glucose alters purine nucleotide metabo-
lism in both quantitative and qualitative fashions. The narrow
range of relevant glucose concentrations over which such re-
sponses can be discerned in pancreatic islets suggests that these
events could have (patho)physiologic relevance to some of the
islet's nucleotide-dependent adaptive responses to hyperglyce-
mia, such as insulin secretion (1), RNAand protein synthesis
(6), and DNAsynthesis (7).

Methods

Materials. Mycophenolic acid, nucleotide standards, monobasic am-

monium phosphate (for HPLCmobile phase) and guanine were pur-

thine-guanine phosphoribosyltransferase; IMP, inosine monophos-
phate; ITP, inosine 5'-triphosphate; MPA, mycophenolic acid; NTP,
nucleoside triphosphate; PRPP, 5-phosphoribosyl-1-pyrophosphate;
UTP, uridine 5'-triphosphate; XMP, xanthosine monophosphate.
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chased from Sigma Chemical Co., (St. Louis, MO). Mizoribine, also
referred to as bredinin (4-carbamoyl- I --D-ribofuranosylimidazolium-
5-olate; references 8-10) was a generous gift of Dr. N. Kazmatani (To-
kyo Women's Medical College, Tokyo). The diluents used for making
stock solutions of these drugs were ethanol (for mycophenolic acid),
water (for mizoribine), and Me2SO(for guanine), respectively; control
tubes always contained an equal amount of the relevant diluent as
experimental tubes. [3H(G)]hypoxanthine (17 Ci/mmol) and
[ '4C(U)Iglycine ( 1 10.5 mCi/mmol) were purchased from New En-
gland Nuclear (Boston, MA) or Amersham Corp. (Arlington Heights,
IL). HPLC columns were purchased from Alltech Associates, Inc.
(Deerfield, IL); HPLC water was purchased from Fisher Scientific
(Itasca, IL). RPMI 1640 medium was purchased from Gibco (Grand
Island, NY) as glucose-free powder to which the desired amount of
D-glucose was added to achieve glucose concentrations of 1.7 to 1 1.1
mMin the overnight culture medium. L-glutamine (Gln, 2.05 mM)
was present in the culture medium to provide adequate substrate for
the de novo synthesis of purine nucleotides ( 1 1-14); where indicated,
glycine content was selectively modified using the Select-Amine Kit
from Gibco. Undialyzed FBSwas from Gibco. In all studies comparing
the effects of two different glucose concentrations during the culture
period, the osmolarity of the medium containing the lower glucose
concentration was brought to that of the higher concentration through
the provision of additional NaCl.

Isolation and treatment of pancreatic islets for studies of insulin
release. Intact pancreatic islets (usually 500-600 islets per study) were
isolated from adult male Sprague-Dawley rats (Sasco-King, Inc.,
Omaha, NE) using collagenase digestion and separation from acinar
tissue and debris on ficoll gradients, followed by hand-picking under
stereomicroscopic control, as previously described ( 1, 15-17). Islets
were cultured overnight (X18 h) in RPMI 1640 medium (containing
10% FBS, 100 U/ml penicillin, 100 Ag/ml of streptomycin, and vari-
able glucose concentrations). Generally speaking, each secretion ex-
periment contained 4-8 experimental conditions, each comprised of
multiple ( 3 to 8 ) replicate determinations ( 10 islets each). The incuba-
tion medium for subsequent insulin release studies (carried out the
next day) was KRB, pH 7.4, containing 0.5% BSAand 3.3 or 16.7 mM
glucose, and gassed with 95% 02/5% CO2. Static, batch-type incuba-
tions were carried out for 45 mins so as to include contributions from
both first and second phase secretion, since our previous studies ( 1)
indicated that MPAinhibits both phases of glucose-induced insulin
release. The basal glucose concentration for acute incubations (i.e.,
after the overnight culture period) was 3.3 mM; the glucose concentra-
tion used to stimulate islets in all incubations was kept constant at 16.7
mM. MPA(or other test agents) was present during not only the cul-
ture period but also was included in islet picking, wash, or preincuba-
tion steps the following day, in order to avoid attenuation of its effects
over time. However, drugs were excluded from the incubation period,
since their effects were not rapidly dissipated after removal ( 1).

Insulin content and fractional release. After incubations to assess
insulin release, the tubes containing islets, still resting on their polyeth-
ylene filters ( 15), were placed in 1 5-ml conical centrifuge tubes con-
taining 1 ml of acid alcohol (comprised of 77% absolute ethanol, 22%
water, and 1% concentrated HCl; vol / vol), sonicated and left over-
night at 4°C. After 20 h, one ml of phosphate-buffered saline and 30 Al
of SNNaOHwere added to raise the pH to 8.0, and the contents were
vortexed after removing the glass tube but leaving behind the mesh-
filter so as to retain any islet tissue which might remain adherent to the
filter. Tubes were centrifuged at 4°C for 5 min (X2,000 rpm); the
supernatant was removed, diluted ( 1: 10) in RIA buffer (PBS) to a final
dilution of 1:20, and assayed.

Insulin content of media or of islets was measured by RIA as de-
scribed(l, 15-17).

Determination of nucleotide content of islets. Islets were cultured
overnight (as described above and in reference 1 ) except that exactly
200 islets for each condition were cultured in individual dishes contain-
ing test substances, so that islets could be rapidly extracted the next day
without the need for time-consuming counting and aliquoting, during

which the nucleoside triphosphate (NTP) contents might change. A
typical experiment contained 12 determinations comprised of 2,400
islets/study; three to four experimental conditions (each in triplicate or
quadruplicate) were studied in each experiment. After the culture pe-
riod, islets were treated as previously described in detail ( 1) and were
extracted in trichloroacetic acid (TCA), containing sufficient internal
standard cytidine 5'-triphosphate (CTP) and inosine 5'-triphosphate
(ITP) to yield a final concentration of 0.8 nmol/ 100 d. Islets were then
lightly vortexed, sonicated (2 X 20 s) on ice, and the supernatant was
obtained after centrifugation, all as described (1). Supernatants were
extracted (X4) using 0.75 ml ether (to remove the TCA); the ether
phase was then discarded. Samples were directly analyzed by HPLCor
frozen at -20'C for future analysis within two weeks; there was no
difference in results between the two handling procedures.

HPLCwas carried out as described (1) using a LiChrosorb-NH2
anion exchange column (Alltech Associates, Inc.) without a guard col-
umn. The detector was set at 254 nMand 0.02 to 0.005 AUFS. Buffer A
was 0.5 mMNH4H2PO4, pH 2.65; buffer B was 0.65 MNH4H2PO4,
pH 2.65. The exact proportions of A and B and the pH were varied as
described in (1) using a solvent programmer (Model 660; Waters In-
struments, Inc., Milford, MA) in order to maximize separations, which
were affected by changes in columns or new batches of solvent, and,
especially, by even minor changes in pH. Separations were achieved by
isocratic elution at 1.0-1.3 ml/min. 100 d each of sample (comprising
the extract of - 70 islets) was injected in duplicate; results were
corrected for the mean recovery of two exogenous nucleotides (ITP
and CTP, which were used as internal standards after preliminary stud-
ies ascertained that they were not detectable endogenously in islet ex-
tracts). A standard curve was routinely run each day, covering the
relevant range (0.2-1.0 nmol) of ITP, CTP, GTP, ATP, and UTP.
Values for the recoveries of internal standards (ITP, CTP) have been
reported, as have been the coefficients of variation for the overall preci-
sion of the measurements ( 1 ). Values for basal islet nucleotide content
were sufficiently constant (inter-experiment CVs of 6.8, 7.2, and 10.8%
for basal ATP, GTP, and UTP content, respectively) as to permit
meaningful comparisons of the effect of experimental perturbations
not only within, but also between, studies.

Labeling ofpurine nucleotides via the de novo or salvage pathways.
In order to determine whether the de novo or salvage pathways contrib-
uted to the total GTP or ATP content, islets were labeled with 10
ACi/ml of [ 14C(U)]glycine (which donates carbons at position 4 and
5, and nitrogen at position 7, of the newly-synthesized purine ring) or
with 2 ,uCi/ml of [3H(G)]hypoxanthine (a substrate for HGPRTase)
over an identical 18-h period. The added mass of hypoxanthine was
kept low ('- 120 nM), and labeled glycine replaced an equal mass of
unlabeled glycine in the RPMI 1640 media, so as not to perturb the
conditions under which ATP/GTP had been assessed by mass in the
preceding studies; in addition, all other experimental conditions re-
mained unchanged. After 18 h, islets were extracted and analyzed by
HPLCas indicated (1) except that an additional rapid wash in 1 ml
KRBbuffer containing 0.5% BSAwas added in order to remove more
completely any unincorporated radiolabeled compounds adherent to
the islets. Eluant fractions were collected every 30 s (glycine label) or
every 18 s (hypoxanthine label) using a fraction collector (Multi-rac
21 1; LKB Instruments, Bromma, Sweden) and were matched against
the exact times of elution of GTPand ATPusing the concomitant UV
chromatograms. Samples were counted for 5 min in 4 mls of scintilla-
tion cocktail.

Data presentation and statistical analysis. Absolute insulin secre-
tion is expressed as ,uU/ 10 islets - 45 min (mean±SEM) for static incu-
bations. Incremental release is expressed as the value for insulin re-
leased under stimulated conditions (minus) the mean value for basal
release (i.e., at 3.3 mMglucose) in that same study. Insulin content is
expressed as AU/islet remaining at the end of the incubation period.
Some fractional release rates are also presented to take into account
any effects on absolute rates of secretion caused by alterations in islet
insulin content induced by agents such as MPA( 1). Fractional release
was calculated by the formula:
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insulin releasedfractional release = . . r
initial insulin content]

where the denominator equals the insulin content remaining in islets at
the end of the incubation period plus that insulin released during the
incubation period. Fractional release is expressed as percent of initial
insulin content released per 45 mins.

Nucleotide content is expressed as pmol/islet; specific activity is
expressed as dpm/ pmol. Increments or decrements in nucleotide con-
tent are expressed as the content of each experimental tube (minus) the
mean content of the control tubes in that study; alternatively, experi-
mental values are expressed in terms of percent of their mean control
values (the glucose concentration used to define the "control" response
for each experiment is indicated in the text or figure legends). Data are
expressed as mean±SEM, with (n) representing the number of obser-
vations in a representative study, or the number of separate experi-
ments, as indicated. Statistical analyses were by paired or nonpaired t
tests, and ANOVA, as appropriate.

Results

Dependency on glucose concentration of the inhibition by MPA
of glucose-induced insulin release. Glucose concentrations
from 50-200 mg/dl (2.8-1 1.1 mM)were chosen for the over-
night culture period. 25 ,ug/ml of MPAwas used in all studies
since it induces a maximal inhibition of GTPsynthesis (1). It
was confirmed ( 1 ) that an overnight exposure to MPAinhibits
subsequent insulin release induced by 16.7 mMglucose; how-
ever, the inhibitory effect of MPAwas influenced dramatically
by the glucose concentration present during the preceding 18-h
culture period (Fig. 1). Islets cultured at 7.8 mMglucose were
at least as sensitive to MPAas were islets cultured at 1 1.1 mM
glucose, but sensitivity to MPAdeclined steeply at lower glu-
cose concentrations, being half-maximal at 6.4 mMglucose,
and essentially absent at 4.4 mMglucose (Fig. 1). In paired
analysis of data accrued within the same experiments, inhibi-
tion was always greater when MPAwas provided at 7.8-1 1.1
mMglucose (-51±6%) than at <6.4 mM(-13±6%; P
< 0.001 for six paired glucose-concentration comparisons
within five separate experiments, as depicted by individual
symbols in the inset to Fig. 1). In our cumulative experience
using MPA(including data in reference 1 ), there was no over-
lap in the range of inhibition by MPAat higher glucose levels
(range: 34 to 86%; n = 34 separate experiments) and that at
lower glucose level (range: 0 to 34%; n = 6; P < 0.001 by
nonpaired t test). Such comparisons underestimate the differ-
ence at higher vs. lower glucose concentrations, since preexpo-
sure to MPAat 4.4 mMglucose actually augmented subse-
quent insulin release in two experiments; these values are
treated as "zero inhibition" for statistical purposes. It is not
likely that the findings with MPArepresent a aberration spe-
cific to that pharmacologic probe, since a second, selective in-
hibitor of inosine monophosphate dehydrogenase (75 ,tg/ml
mizoribine) did not inhibit subsequent insulin release at all
when provided at 4.4 mMglucose (data not shown), in contra-
distinction to an inhibition of 47% (absolute release) and of
52% (fractional release), seen after 11.1 mMglucose.

These results might be explicable if MPAwere to exert a
glucose-dependent effect on insulin content of islets. As previ-
ously observed (1), MPAdid, in fact, reduce insulin content
after culture in high glucose (by 20±4%) whereas after expo-
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Figure 1. Glucose dependency of MPAinhibition of insulin secretion.
The glucose concentration during the preceding 18-h culture period
is expressed on the abscissa and the inhibition by MPAof the subse-
quent incremental insulin secretory response to a maximal glucose
( 16.7 mM)stimulus is presented on the ordinate. Each symbol com-

prises the mean of multiple (3-8) determinations carried out after
culture at the indicated glucose concentration on a single day, with
each symbol representing a single such experiment. Identical symbols
indicate findings within a single experiment. The horizontal lines in
the main panel indicate the mean response at each glucose concen-

tration. Statistical analysis (by paired t test) is presented in the inset,
in which a dividing point of 6.4 mMglucose was used to analyze re-

sponses to higher vs. lower glucose concentrations during culture.
Paired responses within the same study are connected by solid lines.

sure of islets to lower glucose levels, MPAreduced insulin con-

tent by only 7±3% (n = 5 experiments; P < 0.01; Table I). In
fact, at 2.8 mMglucose, MPAactually increased insulin con-

tent (Table I). However, the effects of MPAon exocytotic re-

lease were independent of these effects of MPAon insulin con-

tent, since fractional insulin release (insulin release/insulin
content) was also reduced much less by MPAduring culture of
islets at lower glucose levels (- 14±7%; P = ns vs. no MPA)
than after culture at 7.8-1 1.1 mMglucose (-44±5%; n = 5
experiments; P< 0.0001 vs. no MPA; P< 0.01 vs. inhibition by
MPAat lower glucose levels; Table I).

Effects of glucose on GTPand ATP content, and their de-

pendency on MPA-inhibitable pools. In order to explain the

glucose dependency of MPAeffects on secretion, the nucleo-
tide content of islets was analyzed using a similar experimental
paradigm. In addition, we estimated the proportion of the

steady-state GTP (and ATP) content that was derived ulti-

mately from IMP, by taking advantage of the facts that MPAis
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Table I. Insulin Content (ApU/10 islets) of Pancreatic Islets, and Fractional Insulin Release (%o * 45 min), in the Presence and Absence of
Prior Exposure (X 18 h) to MPAat Lower vs. Higher Glucose Concentrations * t

4.4-6.4 mMglucose$ 7.8-1 1.1 mMglucose P

A. Insulin content*

(-) MPA 10,914±700 8,009±1,016 <0.05
t t

P<0.05 P<0.01

(+) MPA 10,079±450 6,282±628 <0.01

B. Fractional insulin release

(-)MPA 3.35±0.91 6.05±0.54 <0.05
t t

NS P<0.000I

(+) MPA 3.11±0.49 3.37±0.35 NS

* Data are mean (±SEM) for five separate experiments comprised of six sets of paired data at different glucose concentrations (as indicated in
legend to Fig. 1). * In an additional experiment, MPAreduced insulin content by 30% at 11.1 mMglucose (control: 8,359±756, n = 7; MPA:
5,872±394, n = 7, P < 0.01) whereas insulin content actually rose by 20% in the presence of MPAat 2.8 mMglucose (control: 10,459±498, n
= 8; MPA: 12,504±808, n = 8; P < 0.025). The control insulin secretory response to glucose was too low for the effect of MPAto be interpretable
in this experiment.

a selective inhibitor of GTPsynthesis at the level of IMP dehy-
drogenase ( 18-22) with no direct effects on enzymes of the
"salvage" (or other) pathways (20, 21, 23, 24). The contribu-
tion of IMP-dependent pools at each glucose level was defined
as the decrement in GTP induced by a maximally-effective
concentration of MPA(25 #g/ml; reference 1), whereas the
contribution of IMP-independent pathways to steady-state
GTPcontent was estimated as the amount of GTPresistant to
blockade by MPA. Additionally, the increment in GTPcon-
centration induced by 75 1uM of guanine, provided exoge-
nously, was taken as a measure of net salvage pathway activity
(i.e., reflecting hypoxanthine-guanine phosphoribosyltransfer-
ase activity).

Culturing islets at 1 1.1 mMglucose reproducibly increased
their content of both GTP(by 24 to 33%) and ATP (by 13 to
20%) above values seen at 4.4 mMglucose; UTPalso rose (see
below) (Figs. 2-5). Therefore, total NTP content also in-
creased by 33% from 13.77±0.79 to 18.38±1.24 pmol/islet (df
1 1; P < 0.01 ). These effects were not explicable by a nonspe-
cific (e.g., osmotic) effect of hexoses, since osmotic controls
were present in all studies (see Methods); furthermore, the
addition to 4.4 mMglucose of 6.7 mM3-0-methylglucose
(which is transported similarly to glucose but which is not me-
tabolized; reference 25) actually slightly inhibited (by 5, 6, and
10%, respectively) content of GTP, ATP, and UTP(data not
shown). Furthermore, the NTPcontent of islets declined if the
glucose level was reduced from 4.4 to 1.7 mMglucose (Table
II); it fell to a comparable degree when 3.0 mMof mannohep-
tulose (which blocks the phosphorylation and further metabo-
lism of glucose; reference 26) was added to 4.4 mMglucose
during culture (Table II).

Additionally, MPAreduced GTPor ATP content more at
1 1.1 mMglucose than at 4.4 mMglucose (both P < 0.001;
Figs. 2, 3, and 5). Thus, despite starting from higher levels at

1 1.1 mMglucose, MPAreduced GTP content by a greater
amount and to lower absolute levels at high glucose (Figs. 2
and 5). Furthermore, during MPAtreatment, glucose no
longer increased GTP (or ATP) content; rather, the residual
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Figure 2. Glucose dependency of GTPcontent of islets and its inhi-
bitibility by MPA. Bars are expressed as %of a common reference
value (4.4 mMglucose alone). Data are expressed as mean (±SEM)
for six determinations each, from two separate experiments showing
identical results. The rise in GTPat 11.1 mMglucose is statistically
significant (P < 0.05; not indicated in the Figure).
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GTPcontent was now lower (P < 0.05) at high glucose after
MPA(cf. Figs. 2 and 5).

The increment in both purine and pyrimidine nucleotides
induced by glucose suggests that an elevation in the ambient
glucose concentration might increase the content of an inter-
mediate required in both pathways (possibly PRPP; see be-
low). To test this possibility further, exogenous guanine was
provided in order to fuel the "salvage" pathway by direct cou-
pling to PRPP. When75 ,uM guanine was provided at 4.4 mM
glucose (in the absence of MPA), GTPcontent rose signifi-
cantly (by 33%, or by 0.65±0.06 pmol/islet) to levels now
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similar to those seen at 11.1 mMglucose alone (Fig. 5),
whereas, in contrast, no significant further rise in GTP(Fig. 5)
or ATPwas seen when guanine was provided at 1 1.1 mMglu-
cose (Fig. 5). However, when guanine (75 ,uM) was provided
in the presence of MPA, islet content of GTProse 65% more,
and reached higher final levels (2.24±0.13 vs. 2.99±0.22; P
< 0.05) at the higher glucose concentration despite again start-
ing from a lower absolute level (P < 0.05) after MPAtreatment
(Fig. 5). Likewise, guanine increased ATPcontent at 1 1. 1 mM
glucose only in the presence of MPA; ATP rose from
7.32±0.33 to 1 1.5±0.16 pmol/islet (P < 0.01 ). These findings
support the formulation that a regulatory precursor (presum-
ably PRPP) does indeed rise with high glucose levels but is
shunted into IMP-dependent pathways; however, when this
preferred pathway(s) is rendered unavailable due to the block
imposed by MPA, the metabolite becomes free to fuel the gua-
nine-induced "salvage" synthesis of GTPas well (cf. references
27 and 28).

Effects of glucose, MPA, and/or guanine on UTPcontent.
The formulation above is supported by measurements of UTP.
MPAhas been observed to induce a rise in cellular UTPcon-
tent ( 1, 21, 29) attributable to an increase in the availability of
PRPP2( 1, 27, 28, 30, 31 ) which is then shunted into the pyrimi-
dine synthetic pathway. Therefore, we quantitated UTPduring
the current studies to assess indirectly whether glucose in-
creases availability of precursors for NTP synthesis. A reduc-
tion in glucose concentration (from 4.4 to 1.7 mM) or the
addition of mannoheptulose to 4.4 mMglucose reduced UTP
in parallel to the changes in GTPand ATP (Table II). Recipro-
cally, increasing glucose from 4.4 to 1 1.1 mMglucose nearly
doubled UTP(Fig. 4; Table III). In the presence of MPA, UTP
levels rose by similar amounts at both glucose concentrations

2. PRPPcontent reflects changes in both its synthesis and consump-
tion. MPAdisinhibits PRPP synthesis (11, 31 ) by reducing purine
nucleotide synthesis. In addition, IMP, which rises (23, 28) proximal to
the MPA-induced block at IMP dehydrogenase (32), can be degraded
to inosine (33, 34) which in islets (35) as in other tissues (4, 28, 31 ) is
degraded to ribose-l-phosphate (36). Ribokinase action converts ri-
bose- I-phosphate to ribose-5-phosphate, which could increase synthe-
sis of PRPP(33, 36), which, in turn, is utilized for UTPsynthesis.
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Figure 4. Glucose dependency of UTPcontent of
islets and its stimulation by MPA. Bars are ex-
pressed as %of a common reference value (4.4
mMglucose alone). Data are expressed as mean

(±SEM) for six determinations each, from two
separate experiments showing identical results.
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but again reached a higher final level at 1 1.1 mMglucose (P
< 0.001; Fig. 4; and Table III, Experiment I vs. 2); conversely,
exogenous guanine (which consumes PRPP in the salvage
pathway), reduced the UTPlevels achieved in the presence of
MPA(Table III) towards control values (no MPA) (Table III).
Thus, provision of guanine largely reversed the effects of MPA
on UTP, as it did on GTPand ATPcontent (reference 1; Figs.
2 and 3). To summarize, glucose and MPAboth increase, and
guanine decreases, UTP (probably due to changes in both
PRPPsynthesis and consumption; see Discussion).

Effect of guanine on insulin release. The effect on insulin
release of guanine supplementation of the culture medium was
also examined (Table IV). By itself, guanine (30-100 ,qM) had
little effect on subsequent secretion after culture, whether pro-
vided at 4.4 or 1 1.1 mMglucose (Table IV). In contrast, in the
presence of MPA, guanine increased (i.e., restored) insulin re-
lease in proportion to the degree of inhibition of GTPcontent
and insulin release caused by MPA, i.e., to a large degree at 1 1.1
mMglucose and minimally, if at all, at 4.4 mMglucose (Table
IV). Thus, guanine, via the salvage pathway, reverses the defi-
ciency of pools of GTPinvolved in exocytosis, which had been
inhibited by MPA.

Table II. Effect* of Glucose Concentration and Mannoheptulose
on NTPContents of Pancreatic Islets After an Overnight Culture

Condition GTP ATP UTP Total NTP

A. Control (4.4 mM
glucose) 2.10±0.07 7.83±0.24 1.42±0.05 11.36±0.33

B. 4.4 mMglucose
+3mM 1.71±0.11 6.35±0.31 1.74±0.11 9.11±0.48
mannoheptulose (-19%) (-19%) (-17%) (-19%)

C. 1.7 mMglucose 1.74±0.11 6.76±0.41 1.09±0.07 9.60±0.57
(-17%) (-14%) (-23%) (-15%)

* Values represent mean (±SEM) of three determinations each. Comparison of
experimental conditions (B) or (C) vs. their respective controls (A) were statisti-
cally significant (P < 0.05 or greater) for each nucleotide.

Figure 5. Glucose dependency of the GTPcontent of islets,
in the presence and absence of MPA(25 ,g/ ml) or guanine
(75 ,M). High glucose (1 1.1 mM) increased GTPcompared
to 4.4 mMglucose (open bars); exogenously-provided gua-
nine by itself (cross-hatched bars) increased GTPsignifi-
cantly only at the lower glucose concentration. Effects of
MPAare shown (stippled bars) as is the addition of guanine
to MPA(solid bars). Values are mean (±SEM) for 2-3 de-
terminations each.

Radiolabeling of de novo or salvage GTPsynthesis (Table
V). These results together suggested that glucose augments flux
into MPA-sensitive (i.e., IMP-derived) pool(s) of GTP. How-
ever, since IMP can be derived via several pathways, we ascer-
tained directly whether de novo and salvage pathways contrib-
ute to GTPand ATPsynthesis in islets. Purine nucleotide pools
were labeled using ['4C]glycine (which is incorporated into
nucleotides specifically via the de novo pathway) or [3H I-

hypoxanthine (an index of salvage pathway activity), under
conditions (see "Methods") essentially identical to those used
to ascertain the bulk content (mass) of ATP/GTP in islets.
Glucose progressively augmented the labeling of both nucleo-
tides using either precursor (Fig. 6). High glucose ( 1 1.1 mM)
increased the areas under the curve for the GTPpeak to 208
and 331% of values at 4.4 and 1.7 mMglucose, respectively
(labeled glycine) and to 190 and 279% (labeled hypoxan-
thine); corresponding values for ATPwere 215 and 307% (la-
beled glycine) and 174 and 353% (labeled hypoxanthine) (Ta-
ble V and Fig. 6). Similar changes were seen in the specific
activities (dpm/pmol) of GTPor ATP (Table V).

Discussion

Choice and relevance of experimental model. These studies
were designed to determine whether islet GTPcontent, which
has a permissive effect in exocytotic insulin release ( 1 ), is modi-
fied by the ambient glucose level. The experimental paradigm
is based on the specific inhibition by MPA(or mizoribine) of
IMP-dependent GTP synthesis, as assessed by steady-state
GTP content (the biologically relevant parameter; reference
1). These drugs (8-10, 18-20) block the conversion of IMP to
xanthosine monophosphate (XMP), possibly also reinforcing
this effect by inhibiting conversion of XMPto guanine nucleo-
tides ( 19-21 ), but without any direct effects on other nucleo-
tide pathways (20-24). RPMI 1640 was selected as the culture
medium since it is purine-free (thus permitting manipulation
of salvage pathway activity) and has an adequate concentra-
tion of inorganic phosphate (5.6 mM), which is a regulatory
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Table III. Effect of Glucose Concentration During Culture, in the Presence and Absence
of MPA(25 tg/ml) and Guanine (75 ,1M), on UTPContent of Pancreatic Islets

Condition UTP, pmol/islet*

Experiment 1. MPAabsent

a. 4.4 mMglucose
b. 1 1.1 mMglucose
c. 4.4 mMglucose + guanine
d. 1 1.1 mMglucose + guanine

1.92±0.05
3.43±0.19J
2.12±0.08
2.90±0.40

A = 1.51 pmol/islet:
df 4; P< .01
A = 0.78 pmol/islet:
df 4; n = ns

Experiment 2. MPApresent throughout

a. 4.4 mMglucose + MPA
b. 1 1.1 mMglucose + MPA
c. 4.4 mMglucose + MPA+ guanine
d. 1 1.1 mMglucose + MPA+ guanine

4.59±0.36
6.02±0.14
2.60±0. 191]
4.31±0.17§J

A = 1.43; df 3; P < .05

A = 1.71;df3;P<.01

* Values are the mean (±SEM). t P < 0.02 vs. guanine-free values. § P < 0.005 vs. guanine-free values.

cofactor for synthesis of PRPPand of purine nucleotides ( 12,
37-40). 10% undialyzed FBS was provided as a potential
source (33, 41, 42) of small amounts of hypoxanthine, in order
to mimic the presence of the low amounts of hypoxanthine
circulating in blood (43-45). This amount of hypoxanthine
supports a basal production of salvage pathway-derived nu-
cleotides and thereby provides a physiologic restraint on the de
novo pathway (41 ) without which the visualization of a regula-
tory role for PRPPconcentration in de novo pathway activity
might be obfuscated (33). Additionally, a narrow range of po-
tentially relevant glucose concentrations was studied. How-
ever, as with any in vitro study, extrapolation of these findings
to the situation in vivo should be made with caution.

Effects of MPAon GTPcontent and insulin release. In our
previous studies at 1 1.1 mMglucose, a saturating concentra-
tion of MPA(25 ,ug/ml) reduced GTPby - 80% and glucose-
induced insulin release by 54±2%. The current studies confirm
these observations at nearly-normal glucose levels (7.8 mM)

during the antecedent overnight culture period. A central new
observation was that the inhibition of insulin release induced
by MPA(or mizoribine) declined steeply at only slightly lower
glucose levels, being half-maximal at 6.4 mMglucose and vir-
tually absent at 4.4 mM. These studies suggest that even mod-
est elevations in ambient glucose concentrations sensitize islets
to inhibition by structurally dissimilar, selective inhibitors of
IMP dehydrogenase. These findings imply that high glucose
acts as a biologic "switch" to shunt nucleotide precursors pref-
erentially into IMP-dependent pathways, rendering islet GTP
content more susceptible to inhibition by the blockers. One
might question whether the markedly blunted inhibition by
MPAof insulin secretion seen after islet culture at lower glu-
cose levels could be attributed to the relatively modest differ-
ences in the reduction of GTPachieved by MPA(inhibition of
GTPafter 1 1.1 mMglucose = 80%; inhibition of GTPafter 4.4
mMglucose = 63%). However, this does indeed seem to be the
case, since this effect of 25 ,tg/ml MPAat 4.4 mMglucose is

Table IV. Effects of MPA(25 tg/ml) in the Absence and Presence of Guanine, During Overnight Culture
at 4.4 or 11.1 mMGlucose, on Subsequent Insulin Secretion*

Incremental insulin response, AsU * 45 min

I. Culture at 4.4 mMglucose

a. Control (5)
b. MPA(5)
c. MPA+ 75gMguanine (5)
d. 75 gMguanine alone (5)

343±32]
275±30]
364±12
226±28

-20% A = 89±12

II. Culture at 1 1.1 mMglucose

a. Control (5)
b. MPA(5)
c. MPA+ 75 ,M guanine (4)
d. 75 uMguanine alone (3)

433±28
212±16
479±38
554±56

-51% A=267±39.

* Numbers in parantheses are the numbers of observations. Data are mean±SEM.
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nearly superimposable on the effect of a much lower concen-
tration (0.5 ptg/ml) of MPAprovided at 11.1 mMglucose
(GTP: -60±2%; insulin secretion; - 12%) in our previous stud-
ies ( 1 ). In other words, MPAis only 1 / 50th as potent on
exocytotic secretion at low as compared to higher glucose con-
centrations. This is because insulin release is not inhibited until
GTPcontent falls (by > 80%) to a level of < 0.6-0.8 pmol/is-
let ( 1), but falls off precipitously thereafter. Thus, the lesser
effect of MPAon insulin release after culture in lower glucose
concentrations reflects a different origin (and therein a lesser
inhibitability by MPA) of the GTPcontent. However, not only
GTP derived via IMP but also that derived via the guanine
salvage pathway is capable of supporting secretion, since exoge-
nous guanine restores basal- and glucose-stimulated GTPlev-
els in MPA-treated islets (current data) and, concomitantly,
reverses the effect of MPAto inhibit insulin secretion (current
data and reference 1). Thus, these studies provide no evidence
of a functional compartmentation of(MPA-sensitive vs. MPA-
insensitive) cytosolic GTPpools with regard to exocytosis.

Effects of glucose on nucleotide content. Increasing glucose
levels modestly but consistently augmented total islet GTP
content (by 40-50%, between 1.7 and 11.1 mMglucose).
These findings are in accord with studies of Zunkler et al. (46),
Hoenig and Matschinsky (47), and Meglasson et al. (48) who
noted small changes in GTP content (or GTP/GDP ratio)
within 30-150 min of marked increases in the glucose concen-
tration to which pancreatic islets were exposed. Glucose also
slightly (but again consistently) increased ATP levels and dra-
matically increased UTPlevels. The most parsimonious expla-
nation for these findings is that glucose increases the availabil-
ity of PRPP, the precursor common to all three purine or py-
rimidine nucleotides. Since the S05 (PRPP) for the de novo
purine synthetic pathway is higher than the Km(PRPP) in the
pyrimidine synthetic and purine salvage pathways ( 1 1, 12, 31,
32, 37, 38, 49), and since PRPPavailability is probably regula-
tory for all three ( 1 1, 41, 50, 5 1 ), an increment in PRPPmight

Figure 6. Glucose depen-
dency of purine nucleotide
labeling with [3H(G)]-
hypoxanthine (A) or

[ '4C(U)Jglycine (B). The
first peak corresponds to
ATPand the second peak, to
GTP. Values comprise the
mean of 3-6 determinations
at each glucose concentration
from two independent exper-

> iments and are uncorrected
a for recoveries, which aver-

aged 96%. Each injection
comprised the nucleotides
extracted from the equivalent
of 33 (for hypoxanthine la-
bel) or 67 (for glycine label)
rat islets. Results at 1.7 mM
glucose are expressed by
(o - - - o), at 4.4 mMglu-
cose by (A A), and at
1 1.1 mMglucose by
(0 0).

indeed be expected to be utilized by the UTPpathway and by
HGPRTase first (36, 41), followed by the de novo synthetic
pathway. Additionally, it is energetically reasonable ( 11 ) that
salvage pathways would be preferred (41, 52) at lower levels of
fuel availability (27, 36), since, unlike the de novo3 pathway, it
does not directly consume ATP. Effects of glucose on NTP
content were seen not only upon increasing glucose concentra-
tion, but also, upon decreasing it or upon impeding glucose
phosphorylation through the use of mannoheptulose. The
latter findings, in conjunction with the lack of a stimulatory
effect of 3-O-methylglucose, demonstrate that the glucose in-
creases NTP content only after its metabolism, perhaps to
ribose-5-phosphate (the precursor of PRPP).

The conclusion that glucose preferentially shunts GTPpro-
duction from IMP-independent pathways to IMP-dependent
pathways is supported by four findings: First, MPA, a selective
inhibitor of IMP dehydrogenase, reduced GTPcontent more at
higher glucose levels. Second, MPAprevented the glucose-in-
duced increment in GTP(and ATP). Third, the residual GTP
remaining after MPAexposure4 was consistently smaller at
higher glucose concentrations. Lastly, exogenous provision of
guanine (to fuel the salvage pathways) stimulated a greater rise
in GTPat higher glucose levels, but only when flux from IMP
to GTPwas prevented by treatment with MPA. In contrast, the

3. In additional studies, we have documented that at the glucose levels
studied, hypoxanthine salvage contributes more to the mass of GTP
and ATPin islets than does the de novo synthetic pathway (Meredith,
M., M. Rabaglia, and S. Metz, manuscript in preparation).
4. This pool of GTP might reflect several potential sources of GTP
derived via transphosphorylation or substrate (GDP) level phosphory-
lations (including nucleoside diphosphokinase, succinate thiokinase,
and phosphoenolpyruvate carboxykinase) as well as some salvage of
endogenously-produced guanine. Note that nucleoside diphosphoki-
nase (reference 46 and Kowluru, A., and S. Metz, unpublished obser-
vations) and succinate thiokinase (53), but not PEP carboxykinase
(54), are present in pancreatic islets.
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Table V. Effects of Glucose Concentration During Overnite Culture on the Incorporation* of Labeled Precursors into GTPand ATPt

Absolute areas under
Specific activity, dpm/pmol the peaks, total dpmt

GTP ATP GTP ATP

A. ['4C(U)]glycine label
(de novo synthesis)

i. 1.7 mMglucose 0.45±0.02 0.78±0.01 57±3 359±8
ii. 4.4 mMglucose 0.70±0.04 1.15±0.10 90±6 512±38

iii. 11.1 mMglucose 1.22±0.09 2.06±0.06 187±14 1103±36
B. [3H(G)]hypoxanthine label

(salvage pathway)
i. 1.7 mMglucose 66±3.18§ 78±4.26 3,645+30 16,172±569

ii. 4.4 mMglucose 70±3.61§ 124±0.88 5,374±231 32,817±2491
iii. 11.1 mMglucose 132±9.56 219±2.17 10,186+679 57,096±1195

* Values are expressed as specific activity (dpm/pmol) or areas under the peaks; mean (±SEM) for 2-6 determinations each from two indepen-
dent experiments. I All comparisons for ATPor GTPbetween different glucose levels are statistically significant (P < 0.05 or greater level of
significance) except for the single comparison indicated by I (hypoxanthine labeling of GTPat 1.7 vs. 4.4 mMglucose). * 200 islets per condi-
tion were cultured overnite at the indicated glucose concentrations in the presence of 10 ACi/ml ['4C(U)]glycine or 2 MCi/ml
[3H(G)]hypoxanthine, and then were extracted. An aliquot of the supernatant (equivalent to the content of 66 islets for glycine labeling and of
33 islets for hypoxanthine labeling) was analyzed by HPLCand expressed as total counts under the corresponding curves for data analysis.

exogenous provision of guanine did not cause an increment in
GTPcontent at high glucose levels in the absence of MPA(i.e.,
where feedback inhibition of the salvage pathway by endoge-
nous nucleotides was maximally operative); this indicates, in
addition, that glucose probably does not directly stimulate gua-
nine uptake or salvage pathway activity. These observations
indirectly support the formulation suggested above that glu-
cose might increase PRPPlevels which, in the absence of MPA,
is funneled preferentially by glucose, first into pyrimidine
(UTP) synthesis, and then into the hypoxanthine salvage and
de novo pathways. Rigorous study of the fluxes through the
biochemical pathways involved, and direct measurements of
PRPP availability, will be required to substantiate or refute
these tentative conclusions, since it cannot be assumed that
physiologic changes in glucose metabolism would necessarily
increase PRPPsynthesis. However, this formulation is rein-
forced by the studies of Pilz et al. using human lymphocytes
(27), in which they observed that increasing extracellular glu-
cose concentrations augmented intracellular ribose-5-phos-
phate and PRPPconcentrations, promoted de novo purine nu-

cleotide synthesis, and rendered the nucleotide content of the
cells more susceptible to blockade by inhibitors of de novo

synthetic pathways. These investigators noted that inhibitors of
de novo GTPsynthesis further augment PRPPavailability2; if
this occurs in islets, it would explain the additive effects of high
glucose and MPAon UTPcontent of islets.

Relationship between GTPcontent and insulin secretion. In
our studies, modest increments in GTPcontent induced by
guanine at 4.4 mMglucose (to levels identical to those seen at
1 1.1 mMglucose alone; Fig. 5) had little effect on subsequent
insulin release, suggesting that GTP levels must be close to
saturating for secretion at physiologic glucose concentrations.
In fact, a reduction of up to 60% in GTPcontent induced by
submaximal concentrations of MPA(up to 0.1-1 ,g/ml) at
1 1.1 mMglucose ( 1 ) do not detectably impair subsequent se-

cretion. However, when GTPcontent is inhibited more (see
above) there is a steep decline in subsequent insulin secretory

responses (and, reciprocally, a considerable rise in both GTP
and insulin release when exogenous guanine is provided).
Thus, under physiologic conditions, glucose availability may
never become limiting for the GTPinvolved in insulin secre-
tion (leading us to define its role as "permissive" only; refer-
ence 1). However, similar studies need to be carried out with
regard to other glucose-dependent effects of purine nucleo-
tides; for example, purine nucleotides are utilized for RNA
synthesis (6) and DNAsynthesis (7), which in turn are needed
for islet protein synthesis and beta cell proliferation.

The rise in GTP(and in insulin secretion) induced by gua-
nine, and the fall in both parameters induced by MPA, were in
general, inversely proportional to the starting content of purine
nucleotides, which are feedback inhibitors of salvage ( 11 ) and
de novo ( 1 1, 31, 55 ) synthetic pathways as well as ofthe synthe-
sis of their common precursor PRPP (1 1, 24, 41, 55-57).
Thus, our studies overall are quite compatible with data from
other cells, which suggest that the cellular content of NTP is
modulated by two interactive variables-the negative feedback
control of nucleotides upon their own synthesis (at several en-
zymatic levels; references 11, 24, 31, 55-58) and positive regu-
latory control by PRPP(27, 38, 41, 56).

Possible site(s) of action ofglucose on nucleotide synthesis.
Wehypothesized that glucose shunts substrates such as PRPP
into IMP; however, it was unknown whether the two major
pathways potentially yielding IMP (the de novo and salvage
pathways) actually are present in islets. Therefore, we assessed
their presence in islets via, respectively, the incorporation of
[ I4C]glycine or [3H hypoxanthine into nucleotides. Our stud-
ies indicate that both pathways can generate ATPand GTPin
islets and that glucose augments both their activities. The effect
of glucose is even more impressive when one considers that
glucose inhibits the uptake of glycine into islets (59). Such
labeling studies cannot be used to quantitate precisely the rela-
tive contributions3 of the two pathways to the abundance
(mass) of ATPor GTPmeasured in islets; however, the consid-
erably greater effect of glucose on the specific activity of GTP
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and/or ATP, compared to its effect on their total mass, sug-
gests that these two pathways may, in fact, be selectively acti-
vated by glucose. This finding can be utilized profitably in fu-
ture studies to assess more sensitively any acute effects of glu-
cose on ATP or GTPsynthesis.
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