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Pancreatic b cells respond to changes in blood glucose by secreting
insulin and increasing insulin synthesis. To identify genes used in
these responses, we have carried out expression profiling of b cells
exposed to high (25 mM) or low (5.5 mM) glucose by using oligonu-
cleotide microarrays. Functional clustering of genes that averaged a
2.2-fold or greater change revealed large groups of secretory path-
way components, enzymes of intermediary metabolism, cell-signal-
ing components, and transcription factors. Many secretory pathway
genes were up-regulated in high glucose, including seven members of
the endoplasmic reticulum (ER) translocon. In agreement with array
analysis, protein levels of translocon components were increased by
high glucose. Most dramatically, the a subunit of the signal recogni-
tion particle receptor was increased over 20-fold. These data indicate
that the translocon and ribosome docking are major regulatory
targets of glucose in the b cell. Analysis of genes encoding enzymes
of intermediary metabolism indicated that low glucose brought
about greater utilization of amino acids as an energy source. This
conclusion was supported by observations of increased urea produc-
tion under low-glucose conditions. The above results demonstrate
genome-wide integration of b-cell functions at the level of transcript
abundance and validate the efficacy of expression profiling in iden-
tifying genes involved in the b-cell glucose response.

The b cells of the pancreatic islets of Langerhans are a primary
component in vertebrate glucose homeostasis. b cells sense

glucose directly via its metabolism and respond by secretion of
insulin from storage granules formed in the regulated secretory
pathway. This stimulus-secretion coupling takes place on the order
of secondsyminutes and entails ATP production from glucose
metabolism (reviewed in ref. 1). b cells also respond to glucose
longer-term (minutesyh) by increasing preproinsulin biosynthesis at
the ER membrane (2–4). Derangement of this process leads to
reduced insulin production and is a factor in the development of
diabetes (5, 6) (reviewed in refs. 7, 8).

Under normal conditions, b cells maintain tight control over
intracellular insulin stores (reviewed in ref. 9). Type 2 diabetes
is characterized by reduced b-cell insulin stores, which suggests
that the diabetic cell is unable to synthesize a sufficient quantity
of insulin (10). Insulin production is regulated primarily by
glucose at the level of preproinsulin mRNA translation (2, 11),
whereas regulation of transcription of the preproinsulin gene can
provide longer-term enhancement (12, 13). The mechanism by
which glucose exerts translational control of preproinsulin
mRNA is poorly understood.

The study of b-cell biology has been advanced greatly by the
development of cultured b-cell lines (reviewed in ref. 14). Estab-
lished cell lines offer several advantages over isolated islet material.
Because the pancreatic islet is a complex tissue composed of varied
cell types, cell lines offer a pure cell population with which to work.
Moreover, b cells from freshly prepared islets exhibit considerable
variability in their sensitivity to glucose stimulation and therefore
represent a heterogeneous population (15, 16). MIN6 cells are
among the best-studied clonal b-cell lines and have been shown in
early passages to maintain accurate b-cell function, including robust
insulin secretion in response to physiological changes in glucose
levels (17, 18). Therefore, MIN6 cells provide a homogeneous

b-cell population that responds synchronously and physiologically
to changes in glucose concentration.

To identify glucose-responsive genes in b cells, we have carried
out expression profiling of MIN6 cells exposed to either high- or
low-glucose media by using Affymetrix oligonucleotide microarrays
(Affymetrix, Santa Clara, CA). Our data demonstrate genome-
wide integration of cellular processes in glucose-stimulated b cells.

Materials and Methods
Preparation of Labeled Targets for Hybridization. Early-passage
MIN6 murine pancreatic b cells (passages 17–19) were maintained
as previously described (18). Cells were grown in high-glucose
DMEM (GIBCO) supplemented with 10% heat-inactivated FBS
(GIBCO) and 28.4 mM 2-mercaptoethanol (Sigma). Once cells
reached 75–85% confluence, flasks were rinsed one time in either
25 mM glucose DMEMy10% FCSy28.4 mM 2-mercaptoethanol or
5.5 mM glucose DMEMy10% FCSy28.4 mM 2-mercaptoethanol
and then incubated for 24 h in the same medium. Total RNA was
prepared (Ambion, Austin, TX), and poly(A) 1 RNA was then
isolated by using oligo-dT-conjugated latex beads (Qiagen, Chats-
worth, CA).

Double-stranded cDNA was synthesized from 1 mg of poly(A)1

RNA by using the Superscript Choice System (GIBCO) with an
HPLC-purified oligo-dT primer containing a T7 RNA polymerase
promoter (59-GGCCAGTGAATTGTAATACGACTCAC-
TATAGGGAGGCGG-(dT)24-39) (GENSET, La Jolla, CA). After
second-strand synthesis, reactions were extracted with phenoly
chloroformyisoamyl alcohol, cDNA precipitated with ethanol, and
resuspended in 3 ml diethyl pyrocarbonate-treated water. In vitro
transcription was carried out on 1.5 ml cDNA by using Bioarray
High Yield RNA Transcript Labeling Reagents (Enzo Diagnostics,
Farmingdale, NY) following the manufacturer’s instructions and
incorporating biotinylated CTP and UTP. In vitro transcription
reactions yielded 50–70 mg biotin-labeled cRNA. Biotin-labeled
cRNA was purified on a RNeasy affinity column (Qiagen) and
fragmented at 94°C for 35 min in fragmentation buffer (40 mMy
Tris-acetate, pH 8.1y100 mM KOAcy30 mM MgOAc).

Array Hybridization. Hybridization solution (1 M NaCly20 mM
EDTAy100 mM 2-(N-morpholino)ethanesulfonic acidy0.01%
Tween 20) was used to prehybridize Affymetrix Mu6500 oligonu-
cleotide microarrays for 30 min at 40°C. The prehybridization
solution was removed and replaced with 200 ml of hybridization
solution containing 0.05 mgyml of fragmented cRNA. The arrays
were hybridized for 16 h at 40°C. After hybridization, arrays were
washed on an Affymetrix fluidics station and stained with strepta-
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vidin-phycoerythrin (hybridization solution, 2 mgyml acetylated
BSA, and 5 mgyml streptavidin R-phycoerythrin) (Molecular
Probes). After staining, arrays were washed extensively in fresh
hybridization buffer. Arrays were scanned on a Hewlett–Packard
GeneArray Scanner, and the data obtained were analyzed by using
Affymetrix GENECHIP 3.2 software. Data are available as supple-
mental material at www.pnas.org.

Criteria for Selecting InducedySuppressed Genes and Functional As-
signment. The following criteria were set for determining which
genes are glucose responsive in MIN6 cells. Genes were considered
up- or down-regulated if the fold change was at least 2.0 in
individual experiments and the averaged fold change was 2.2 or
greater in duplicate experiments. These limits are in general
agreement with array experiments conducted in other mammalian
systems (19). It was noted empirically that relaxing the criteria led
to identification of large numbers of genes that were not function-
ally related andyor are not present in pancreatic b cells. Genes were
assigned to functional clusters by database searches on Ovid,
Pubmed, and the Kyoto Encyclopedia of Genes and Genomes
(www.KEGG.com).

Northern Blots. Northern blots were carried out as described pre-
viously (20). Poly(A)1 RNA (0.2 mgylane) was separated on
formaldehyde gels and transferred to Nytran neutral nylon mem-
brane (Schleicher & Schuell). Probes were made by 32P nick
translation (Amersham Pharmacia) of sequenced clones [Integrat-
ed Molecular Analysis of Genomes and Their Expression
(I.M.A.G.E.) Consortium clones, Research Genetics, Huntsville,
AL]. Blots were exposed to film and quantified by densitometry
(Molecular Dynamics). Blots were reprobed for b actin and the
resulting signal quantitated and used for normalization. I.M.A.G.E.
clones used were (by GenBank accession no.): argininosuccinate
synthetase (AA109145), ornithine decarboxylase (W45736), signal
recognition particle receptor a (SRa) (W53731), SEC61a
(W62742), translocon-associated protein g (TRAPg) (W83038),
ornithine aminotransferase (W83543), and spermidine synthase
(AA144166).

Taqman Assay. Taqman 59 nuclease fluorogenic quantitative PCR
assay was carried out according to manufacturer’s instructions by
using poly(A)1 RNA from MIN6 cells grown for 24 h in either
high- (25 mM) or low- (5.5 mM) glucose media. Reverse
transcriptase reaction (PE Applied Biosystems) was carried out
with 2 ng MIN6 poly(A)1 RNA by using an oligo d(T)16 primer.
Taqman assays (PE Applied Biosystems) were carried out by
using the following oligonucleotides (59 to 39): SRa forward
primer TTGAAAAAGGCTATGGCAAGG, SRa reverse
primer TACGTGCAAAGGCAATGGC, SRa probe 6FAM-
CCATGGCAATGCCAGCAGCG-TAMRA, actin forward
primer ACCCACACTGTGCCCATCTAC, actin reverse primer
AGCCAAGTCCAGACGCAGG, actin probe VIC-AGGGC-
TATGCTCTCCCTCACGCCA-TAMRA.

Western Blots. Western blots were carried out as previously de-
scribed (21). Antibodies to Sec61a (22) and -b (23) were provided
by T. Rapoport (Harvard Medical School, Boston, MA). Antibod-
ies to SRa (24), and TRAPa and -b (25) were provided by C.
Nicchitta (Duke University, Durham, NC). a-Tubulin antibody was
purchased commercially (Calbiochem). Blot detection was carried
out by enhanced chemiluminescence (Amersham Pharmacia) and
quantified by densitometry (Molecular Dynamics). Fold induction
was normalized by a tubulin.

Pulse Labeling and Immunoprecipitation. MIN6 cells were incubated
in high (25 mM) or low (5.5 mM) glucose for 24 h followed by pulse
labeling with [35S]methionine for 45 min as described previously
(26). Labeled proinsulin was immunoprecipitated with anti-insulin

IgGyAffi-10 beads overnight at 4°C and was eluted into Laemmli
buffer, separated on 16% Tricine-buffered polyacrylamide gels,
processed for autoradiography, and exposed to film.

Assays. Urea secretion was determined by assaying media from cells
grown 24 h in either high- or low-glucose media. Media were
removed and centrifuged at 430 3 g for 5 min to remove cells. Urea
content was measured by a ureaseyglutamate dehydrogenase assay
on an ATAC 8000 Random Access Chemistry System (Bio-Chem
Laboratory Systems, Lakewood, NJ).

Results
Glucose Modulates the Expression of Large Functionally Related
Clusters of Genes in MIN6 Pancreatic b Cells. To identify pancreatic
b-cell genes that are glucose responsive, we carried out microarray
analysis of murine b-cell line MIN6 cells exposed to either high (25
mM) or low (5.5 mM) glucose for 24 h. RNA, cDNA, and
biotinylated cRNA were made as described in Materials and Meth-
ods. The resulting biotinylated cRNAs were hybridized to Af-
fymetrix Mu6500 oligonucleotide arrays. Hybridization intensities
were analyzed by using Affymetrix GENECHIP ANALYSIS SUITE 3.2
software.

Scatter plot analysis comparing expression levels (log Avg Diff)
in two independent experiments where cells were exposed to
low-glucose medium show a closely linear distribution of expression
levels along the diagonal, demonstrating reproducibility of expres-
sion levels in cells treated similarly (Fig. 1A). Scatter plot analysis
comparing expression levels in high-glucose vs. low-glucose media

Fig. 1. Scatter plot analysis of expression levels. The expression level for each
probe set was plotted to determine the reproducibility of the array-based hy-
bridization signals and to compare gene expression levels of MIN6 cells grown in
high- vs. low-glucose media. Transcript expression levels [logS (PM-MM)ypairs in
average, log Avg Diff] of two separate flasks of MIN6 cells grown in low-glucose
medium for 24 h were compared (A). Transcript expression levels of MIN6 cells
grown in high- vs. low-glucose media for 24 h were compared (B). The parallel
lines flanking the diagonal indicate 2.2- and 3.0-fold changes in gene expression.

5774 u www.pnas.org Webb et al.



demonstrated that many b-cells genes are glucose responsive (Fig.
1B), with 78 demonstrating a 2.2-fold or greater change in transcript
levels. The resulting list of b-cell glucose-responsive genes is shown
in Table 1 along with GenBank accession nos.

These glucose-responsive genes and expressed sequence tags
(ESTs) were clustered according to known cellular functions as-
signed to the genes or by sequence similarity to genes of known
function. Significant numbers of these genes were found to function
in the secretory pathway, metabolism, signaling, and transcriptional
regulation. These clusters account for over 75% of the identified
genes and ESTs (Fig. 2).

Glucose Regulation of the Secretory Pathway. Secretory pathway
genes accounted for 21 of the 78 genes found to be glucose
responsive. Subgroupings showed transcriptional regulation of
members of the multiprotein ER translocon, enzymes involved in
glycosylation, coat proteins for vesicle-mediated transport and
sorting, and protein foldingyprocessing. Because secretory pathway
transcripts comprised the largest functional cluster identified, we
chose to investigate further the regulation of their biosynthesis.

Translocon components represented the largest subgrouping of
the secretory pathway genes and included SRa and b, the trans-

Table 1. Transcripts differentially regulated in high vs. low
glucose

ClusteryGenBank
database no. Gene name

Exp.
1

Exp.
2 Avg.

Secretion
Translocation

W83038 TRAPg 19.7 113.0 111.4
W62742 SEC61 a 16.9 19.2 18.1
W70905 SRP receptor b 19.1 16.2 17.7
AA036265 TRAPa 13.3 14.8 14.1
W53731 SRP receptor a 13.1 13.7 13.4
AA118729 TRAM protein 12.5 12.8 12.7
W08293 TRAPd 12.3 12.3 12.3

Glycosylation
X61172 a-mannosidase II 12.6 13.1 12.9
X65603 GlcNAc-1-P transferase 12.7 12.2 12.5
D87990 UDP-galactose transporter 12.5 12.4 12.5

Vesicle Trans.
AA028877 KDEL receptor 2 13.2 13.7 13.5
AA119959 SEC23 13.0 12.5 12.8
AA108956 SEC13 12.8 12.5 12.7

FoldyProcess
AA048301 Peptidyl-prolyl cis-trans isomerase 15.3 16.0 15.7
M58589 Prohormone convertase 3 14.3 13.5 13.9
U79523 Peptidyl a-amidating monooxy 12.6 13.5 13.1

Protein Synth.
M98035 GEF, d for eIF-2B 12.5 12.4 12.5
AA104459 eIF4G 12.2 12.5 12.4
U39473 Histidyl-tRNA synthetase 12.2 12.1 12.2

Unassigned
Z46845 Preproglucagon 15.5 14.3 14.9
W62646 NEFA protein 13.4 12.3 12.9

Metabolism
Carbohydrate

Y00309 Lactate dehydrogenase 116.3 110.6 113.5
W65920 a enolase (1) 13.3 12.8 13.1
W33721 a enolase (2) 12.4 12.3 12.4
U27014 Sorbitol dehydrogenase 24.2 24.5 24.4
AA044561 PEPCK 23.9 23.3 23.6

Nitrogen
X64837 Ornithine aminotransferase 15.0 13.1 14.1
J03733 Ornithine decarboxylase 15.2 12.1 13.7
L19311 Spermidine synthetase 13.8 12.8 13.3
M31690 Argininosuccinate synthetase 26.5 27.6 27.1

Mitochondria
M63445 Methylene-dehydrogenase 218.5 28.6 213.6
AA061310 Mitochondrial lon protease 212.7 26.5 29.6
X57349 Transferin receptor 24.5 23.3 23.9

Unassigned
X97755 D8-D7 sterol isom. 13.2 14.3 13.8
AA03494 Glutathione peroxidase related 12.2 12.8 12.5
J04758 Tryptophan hydrolase 12.8 12.2 12.4
W85270 Inorganic pyrophosphatase 12.2 12.2 12.2
U06670 VLDL receptor 210.3 26.1 28.2
X07888 HMG-CoA reductase 22.9 24.1 23.5
U12961 Menadione oxidoreductase 24.1 22.0 23.1

Signaling
W09590 Protein-tyrosine phosphatase z 115.0 115.0 115.0
U28423 Protein kinase inhibitor p58 116.8 15.9 111.4
AA048650 Estradiol dehydrogenase 14.5 12.5 13.5
U50413 PI 3-kinase reg. subunit 13.0 14.0 13.5
L13593 Pseudo-prolactin receptor 13.8 12.4 13.1
W64628 Guanine nucleotide-binding

protein g7
13.1 12.7 12.9

AA106492 cAMP-dep. protein kinase, reg. 12.0 12.6 12.3
X15373 P400 protein 25.3 23.9 24.6
D10939 ERK2 23.5 25.2 24.4
W47946 Gephyrin 23.7 23.5 23.6
L02241 Protein kinase inhibitor 23.1 22.6 22.9
L34214 Glucocorticoid regulatory protein 22.7 22.8 22.8

Table 1. (continued)

ClusteryGenBank
database no. Gene name

Exp.
1

Exp.
2 Avg.

Transcription
M31885 HLH DNA-binding protein regulator 13.3 13.4 13.4
X67083 CHOP-10 protein 219.2 214.5 216.9
U29762 Albumin gene D-box binding

protein
26.0 25.5 25.8

L20450 DNA-binding protein 23.1 22.2 22.7
U64828 Steroid receptor coactivator 1a 22.6 22.7 22.7
Z67747 Zinc finger protein 22.7 22.2 22.5
AA041651 Transcription factor BTF3 22.4 22.2 22.2

Apoptosis
L22472 Bax a 22.3 22.0 22.2

Cell Cycle
L76150 CDK4yCDK6 inhibitor protein 22.9 210.9 26.9

RNA Splicing
AA035984 Polypyrimidine tract-binding

protein
13.3 16.8 15.1

AA003990 Splicing factor SRP20 12.1 12.3 12.2
AA146248 U2-snRNPb (pRNP11) 22.4 22.3 22.4

Miscellaneous
M10114 k casein 113.1 13.8 18.5
U38981 Uterine mRNA 16.0 15.7 15.9
M36120 Keratin 19 15.0 14.6 14.8
X58438 Proline-rich protein 14.1 14.4 14.3
AA051446 CDR 2 13.7 13.8 13.8
X85994 Semaphorin E 13.0 13.7 13.4
X59520 Cholecystokinin 13.4 12.6 13.0
AA051500 Unknown 12.6 13.0 12.8
X16151 Early T-lymphocyte activated

protein
13.2 12.2 12.7

M55413 Vitamin D-binding protein 13.2 12.0 12.6
AA059763 b-2 tubulin 12.2 12.9 12.6
AA060064 I3 protein 24.3 23.1 23.7
M33212 Nucleolar protein NO38 23.5 22.6 23.1
AA049662 Plasma retinol-binding protein Prec. 23.0 22.9 23.0

List of mRNAs that are increased or decreased an average of $2.2-fold in
high-glucose media. Identity of columns, from left to right: functional cluster
assignment and representative clone GenBank accession no, name of gene,
fold change observed in experiment 1, fold change observed in experiment 2,
and averaged fold change. Complete data sets are available at www.pnas.org.
TRAP, translocon-associated protein; TRAM, translocating-chain associating
membrane protein; Exp., experiment; Avg., average.
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locon pore-forming component (SEC61a), less characterized
TRAPa, -g, and -d, and translocating-chain-associating membrane
protein. We carried out Northern blots on several members to verify
these results. Northern blotting confirmed that SEC61a and

TRAPa are up-regulated in high glucose, whereas TRAPg was
up-regulated to a lesser degree (Fig. 3A). These data confirm the
results found with the microarrays. Northern blotting, however,
showed less dramatic changes in transcript levels than seen by
microarray analysis. Northern blotting for the SRa was not suc-
cessful, suggesting that very little of this transcript was present in
either high- or low-glucose conditions. We therefore carried out a
Taqman assay to quantify changes in SRa gene expression. These
results show that the SRa transcript is also up-regulated by glucose
over 2-fold (Fig. 3B).

We next carried out Western blots on translocon components to
determine whether the effects seen at the transcript level were
reflected in the abundance of translocon proteins. For this analysis,
antibodies raised to canine translocon proteins were used (provided
by T. Rapoport and C. Nicchitta). In all cases, the antibodies
recognized predominately a single protein of the appropriate
molecular weight. This analysis demonstrated modest up-regulation
in high glucose in the amount of TRAPa and b (1.6-fold), whereas
significantly more stimulation of translocon pore proteins SEC61a
and b was observed (2.7- and 3.8-fold, respectively). By contrast, a
very dramatic up-regulation of SRa protein was observed that
constituted an over 20-fold change in the level of receptor in
high-glucose conditions. These data indicate that SRa is a major
target of glucose regulation and may be a limiting component in
glucose-responsive insulin synthesis in pancreatic b cells.

Proinsulin biosynthesis under the above experimental condi-
tions was also investigated. We found with our experimental
design that, whereas there is a modest effect on the amount of
preproinsulin transcript, 1.5-fold difference between high- and
low-glucose conditions (Fig. 3D), there is a greater effect,
3.8-fold, on the biosynthetic rate of proinsulin at the ER
membrane (Fig. 3E). These results are consistent with the
regulation of the translocon and SRa that we see.

Glucose Regulation of Intermediary Metabolism. The second largest
cluster of glucose-responsive genes identified were enzymes in-
volved in intermediary metabolism. These included up-regulation
of enzymes for forward movement through the glycolytic pathway
and down-regulation of enzymes for gluconeogenesis, nitrogen
disposal, and mitochondrial protein import and synthesis. Although
the effects of glycolytic flux and mitochondrial function on b cells
are well characterized, we were intrigued by differential expression

Fig. 2. Pie chart demonstrating the relative sizes of functional clusters of genes
up-ordown-regulatedby incubationofMIN6cells for24h inhigh (25mM)or low
(5.5 mM) glucose.

Fig. 3. Analysis of representative translocon component transcripts and pro-
teins confirms changes in mRNA levels and demonstrates changes in encoded
protein levels. Northern blotting was carried out on poly(A)1 RNA (0.2 mgylane)
from MIN6 cells incubated for 24 h in high (25 mM) or low (5.5 mM) glucose to
determine changes in expression level in translocon components (A). Each blot
was reprobed for b actin to normalize quantitation. Taqman assay was carried
out on 0.2 ng poly(A)1 RNA from MIN6 cells treated as in A to determine changes
in expression level of SRa (B). Protein was extracted from MIN6 cells treated as in
A and immunoblots of translocon components performed (C). Northern blotting
was carried out on poly(A)1 RNA (0.05 mgylane) from MIN6 cells treated as in A
and probed for insulin (D). MIN6 cells treated as in A were pulse labeled and
insulin immunoprecipitated (E).

Fig. 4. Analysis of nitrogen metabolism transcripts confirms changes in mRNA
levels, and analysis of urea production confirms the functional consequence of
this regulation. Northern blotting was carried out on poly(A)1 RNA (0.2 mgylane)
from MIN6 cells grown for 24 h in high (25 mM) or low (5.5 mM) glucose to
determine changes in expression level in nitrogen metabolism components (A).
Each blot was reprobed for b actin to normalize quantitation. Media from cells
grown as above were analyzed to determine the concentration of secreted
urea (B).
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of genes that function in and around the disposal of nitrogen
through the urea cycle.

The urea cycle requires free ornithine as the acceptor for
ammonia derived from amino acid catabolism. Northern blots
confirmed that under low-glucose conditions, transcripts for en-
zymes that catabolize ornithine (ornithine aminotransferase) or
polymerize ornithine (ornithine decarboxylase and spermidine
synthase) were down-regulated (Fig. 4A). These data suggested b
cells scavenge free ornithine under low-glucose conditions. Under
the same conditions, the transcript for argininosuccinate synthetase
was up-regulated (Fig. 4A). This enzyme processes citrulline de-
rived from the condensation of ornithine, ammonia, and carbon
dioxide through the second step of the urea cycle. These data
suggested that under low-glucose conditions, cells used the scav-
enged free ornithine in the urea cycle. Thus cells in low glucose are
predicted to produce more urea than cells in high glucose. We
assayed the amount of urea secreted by cells exposed to high or low
glucose and determined that cells exposed to low glucose produce
almost twice as much urea as cells grown in high glucose (Fig. 4B).
We infer that the observed increase in urea production indicates
increased utilization of amino acids as an energy supply.

Discussion
Pancreatic b cells sense glucose by changes in metabolic flux and
respond by synthesis and secretion of insulin. The data presented
here confirm and extend this model by presenting an overview of
glucose-responsive gene expression in the mouse b-cell line MIN6.
By using Affymetrix Mu6500 microarrays and cRNA produced
from cells maintained 24 h in high glucose (25 mM) or low glucose
(5.5 mM), we have demonstrated the regulation of transcript
abundance of several large functionally related gene clusters. These
include multiple genes that function in the secretory pathway,
intermediary metabolism, cell signaling, and transcriptional regu-
lation. Our analysis focused on the two largest clusters, the secretory
pathway and intermediary metabolism.

The single largest cluster encompassed 21 transcripts that encode
components of the early secretory pathway and regulated secretory
pathway. These included seven members of the ER translocon,
transcripts encoding genes necessary for glycosylation, protein
folding, and vesicle-mediated transport, sorting, and processing.
The majority of these genes is involved in ER function and indicates
that regulation of ER function is important in b-cell glucose
response. The regulated secretory pathway components included
the processing enzyme prohormone convertase 3 and peptidylgly-
cine a-amidating monooxygenase. Previous work on PC3 has
demonstrated its response to glucose (11). Together, these results
highlight the core b-cell function in the synthesis and secretion of
insulin and other hormonal peptides through the early steps of the
secretory pathway and ultimately into the regulated secretory
granule.

The predominance of ER translocon components suggests that
regulation of synthesis at the ER membrane may be a major
mechanism in regulating insulin production in b cells. Our data
demonstrate that not only does the b cell regulate the transcript
abundance of multiple translocon components, but also this leads
to changes in the amounts of the encoded proteins. These changes
in protein levels were most dramatically demonstrated for the SRa
subunit. The level of SRa protein was over 20-fold up-regulated in
high-glucose medium. Because the change in observed protein
levels is much greater than the observed change in transcript levels,
it is likely that glucose-responsive translational control of SRa
synthesis contributes significantly to this increase.

The SRa protein serves to dock the signal recognition particle-
arrested ribosomeynascent polypeptide complex onto the ER mem-
brane (27). On binding the SRa, SRP is released from the ribo-
someynascent polypeptide complex, and the synthesis of the protein
resumes as it passes through the translocon and into the ER lumen.
It has been demonstrated that a primary means of regulating insulin

biosynthesis is at the level of mRNA translation (2–4, 11). Under
the conditions of our experimental design, the rate of proinsulin
biosynthesis was 3.8-fold greater in high glucose compared with low
glucose. Under the same conditions, the amount of preproinsulin
transcript changed only 1.5-fold. Therefore glucose regulation of
translation contributes significantly to glucose regulation of insulin
biosynthesis. We propose that a part of this translational control
includes the amount of SRa present to derepress SRP-arrested
protein synthesis. Indeed, studies by Welsh and colleagues demon-
strated that SRa was limiting in movement of SRPyribosomey
nascent preproinsulin complex onto the ER (3). Our present results
demonstrate that b cells actively regulate the abundance of the SRa
transcript and protein in response to glucose and thereby may
constitute at least one component in translational regulation.

In addition to glucose regulation of the ER translocon, we have
also observed the up-regulation of components of translation
initiation (eIF-2B guanine nucleotide exchange factor and eIF-4G).
Translation initiation factors have been hypothesized to participate
in the regulation of insulin biosynthesis (28). Our data support this
interpretation and therefore indicate that glucose regulation is
exerted at multiple levels in insulin biosynthesis.

Metabolism is a key component of b-cell function. In addition
to enzymes involved in glucose metabolism, we identified dif-
ferential expression of multiple genes involved in ammonia
nitrogen disposal. Although glucose metabolism has been dem-
onstrated to be uniquely important in b-cell function, our data
indicate that metabolism of amino acids and the resulting need
for nitrogen disposal may play a greater role in b-cell function
than previously appreciated. Our results showed that under
low-glucose conditions, transcripts for multiple enzymes that
remove free ornithine from the cell were depressed. Concomi-
tantly, the transcript for an enzyme that initiates the synthesis of
urea from free ornithine and amino acid-derived ammonia is
up-regulated. Functional data demonstrated that cells incubated
in low-glucose medium produced significantly more urea than
cells incubated in high-glucose medium. These data suggest that
adaptation of b cells to low glucose includes greater utilization
of amino acids as an energy source.

Identification of genes whose encoded proteins function in the
mitochondria highlights the role this organelle plays in b-cell
function. Genes encoding components necessary for protein im-
portyturnover (lon protease) as well as mitochondrial protein
synthesis (methylenetetrahydrofolate dehydrogenase) were up-
regulated in low-glucose conditions. These data suggest that the
mitochondria adapt to low-glucose conditions by modifying protein
components, possibly to adapt to a greater utilization of amino
acids, as discussed above. Alternatively, these changes may relate to
the production of coupling factors in the mitochondria that relate
glucose concentrations to insulin secretion (29, 30).

Through our analysis, we also identified many genes that operate
in cell-signaling pathways. Many of the metabolic signals and ion
fluxes that bring about glucose-stimulated insulin secretion are
known (1); however, the longer-term effects of glucose on b-cell
function are poorly understood. The signaling components uncov-
ered by the described experiments indicate that longer-term
changes in b-cell function, from increased insulin synthesis to
proliferative responses, may be initiated by signaling pathways that
are themselves glucose responsive. Recent efforts toward treatment
of insulin-dependent diabetes mellitus (IDDM) via b-cell trans-
plants of harvested b cells or in vitro differentiation of stem cells
should benefit from an understanding of which signaling pathways
operate in b cells.

The last large cluster of genes identified was multiple glucose-
responsive transcription factors. This group included the transcript
encoding Chop10yGADD153, which demonstrated the single larg-
est change in transcript level found in our experiments. This
transcription factor is a nutrient-responsive gene that is up-
regulated when nutrients are reduced (31, 32). Our results recon-
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firm this finding and indicate that Chop10 may play a role in
adaptation of b cells to low-glucose conditions as well.

There are important b-cell genes that we did not see regulated
in our experiments. One of these is, of course, insulin. Northern blot
data indicated that glucose led to only a 1.5-fold change in the
abundance of the preproinsulin transcript (Fig. 3D). This agrees
with the microarray data that indicated 1.7-fold more preproinsulin
transcript in cells incubated in high-glucose medium (data not
shown). As discussed above, this suggests that under our experi-
mental conditions, glucose regulation of insulin biosynthesis takes
place predominately at the level of protein translation. It should be
noted, however, that preproinsulin transcripts demonstrate half-
lives of greater than 24 h, and therefore transcript abundance may
not accurately reflect transcription rates (33). A second protein
important to b-cell function is the glycolytic enzyme glucokinase.
The function of this enzyme as a sensor of glucose levels in well
established (reviewed in ref. 34). Previous findings indicate that
glucose has little effect on the b-cell-specific glucokinase mRNA
(35, 36). Like insulin, glucose modulation of b-cell glucokinase
activity is likely to be at the level of mRNA translation and effector
proteins.

The Affymetrix Mu6500 oligonucleotide array allows interroga-
tion of 6,500 murine genes and ESTs found in the GenBank
database. This collection of probes corresponds largely to genes of
known cellular function, which has greatly facilitated analysis of the
presented data by permitting functional cluster of b-cell glucose-
responsive transcripts. The experimental design followed has both
confirmed and extended previous analysis of pancreatic b cells.

Current efforts in the lab are under way both to expand this analysis
to larger numbers of transcripts and to observe the time course of
b-cell glucose stimulation. This will not only identify novel candi-
date genes and functional pathways but also will demonstrate the
temporal profile of b-cell glucose stimulation.

In summary, our current experiments on MIN6 cells identify
glucose-responsive expression of many large functional clusters of
genes. The two largest clusters encode secretory pathway compo-
nents and enzymes of intermediary metabolism. In the secretory
pathway, SRa is a major glucose-responsive protein and suggests a
mechanism by which b cells regulate insulin biosynthetic levels.
Data from our study also indicate that amino acid metabolism and
the subsequent need for ammonia disposal are responsive to
glucose levels in the b cell. Overall, the described results are the first
direct demonstration of widespread integration of these important
processes in b cells and illustrate the complex dynamics of whole-
cell adaptation to changes in glucose levels. Our findings also
demonstrate that microarray-based technology provides a powerful
tool for identifying genes involved in the function and regulation of
pancreatic b cells.
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