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OBJECTIVE—Cytokines contribute to pancreatic �-cell death
in type 1 diabetes. This effect is mediated by complex gene
networks that remain to be characterized. We presently utilized
array analysis to define the global expression pattern of genes,
including spliced variants, modified by the cytokines interleukin
(IL)-1� � interferon (IFN)-� and tumor necrosis factor (TNF)-� �
IFN-� in primary rat �-cells.

RESEARCH DESIGN AND METHODS—Fluorescence-acti-
vated cell sorter–purified rat �-cells were exposed to IL-1� �
IFN-� or TNF-� � IFN-� for 6 or 24 h, and global gene expression
was analyzed by microarray. Key results were confirmed by
RT-PCR, and small-interfering RNAs were used to investigate the
mechanistic role of novel and relevant transcription factors
identified by pathway analysis.

RESULTS—Nearly 16,000 transcripts were detected as present
in �-cells, with temporal differences in the number of genes
modulated by IL-1� � IFN� or TNF-� � IFN-�. These cytokine
combinations induced differential expression of inflammatory
response genes, which is related to differential induction of IFN
regulatory factor-7. Both treatments decreased the expression of
genes involved in the maintenance of �-cell phenotype and
growth/regeneration. Cytokines induced hypoxia-inducible fac-
tor-�, which in this context has a proapoptotic role. Cytokines
also modified the expression of �20 genes involved in RNA
splicing, and exon array analysis showed cytokine-induced
changes in alternative splicing of �50% of the cytokine-modified
genes.

CONCLUSIONS—The present study doubles the number of
known genes expressed in primary �-cells, modified or not by
cytokines, and indicates the biological role for several novel
cytokine-modified pathways in �-cells. It also shows that cyto-
kines modify alternative splicing in �-cells, opening a new
avenue of research for the field. Diabetes 59:358–374, 2010

T
ype 1 diabetes is an autoimmune disease char-
acterized by a progressive and selective destruc-
tion of the pancreatic �-cells. During insulitis,
activated macrophages and T-cells release cyto-

kines such as interleukin (IL)-1�, tumor necrosis factor
(TNF)-�, and interferon (IFN)-� in the vicinity of the
�-cells, contributing for �-cell dysfunction and apoptosis
(1,2). Expression of TNF-� and IL-1� was observed in
pancreas of patients with recent type 1 diabetes onset and
in animal models of the disease (1–3), prompting clinical
trials based on the use of blockers of TNF-� (4) or IL-1�
(5) to prevent type 1 diabetes.

In vitro exposure of rodent or human �-cells to IL-1� �
IFN-� or TNF-� � IFN-�, but not to any of these cytokines
alone, triggers �-cell apoptosis (1,6). IL-1� � IFN-� affects
the expression of several gene networks in �-cells, modu-
lating pro- and antiapoptotic pathways, expression of
cytokines and chemokines, and decreasing expression of
genes involved in �-cell function (2,6–10). Less is known
about the genes induced by TNF-�; both cytokines induce
the key transcription factor nuclear factor (NF)-�B (11),
but they affect kinase cascade pathways differently, such
as I�B kinase, with the potential to trigger a differential
gene expression outcome (11,12). We have previously
addressed this issue by using a target microarray, the
Apochip (13), to compare IL-1�– and TNF-�–induced
genes. The findings obtained indicated some differences
between these cytokines, mostly related to intensity of
gene expression (12). These observations, however, were
biased by the choice and limited number of probes in-
cluded in the Apochip. Moreover, neither the Apochip nor
usually utilized cDNA arrays (7–9) have the ability to
identify splice variants of genes. This is a significant
limitation, since recent data suggest that regulation of
alternative splicing is of major importance for regulation
of proteomic diversity and for cell physiology/pathology
(14–16).

Cytokine composition and its respective concentrations
may vary during insulitis, depending on the timing, degree
of islet infiltration, immune cells present, and the pancre-
atic �-cell responses to the immune assault (10). This may
explain why blocking TNF-� or IL-1� at different stages of
the pre-diabetic period may be more or less effective in
preventing diabetes in rodent models (1,17), suggesting
that the contribution of the different cytokines and their
downstream signaling pathways may also vary between
individual type 1 diabetic patients. This reinforces the
need for understanding separately and in detail the gene
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networks downstream of IL-1� � IFN-� and TNF-� �
IFN-�, with the ultimate goal of devising targeted and
individualized therapies to preserve �-cells in early type 1
diabetes. We have presently addressed this question by
using primary rat �-cells treated for 6 or 24 h with
combinations of IL-1� � IFN-� and TNF-� � IFN-� and
performing array analysis using first the latest Affymetrix
microarray, covering �28,000 genes, and then the Af-
fymetrix exon-array, covering �850,000 exons and having
the potential to identify most splice variants present in a
cell. This was followed by global analysis of gene expres-
sion using Ingenuity Pathway Analysis (IPA) software,
which indicated networks of special interest for subse-
quent studies. The data obtained doubles the number of
known genes expressed in primary rat �-cells, modified or
not by cytokines, and identifies several novel cytokine-
modified pathways in �-cells, including cytokines/chemo-
kines, Krebs cycle genes, hormone receptors, and hypoxia-
inducible factor (HIF)-1�–regulated genes. It also
indicates that cytokines modify alternative splicing in
�-cells, opening a new avenue of research in the field.

RESEARCH DESIGN AND METHODS

Cell culture and cytokine exposure; viability and Western blot assay; nitric oxide
and chemokine (CC-motif) ligand (CCL) 5 measurement; sample preparation for
array analysis; real-time RT-PCR and normal PCR; immunofluorescence; pro-
moter in silico analysis and promoter reporter assay are available at the online
appendix Supplementary Methods at http://diabetes.diabetesjournals.org/cgi/
content/full/db09-1159/DC1.
Gene expression array data analysis. The GeneChip Rat Genome 230 2.0
arrays (Affymetrix), containing 31,099 probesets representing �28,000 rat
genes was used in the study. The GC-Robust MultiChip Average (GCRMA) (18)
was used, as part of the GCRMA package in the Bioconductor site (http://
www.bioconductor.org), to preprocess the raw data (CEL files). For the
analysis, see Supplementary Methods. Pathway analysis was done by IPA 5.5
software.
Exon-array data analysis. The CEL files corresponding to the GeneChip Rat
Exon 1.0 ST Arrays (Affymetrix) were imported and analyzed by the Array-
Assist Exon software (Stratagene Software Solutions), as described in Sup-
plementary Methods.
RNA interference. Small-interfering RNA (siRNA) against activating factor
(ATF) 4, HIF-1�, and IFN regulatory factor (IRF)-7 (supplementary Table 2),
were used to knock down expression of the respective target genes. Allstars
Negative Control siRNA (Qiagen, Venlo, Netherlands) was used as a negative
control. Transfection using DharmaFECT1 (Thermo Scientific, Chicago, IL)
was performed as previously described and validated (19).
Statistical analysis. Comparisons between groups were carried out either by
paired t test or by ANOVA followed by t tests with Bonferroni correction as
required. A P � 0.05 was considered as statistically significant. Array
statistical analysis is described in Supplementary Methods.

RESULTS

Effect of IL-1� � IFN-� or TNF-� � IFN-� on the
viability, nitric oxide production, and gene expres-
sion of rat �-cells. �-Cells were exposed to IL-1� �
IFN-� or TNF-� � IFN-� and collected at 6 and 24 h for
array analysis. Viability was not affected by the cytokine
treatment after 24 h (supplementary Fig. 1A), but there
was a twofold increase in apoptosis after 72 h (supplemen-
tary Fig. 1A) without significant changes in the percentage
of necrotic cells (data not shown). Both cytokine combi-
nations increased nitric oxide (NO) production after 24 h
of exposure (supplementary Fig. 1B), with higher induc-
tion by IL-1� � IFN-� as compared with TNF-� � IFN-�.
These results are similar to our previous observations
(12), confirming biological activity of the cytokines. In the
array analysis, nearly 16,000 probe sets, corresponding to
7,991 genes, were detected as present in control and/or
cytokine-treated �-cells (supplementary Table 3). TNF-� �

IFN-� modified the expression of a higher number of
genes compared with IL-1� � IFN-� at 6 h, while this was
inverted at 24 h, with higher number of IL-1� � IFN-�–
modified genes (Fig. 1). At 6 and 24 h, 67 and 48%,
respectively, of the total number of cytokine-modified
genes was differentially induced by IL-1� � IFN-� or
TNF-� � IFN-�. Supplementart Tables 4–7 list all tran-
scripts considered as modified by the different cytokine
combinations at 6 and 24 h and classified by IPA. In Table
1, selected genes with a putative role in �-cell function/
dysfunction and death were classified by one of the
investigators (D.L.E.), using an adaptation of a previously
described in-house classification (7,9).
Analysis of gene networks and pathways regulated by
IL-1� � IFN-� or TNF-� � IFN-� in rat �-cells. IPA
analysis identified 50 and 100 IL-1� � IFN-�–modified and
50 and 86 TNF-� � IFN-�–modified networks containing
�12 focus genes and representing key transcription fac-
tors and their interactions with target genes after 6 and
24 h, respectively (data not shown). The networks regu-
lated by the transcription factors NF-�B (supplementary
Fig. 2A) and Myc (supplementary Fig. 2B) were among the
top scores for both cytokines. Depending on the cytokines
tested, however, these networks often contained different
groups of genes regulated by the same transcription fac-
tor. Different temporal patterns of transcription factor
activation may lead to a differential induction of down-
stream genes (11). IL-1� induced an earlier and more
sustained NF-�B activation, represented by nuclear p65, as
compared with TNF-� (supplementary Fig. 2C).

The canonical pathways regulated by IL-1� � IFN-� or
TNF-� � IFN-� after 24 h were identified by IPA, and the
top 32 pathways are shown in supplementary Fig. 3.
Among these, many were related to local inflammatory
responses, such as IFN signaling, antigen presentation,
antiviral responses, and production of cytokines or che-
mokines. Several of the pathways were involved in the
intracellular signaling induced by cytokines (such as those
mediated by Janus kinase/signal transducers and activa-
tors of transcription, HIF-1� and NF-�B), apoptosis, cell
cycle regulation, cell metabolism (e.g., Krebs [citrate]
cycle), or in endoplasmic reticulum stress. Based on the
identification of these pathways, we focused on novel
pathways of particular relevance for insulitis/�-cell apo-
ptosis, aiming to identify regulatory transcription factors
by use of siRNA strategy (see below).
Differential inflammatory signature of IL-1� and
TNF-�. Cytokines regulate expression of many genes
involved in the inflammatory response, such as “chemo-
kines/cytokines/adhesion molecules” and “IFN-� signal-

384 622 846

IL TNF

6h

1000 1531 398

IL TNF

24h

FIG. 1. Effects of cytokine exposure on gene expression in FACS-
purified rat �-cells. Ven diagram showing the number of �-cell genes
with the expression modified by cytokines after exposure to IL-1� �
IFN-� (IL) or TNF-� � IFN-� (TNF) for 6 and 24 h. The diagram shows
genes modified by IL-1� � IFN-� alone (left part of the figure), TNF-� �
IFN-� alone (right) or both (center). Results of three independent
array experiments were analyzed. mRNA expression was considered as
modified by cytokines when P < 0.02 and fold change >1.5 compared
with control condition.
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ing” (Table 1 and supplementary Fig. 3). For some of these
genes and pathways, there was a different regulation by
IL-1� and TNF-�, with TNF-� � IFN-� preferentially
inducing IL-15, chemokine (CXC-motif) ligand (CXCL) 9
(or Mig), CXCL10 (or IP-10), CCL5 (or RANTES), IRF-1,
IRF-7, and signal transducer and activator of transcrip-
tion-1 (STAT1)-�, while IL-1� preferentially upregulated
CCL2 (or MCP-1) and CXCL1 (or Gro�) (Table 1). These
differences were to a large extent confirmed by real-time
RT-PCR (Fig. 2A). TNF-�–induced higher CCL5 and IRF-7
expression was also confirmed at the protein level (sup-
plementary Fig. 4A–C). TNF-� � IFN-� leads also to higher
expression of IFN-�, a downstream gene of IRF-7, than
IL-1� � IFN-� (supplementary Fig. 4E). TNF-�–induced
IRF-7 expression upregulates expression of IRF-1 and
proinflammatory chemokines in other tissues (20,21). Use
of a specific siRNA against IRF-7 induced a 90% knock
down of IRF-7, which partially prevented TNF-� � IFN-�–
induced, but not IL-1� � IFN-�–induced, IRF-1, CCL5
(confirmed at protein level) (supplementary Fig. 4C),
IL-15, and CXCL10 expression (Fig. 2B). The role of IRF-7
is apparently specific for genes preferentially induced by
TNF-� � IFN-�, since CXCL1 expression, which is higher
after IL-1� � IFN-� exposure (Fig. 2), was not significantly
decreased by IRF-7 knock down (Fig. 2B). These observa-
tions were confirmed by the use of a second siRNA against
IRF-7 (data not shown).
Differential modulation of the citrulline-NO cycle by
IL-1� and TNF-�. IL-1� � IFN-� treatment in �-cells led
to higher expression of inducible NO synthase (iNOS)
(Table 1) and NO accumulation in the medium (supple-
mentary Fig. 1B) than TNF-� � IFN-�. iNOS utilizes
arginine as the substrate for NO formation, generating
citrulline as a by-product. Citrulline can be used to regen-
erate arginine by the citrulline-NO cycle (Fig. 3A) (22),
which is regulated by argininosuccinate synthetase (ASS)
expression (22). The array analysis indicated that ASS is
strongly induced by IL-1� � IFN-� but not by TNF-� �
IFN-� (Table 1). In addition, IL-1� � IFN-� inhibited the
expression of arginase-1 (arg1) more efficiently than
TNF-� � IFN-� (Table 1), preserving arginine for NO
formation (Fig. 3A). In line with the mRNA data, IL-1� �
IFN-�, but not TNF-� � IFN-�, induced NO formation in
the absence of arginine but presence of citrulline (Fig. 3B).
Cytokines decrease the expression of genes involved
in maintenance of a differentiated �-cell phenotype.
We next examined the expression of a group of 14 genes
(Fig. 4) previously shown to be of particular relevance for
the induction and maintenance of the differentiated phe-
notype in �-cells (23). These genes are either directly
related to �-cell–differentiated functions (Fig. 4A) or func-
tion as master regulatory transcription factors (Fig. 4B).
They were all inhibited by IL-1� � IFN-� or TNF-� �
IFN-�, a finding confirmed by real-time RT-PCR for se-
lected genes (Fig. 4C). For many of these genes, inhibition
was already present after 6 h of cytokine exposure (Fig. 4),
suggesting an early and specific effect.
Cytokines decrease the expression of genes encoding
enzymes of the Krebs cycle. Exposure of �-cells to IL-1� �
IFN-� or TNF-� � IFN-� decreased to a similar extent
expression of genes encoding enzymes of the Krebs cycle
(Table 1, glucose metabolism). This was confirmed by
real-time RT-PCR for seven of eight genes present in the
Krebs cycle, with a more important inhibitory effect at 24 h
(Fig. 5A). The promoter region of these genes was ana-
lyzed by an in silico approach, and a binding site for (ATF4T
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identified as overrepresentative in this set of genes. ATF4
is induced by cytokines (Table 1 and Fig. 5B) and has an
important role in the unfolded protein response (UPR) in
�-cells (24,25). Against this background, we analyzed the
role of ATF4 knock down on cytokine-induced changes in
Krebs cycle–regulating genes. Since both cytokine combi-

nations have similar effects on this group of genes, we
used only IL-1� � IFN�. siRNA targeting ATF4 inhibited
cytokine-induced ATF4 expression by �80% (Fig. 5B).
Expression of ATF3, an ATF4-regulated gene, was signifi-
cantly decreased confirming functional consequences of
ATF4 knock down (Fig. 5E). Inhibition of ATF4 expression

*

control IL+IFN TNF+IFN

C
C

L2
/G

A
PD

H

control IL+IFN TNF+IFN

C
XC

L1
/G

A
PD

H

control IL+IFN TNF+IFN

IL
-1

5/
G

A
PD

H

control IL+IFN TNF+IFN

C
XC

L1
0/

G
A

PD
H

control IL+IFN TNF+IFN

C
XC

L9
/G

A
PD

H

control IL+IFN TNF+IFN

C
C

L5
/G

A
PD

H
control IL+IFN TNF+IFN

IR
F1

/G
A

PD
H

*

**

* *

* *

control IL+IFN TNF+IFN

IR
F7

/G
A

PD
H

control IL+IFN TNF+IFN

ST
AT

1/
G

A
PD

H

A

B

control IL+IFN TNF+IFN

IR
F7

/G
A

PD
H

control IL+IFN TNF+IFN

IR
F1

/G
A

PD
H

control IL+IFN TNF+IFN

C
C

L5
/G

A
PD

H

0.0

0.4

0.8

1.2

0.0

0.4

0.8

1.2

0.0

0.4

0.8

1.2

0.0

0.4

0.8

1.2

0.0

0.4

0.8

1.2

0.0

0.4

0.8

1.2

0.0

0.4

0.8

1.2

0.0

0.4

0.8

1.2

0.0

0.4

0.8

1.2

0.0

0.4

0.8

1.2

0.0

0.4

0.8

1.2

0.0

0.4

0.8

1.2
control IL+IFN TNF+IFN

IL
-1

5/
G

A
PD

H

0.0

0.4

0.8

1.2

control IL+IFN TNF+IFN

C
XC

L1
0/

G
A

PD
H

0.0

0.4

0.8

1.2

0.0

0.4

0.8

1.2

control IL+IFN TNF+IFN

C
XC

L1
/G

A
PD

H

§ §

§ § §

§
§

FIG. 2. TNF-� and IL-1� differentially modulate expression of �-cell genes involved in the inflammatory response. Gene expression was analyzed
by real-time RT-PCR. A: FACS-purified rat �-cells were exposed or not (control) to IL-1� � IFN-� (IL�IFN) or to TNF-� � IFN-� (TNF�IFN)
for 6 h (�) or 24 h (f). B: FACS-purified rat �-cells were transfected with siRNA control (�) or siRNA against IRF-7 (f) and exposed or not
(control) to IL-1� � IFN-� (IL�IFN) or to TNF-� � IFN-� (TNF�IFN) for 24 h. Results are means � SE of three to six independent experiments.
*P < 0.05 vs. IL�IFN at the same time point; §P < 0.05 vs. siControl at the same time point and treatment.

F. ORTIS AND ASSOCIATES

diabetes.diabetesjournals.org DIABETES, VOL. 59, FEBRUARY 2010 367



partially prevented the inhibitory effects of cytokines on
the expression of the two Krebs cycles genes analyzed,
namely malate dehydrogenase and �-ketoglutarate dehy-
drogenase (Fig. 5C). ATF4 knock down was confirmed at
the functional level by Western blot for ATF3, a down-
stream gene of ATF4. Cytokine-induced expression of
ATF3 was prevented by ATF4 knock down, at a similar
level of the inhibition observed when a siATF3 was used
(Fig. 5E).
Cytokines decrease the expression of incretin and
hormone receptors at least in part via activation of
HIF-1�. IL-1� � IFN� and TNF-� � IFN� inhibited the
expression of key hormone receptors in rat �-cells (Table
1). This was confirmed by real-time RT-PCR for the
receptors of glucagon-like peptide (GLP)-1, prolactin
(PRL), growth hormone (GH), and cholecystokinin A
(CCKA) (Fig. 6A). Cytokine-induced inhibition was in the
range of 50–90% and more marked after 24 h (Fig. 6A).
Analysis of the promoter region of these genes found a
common binding site for the transcription factor HIF-1
(26,27). Cytokines upregulated transcriptional activity
(Fig. 6B) and mRNA expression (Table 1 and Fig. 6C) of
HIF-1�, the regulatory HIF-1 subunit (26). This could in
part be explained by cytokine activation of AKT (supple-
mentray Fig. 5C). HIF-1� knock down inhibited by 75%
cytokine-induced HIF-1� expression (Fig. 6D) and by 60%
HIF transcriptional activity (supplementary Fig. 5A and B).
Knock down of HIF-1� partially prevented cytokine-in-
duced apoptosis in �-cells (Fig. 6D) and inhibition of two
receptors analyzed, GLP-1 receptor (R) and PRLR (Fig.
6E). This partial effect of HIF-1� knock down in GLP-1R
and PRLR expression suggest that other transcription
factors may be involved in this process, as supported by
the in silico identification of other relevant candidate
transcription factors (supplementary Table 8).

Cytokines regulate the splicing machinery and alter-
native splicing in primary �-cells. A large number of
cytokine-modified genes are involved in alternative splic-
ing (Table 1, splicing machinery). To determine whether
this triggers modifications in the splice variants present in
�-cells, 24-h cytokine-treated samples from the three
�-cell–independent preparation/experiments used in the
initial array analysis (Fig. 1 and Table 1) were pooled as
previously described (7,9) and analyzed for the presence
of splice variants using the rat exon-array from Affymetrix.
Cytokine treatment led to important changes in alternative
splicing, with IL-1� � IFN� potentially modulating differ-
ential splicing of 2,651 genes (21% of the total number of
the expressed genes) (supplementary Table 9, Fig. 7A).
From these, only 396 were also modified at the expression
level. These findings suggest that �50% of IL-1� � IFN-�–
modulated genes undergo alternative splicing. For TNF-� �
IFN-�, there was induction of alternative splicing in 2,206
genes (19%), with only 207 of these being also modified at
expression level (supplementary Table 10, Fig. 7A). The
spliced genes were classified according with their putative
molecular function as shown in supplementary Tables 11
and 12. Alternative splicing was confirmed for three genes
analyzed by RT-PCR (Fig. 7), namely iNOS and ASS, which
participate in the citrulline-NO cycle (Fig. 3A) and the
NF-�B subunit p100/p52 (NF-�B2). iNOS was not detected
in control cells, but it was induced by cytokines, and there
was a difference in the size of the amplified region after 6
and 24 h of cytokine treatment (Fig. 7C). At 6 h, there was
amplification of two bands of 1,237 and 1,137 bp, the
second one corresponding to iNOS lacking exon 8 or 9 (by
sequencing analysis of the PCR product we confirmed that
exon 8 is missing (data not shown), while at 24 h the
majority of the amplified bands contained exon 8 (Fig. 7C).
This confirms that posttranscriptional processing of iNOS
is differentially modified by cytokines at different time
points. Using the same approach, we observed that cyto-
kines decreased utilization of exon 1 from ASS while it
increased utilization of exon 22 from NF-�B2 (Fig. 7C).

DISCUSSION

We have presently used state-of-the-art array analysis of
fluorescence-activated cell sorter–purified �-cells to unveil
the global pattern of genes modified by the inflammatory
cytokines IL-1� � IFN-� and TNF-� � IL-1�. The use of
primary and pure cell preparations (�90% �-cells) is of
special relevance, since it enabled us to obtain a broad
picture of �-cell responses to proapoptotic inflammatory
mediators without the confounding signals generated by
other endocrine and nonendocrine islet cells. We cannot,
however, discard that interactions between �-cells and
others cells in the islets, and with infiltrating mononuclear
cells during insulitis, will lead to changes in �-cell gene
expression that are not detected by the present model. The
array data were evaluated by both nonbiased pathway
analysis (IPA) and investigator-based analysis. Selected
pathways were chosen for additional studies, with special
emphasis on the role of novel transcription factors.
Prompted by the observation of cytokine-induced changes
in a large number of genes involved in alternative splicing,
an exon-array analysis was performed to evaluate the
presence of splicing variants in �-cells. The following are
main novel observations of the study. 1) Nearly 8,000
genes were detected as present in �-cell, with 96% confir-
mation of selected cytokine-modified genes by real-time
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RT-PCR. This more than doubles the known �-cell ex-
pressed genes. 2) There are temporal, qualitative, and
quantitative differences in the genes induced by TNF-� and
IL-1� regarding inflammation and NO production. This is
probably secondary to the differential expression and
usage of transcription factors such as NF-�B and IRF-7. 3)
Key gene networks related to �-cell–differentiated pheno-
type and the Krebs cycle are similarly inhibited by TNF-� �
IFN-� and IL-1� � IFN-�. 4) Cytokines induce major
changes in alternative splicing of genes, indicating a novel
level of functional regulation in �-cells.

IL-1� � IFN-� induces a higher expression of iNOS and
ASS and a more marked inhibition of arg1 as compared
with TNF-� � IFN-�, leading to higher NO production
from either arginine or citrulline (supplementary Fig. 1B
and Fig. 3). This enables continuous NO production in
inflammation sites where arginine is usually depleted. NO
formation induced by proinflammatory cytokines contrib-
utes for �-cell death in some rodent models of diabetes (1).

Furthermore, 46% of cytokine-modulated genes are NO
dependent in INS-1E cells (8), suggesting that differences
in NO production may explain why IL-1� � IFN-� modu-
lates a higher number of genes compared with TNF-� �
IFN-� at 24 h (Fig. 1).

Exposure of �-cells to proinflammatory cytokines dur-
ing insulitis induce release of chemokines and cytokines,
which may contribute to recruit and activate immune cells
and thus amplify local inflammation and the autoimmune
assault (2,10). The present data suggest differential roles
for IL-1� and TNF-� in this “dialogue” between the �-cells
and the immune system. Thus, while TNF-� � IFN-�
induces higher expression of IL-15, CCL5, CXCL9, and
CXCL10, IL-1� � IFN-� preferentially induces CCL2 and
CXCL1. These inflammatory mediators contribute for in-
sulitis and destruction of �-cells by the immune system
(1,2,10), and the present observations suggest that the
balance between TNF-� and IL-1� expression during insu-
litis can lead to different outcomes. These differences may
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reflect differential usage of two key transcription factors,
namely NF-�B and IRF-7. Thus, higher and earlier activa-
tion of NF-�B by IL-1� � IFN-�, as presently shown in
primary �-cells, probably explains the higher expression
of NF-�B target genes such as CCL2 (28). On the other
hand, TNF-� preferentially triggers IRF-7 and IRF-1 acti-
vation (present data). In other cell types, TNF-�–induced
IFN-� expression synergistically activates the IRF-7/1–
STAT-1 pathway, leading to sustained expression of cyto-
kines and chemokines (21). TNF-� � IFN-� leads to higher
induction of IFN-� expression in �-cells than IL-1� �
IFN-�, which may explain the differences in the expression
of chemokines/cytokines induced by IL-1� or TNF-�. The
role of STAT-1 in this process was previously shown in
islets from STAT-1 knockout mice (29), and we presently
show that IRF-7 knock down partially prevents TNF-� �
IFN-�–induced expression of IRF-1, IL-15, CCL5, and
CXCL1.

Loss of differentiated �-cell functions is another impor-
tant consequence of exposure to cytokines (30). We pres-
ently describe three gene networks whose inhibition may
contribute to this outcome, namely key transcription fac-
tors for the maintenance of �-cell phenotype, mRNAs
encoding receptors for growth factors and incretins, and
mRNAs encoding enzymes of the Kreb’s cycle. Zhou et al.
(23) reported that inducing expression of the transcription
factors neurogenin 3 (Ngn3), pancreatic and duodenal
homeobox-1 (Pdx-1), and mammalian homologue of avian
MafA/L-Maf (MafA) reprograms pancreatic mouse exo-
crine cells into cells that closely resemble �-cells. Repro-
gramming of pancreatic exocrine cells to �-cells should
benefit patients with type 1 diabetes, an autoimmune
disease characterized by local inflammation (2,10). Insulin
epitopes are targets of the immune assault in type 1
diabetes (31), and new insulin-producing cells will be
recognized and attacked by the immune system (32). The
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present data suggest that immune mediators of insulitis,
such as cytokines, will push back newly developed �-cells
into a dedifferentiated state, preceding actual �-cell death.

The hormones GLP-1, CCKA, PRL, and GH are involved
in mitotic and functional activation of rodent �-cells
(33,34). Due to these characteristics, GLP-1 analogs are
being presently tested as an adjuvant therapy in early type
1 diabetes (35). Of concern, cytokines induce an early and
profound inhibition of mRNAs encoding for the receptors

of GLP-1, CCKA, PRL, and GH, which may prevent the
restorative effects of these hormones. These mRNAs are
inhibited in parallel, suggesting the role for a common
inhibitory transcription factor downstream of cytokines.
In silico analysis and siRNA experiments suggest that
HIF-1� is at least in part involved in this inhibitory effect of
cytokines. HIF-1 is a key regulator of adaptive cellular
responses to hypoxia, and it is active when its regulatory
subunit HIF-1� is stabilized during hypoxia (26). HIF-1�
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stabilization/activation has important roles in other cellu-
lar responses, such as glucose metabolism, cell growth/
apoptosis, and the inflammatory response (26,36,37). We

now show that cytokines induce both HIF-1� mRNA
expression and transcriptional activity in �-cells and that
HIF-1� knock down partially prevents cytokine-induced
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inhibition of key hormone receptors and �-cell apoptosis.
This suggests a novel role for HIF-1� in �-cells, as one of
the mediators of cytokine-induced �-cell dysfunction and
death. Of note, prolonged �-cell exposure to high glucose
triggers HIF-1� expression (38), while constitutive HIF-1�
expression in �-cells impairs glucose-stimulated insulin
release (39).

We have previously shown that cytokine-induced NO
formation in �-cells inhibits mitochondrial glucose oxida-
tion via functional impairment of the enzyme aconitase
(40). We presently show that cytokines also inhibit expres-
sion of several mRNAs encoding enzymes of the Krebs
cycle. This is mediated, at least in part, via ATF4 activa-
tion, as suggested by both in silico analysis and siRNA. The
transcription factor ATF4 is part of the UPR response in
cytokine-treated �-cells (24,25). Endoplasmic reticulum
stress may contribute to HIF-1� activation (41), potentially
linking three cytokine-induced effects in �-cells, namely
endoplasmic reticulum stress, HIF-1� activation, and inhi-
bition of the Krebs cycle. Additional experiments are now
required to further investigate this possibility and to clarify
how gene networks regulating mitochondria and endoplas-
mic reticulum function may provide the signaling for �-cell
apoptosis.

Cytokines modulate expression of several genes related
to the alternative splicing machinery (present data), which
is in line with recent proteomic data (42). Alternative
splicing is an important determinant of cellular function.
More than 85% of the human genes may undergo alterna-
tive splicing (14,43), and many of these spliced forms are
tissue specific, contributing for the generation of pro-
teomic diversity (43). The complex interactions required
for correct splicing can be disturbed by changes in the
expression of splicing factors and cellular energy stores
(15,44). By exon-array analysis, we presently observed
that cytokines modulate the expression of splicing vari-
ants in �-cells, with potentially 20% of the detected genes
showing alternative splicing. This findings must be inter-
preted with caution, since they represent a pool of three
experiments that precludes adequate statistical analysis.
In addition, this methodology can lead to false positive
detection (45). Here, for at least three of the modified
genes (iNOS ASS, and NF-�B2) there was independent
confirmation by RT-PCR. Cytokine-induced iNOS splicing
variants may provide another level of regulation of iNOS
activity in a tissue-specific way (46). Many of the presently
identified genes are modified only at the splicing level,
without changes in expression. This indicates a new level
of complexity in the effects of cytokines (and potentially of
other modulators of �-cell function and survival) that must
be taken into account in future studies. The functional
impact of these diverse splice variants in �-cells remain to
be investigated, but data available from other tissues
indicate that it is huge, increasing the number of molecule
species that are involved in normal regulation of cell or
disease susceptibility (14–16,43,47,48). Interestingly, splic-
ing may also have a role in the augmentation of autoimu-
nity in type 1 diabetes (49).

In conclusion, the present study doubles the number of
known genes modified by cytokines in primary rat �-cells
and suggests temporal, qualitative, and quantitative differ-
ences between the effects of TNF-� � IFN-� and IL-1� �
IFN-�. Cytokines decrease the expression of genes related
to �-cell function and growth/regeneration, indicating that
immune mediators of insulitis can push back newly
formed �-cells into a dedifferentiated state. Interestingly,

cytokines modify alternative splicing in �-cells, indicating
a new level of complexity in the �-cell responses to
immune-mediated damage.
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