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Activating transcription factor 3 (ATF3) is a member
of the ATF/cAMP-response element-binding protein fam-
ily of transcription factors. It is a transcriptional repres-
sor, and the expression of its corresponding gene is in-
duced by stress signals in a variety of tissues, including
the liver. In this report, we demonstrate that ATF3 is
induced in the pancreas by partial pancreatectomy,
streptozotocin treatment, and ischemia coupled with
reperfusion. Furthermore, ATF3 is induced in cultured
islet cells by oxidative stress. Interestingly, transgenic
mice expressing ATF3 in the liver and pancreas under
the control of the transthyretin promoter have defects
in glucose homeostasis and perinatal lethality. We pres-
ent evidence that expression of ATF3 in the liver re-
presses the expression of genes encoding gluconeogenic
enzymes. Furthermore, expression of ATF3 in the pan-
creas leads to abnormal endocrine pancreas and re-
duced numbers of hormone-producing cells. Analyses of
embryos indicated that the ATF3 transgene is expressed
in the ductal epithelium in the developing pancreas, and
the transgenic pancreas has fewer mitotic cells than the
non-transgenic counterpart, providing a potential ex-
planation for the reduction of endocrine cells. Because
ATF3 is a stress-inducible gene, these mice may repre-
sent a model to investigate the molecular mechanisms
for some stress-associated diseases.

Stress signals elicit a variety of cellular responses. Some
responses such as that of heat shock have been demonstrated
to be protective (1), whereas others such as inflammatory re-
sponses have been demonstrated to be detrimental (2–4). The
balance between the protective and detrimental events deter-
mines the net outcome. We have been investigating a stress-
inducible gene, Activating transcription factor 3 (ATF3).1 ATF3
is a member of the ATF/cAMP-responsive element binding
protein family of basic region-leucine zipper (bZip) transcrip-

tion factors (reviewed in Refs. 5–10). Although ATF3 was iso-
lated from a human library (11), homologous genes from rats
and mice with about 95% identity to ATF3 at the amino acid
level have been identified: LRF-1 in the rat (12) and LRG-21
(13), CRG-5 (14), or TI-241 (15) in the mouse. For the conven-
ience of discussion, we will use the ATF3 nomenclature in the
rest of this report. Overwhelming evidence indicates that ATF3
is induced by a variety of stress signals, such as in the liver by
partial hepatectomy, in the brain by seizure, in the heart by
ischemia coupled with reperfusion (ischemia-reperfusion), and
in the skin by wounding; in addition, it is induced in cultured
cells by UV, ionizing radiation, Fas antibody, lipopolysaccha-
ride, and cytokines (reviewed in Refs. 5, 6). Therefore, ATF3 is
induced in many tissues by a variety of stress signals, suggest-
ing that it is a key regulator in cellular stress responses.

Despite overwhelming evidence indicating that ATF3 is a
stress-inducible gene, the physiological consequence of express-
ing ATF3 is not clear. In this report, we demonstrate that ATF3
is induced in the pancreas by stress signals and that transgenic
mice expressing ATF3 in the liver and pancreas have impaired
glucose homeostasis. Because ATF3 is a stress-inducible gene,
these transgenic mice may help to elucidate the roles of gene
regulation in stress-associated diseases.

EXPERIMENTAL PROCEDURES

Pancreatic Stress Models—For in vivo stress models, male Harlan
Sprague-Dawley rats at the age of 7–8 weeks were used, and the
procedures were performed at Zivic Laboratories (Pittsburgh, PA). Rats
were anesthetized by 2.5% halothane, and pancreatic ischemia-reper-
fusion injury was induced by occluding the mesenteric artery with an
arterial clamp for 1 h followed by the removal of the occlusion to allow
reperfusion. 2 h after reperfusion, the rat was sacrificed and the pan-
creas was immediately collected and frozen on powdered dry ice. For
partial pancreatectomy, rats were anesthetized and ;70% of the pan-
creas was removed as the control sample. At 2 h after partial pancre-
atectomy, the rat was sacrificed and the remaining pancreas were
collected. For streptozotocin treatment, rats were fasted for 24 h and
injected intravenously with 0.2–0.3 ml of 50 mM sodium citrate solution
(pH 4.5) containing streptozotocin (Sigma Chemical Co.) at 65 mg/kg
body weight. Control rats were injected with sodium citrate solution.
For in vitro stress models, RIN-m rat islet cells (ATCC) or b TC6 mouse
islet cells (ATCC) were treated with 100 mM H2O2 for 1 h either in the
absence or presence of 40 mM N-acetyl-L-cysteine (NAC).

Generation of the TTR-ATF3 Transgenic Mice—A human ATF3 open
reading frame was inserted into the StuI site of pTTRexV3 (16) to
generate the construct depicted below in Fig. 2A. Transgenic mice were
generated in the FVB/N background, and mice containing the trans-
gene were identified by polymerase chain reaction (PCR) using the
upstream primer 59-GAGTCAGGAAGTATGTGAGGG-39 complemen-
tary to the TTR intron and the downstream primer 59-CCGGATCCT-
TAGCTCTGCAATGTTCCTTC-39 complementary to the ATF3 open
reading frame.

RNA Isolation, Northern Blot, and Reverse Transcription Coupled
with Polymerase Chain Reaction—Rat pancreata were homogenized in
1 ml of TRIzol (Life Technologies) with a Tekmar Tissuemizer at high
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speed. RNA was isolated according to the procedures from the manu-
facturer with the exception that two (instead of one) TRIzol extractions
were carried out. For Northern blot, 50 mg of total RNA was analyzed on
a Duralon-UV membrane (Stratagene) using the indicated probes. 32P-
Labeled DNA probes were prepared by random primer reaction using
50–100 ng of the following DNA fragments: 1) 400 bp of human
ATF3 cDNA, 2) 680 bp of rat cyclophilin cDNA, 3) 550 bp of mouse
apoAI cDNA, 4) 500 bp of mouse apoAII cDNA, 5) 1500 bp of mouse Glut
2 cDNA, 6) 600 bp of rat tyrosine aminotransferase cDNA, 7) 1400 bp of
mouse PEPCK cDNA, 8) 300 bp of mouse fructose-1,6-bisphosphatase
cDNA generated by reverse transcription coupled with polymerase
chain reaction (RT-PCR) using upstream primer 59-AAGGATCCGC-
GATCAAAGCCATCTCGTC-39 and downstream primer 59-CCGAAT-
TCCTCAGAAGGCTCATCAGTAC-39. For RT-PCR, 5 mg of total RNA
was used to generate cDNA with 0.5 mg of oligo(dT) (Life Technologies)
and reverse transcriptase AMV-RT (Promega). 5% of the resulting
cDNA was used in PCR to detect rat ATF3 and GAPDH with the
following primers: ATF3 upstream, 59-GCTGCCAAGTGTCGAAA-
CAAG-39; downstream, 59-CAGTTTTCCAATGGCTTCAGG-39; GAPDH
upstream, 59-CCGGATCCTGGGAAGCTTGTCATCAACGG-39, and
downstream, 59-GGCTCGAGGCAGTGATGGCATGGACTG-39. RNA
from cultured islet cells was isolated by TRIzol according to the proce-
dures from the manufacturer, and RT-PCR was carried out as above
using the same primers, which work for both rat (RIN-m cell) and
mouse (bTC6 cells) samples.

Real-time PCR—Real-time PCR was carried out on the iCycler iQ
Real Time PCR detection system (Bio-Rad) using gene-specific probes
and primers. The probes were labeled at 59 by 6-carboxy fluorescein as
fluorescent reporter and at the 39-end by tetramethylrhodamine as a
quencher. The sequences of the probes and primers are as follows: ATF3
upstream primer, 59-CGAAGACTGGAGCAAAATGATG-39; ATF3
probe, 59-CATCCAGGCCAGGTCTCTGCCTCAG-39; GAPDH upstream
primer, 59-CAACGGGAAGCCCATCA-39; GAPDH downstream primer,
59-CGGCCTCACCCCATTT-39; GAPDH probe, 59-CTTCCAGGAGC-
GAGACCCCACTAAC-39. Due to sequence conservation, these primers
and probes work for mRNAs derived from both mouse (bTC) and rat
(RIN-m) cells. For ATF3 downstream primer, different sequences were
used for mouse and rat: mouse, 59-CAGGTTAGCAAAATCCT-
CAAATAC-39; rat, 59-CAGGTTAGCAAAATCCTCAAACAC-39. The
specificity of the primers was tested under normal PCR conditions.
Reverse transcription was carried out using 10 mg of total RNA in 20 ml
of reaction. 5% of the cDNA product was used in Real-time PCR in 25 ml
of reaction. Duplicates or triplicates of PCR were carried out as follows:
(a) 95 °C for 3 min, one cycle, (b) 95 °C for 30 s followed by 60 °C for 30 s,
40 cycles. Standard curves were generated using serial dilutions of a
plasmid containing the ATF3 or GAPDH cDNA.

Immunohistochemistry—Paraffin sections (4 mm) on slides were
deparaffinized in xylene (10 min, twice), and rehydrated in a decreasing
ethanol series diluted in distilled water (100%, 100%, 95%, 95%, 75%,
0%, 5 min each). Endogenous peroxide activity was inactivated by 0.3%
hydrogen peroxide in methanol for 30 min. Sections were blocked with
10% normal goat serum (Vector Laboratories) in a 0.1% Nonidet P-40/
PBS solution for 30–60 min and incubated with primary antibody
diluted in the blocking solution for overnight at 4 °C in a humidity
chamber, unless indicated otherwise (see modifications below). The
primary antibodies and dilutions were as follows: rabbit anti-ATF3
(Santa Cruz) at 1:100, guinea pig anti-insulin (Dako) at 1:100, mouse
anti-glucagon (Sigma) at 1:1600, rabbit anti-somatostatin (Dako) at
1:200, rabbit anti-pancreatic peptide (Dako) at 1:500, rabbit anti-PDX1
(a gift from C. Wright) at 1:25, rabbit anti-Nkx6.1 (a gift from O. D.
Madsen) at 1:3000, and rabbit anti-phospho-histone H3 (Upstate) at
1:200. For some primary antibodies, the following modifications were
included. Detection of phospho-histone H3 required an antigen re-
trieval step (Vector) prior to the hydrogen peroxide step. Detection of
PDX-1 and Nkx6.1 also required this antigen retrieval step; in addition,
the primary antibodies were incubated with the sections at room tem-
perature for 1 h in a humidity chamber (instead of overnight at 4 °C).
Detection of insulin in E12.5 embryos required the following modifica-
tions: sucrose frozen sections (instead of paraffin sections) were used,
and the blocking solution was 10% normal goat serum with the addition
of 2% (w/v) blocking powder (Roche Molecular Biochemicals); in addi-
tion, the primary antibodies were incubated with the sections at room
temperature for overnight. After incubating with the primary antibod-
ies as described above, the sections were washed and incubated with a
biotinylated secondary antibody, followed by incubation with the ABC
elite reagent (containing avidin-conjugated peroxidase) and color reac-
tion using the DAB substrate kit according to the recommendation from
the manufacturer (Vector Laboratories). After the color reaction, sec-

tions were dehydrated through an ethanol series into xylene and
mounted using Permount mounting media (Fisher Scientific). For some
sections, counterstain with methyl green (Vector Laboratories) or he-
matoxylin and eosin (H&E) (Richard Allen) prior to dehydration was
carried out to help visualize the tissue morphology.

Area Measurement and Quantification of Immunohistochemistry Sig-
nals—The area measurement was carried out using the Bioquant Nova,
Image Analysis System, version 4.00.8, (R and M Biometrics, Nashville,
TN). For quantification of immunohistochemistry signals, investigators
blind to the genotypes counted the signals from multiple samples and
normalized them against the area.

Preparation and Staining of Tissue Sections—Newborn mice were
sacrificed by decapitation; tissues were removed and rinsed in ice-cold
phosphate buffer saline (PBS). For samples from embryos, the appear-
ance of a vaginal plug was considered day 0.5 of gestation. Embryos
from time pregnant females were removed at the indicated gestation
time and dissected in ice-cold PBS. Tissues or embryos were fixed for
1–3 days in 10% phosphate-buffered formalin, pH 7.0 (Fisher Scientif-
ic), at 4 °C. Paraffin sections were prepared and stained by H&E at the
Ohio State University Veterinary Histology Laboratory.

Collection of Sera and Serum Glucose Assay—Mice were decapitated
with scissors, and the blood was immediately collected in micro-hema-
tocrit capillary tubes (Fisher Scientific) and transferred to Microtainer
serum separator tubes (Beckton Dickinson). The tubes were centrifuged
according to the instruction from the manufacturer, and the top layer
(serum) was analyzed on the same day or after storage at 220 °C.
Serum glucose concentrations were determined using the hexokinase
method (Roche Molecular Biochemicals). For samples with size less
than 5 ml, analyses were run on a Kodak Ektachem DT60 II analyzer at
the Ohio State University Veterinary Histology Laboratory.

RESULTS

Induction of ATF3 in the Pancreas by Stress Signals—To find
out whether ATF3 is induced in the pancreas by stress signals,
we examined its expression in three pancreatic stress models:
partial pancreatectomy, ischemia-reperfusion, and streptozoto-
cin treatment (see “Discussion”). As shown by RT-PCR, the
level of ATF3 mRNA greatly increased at 2 h after induction in
all three stress models (Fig. 1A). However, the level of a control
mRNA glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
did not change. The specificity of the signal was indicated by
the lack of signal if reverse transcriptase was omitted in the
reaction (data not shown). Therefore, ATF3 is induced in the
pancreas by stress signals. To test whether ATF3 is also in-
duced in vitro, we examined the induction of ATF3 in RIN-m
and bTC6 islet cells. Because one potential mechanism for the
induction of ATF3 by stress signals is oxidative stress, we used
H2O2 as a stressor in the in vitro experiments. As shown in Fig.
1B, ATF3 mRNA increased at 1 h after H2O2 treatment. Real-
time PCR analysis indicated that the induction was about
13-fold in RIN-m cells and 5-fold in bTC6 cells. Significantly,
N-acetyl-L-cysteine (NAC), an antioxidant scavenger (17, 18),
greatly reduced the induction, suggesting that H2O2 induces
ATF3 through an oxidative stress-mediated mechanism. Taken
together, these results indicate that ATF3 is induced by stress
signals in the pancreas and in cultured islet cells, suggesting
that it may play an important role in pancreatic stress
response.

Generation of the TTR-ATF3 Transgenic Mice—One common
theme of the signals that induce ATF3 is that they all induce
cellular damage. This correlation, however, does not indicate
whether the induction of ATF3 is a beneficial or detrimental
stress response. To address this question, we took a gain-of-
function approach. We generated transgenic mice expressing
ATF3 under the control of the transthyretin (TTR) promoter, a
promoter that is predominantly active in the liver and choroid
plexus (16, 19, 20) but could also be active in the endocrine
pancreas (21). Fig. 2A shows the transgenic construct, and for
the convenience of discussion, we will refer to these mice as
TTR-ATF3 mice. Thus far, we have generated 24 transgenic
founders, and for reasons unknown, these founders did not
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express detectable levels of the ATF3 transgene. However, they
could pass on the transgene to their progeny, and the F1
progeny expressed the ATF3 transgene in the liver as indicated
by immunohistochemistry (Fig. 2B). Similar results were ob-
tained using antibodies against the hemagglutinin (HA) tag,
which is specific to the transgene. By in situ hybridization, the
transgenic mRNA was detectable in the developing liver start-
ing at embryonic day 12.5 (E12.5) (data not shown). Northern
blot analysis indicated that the level of expression in F1 mice
from different founders was comparable, and one example is
shown in Fig. 3. Consistent with the previous report that the
TTR promoter could be active in the pancreas (21), the trans-
gene was also expressed in the pancreas, specifically in the
ductal epithelium, as shown by immunohistochemistry using
ATF3 antibody (Fig. 2B) or HA antibody (data not shown).
However, this pancreatic expression was detected in F1 mice
derived from some but not all founders (more detail below),
presumably due to the differences in the integration sites or
copy numbers.

Perinatal Death of the TTR-ATF3 Mice—All TTR-ATF3 mice
(F1 progeny) had growth retardation. This phenotype was ob-
served in F1 mice derived from all 24 founders, indicating that
it was due to the transgene rather than the sites of integration.
Most of these F1 mice died between 30 min to a few hours after
birth. To facilitate the analyses, we crossed the founders
(FVB/N mice) with wild type BALB/c mice to generate the “F1
hybrid.” These F1 mice had the advantage of hybrid vigor and
survived longer. Most of them died within 4 days, and some
survived for up to 7 days. Because the F1 hybrid mice are
genetically uniform except at the locus containing the trans-
gene, comparison of the transgenic mice with the non-trans-
genic littermates allowed us to assess the consequences of
expressing ATF3. Although the founders were viable, several
factors made it difficult to carry out detailed analyses of F1
mice from all founders. First, some founders appeared to have
low fertility, because they rarely gave rise to progeny despite
continuous mating. Second, the transgenic transmission rate
for most founders was less than 50%, the expected rate for the

FIG. 1. ATF3 was induced in the pancreatic cells by stress
signals in vivo and in vitro. A, rats were treated with mesentery
artery occlusion for 1 h followed by the release of the occlusion for 2 h
to induce ischemia-reperfusion (I/R) injury in the pancreas. Pancreas
from a sham-operated rat was collected as a control sample (2). For
partial pancreatectomy (PT), 70% of the pancreas was removed as a
control sample (2), and the remaining pancreas was collected at 2 h
afterwards as experimental sample (1). For streptozotocin (STZ) ex-
periment, rats were treated with streptozotocin as detailed under “Ex-
perimental Procedures” and the pancreas was removed at 2 h after
treatment. Total RNA isolated from the pancreas was analyzed by
RT-PCR to detect ATF3 and GAPDH mRNAs. Lane 1 shows a water
control for PCR, where water was used to replace cDNA. A represent-
ative result from three experiments is shown. B, rat RIN-m and mouse
bTC6 islet cells were treated with 100 mM H2O2 for 1 h either in the
absence or presence of 40 mM NAC as indicated. Total RNA was isolated
and analyzed by RT-PCR or RT coupled with real-time PCR. ATF3
transcripts quantified from real-time PCR were normalized against
GAPDH transcripts, and the normalized signals in uninduced cells
were arbitrarily defined as 1. Data represent mean 6 S.E. from three
independent experiments.

FIG. 2. Expression of ATF3 in the TTR-ATF3 transgenic mice.
A, a schematic of the TTR-ATF3 construct. Filled boxes indicate the
promoter and non-coding exons of the TTR gene. HA, hemagglutinin
tag. B, liver or pancreas sections from postnatal day 7 (P7) transgenic
(Txg) or non-transgenic (Non-Txg) mice were analyzed by immunohis-
tochemistry using antibodies against ATF3. Magnification, 3 400.

FIG. 3. Transgenic livers had altered steady-state mRNA levels
for genes encoding key gluconeogenic enzymes. Total RNAs (50
mg) from livers of transgenic (Txg) and non-transgenic (Non-Txg) mice
at the age of P1 to P7 were analyzed by Northern blot for the following
mRNAs: ATF3, phosphoenolpyruvate carboxykinase (PEPCK), fructose-
1,6-bisphosphatase (FBP), tyrosine aminotransferase (TAT), apolipopro-
tein AI (apoAI), apolipoprotein AII (apoAII), glucose transporter 2 (Glut
2), and cyclophilin (Cyclo), which served as a loading control. Txg-1 and
Txg-2 represent transgenic mice derived from two different founders. To
quantify the signals, we normalized each signal against cyclophilin and
arbitrarily defined the normalized signals from non-transgenic mice as
1. The followings are mean 6 S.E. from five to eight experiments:
PEPCK, 0.33 6 0.08; FBP, 0.25 6 0.06; TAT, 3.5 6 0.5; apoAI, 0.9 6 0.8;
apoAII, 1.6 6 0.2; Glut 2, 1 6 0.6. Shown is one representative result.
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cross between transgenic founders and non-transgenic mice.
Third, some founders died within a few months. Because of
these difficulties, detailed analyses were carried out using mice
derived from some but not all founders. Results described be-
low were reproducibly observed from multiple founders.

Altered Expression of Genes Encoding Gluconeogenic En-
zymes—During the perinatal period, newborns need to elicit a
series of adaptations to maintain glucose homeostasis (22). To
investigate whether the transgenic livers have impaired glu-
coneogenesis, we examined the expression of genes encoding
phosphoenolpyruvate carboxykinase (PEPCK) and fructose-
1,6-bisphosphatase (FBP), two rate-limiting enzymes of glu-
coneogenesis. As shown by Northern blot analysis, the levels of
PEPCK and FBP mRNAs were lower in the transgenic livers
than those in the non-transgenic livers (Fig. 3). This reduction
was observed in all F1 mice examined thus far. The control
cyclophilin mRNA levels were similar, suggesting that the
difference was not due to a difference in the amount of RNA
analyzed. Importantly, the transgenic livers had detectable
levels of ATF3 mRNA, but the non-transgenic livers did not.
The level of ATF3 mRNA in all transgenic livers examined thus
far was similar, and Fig. 3 shows an example comparing two F1
mice (Txg-1 and Txg-2) derived from different founders. We
also examined the expression of several other hepatic genes
and found no obvious difference between transgenic and non-
transgenic livers: apoAI, apoAII, and Glut 2. Interestingly, the
level of tyrosine aminotransferase (TAT) mRNA was higher in
the transgenic than that in the non-transgenic livers. The
implication of this increase is discussed (see below).

Abnormal Endocrine Pancreas—As described above, F1 mice
derived from some of the founders also expressed the transgene
in the pancreas. These mice had pancreas defects, although the
defects varied in the degrees of their severity. In mice with
severe defects, the pancreas lacked islets of Langerhans com-
pletely (Fig. 4A). Analysis of serial sections spanning the entire
pancreas from six mice showed no islets in any section. In mice
with mild defects, the pancreas lacked islets of Langerhans in
some but not all serial sections (data not shown). This is in
contrast to the non-transgenic mice, in which islets were ob-
served in all pancreatic sections examined. Immunohistochem-
istry analysis indicated that the islets in these transgenic pan-
creata had an abnormal distribution of hormone-producing
cells. In contrast to its normal location in the center of the
islets, insulin-producing (ins1) cells were located in the periph-
ery of the islets and scattered outside (Fig. 4B). In addition,
clusters of glucagon-producing (glu1) cells scattered outside
the islets (Fig. 4B).

The variation in the severity of pancreas defects was foun-
der-specific; that is, founders giving rise to F1 mice with severe
pancreas defects invariably gave rise to mice with severe pan-
creas defects, and the same was true for the case of mild
pancreas defects. Varying degrees in the severity of phenotypes
are commonly observed in transgenic work, and one potential
explanation for the variation is the level or pattern of trans-
gene expression. Table I compares the expression of ATF3 in F1
mice derived from six founders. Because ATF3 is expressed in
only a subset of pancreatic cells, we examined the pancreas by
immunohistochemistry instead of Western blot. Although im-
munohistochemistry is not a quantitative assay, we consis-
tently observed differences in the intensity of the signals. Sam-
ples derived from #90 progeny gave strong signals within
minutes after incubation with the substrates, and an example
is shown in Fig. 2B. Samples derived from #4 and #72 progeny
never gave any detectable signals even after a prolonged incu-
bation. Samples derived from #28 and #43 progeny gave detect-
able signals; however, it required a long incubation with the

substrate. We note that the expression pattern in these mice
was also different from that from #90 progeny (shown in Fig.
2B). In addition to the ductal expression, ATF3-expressing cells
were found in the islets and scattered outside (data not shown).
On the basis of the signal intensity, we assigned the levels of
ATF3 expression as strong (11), medium (1), weak (6) or none
(2). As shown in Table I, a general trend exists: The stronger
the ATF3 expression, the more severe the pancreas defects.

Disturbance in Glucose Homeostasis—Because both liver and
pancreas play a role in glucose homeostasis, we compared the
serum glucose levels of the F1 transgenic mice with that of the

FIG. 4. Transgenic mice had abnormal endocrine pancreas. A,
F1 mice derived from founder 90 lacked islets of Langerhans. Pancreas
sections from a P4 transgenic mouse (Txg) and its non-transgenic lit-
termate (Non-Txg) were stained with H&E. Islets of Langerhans and
acini (exocrine cells) are indicated. Magnification, 3 400. B, F1 mice
derived from founder 43 had abnormal distribution of hormone-produc-
ing cells. Pancreas sections from a P4 transgenic mouse (Txg) and its
non-transgenic littermate (Non-Txg) were analyzed by immunohisto-
chemistry using antibodies against insulin or glucagon as indicated.
Bar, 3 400.

TABLE I
Comparison of F1 mice derived from six founders

The expression of ATF3 was examined by immunohistochemistry,
and the level is defined as strong (11), medium (1), weak (6), or none
(2) as detailed in the text. Pancreas morphology was examined by H&E
stain. Severe phenotype is defined as no islets of Langerhans in any
serial sections examined spanning the entire pancreas. Mild phenotype
is defined as lack of islets in some but not all serial sections. These islets
had abnormal organization of the hormone-producing cells as shown in
Fig. 4B. Serum glucose level is defined as high (387 6 51 mg/dl), normal
to high (ranged from 150 to 350 mg/dl), normal (similar to non-trans-
genic mice, which had 128 6 26 mg/dl), and low (64 6 7 mg/dl).

Founder
number

ATF3 level in
pancreas

Pancreas defects
(by morphology) Serum glucose

90 11 Severe High
28 1 Mild Normal to high
43 1 Mild Normal
34 6 Normal Normal
4 2 Normal Low

72 2 Normal Low
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non-transgenic littermates. As shown in Table I, F1 mice from
founders 4 and 72 had low serum glucose levels when compared
with the non-transgenic mice. One explanation for this result is
that the transgenic mice had reduced gluconeogenic activity in
the liver due to the reduced expression of PEPCK and FBP as
shown in Fig. 3, resulting in lower glucose levels in the serum.
However, despite the reduced PEPCK and FBP expression in
all F1 mice as described above, mice from founder 90 had high
serum glucose levels. One explanation is that these mice had
severe pancreas defects, resulting in significantly reduced ins1

cells (Fig. 5). In this case, the pancreas phenotype predomi-
nates, resulting in high serum glucose level. Taken together,
results shown in Table I are consistent with the interpretation
that the relative severity of the defects in the pancreas versus
the liver determined the serum glucose level.

Reduction in All Four Endocrine-producing Cells—The islet
of Langerhans contains four types of endocrine cells: glu1, ins1,
somatostatin-producing (som1), and pancreatic peptide-pro-
ducing (PP1) cells. These cells are scattered as individual clus-
ters during early development and become aggregated to form
organized islets at late gestation (reviewed in Refs. 23, 24,
25–27). To examine whether the lack of islets shown in Fig. 4
was due to the lack of endocrine cells, we examined the pan-
creas by immunohistochemistry using antibodies against each
hormone: glucagon, insulin, somatostatin (Som), and pancre-
atic peptide (PP). As shown in Fig. 5, all four endocrine cells
were reduced in the transgenic mice (derived from founder 90).
Although the transgenic mice had reduced ins1 cells, they
might still have “presumptive b cells” but fail to synthesize
insulin. Therefore, we examined the expression of PDX-1 and
Nkx6.1, two transcription factors with restricted expression in
mature b cells (28–31). As shown in Fig. 5, both PDX-1- and
Nkx6.1-producing cells were dramatically reduced, suggesting
that the transgenic mice lack b cells.

Potential Explanations for the Pancreatic Defects—Because
mice derived from founder 90 had the most severe pancreas
phenotype, we further analyzed them. The following observa-
tions indicate that the defects are most likely due to the ex-

pression of the ATF3 transgene. First, ATF3 was expressed in
the right place: It was expressed in the pancreatic ducts (Figs.
2B) where the precursor cells originate (reviewed in Refs. 24,
25–27). Second, ATF3 was expressed at the right time: Its
expression was detectable starting at E12.5 (Fig. 6), a critical
time for endocrine precursors to differentiate (reviewed in Refs.
25–27, 32). Significantly, the differences between the trans-
genic and non-transgenic embryos became apparent shortly
after ATF3 was detectable. At E14.5, the numbers of ins1 and
glu1 cells were obviously lower in transgenic mice than those in
non-transgenic mice; Fig. 7 shows a representative picture. To
quantify the difference, investigators blind to the genotypes
counted positive cells in sagittal sections close to the midline,
where the pancreatic primordium can be easily identified (33)
as shown by the dotted line in Fig. 8B. The signals were then
standardized against the area obtained from a computer-as-
sisted area measurement. Results from multiple sections indi-
cated that the transgenic pancreatic primordium had ;80%
fewer ins1 cells and 45% fewer glu1 cells, when compared with
the non-transgenic counterpart. The reduction for glu1 cells
was not as dramatic as that for ins1 cells. This was also
observed in embryos at later gestation (E16.5, E18.5, data not
shown) and in newborn mice (Fig. 5). We note that the exocrine
cells had no obvious defects as shown by morphological analysis
and immunohistochemistry assay using antibody against am-
ylase, an exocrine marker (data not shown). It is not clear why
exocrine cells were not affected, because they are also derived
from ductal epithelium. It is possible that transgenic mice had
subtle defects in their acini, but the defects were not detected
by the assays used thus far.

One potential mechanism for the reduced endocrine cells is
the reduction of cell proliferation. To test this possibility, we
examined the pancreatic primordium by immunohistochemis-
try using an antibody against phospho-histone H3, a mitotic
marker (34, 35). As shown in Fig. 8A, in both transgenic and
non-transgenic pancreatic primordia at E14.5, mitotic cells
were present within or near the ductal epithelium. This is
consistent with previous observations that undifferentiated
precursor cells located in the ducts have the highest prolifera-
tive capacity (see “Discussion”). To determine whether the mi-

FIG. 5. Transgenic mice had fewer endocrine cells than the
non-transgenic mice. Pancreatic sections from P1–P7 transgenic
(Txg) or non-transgenic (Non-Txg) mice were examined by immunohis-
tochemistry using the indicated antibodies: insulin, glucagon, pancre-
atic peptide (PP), somatostatin (Som), PDX-1, and Nkx6.1. Bar, 20 mm.

FIG. 6. E12.5 transgenic embryos expressed the ATF3 trans-
gene but still had insulin- and glucagon-producing cells. Sections
containing the pancreatic primordium from transgenic (Txg) or non-
transgenic (Non-Txg) embryos at E12.5 were examined by immunohis-
tochemistry using the indicated antibodies: ATF3, insulin, glucagon.
Bar, 20 mm.
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totic index is different in transgenic and non-transgenic em-
bryos, we quantified the signals as described above. Results
from multiple sections indicated that the transgenic pancreatic
primordium had fewer (30 6 1%) mitotic cells than the non-
transgenic counterpart. Fig. 8C shows a representative picture
counterstained by methyl green, which provides a clear con-
trast to the dark brown signals. A low magnification was used
to show a large area of the pancreatic primordium. We note
that the intensity of the signal was consistently lower in the
transgenic mice than that in the non-transgenic mice.

DISCUSSION

ATF3 Expression in the Liver Affects Gluconeogenesis—As
described in the introduction, ATF3 is induced in the liver by
many stress signals. In this report, we demonstrate that the
TTR-ATF3 transgenic mice had reduced steady-state mRNA
levels of PEPCK and FBP. Because PEPCK and FBP encode
enzymes that catalyze two rate-limiting steps of gluconeogen-
esis, our results are consistent with a model that gluconeogen-
esis was reduced in the mice. Interestingly, both PEPCK and
FBP promoters contain ATF/CRE or ATF/CRE-like sites (re-
viewed in Refs. 36, 37 and references therein, 38). Because
ATF3 is a transcriptional repressor (39), it is possible that
ATF3 inhibits the activity of these promoters, resulting in
reduced mRNA levels in the transgenic mice. As shown in Fig.
3, the steady-state mRNA levels of TAT, which encode another
gluconeogenic gene, was higher in the transgenic mice than
those in the non-transgenic mice. Similar to PEPCK, the ex-
pression of TAT is up-regulated by the cAMP and glucocorticoid
signaling pathways (for an example, see Ref. 40). Therefore, the
increase in TAT mRNA levels in the transgenic mice suggests
that the mice could respond properly to cAMP and glucocorti-
coid signaling. This in turn suggests that the defects in PEPCK
gene expression in the transgenic mice were due to events
downstream from the signaling pathways.

Disturbance of Glucose Homeostasis in the TTR-ATF3 Trans-
genic Mice—In this report, we showed that the TTR-ATF3
transgenic mice had defects in two organs important for regu-
lating serum glucose levels: liver and pancreas. As described
above, expression in the liver would contribute to reduced
gluconeogenesis and reduced serum glucose level. Our results
indicate that expression in the pancreas led to an abnormal
endocrine pancreas: either reduced islets of Langerhans (mild
phenotype) or a complete lack of islets (severe phenotype).
These defects would contribute to high serum glucose. Presum-
ably, the relative severity of the defects in these two organs
determined the serum glucose level. As described under “Re-
sults,” the variation in the severity of the pancreas phenotype
was founder-specific. Founders that gave rise to F1 mice with
mild phenotype always gave rise to mice with mild phenotype,
and the same was true for the severe phenotype. One possibil-
ity for this difference is the difference in the level of transgene

FIG. 7. E14.5 transgenic embryos expressed the ATF3 trans-
gene and had fewer insulin- and glucagon-producing cells than
the non-transgenic embryos. Sections containing the pancreatic pri-
mordium from transgenic (Txg) or non-transgenic (Non-Txg) embryos at
E14.5 were examined by immunohistochemistry using the indicated
antibodies: ATF3, insulin, glucagon. Low magnification was used to
generate this figure to show a large area of the pancreatic primordium.
Bar, 20 mm.

FIG. 8. E14.5 pancreatic primordium had fewer mitotic cells in the transgenic embryos than that in the non-transgenic embryos.
A, sections containing the pancreatic primordium from transgenic (Txg) or non-transgenic (Non-Txg) embryos at E14.5 were examined by
immunohistochemistry using antibodies against phospho-histone H3, a mitotic marker, followed by counter-stain with H&E. Bar, 20 mm. B, a
sagittal section close to the midline of a non-transgenic embryo stained with H&E is shown to indicate the pancreatic primordium (delineated by
the dotted line), which is between the first part of the duodenum (1st duo.) and the third part of the duodenum (3rd duo.) (33). Bar, 20 mm. C, same
as A except the counterstain was carried out using methyl green, which provides a better contrast to the signal (dark brown) than the H&E stain.
In addition, a lower magnification was used to show a larger field than that shown in A. Bar, 20 mm.
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expression (in the pancreas). As indicated in Table I, immuno-
histochemistry showed a good correlation between transgene
expression and the degree of severity: The stronger the expres-
sion in the pancreas, the stronger the pancreas defects. We note
that F1 mice derived from founder 34 had faint signals of ATF3
expression in the pancreas but had no obvious defects. It is
possible that the pancreas had minor defects that were not
detected by the analyses used. At present, it is not clear
whether the timing for turning on the transgene in the pan-
creas was different in mice from different founders. Presum-
ably, a difference here would also lead to variations in the
phenotype.

The Roles of ATF3 in Pancreatic Stress Response—As shown
in this report, ATF3 is induced in three important pancreatic
stress models: partial pancreatectomy, streptozotocin treat-
ment, and ischemia-reperfusion. Partial pancreatectomy leads
to an initial burst of pancreatic regeneration followed by
chronic hyperglycemia (41) and is considered as a model of b

cell adaptation to injury (42). Streptozotocin is a commonly
used agent to induce experimental diabetes in animals, be-
cause it selectively destroys b cells (43). Ischemia-reperfusion
injury is involved in the pathophysiology of acute pancreatitis
and tissue injury after pancreas transplantation (44, 45).
Therefore, all three models used in this study are considered to
be important pancreatic stress models. In addition to animal
models, we demonstrated that ATF3 was induced in cultured
islet cells by H2O2, an agent that has been demonstrated to
induce b cell injury and has been used as a paradigm for
studying the roles of oxidative stress in the pathogenesis of
diabetes and pancreatitis (for reviews, see Refs. 46–48). Sig-
nificantly, our results suggest that H2O2 induces ATF3 through
an oxidative stress-mediated pathway, because NAC, an agent
that has been demonstrated to scavenge oxidants (17) and
increase intracellular glutathione levels (18), greatly inhibited
the ability of H2O2 to induce ATF3. We note that an oxidative
stress-mediated pathway has been implicated in both ischemi-
a-reperfusion and streptozotocin-induced cellular damages (for
some examples, see Refs. 49–51). Therefore, both in vivo and in
vitro results suggest that oxidative stress may be a common
element in the induction of ATF3 by stress signals.

Regulation of gene expression has been postulated to be
important for b cell function and the development of diabetes.
Weir et al. (52) hypothesized that a set of transcription factors
maintains the differentiation of b cells and that disturbance of
this unique gene expression pattern leads to diabetes. In sup-
port of this hypothesis, they demonstrated that the expression
of many genes important for b cell development and differen-
tiation is altered in an animal model of diabetes (53). Our
results further support this hypothesis. Because ATF3 is a
transcription factor, ectopic expression of ATF3 undoubtedly
perturbs gene expression. Although we have not identified the
target genes for ATF3 in the pancreas, the phenotypes we
observed in the transgenic mice further strengthen the notion
that altered gene expression can lead to b cell dysfunction.

Reduced Mitotic Index in the Transgenic Mice—As described
above, the pancreatic primordium had fewer mitotic cells in the
transgenic than in the non-transgenic embryos. In this study,
we examined mitosis by using antibody against phospho-his-
tone H3, because the phosphorylation of histone H3 is M-
phase-specific (34, 35). We note that most of the mitotic cells
are located either within or near the ductal epithelium. This is
consistent with the current understanding of islet cell expan-
sion. Islet cell expansion can be achieved by either proliferation
of the pre-existing, differentiated islet cells (a process called
replication), or proliferation of undifferentiated precursor cells
located in the ducts (a process called neogenesis) (reviewed in

Refs. 24, 54–56). Studies in both human and rodent embryos
indicate that neogenesis plays the major role in islet expansion,
because undifferentiated ductal precursors have much higher
proliferative capacity than the differentiated endocrine cells
(57–60, reviewed in Refs. 55, 56). Therefore, our results of
mitotic cells located within or near the ductal epithelium are
consistent with previous observations. Fig. 8A is a composite of
several fields, because the number of mitotic cells in any given
field was relatively low. This is because the mitotic phase only
accounts for a small percentage of the total cell cycle duration;
in pancreatic b cells, it was estimated to be about 3% (56). It is
not clear, at present, which cell cycle phase was arrested in the
transgenic pancreas to attribute to this low mitotic index.

The finding that transgenic pancreas has a lower mitotic
index than the non-transgenic pancreas provides at least one
potential explanation for the endocrine pancreas defects we
observed. Although ATF3 is a transcription factor, it is not
clear whether the inhibition of cell proliferation observed here
is due to its ability to regulate transcription. This is because
transcription factors have been demonstrated to affect cell pro-
liferation in a DNA-binding-independent manner. One such
example is C/EBPa. From a series of elegant work (61–63),
Darlington and colleagues demonstrated that C/EBPa inhibits
cell proliferation not by regulating transcription. Instead, it
inhibits cell proliferation by interacting with cell cycle regula-
tory proteins: cyclin-dependent kinase inhibitor p21 and reti-
noblastoma-like protein p107. Therefore, the effect of ATF3 on
cell proliferation may not depend on its ability to regulate
transcription. Much work is required to elucidate the molecular
details and is beyond the scope of this report.
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Diabetes 43, 1279–1283
58. Bouwens, L., Lu, W. G., and Krijger, R. D. (1997) Diabetologia 40, 398–404
59. Eriksson, U., and Swenne, I. (1982) Biol. Neonate 42, 239–248
60. Swenne, I., and Eriksson, U. (1982) Diabetologia 23, 523–528
61. Timmerman, L. A., Clipstone, N. A., Ho, S. N., Northrop, J. P., and Crabtree,

G. R. (1996) Nature 383, 837–840
62. Timchenko, N. A., Harris, T. E., Wilde, M., Bilyeu, T. A., Burgess-Beusse,

B. L., Finegold, M. J., and Darlington, G. J. (1997) Mol. Cell. Biol. 17,
7353–7361

63. Timchenko, N. A., Wilde, M., and Darlington, G. J. (1999) Mol. Cell. Biol. 19,
2936–2945

ATF3 Transgenic Mice and Glucose Homeostasis29514


