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Abstract
Background: Recent reports identify the 3-UTR of insulin
mRNA as crucial for control of insulin messenger stability.
This region contains a pyrimidine-rich sequence, which is
similar to the hypoxia-responsive mRNA-stabilizing element of tyrosine hydroxylase. This study aimed to determine whether hypoxia affects insulin mRNA levels.
Materials and Methods: Rat islets were incubated at normoxic or hypoxic conditions and with or without hydrogen peroxide and a nitric oxide donor. Insulin mRNA was
determined by Northern hybridization. Islet homogenates
were used for electrophoretic mobility shift assay with an
RNA-oligonucleotide, corresponding to the pyrimidinerich sequence of the 3-UTR of rat insulin I mRNA. The expression of reporter gene mRNA, in islets transfected with
reporter gene constructs containing the wild-type or mutated insulin mRNA pyrimidine-rich sequences, was measured by semiquantitive RT-PCR.

Results: Insulin mRNA was increased in response to hypoxia. This was paralleled by increased binding of the
polypyrimidine tract-binding protein (PTB) to the pyrimidine-rich sequence of the 3-UTR of insulin mRNA,
which was counteracted by hydrogen peroxide. The reporter gene mRNA level containing the wild-type binding site was not increased in response to hypoxia, but
mutation of the site resulted in a destabilization of the
mRNA.
Conclusions: The complete understanding of different diabetic conditions requires the elucidation of mechanisms
that control insulin gene expression. Our data show that
hypoxia may increase insulin mRNA levels by promoting
the binding of PTB to the insulin mRNA 3-UTR. Hydrogen peroxide abolishes the hypoxic effect indicating involvement of reactive oxygen species and/or the redox potential in the oxygen-signaling pathway.

Introduction

different isoforms, there is a neuronal form of PTB
(nPTB) (5,6). PTB may assist in transcription (7),
translation (8), polyadenylation (9,10), and subcellular localization (11) of mRNA. The main function
described so far, however, seems to be to repress
mRNA splicing (12). PTB mRNA levels in insulinproducing MIN6-cells are increased 5-fold in response to a 24-hr incubation at a high glucose concentration (13). In addition, PTB protein contents
have been reported to be up-regulated 3-fold in rat
islets when challenged with interleukin-1 (14).
This may indicate that the expression of PTB is controlled in a cell-speciﬁc manner and that PTB contributes to the beta cell phenotype as a glucoseresponsive regulator of insulin biosynthesis. PTB is
known to interact with other members of the hnRNP family such as hnRNP-E2 and -K (8). HnRNPE is a 36- to 42-kDa protein, also known as ␣CP or
the poly (C) binding protein (PCBP) (15,16). Some
PCBP isoforms are thought to regulate the stabilities of the messengers coding for tyrosine hydroxylase (TH) (17), erythropoietin (18), ␣- and ␤-globin
(19,20), ␣(I)-collagen, and 15-lipoxygenase (20). It
appears that PCBP binds to an element referred to
as the hypoxia-inducible protein-binding site
(HIPBS) located in the 3-UTR of TH mRNA. This
event has been shown to be necessary, but not

We recently demonstrated that insulin mRNA is
highly abundant and constitutes up to 30% of the
pancreatic beta cell mRNA (1). The insulin mRNA
is also especially long-lived, 29–77 hr, depending
on glucose concentration (2), and its stability is
therefore likely to be regulated by speciﬁc mechanisms. A recent study has identiﬁed the 3-untranslated region (3-UTR) as critical for beta cell–speciﬁc
glucose-mediated control of rat insulin II mRNA
(3). In addition, we have observed that the 3-UTR
of rat insulin mRNA contains an active RNAstabilizing element, the insulin mRNA 3-UTR
pyrimidine-rich sequence (ins-PRS), to which the
polypyrimidine tract-binding protein (PTB) binds
(1). This binding is increased in response to glucose
as well as to reducing agents (1). PTB exists in at
least three isoforms, with molecular masses ranging
from 55–62 kDa. It belongs to the heterogeneous
nuclear ribonucleoprotein (hnRNP) family, and is
also known as hnRNP-I (4). In addition to the three
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sufﬁcient, for both constitutive and hypoxia-mediated
stability of this mRNA (17).
In view of the close homology between TH HIPBS
and the insulin mRNA 3-UTR (1), the aim of the present study was to determine whether insulin mRNA
levels are affected by hypoxia and, if so, if this is paralleled by an altered PTB–ins-PRS interaction.

Material and Methods
Isolation and Culture of Pancreatic Islets
Adult Sprague-Dawley rats from a local colony were
killed by cervical dislocation after an intraperitoneal
injection of a sodium pentobarbital. The pancreases
were taken out and the islets isolated by collagenase
digestion (21). The islets were cultured in 5 ml
RPMI-1640, supplemented with 10% Fetal Clone II
serum (Hyclone Europe Ltd, Cramlington, UK),
2 mM L-glutamine, 100 U/ml benzyl penicillin, and
0.1 mg/ml streptomycin (RPMI-WS). The islets
were cultured free ﬂoating for 5–10 days with the
medium changed every second day (21). Only small
or medium sized islets were chosen for experimentation; cells located near the center of large islets often
become necrotic due to insufﬁcient diffusion of nutrients and/or oxygen. To produce hypoxia, 50–100
islets/5 cm2 where cultured under a medium depth
of 4–6 mm, in ﬂasks containing 5 ml of culture
medium, which were ﬂushed with 1%, 5% or 10%
O2/5% CO2/94%, 90%, or 85% N2 for at least 20 min
prior to the addition of islets. The ﬂasks were incubated under airtight conditions. The oxygen tension
in the culture media, following different gassing
time periods and incubation periods, were veriﬁed
using modiﬁed Clark microelectrodes (Unisense,
Aarhus, Denmark) (22). These electrodes have a tip
with a 2- to 6-m outer diameter and a 1- to 2-m
inner diameter. The electrodes were polarized at
0.800 V, which gives a linear response between the
oxygen tension and the electrode current. The electrodes were calibrated in water saturated with
NaS2O5 or air at 37C. The baseline deviation of the
recordings was 0.5%/hr. The oxygen tensions
were measured in the medium, at a depth of 3 mm,
and not in the immediate proximity of the islets. The
oxygen tension was recorded in three different
ﬂasks per condition. To ensure hypoxia throughout
a long-term incubation, ﬂasks with islets incubated
for 16–24 hours were gassed, sealed, and incubated
in an airtight box, which was also gassed with the
same gas mixture as the ﬂasks.
Assessment of Cell Viability in Response to Hypoxia
Islets were incubated for 24 hr at 21%, 10%, 5% or
1% O2 and cell death was determined by staining
with 20 g/ml Hoechst 33342 (bisbenzimide) and
10 g/ml propidium iodide (Sigma-Aldrich, St.
Louise, MO, USA) for 10 min at 37C (23). The islets
were then examined with a ﬂuorescence microscope,
using an UV-2A ﬁlter. For the quantiﬁcation of islet

cell death, islets were trypsinized and analyzed by
ﬂow cytometry (FACS-Calibur, Becton-Dickinson,
Oxford, UK) (24).
Northern Hybridization Analysis
Rat islets in groups of 50 were incubated for 6, 16
or 24 hr as given in Figure 1. RNA was isolated
using the Ultraspec Total RNA Isolation System
(Biotech Laboratories, Houston, TX, USA) and analyzed by Northern hybridization. The samples were
loaded on a 1.25% agarose gel and run for 1 hr at
100 V. Gels were washed with water to remove
formaldehyde, stained with ethidium bromide, and
photographed. The RNA was transferred to a nylon
membrane and cross-linked by UV irradiation. The
ﬁlter was then incubated in prehybridization buffer
for 3 hr at 42C. The buffer was exchanged for a
buffer containing a radiolabeled insulin cDNA (25)
and the membrane was incubated overnight at 42C.
The insulin probe, pRI7, was labeled with [␣-32P]
dCTP using the Mega Prime DNA labeling kit
(Amersham Pharmacia Biotech, Uppsala, Sweden).
The ﬁlter was washed and exposed to Hyperﬁlm MP
(Amersham Pharmacia Biotech). Insulin mRNA
bands were quantiﬁed by densitometry and recalculated per amount of 28S rRNA, detected in each
lane, using The Kodak Digital Science camera and
Kodak Digital Science 1D software (Eastman Kodak
Company, Rochester, NY, USA).
Electrophoretic Mobility Shift Assay
and Cross-Linking Analysis
The ins-PRS RNA oligonucleotide (Scandinavian
Gene Synthesis AB, Köping, Sweden) (1 pmol), was
incubated for 45 min at 37C with 50 Ci [␥-32P] ATP
(5000 Ci/mmole, Amersham Pharmacia) and 8 units
bacteriophage T4 polynucleotide kinase (SigmaAldrich). Heating for 2 min at 60C then inactivated
the kinase. The radiolabeled RNA-oligonucleotide
was puriﬁed on Chroma spin-10 columns (Clontech
Laboratories Inc., Paolo Alto, CA, USA). The integrity
of the RNA oligonucleotide was controlled by electrophoresis in a 15% polyacrylamide gel. The RNA
oligonucleotide was stored at 20C until use.
Rat islets in groups of 50 were incubated in
normoxic or hypoxic (1% or 5% O2) glucose-free
RPMI-WS, containing 2.8 mM glucose, with or
without 50 M hydrogen peroxide or 2.5 mM of
the nitric oxide donor DETA NONOate (Alexis
Biochemicals, San Diego, CA, USA) for 20 min or
1 hr at 37C. After incubation, the islets were collected and washed in ice-cold PBS. Following centrifugation the cells were homogenized in 50 l
homogenization buffer (10 mM HEPES, 5 mM
MgCl2, 50 mM KCl, 10% glycerol, and 1 mM
phenylmethylsulfonyl ﬂuoride [PMSF]) (24) by
using a Pellet Pestle Motor (Kontes, Scientiﬁc
Glassware/Instruments, Vineland, NJ, USA). The
homogenates were centrifuged at 13,000 g for
10 min at 4C. The supernatant was used in the
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electrophoretic mobility shift assay. Nitrite accumulation was measured in the medium at the end
of the incubation time, as an indicator of nitric
oxide release from the nitric oxide donor. Ten microliters of freshly made Griess reagent was added to
100 l of medium (26). The samples were incubated
at room temperature for 20 min, after preincubating
at 60C for 2 min, and the absorbance was measured
at 546 nm on a Beckman DU-62 spectrophotometer
(Palo Alto, CA, USA).
The RNA–protein binding reaction was performed as described (1). Duplicates containing 20 l
homogenate, 200 ng/ml Escherichia coli tRNA, 10%
glycerol, and 1 l radiolabeled RNA-oligonucleotide probe (40,000–100,000 cpm/reaction)
were prepared. To one of the duplicates 11 mM
DTT was added. The reaction mixtures were incubated at 30C for 30 min. RNase T1 (20 units/sample)
was added and the incubation proceeded for 10 min
at 30C. Finally the samples were incubated another 10 min with 5 mg/ml heparin. In some cases,
the reaction mixtures were divided into two
aliquots, one that was cross-linked by exposure to
UV radiation (260 nm) for 10 min and then analyzed by boiling the samples in SDS-sample buffer
without beta-mercaptoethanol and separated on a
9% SDS-PAGE gel for 1 hr at 160 V. The other
aliquot was used directly for nondenaturing gel
electrophoresis. In the latter case, the samples
were applied on a 7% polyacrylamide gel and electrophoresed in 0.5 TBE at 100 V for 1 hr. The free
probe was run out of the gel to avoid radioactive
contamination when analyzing the ins-PRS–protein
complexes. The gel was ﬁxed (30% ethanol, 10%
acetic acid), dried and exposed to a ﬁlm overnight
at 70C. The results were analyzed by the Kodak
system.
Western Hybridization
Islets in groups of 35 were incubated at normoxia
or hypoxia (5% O2) for 1 hr. The islets were thoroughly rinsed in ice-cold PBS before they were
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dissolved in SDS-sample buffer. The proteins were
separated on a 12% SDS-PAGE and blotted on a
nitrocellulose ﬁlter. The ﬁlters were hybridized
with the monoclonal anti-PTB 3 antibody (27).
Horseradish peroxidase conjugated anti-mouse
antibody (1:1000) was used as secondary antibody,
which was detected by the Amersham ECL system
(Amersham Pharmacia).
Lipofection of Islet Cells with ins-PRS Reporter Gene Vectors
Double-stranded DNA oligonucleotides with the sequences of wild-type (wt) ins-PRS or mutant insPRS (Table 1) were cloned in to the pCRTM3-CAT
vector (Invitrogen, San Diego, CA, USA) downstream of the coding sequence of the chloramphenicol acetyltransferase (CAT) reporter gene and
upstream of the bovine growth hormone polyadenylation signal, as previously described (1). The cells
were transfected with 1 g of either empty pCRTM3CAT vector, pCRTM3-CAT wild-type ins-PRS,
pCRTM3-CAT ins-PRS mutant 1 or pCRTM3-CAT
ins-PRS mutant 2. The cells were then resuspended
in 5 ml RPMI-WS and maintained in culture for
48 hr at 37C. The cells from each of the four dishes
were then further cultured at 37C for 24 hr at
normoxia or hypoxia (5% O2) in 5 ml RPMI-WS
containing 2.8 mM glucose. In some experiments,
the culture medium was also supplemented with
5 g/ml actinomycin D.
Quantiﬁcation of CAT Reporter Gene Expression
by Semiquantitative RT-PCR
The cells were collected from the previous step and
the RNA was isolated using the Ultraspec Total RNA
Isolation reagent. The RNA was dissolved in 30–32 l
RNase-free water. Thirty microliters of the RNA and
1 M oligo (dT)-primer were used for cDNA synthesis, in agreement with the You-Prime First-strand
Beads protocol (Amersham Pharmacia). The samples
were incubated at 37C for 1 hr followed by 65C for
10 min. Some RNA samples were not used for cDNA
synthesis but were analyzed in parallel by PCR to

Table 1. The sequences of the different ins-PRS probes used and comparison to the TH 3-UTR. Ins-PRS, insulin
pyrimidine-rich sequence; TH HIPBS, tyrosine hydroxylase hypoxia inducible protein binding sequence. The core
binding sequences for respective mRNA are marked in bold and mutated nucleotides are underlined.
mRNA probe
TH HIPBS
Ins-PRS wild-type
Ins-PRS mutant 1
Ins-PRS mutant 2
a

Sequence
5CUUUCCCAAAGUCUCCAUCCCCUUCUCCAACCUUUCCUa
5UCCACCACUCCCCGCCCACCCCUCUb
5UCCACCACUCCCCGCCCACCACUCU
5UCCACCACUCCCCUCCCACCCCUCU

From Gene Bank accession number M10244, 5is at position 1540, HIPBS is located between 1552 and 1579 (46).
From Gene Bank accession number J00747, 5 is at position 4516.

b
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exclude the possibility of DNA contamination. The
Touch Down Temperature cycling system (Hybaid,
Teddlington, UK) was used for PCR. The sequences of
the PCR primers (Cybergene AB, Huddinge, Sweden)
were as follows:
CAT forward: 5´GAATGCTCATCCGGAACT
CAT reverse: 5´CCAGGGTCAAGGAAGGCACGG
GAPDH forward: 5´GACCCCTTCATTGACCTCA
GAPDH reverse: 5´CCTTCTCCATGGTGGTGAA
␤-actin forward: 5´CCTGCTTGCTGATCCACATCTGCTGG
␤-actin reverse: 5´CTGACCGAGCGTGGCTAC
For ampliﬁcation of samples incubated without
actinomycin D, the following time course was
used: 94C, 9 min and 25 cycles 94C, 30 sec, 55C,
45 sec and 72C, 90 sec (CAT and ␤-actin). When
analyzing samples incubated in the presence of
actinomycin D: 94C, 9 min and 30 cycles (GAPDH)
of 94C, 45 sec, 55C, 45 sec and 72C, 1 min or
30 cycles (␤-actin) 94C, 30 sec, 55C, 30 sec and
72C, 90 sec were used. The PCR products were run
in a 1.5% agarose gel and stained with ethidium
bromide for quantiﬁcation using the Kodak system.
CAT mRNA was normalized against ␤-actin or
GAPDH.
Statistics
Means SEM were calculated and the Student
paired t-test was performed. When analyzing the insulin mRNA levels one-way ANOVA for repeated
measurements and Dunnets test was used.

Results
Veriﬁcation of Culture Medium Oxygen Tension
Normal oxygen tension, 150 mm Hg, was set as
100%. After 10 min of gassing with 5% O2/5%
CO2/85% N2 the oxygen tension in the media of
three separate ﬂasks were 30.3  0.57, which gives
an oxygen tension of approximately 45.5 mm Hg.
After 20 or 30 min of gassing the tension was 25.8 
1.80% (38.8 mm Hg) or 25.0  3.6% (37.5 mm Hg),
respectively. Because 37.5 mm Hg corresponds to
5% O2, 20–30 min of gassing was used in all experiments.
Islet Cell Viability in Response to Hypoxia
Islets cell death in response to incubation at different hypoxic conditions for 24 hr was determined
by vital staining with Hoechst 33342 and propidium
iodide. This method allows the discrimination between necrosis and apoptosis in intact islets (23,24).
Inspection of the islets in a ﬂuorescence microscope
revealed a moderate increase in propidium iodide
positive islet cells, mainly located centrally, in islets
incubated at 5% oxygen (Fig. 1). Only small- to
medium-sized islets were analyzed because large
islets are known to develop central necrosis in tissue
culture. At 1% oxygen, the increase in propidium
iodide positive cells was more pronounced (Fig. 1).
We did not observe any increase in apoptotic cells
(i.e., propidium iodide negative cells with increased
Hoechst staining and a nuclear morphology typical
for apoptosis). The number of cells that had taken
up propidium iodide where quantiﬁed by ﬂow cytometric analysis. The percentage of propidium iodide

Fig. 1. Islet cell viability after 24-hr culturing at different media oxygen concentrations. Islets were incubated for 24 hr at
declining oxygen concentrations: (A) 21% O2; (B) 5% O2; and (C) 1% O2. Cell viability was determined by staining with Hoechst
33342 and propidium iodide, followed by ﬂuorescence microscopy. The nuclei of viable cells are blue, nuclei with pink ﬂuorescence
represent necrotic cells, and the nuclei of apoptotic cells should be condensed and fragmented and appear light blue or even white
(not seen in this picture, 23).
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positive cells from islets incubated at different oxygen levels were in three separate experiments: 1.4 
0.7%, 2.9  0.8%, 4.4  2.3%, and 10.1  3.7% at
21%, 10%, 5% and 1% oxygen, respectively. Because prolonged exposure to pronounced hypoxia
(1% O2) increased beta cell death, primary by accelerating necrosis (Fig. 1), we chose to expose islets to
only mild hypoxia (10% and 5% O2) and to limit the
exposure period to 6 and 16 hr in most experimental setups. However, we cannot exclude that there
exists some degree of heterogeneity in the islet population, and that a fraction of the islet cells may have
become severely anoxic even though the oxygen
concentration of the surrounding culturing media
was as high as 5%.

A

Hypoxia Increases Rat Islet Insulin mRNA Levels
It was observed that exposure to 5% of O2 in the
presence of 2.8 mM glucose increased insulin
mRNA levels by 33% at 6 hr and by 100% at 16 hr
(Fig. 2A). A high glucose concentration (28 mM) increased insulin mRNA to a similar extent as that observed in response to hypoxia (Fig. 2A). There were
no additive effects of glucose (28 mM) and hypoxia
(10%) (Fig. 2A). In the presence of actinomycin D,
there was no stimulatory effect of hypoxia or 28 mM
glucose on insulin mRNA levels (Fig. 2B).

Glucose (mM)
Oxygen (%)

Hypoxia-Increased ins-PRS Binding Activity is Counteracted
by Hydrogen Peroxide, but not by Nitric Oxide
We next studied whether the oxidizing agent hydrogen peroxide or a nitric oxide donor, DETA
NONOate, could affect alterations in binding activity. The islets were incubated for 20 min at 1% O2
and at a substimulatory glucose concentration. This
resulted in increased ins-PRS–binding activity at
nonreducing conditions (Fig. 4A and 4B, lane 3 versus lane 1). The hypoxia-induced increase in insPRS–binding activity was counteracted by the addition of 50 M hydrogen peroxide, but was not
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Hypoxia Increases Binding of the PTB to the ins-PRS,
but not PTB Expression
Because glucose and reducing agents stimulate insPRS binding activity in vivo and in vitro, respectively (1), and because it is known that both glucose
and acute hypoxia promote an increased redox potential in islet cells (28,29), we next analyzed insPRS binding activity in hypoxia-treated islets.
Cross-linking experiments showed that DTT and
hypoxia (Fig. 3A) increased formation of a 65-kDa
complex, which is at the same position as the glucoseinduced complex (1). The ins-PRS binding protein
was previously identiﬁed as PTB (1). Binding of PTB
to ins-PRS was equally increased in response to hypoxia as to DTT (Fig. 3B). Its hypoxia-induced binding activity is probably mediated through posttranslational modiﬁcations; hypoxia (5% O2) had no effect
on PTB protein expression after 1-hr incubation
(data not shown).
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Fig. 2. Hypoxia increases insulin mRNA levels in isolated
rat islets. Isolated rat islets were incubated for 6 hr (white
bars) or 16 hr (black bars) in the presence of normoxia (21% O2)
or hypoxia (10% or 5% O2) at 2.8 or 28 mM glucose, without
(A) or with (B) 5 g/ml actinomycin D. Insulin mRNA was detected by Northern hybridization and expressed per 28S rRNA
and shown as percentage of control. Results are means SEM
for six observations. *p  0.05; ***p  0.005 versus control using
one-way ANOVA for repeated measurements and Dunnet’s test.

changed by the presence of 2.5 mM of the nitric oxide donor DETA NONOate (Fig. 4A). These results
indicate that reactive oxygen species and/or the redox potential regulate ins-PRS binding.
Inhibition of PTB Binding to ins-PRS Results
in mRNA Destabilization
To assess whether hypoxia regulates insulin mRNA
stability by controlling PTB binding to ins-PRS in
vivo, we lipofected dispersed rat islet cells with
pCRTM-CAT vector with or without wild-type or
mutated ins-PRS, as described previously (1). Two
days following the transfection, the cells were exposed for 24 hr to normoxic or hypoxic (5% O2)
conditions at substimulatory glucose concentrations
with or without actinomycin D. Similar results
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Fig. 3. Hypoxia increases ins-PRS–protein binding activity.
The 32P-labelled insulin mRNA-oligonucleotide, ins-PRS, was
incubated with rat islet extract, from islets incubated for 1 hr in
normoxic or hypoxic (5% O2) 2.8 mM glucose-containing medium. The reactions were performed with (11 mM) or without
DTT. In (A), the samples were cross-linked by exposure to UV
radiation (260 nm) for 10 min and then analyzed by boiling in
SDS-sample buffer without beta-mercaptoethanol and separation on a SDS-PAGE gel for 1 hr at 160 V. In (B), the samples
were directly separated with nondenaturating polyacrylamide
gel electrophoresis. Results shown are representative for three
separate observations.

where obtained both with (Fig. 5B) and without
actinomycin D (Fig. 5A), indicating that transcription was not affected by the ins-PRS mutation. We
observed that the reporter gene mRNA containing
the wild-type rat insulin I ins-PRS was equally
abundant as the mRNA lacking ins-PRS (Fig. 5).
However, a mutation of one of the critical pyrimidines to a purine in the ins-PRS core-binding site
resulted in a marked destabilization of the mRNA,
whereas a mutation of a purine to a pyrimidine
outside the core-binding site had little effect (Fig. 5).
As expected, hypoxia did not affect reporter mRNA
levels in cells transfected with pCR3TM-CAT lacking
wild-type or mutated ins-PRS. In cells transfected
with wild-type ins-PRS-pCR3TM-CAT, however,
there was a nonsigniﬁcant trend to higher reporter
mRNA levels in response to hypoxia, in the absent

Fig. 4. Hypoxia-induced increase in ins-PRS–protein
binding activity is counteracted by hydrogen peroxide but
not affected by nitric oxide. The binding activity was
measured by EMSA. The 32P-labelled insulin mRNA-probe,
ins-PRS, was incubated with rat islets extract, from islets
incubated for 20 min in normoxic or hypoxic (1% O2) 2.8 mM
glucose medium, with or without hydrogen peroxide (50 M)
or the nitric oxide donor DETA NONOate (2.5 mM). The
reactions were performed with (11 mM) or without DTT and
separated with nondenaturating polyacrylamide gel
electrophoresis. (A) Ins-PRS binding activity during each
condition was expressed as ratio between the shifted
ins-PRS–protein complex without and with DTT. Results are
mean SEM for six observations. Results were compared by
Student paired t-test. *p  0.05 when comparing versus corresponding control. (B) Representative autoradiograph showing
EMSA analysis of ins-PRS binding activity. The white control
bar in Figure 3A represents the ratio between lanes 1 and 2 in
Figure 3B, and the black control bar represents the ratio between lanes 3 and 4 in Figure 3B, and so forth.

of actinomycin D. Nevertheless, this suggests that
ins-PRS alone is not sufﬁcient to confer hypoxia
mediated mRNA stabilization, which is in line
with our previous results showing the same for
glucose-regulated mRNA stability (1).

Discussion
We currently observe that hypoxia increases insulin
mRNA levels in beta cells. In the presence of actinomycin D there were no effects of hypoxia on insulin mRNA levels. This could possibly be explained by the previous ﬁnding that an actinomycin
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Fig. 5. Mutation of the ins-PRS leads to reporter CAT
mRNA destabilization. Rat islets cells were transfected with
four different constructs. The empty pCRTM3-CAT vector, the
pCRTM3-CAT vector with wild-type, mutant 1, or mutant 2
ins-PRS inserted in the 3-UTR of the vector. Two days after the
transfection, the islets were incubated for 24 h in 2.8 mM
glucose during normoxic (hatched bars
21% O2) or hypoxic
(black bars
5% O2) conditions, without (A) or with
(B) 5 g/ml actinomycin D. RT-PCR was performed for CAT,
␤-actin, and GAPDH mRNA. Results are mean SEM for three
to four experiments.

D–induced inhibition of transcription of RNA degrading factors results in insulin mRNA stabilization (2), which could have masked the hypoxiainduced effects. Hypoxia-induced stabilization of
VEGF-mRNA is known to occur in the presence of
actinomycin D, indicating that activation of transcription is not necessary for this particular event
(29). Similar experiments cannot easily be performed when studying insulin mRNA in islets tissue for two reasons. First, it is difﬁcult to obtain
large amounts of islets, which are required for such
time course studies. Second, the long half-life of insulin mRNA, 29–77 hr (2), implies that the time
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course must be extended over several days to detect
a decrease in insulin mRNA. Unfortunately, culture
of islets for several days in the presence of transcription inhibitors affects the islets cell viability negatively. Thus, we cannot exclude that the increase in
insulin mRNA by a 16-hr exposure to hypoxia involves transcriptional effects.
Our previous ﬁndings that glucose-induced
changes in insulin mRNA stability have a major impact on insulin mRNA levels and that glucose promoted binding of PTB to the insulin mRNA 3-UTR
(1) prompted us to next investigate whether this
mRNA–protein interaction is stimulated also by hypoxia. Indeed, the hypoxia-induced increase in insulin mRNA levels was accompanied by increased
binding of PTB to the pyrimidine-rich sequence of
the insulin 3-UTR, which we refer to as the insPRS. Further, mutation of the core PTB-binding site
resulted in dramatic drop in reporter gene mRNA
expression, at both normoxia and hypoxia. Introduction of the wild-type ins-PRS did not signiﬁcantly affect the reporter gene mRNA expression.
These results are in line with our previous ﬁndings
on glucose-induced ins-PRS-PTB binding (1). As
we concluded then, the ins-PRS-PTB binding is
probably not sufﬁcient, but indispensable, for constitutive as well as regulated insulin mRNA stability. Therefore, it is likely that additional proteins
and mRNA regions need to interact to obtain full
regulation of mRNA stability.
Despite recent advances, the details of the mammalian oxygen sensor system remain largely unknown. Hypoxia probably activates several intracellular signaling pathways (30–33), of which one may
involve changes in the intracellular redox potential.
The activity of hypoxia-inducible factor 1 (HIF-1), a
transcription factor that is critical for hypoxic induction of a number of physiologically important genes,
is enhanced in response to an increased redox potential of the cell (34). Thus, it is conceivable that
the insulin-producing cell utilizes changes in the redox potential to mediate the hypoxia-induced effects
upon mRNA stability and transcription. Indeed, it is
well established that glucose increases the redox potential of insulin-producing cells (28). Moreover,
moderate hypoxia is known to increase the redox
potential mainly due to a lowered production of reactive oxygen radicals and a decreased oxidation of
NADH in islets mitochondria (29). In our system,
the hypoxia-activated PTB binding to ins-PRS was
inhibited by exogenous hydrogen peroxide. Induction of hypoxia-induced genes is in other systems
inhibited by hydrogen peroxide, and a pharmacologically achieved decrease of endogenous hydrogen
peroxide levels is known to induce TH and EPO
mRNA (reviewed in 30,32). Thus, hydrogen peroxide has been proposed to serve as an intracellular
signaling molecule sensitive to changes in oxygen
pressure (30,32,33). The details are not clear, but
cytochrome b might have an activating effect on a
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particular NAD(P)H oxidase, which as a consequence generates hydrogen peroxide in an oxygendependent manner. By this mechanism, hypoxia
would result in declining levels of hydrogen peroxide, leading to a shift toward a more reduced state
(30,33). The lack of hydrogen peroxide may affect
the phosphorylation of proteins and/or shift protein
thiols to reduced forms, thereby stimulating the
HIF-1 nucleic acid binding capacity (30) and other
cellular functions that respond to hypoxia.
Given the similarities between nitric oxide and
oxygen (they both bind to ferrous atoms in heme
proteins), it is possible that nitric oxide could either
mimic or inhibit hypoxia-induced signals. Nitric oxide has in fact been demonstrated to inhibit hypoxia-induced TH (35), erythropoietin (EPO)
(36,37) and VEGF (38) gene transcription and to decrease TH mRNA stability (35). This effect is probably achieved by a nitric oxide–mediated inhibition
of the HIF-1 DNA-binding activity (35,39). HIF-1
also regulates nitric oxide synthase (NOS) gene
transcription and high levels of nitric oxide may in
some tissues exert a negative feedback on inducible
NOS gene expression via HIF-1 regulation (33).
Nitric oxide can probably interfere with hypoxia
signaling pathways in other ways than binding
heme proteins. Indeed, a short-time exposure to nitric oxide has been shown to inhibit the formation of
reactive oxygen species (40). Nitric oxide may inhibit cytochrome oxidase activity by competing with
oxygen, leading to a decreased production of reactive oxygen species (31). Because hydrogen peroxide often prevents a hypoxic response, it could in
this context be anticipated that nitric oxide mimics
hypoxia. Indeed, nitric oxide has also been reported
to enhance c-fos, EPO (35), and VEGF (41) mRNA
expression. These contradictory roles of nitric oxide
could possibly be explained by tissue-, dose-, and
time-related factors. In the present study, however,
we could not detect any signiﬁcant effects on PTBins–PRS binding by the nitric oxide donor DETA
NONOate. Because only acute effects of nitric oxide
were presently assessed, the possibility remains that
nitric oxide might alter ins-PRS–PTB interactions
over a longer time period. This notion ﬁts well with
recent ﬁndings showing increased PTB expression
in rat islets exposed for 24 hr to nitric oxide–inducing
cytokines or chemically derived nitric oxide (14).
The physiologic role of insulin during hypoxia
is unclear. On the one hand, it is known that exercise-induced hypoxia is associated with decreased
insulin release, hypoglycemia, and increased insulin-independent glucose uptake (42). In this situation, increased insulin production would clearly
not be beneﬁcial. On the other hand, high altitude–
associated hypoxia in humans results in hyperinsulinemia and hyperglycemia, which is probably due
to an impaired insulin action (43). Similar results
were shown in newborn calves breathing hypoxic
gas for 2 hr. In this study, it was concluded that

blood glucose and plasma insulin were increased
due to insulin resistance (44). Furthermore, in fasting rats exposed to hypoxia for 48 hr, plasma glucose and insulin concentrations were signiﬁcantly
increased (45). Thus, increased insulin release may
be an appropriate response in certain hypoxic situations that are associated with decreased insulin
sensitivity.
It is also unclear whether the presently observed
hypoxia-induced increase in insulin mRNA levels
results in an increased release in insulin. The general opinion seems to be that severe hypoxia and the
subsequent reduction of intracellular ATP/ADP ratio
is restraining the ATP demanding secretion of insulin (46–50). Several studies have shown that the
ﬁrst phase of insulin secretion often remains intact
while the second phase of secretion declines. At
what oxygen tension this occurs depends on
whether whole islets or single cells are studied.
Islets are affected at oxygen tension below 60–30 mm
Hg (48,49,51), whereas single cells from primary
islets or ␤ cell lines are containing normal second
phase secretion at oxygen levels above 7–12 mm Hg
(52,53). Further investigations will hopefully establish at which hypoxic conditions, if any, increased

Glucose

Hypoxia

Metabolism

Decreased respiration

Increased redox potential
?

5´

Insulin mRNA
AAAAA
PTB

Insulin mRNA

Increased
mRNA stability

PTB AAAAA
5´
Increased translation
and polyadenylation?

Hypoxia + H2O2

Fig. 6. Drawing showing the putative role of PTB in the
regulation of insulin mRNA stability. We hypothesize that
glucose and hypoxia increase binding of PTB to the pyrimidinerich sequence in ins-PRS by their ability to increase the redox
potential of the ␤ cell. Interaction between PTB and the insPRS leads to an increased stability of the mRNA. Because PTB
has been shown, in other systems, to participate in both translation and polyadenylation processes, it is possible that PTB
might act by forming a loop of the insulin mRNA. Circularization of RNA is known to promote both higher messenger stability, as well as a more efﬁcient translation. So far the hypoxia
signaling pathways leading to increase ins-PRS–PTB binding
are unknown. Because exogenous addition of hydrogen peroxide (H2O2) decreased the hypoxia-induced ins-PRS–PTB interaction, it is possible that the changes of the redox potential
and/or reactive oxygen species mediate the hypoxia- and
glucose-induced signals.
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insulin mRNA levels results in an increased release
of insulin. In this context, it could be speculated that
hypoxia-induced insulin mRNA stabilization is of
minor physiologic importance and that the ␤ cell
instead utilizes a phylogenetically older signaling
system to achieve glucose-regulated insulin gene expression.
We have previously identiﬁed an interaction between the rat insulin I 3-UTR and the protein PTB.
This binding seems to be involved in regulation
of insulin mRNA stability, and can be enhanced
by glucose and reducing compounds (1). We show
here that hypoxia increases insulin mRNA levels in
␤-cells in vitro. In addition, PTB binding to the insPRS was stimulated in parallel, and we conclude that
this latter event is necessary, but not sufﬁcient, for
maintained mRNA stability. Finally, the hypoxiainduced PTB and ins-PRS interaction was prevented
by hydrogen peroxide, implicating the involvement
of reactive oxygen species and the importance of
the redox status for regulated PTB binding (Fig. 6).
Future studies using nonrodent islets will hopefully
clarify whether hypoxia-induced stabilization of insulin mRNA is a rodent-speciﬁc phenomenon. In
addition, it should also be determined whether the
(rodent) insulin-producing cell promotes glucoseinduced stabilization of insulin mRNA by at least in
part the same mechanisms as those induced by hypoxia and through which signaling pathways this is
mediated.
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