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Abstract

The rat insulinoma cell line INS-1 is the most commonly used clonal cell model in pancreatic b-cell research. Considering the
multihormonality of many insulinomas we examined as to how INS-1 cells comply with the notion of resembling a pure b-cell line.
Glucagon immunoassays revealed that INS-1 cells secrete glucagon in a similar range as islets. By immunohistochemistry we
detected a cytoplasmic glucagon signal in INS-1 cells which colocalized with C-peptide. Cellular content of preproglucagon-mRNA
and glucagon protein in INS-1 cells was less than two percent of the respective values in islets, which probably reflects differences in
the intracellular metabolism and/or secretory pathways. Taken together, it is obvious that INS-1 cells do not represent an exclu-
sively insulin producing b-cell line.
� 2005 Elsevier Inc. All rights reserved.
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The insulin-secreting cell line INS-1 was established
in 1992 by dispersion of a radiation-induced insulinoma
from NEDH rats into a tissue culture medium contain-
ing b-mercaptoethanol [1]. Since INS-1 cells secrete
insulin in response to glucose (GSIS) and maintain a sat-
isfying degree of differentiation, they are generally con-
sidered to be a less laborious alternative to isolated
islets of Langerhans and have been employed as b-cell-
model in nearly five hundred studies so far. An impor-
tant drawback to the INS-1 cell line, however, is its
polyclonal nature which is reflected by the presence of
glucose-responsive and glucose-unresponsive subpopu-
lations [2]. To circumvent this problem, subcloning with
or without additional genetic manipulation has led to
0006-291X/$ - see front matter � 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2005.01.168

q Abbreviations: IRI, immunoreactive insulin; PPI, preproinsulin;
PPG, preproglucagon.
* Corresponding author. Fax: +941 944 7011.
E-mail address: cornelius.bollheimer@klinik.uni-regensburg.de

(L.C. Bollheimer).
clonal INS-1-derived cell lines [3–5], but these are not
as widely used as the parental INS-1 cells.

A second general problem of insulinoma-derived cells,
namely that of multihormonality, has received only little
attention in INS-1 cells so far. From human pathology it
is known that nearly fifty percent of all insulinomas are
plurihormonal tumors which secrete not only insulin
but also glucagon and other islet hormones [6–8]. Paren-
tal INS-1 cells are generally regarded as a non-glucagon-
secreting cell line [1,9]. However, this notion is mainly
based on the lack of detection of preproglucagon-mRNA
in Northern blot analysis, notwithstanding the fact that
the more sensitive reverse transcription PCR could trace
mRNA of all four islet hormones in INS-1 cells [9].
mRNA abundance does not necessarily reflect protein
expression, but up to now, glucagon secretion has not
been investigated in INS-1 cells.

In view of the close, glucose-dependent paracrine
interaction between a-cellular and b-cellular function
[10,11], it is important to know whether the glucagon
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protein itself is produced by a cell line widely used as
model for the analysis of insulin secretion. Therefore,
we systematically analyzed different parameters of a-cell
function in INS-1 cells and characterized them quantita-
tively by a direct comparison with primary rat pancre-
atic islets.
Materials and methods

Reagents. Radioimmunoassays for rat pancreatic glucagon (cross-
reactivity to oxyntomodulin <0.1%) and for immunoreactive insulin
(IRI) were purchased from Linco Research (St. Louis, USA). For
immunofluorescence, the antiserum (derived from guinea-pig) against
rat c-peptide was from Linco Research (St. Louis, USA), the specific
monoclonal antibody (derived from mouse) against rat glucagon was
from Sigma–Aldrich (Taufkirchen, Germany), the secondary guinea-
pig immunoglobulin antibody conjugated to red Cy3 was from Jack-
son ImmunoResearch (West Grove, USA), and the secondary mouse
immunoglobulin antibody conjugated with Oregon green was from
Molecular Probes (Eugene, USA). Technical and chemical equipment
for semiquantitative Light Cycler PCR were from Roche Diagnostics
(Mannheim, Germany). Reverse transcription was performed em-
ploying a kit from Promega (Madison, USA). All other analytical-
grade biochemicals were purchased either from Sigma–Aldrich
(Taufkirchen, Germany) or from Merck Eurolab (Darmstadt,
Germany).

Handling of INS-1 cells and primary rat pancretic islets. INS-1 cells
(for passages see below) were cultivated in RPMI-1640/11.2 mM glu-
cose/10% fetal calf serum containing 2 mmol L�1

L-glutamine
1 mmol L�1 sodium pyruvate, 100 U mL�1 penicillin, 100 lg mL�1

streptomycin, and 50 lmol L�1 b-mercaptoethanol at 37 �C in a 5%
CO2 atmosphere [1]. Unless otherwise stated, the cells were sub-cul-
tured or used for the experiments at a confluence of about 80%.
Pancreatic islets of Langerhans were isolated from male 200 g Wistar
rats as described previously [12] and were employed for the experi-
ments after hyperglycemic preconditioning for 16 h in RPMI-1640/
11.2 mM glucose/10% fetal calf serum at 37�C in a 5% CO2

atmosphere.
Glucagon and insulin release in the presence of glucose and/or free

fatty acids. INS-1 cells cultured at 11.2 mM glucose (passage #45–#50)
were washed and incubated at 37 �C in Krebs–Ringer buffer containing
16 mM Hepes (pH 7.4) and 0.1% fatty acid ultra-free BSA. The
starting glucose concentration was 1.4 mM. The supernatant was re-
moved after 30 min of incubation and substituted by fresh medium
containing two times the amount of glucose. This was precisely re-
peated over 150 min up to a final glucose concentration of 22.4 mM.
Corresponding studies were also conducted with batches of 20 primary
pancreatic islets each. In another set of experiments, INS-1 cells were
incubated in Krebs–Ringer buffer containing 5.6 mM glucose with or
without 200 lM palmitate (precomplexed to 0.2% BSA) for 2 h.
Immunoreactive insulin and glucagon were determined from the
supernatants and the cellular lysates were harvested at the end of the
experiments. The values were normalized by the total cellular protein
as determined by the bicinchoninic method.

Light cycler analysis of cellular preproglucagon- and preproinsulin-

mRNA. Total RNA was prepared from different passages of INS-1
cells (#51–#76) and from primary pancreatic islets using Qiagen
RNeasy kits. First strand complementary DNA was synthesized by
priming with random hexamers. Subsequent real-time polymerase
chain reaction for preproglucagon-mRNA (PPG-mRNA), preproin-
sulin-mRNA (PPI-mRNA), and 18S-rRNA was performed as previ-
ously described [12].

Immunofluorescent detection of cellular glucagon and insulin. INS-1
cells were cultured on glass slides (Nunc Lab-Tek, Wiesbaden, Ger-
many) until 50–60% confluence. The cells were washed with ice-cold
PBS, fixed with 4% formaldehyde in PBS, and permeabilized with 0.5%
saponin in PBS for 15 min. The fixed cells were rinsed with PBS and
pre-incubated with 1% donkey serum in PBS for 30 min, followed by
incubation with primary antiserum/antibody against C-peptide and
glucagon at a 1:300 dilution in 2% BSA/PBS at 4 �C overnight. The
cells were washed three times with PBS and incubated with a secondary
antibody conjugated to either Oregon green or Cy3 at a dilution of
1:300 in 2% BSA/PBS at 25�C for 1 h. The glass slides were washed
and dried, coverslips were mounted with media. Slides were examined
with a Leica DM RBE fluorescence microscope (Leica Microsystems,
Wetzlar, Germany).

Statistical analysis. Data are presented as means ± standard devi-
ation or as Tukey�s box-blot. Statistically significant differences were
analyzed using an exact Fisher–Pitman–Permutation Test (for n 6 5)
or an unpaired Student�s t test (for n > 5). The significance level was set
to P 6 0.05.
Results and discussion

INS-1 cells release both insulin and glucagon in relevant

amounts

The insulin and glucagon release of INS-1 cells (n = 5
experiments, each containing four independent samples
in parallel) and rat pancreatic islets (n = 3 experiments,
each containing four independent samples in parallel)
was monitored over 150 min with glucose concentra-
tions increasing stepwise from 1.4 to 22.4 mM. The
secretion values for immunoreactive insulin and gluca-
gon were normalized by the cellular protein content.

Before exploring a putative a-cellular behavior of the
INS-1 cells, we first validated our model in terms of the
known b-cellular feature. In accordance with previous
findings [1,2] the release of immunoreactive insulin
(IRI) in INS-1 cells was stimulated by twofold as the
glucose concentration was stepwise raised from 1.4 to
22.4 mmol L�1 (P = 0.004, Fig. 1A). The secretory rate
ranged between 250 and 750 fmol mg�1 protein min�1

which is in the same order of magnitude as previously
described [13]. Primary rat pancreatic islets which had
been pre-conditioned at 11.2 mM (see Materials and
methods) showed an average sevenfold increase of IRI
secretion during the glucose challenge (P = 0.05; Fig.
1A). The cumulative IRI-secretion from INS-1 cells dur-
ing the 150-min glucose challenge equalled that from rat
pancreatic islets (100 ± 37%; Fig. 2A) whereas the intra-
cellular IRI content was halved (49 ± 16%, P = 0.018;
Fig. 2B). In terms of secretion, one has to note that
the IRI output of INS-1 cells was in tendency higher
at low glucose concentrations but lower at high glucose
concentrations when compared with rat pancreatic islets
(Fig. 1A). This secretory profile is compatible with a left
shift in glucose sensitivity and a blunted dose–response
curve for INS-1 cells as it has been demonstrated for
other clonal b-cell models [14].

Having demonstrated a proper insulin secretory func-
tion in the INS 1-cells, we next examined whether the
same cells also show a relevant glucagon production



Fig. 1. Glucose-dependent release of insulin and glucagon in INS-1
cells compared with rat pancreatic islets. INS-1 cells and primary rat
pancreatic islets were preconditioned at 11.2 mM glucose and subse-
quently exposed to steadily increasing glucose concentrations. Starting
with 1.4 mM glucose in the incubation buffer, the cellular supernatant
was replaced every 30 min by a fresh one containing the double
amount of glucose (i.e., 1.4, 2.8, 5.6, 11.2, and 22.4 mM glucose).
Secretion rates for immunoreactive insulin (A) and glucagon (B) are
depicted (means ± standard deviation). Normalization by cellular
protein allows a quantitative comparison between INS-1 cells and
primary rat pancreatic islets.
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and release. During the glucose challenge (as described
above) we found a stable glucagon secretory rate in
INS-1 cells of 3.6 ± 0.1 fmol mg�1 min�1. In a direct
comparison, rat pancreatic islets revealed a clear
glucose-dependency on glucagon secretion (Fig. 1B).
Here, the maximum secretion rate of glucagon (13.1 ±
1.6 fmol mg�1 min�1) was found immediately after the
initial transfer of the islets from hyperglycemic culture
medium (11.2 mM glucose) into the hypoglycemic incu-
bation medium (1.4 mM glucose). Later, the secretory
rates for glucagon in pancreatic islets fell markedly
and reached a minimum at 22.4 mM glucose (6.9 ±
1.6 fmol mg�1 min�1, P = 0.05 versus the secretory rate
at 1.4 mM glucose). These latter findings suggest a
glucose dependency of islet glucagon secretion to some
degree, but they also would agree with the so-called
switch-off hypothesis which proposes the sudden drop
of extracellular insulin to be an important glucagono-
tropic cofactor for isolated pancreatic islets at low glu-
cose levels [11,15,16]. The cumulative secretion of
glucagon from INS-1 cells amounted to 39 ± 7% of that
from pancreatic islets (P = 0.018; Fig. 2C) whereas
intracellular glucagon content was markedly lower in
INS-1 cells (1.2 ± 0.5% of the islet glucagon content,
P = 0.018; Fig. 2D). Taken together, notwithstanding
the small intracellular glucagon stores, these compara-
tive data prove a quantitatively relevant glucagon re-
lease from INS-1 cells for the first time.

INS-1 cells produce both glucagon and insulin

The glucagon secretion observed above could (i) be
caused by a specialized subclone of the polyclonal
INS-1 cells or (ii) be due to a plurihormonal feature of
these cells in general. To further clarify this issue, we
next performed immunohistochemistry for both C-pep-
tide (as a surrogate marker of insulin) and glucagon.
Here, the presence of glucagon and C-peptide could be
shown in the same cells arguing for a bihormonal fea-
ture of INS-1 cells (Fig. 3).

Palmitate elicits both insulin and glucagon secretion in

INS-1-cells

In rat pancreatic islets, we and others have very re-
cently described that free fatty acids (FFA) stimulate
not only insulin secretion but act also as a specific secre-
tagogue for glucagon in the a-cell [17,18]. When moni-
toring INS-1 cells for insulin release in the presence or
absence of 200 lM palmitate (n = 3 experiments, each
containing 4 independent samples in parallel), we found
a clear stimulatory effect of fatty acids with a 3.8 (± 1.3)
fold increase (P = 0.05) as described before [19]. In addi-
tion, there was also a fatty acid-induced increase in glu-
cagon secretion with a 3.2 (±0.6) higher glucagon
release (P = 0.05).

From studies on primary pancreatic islets and INS-1
cells there is abundant evidence that acute exposure to
FFA increases the b-cellular insulin secretion due to
the essential role of fatty acid derivatives within the met-
abolic stimulus response coupling (for detailed review
see [20]). However, even in primary pancreatic islets
the regulation of a-cellular glucagon secretion is not
completely understood. Next to paracrine effects [21–
23], intermediates of glycolysis or fatty acid b-oxidation
may also represent metabolic signaling molecules for a-
cellular glucagon secretion [17,22]. Based on the latter
perception and our present data one might speculate
that FFA and/or metabolites might interfere with a
common mechanism of insulin and glucagon release.
Nonetheless, this issue certainly requires further
investigation.



Fig. 2. Cumulative release and final intracellular content of insulin and glucagon in INS-1 cells and rat pancreatic islets. INS-1 cells and rat
pancreatic islets were treated as described in Fig. 1. The cumulative secretion of insulin (A) and glucagon (C), and the cellular content of insulin (B)
and glucagon (D) are depicted as Tukey�s box plots. Data are derived from 5 INS-1 experiments (each containing four independent samples in
parallel) and from three islet experiments (each containing four independent samples in parallel).
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Preproinsulin-mRNA and preproglucagon-mRNA in
INS-1 cells

The release of relevant amounts of glucagon requires a
biosynthetic backup with adequate expression of
preproglucagon-mRNA (PPG-mRNA). Northern blot
analysis has so far failed to detect PPG-mRNA [1],
although the presence of mRNAs for all four islet hor-
mones in INS-1 cells has been adumbrated by reverse
transcription PCR techniques [9]. To specify this issue
more quantitatively, the content of preproinsulin-mRNA
(contPPI-mRNA) and of PPG-mRNA (contPPG-mRNA) in
INS-1 cells was measured by real-time RT-PCR analysis,
and the values obtained were compared to the respective
mRNA contents found in primary rat pancreatic islets
(n = 18 different INS-1 preparations).

In INS-1 cells, contPPI-mRNA was 18 ± 12% of islet
contPPI-mRNA. (P < 0.0001). On the other hand,
contPPG-mRNA was only 1.6 ± 1.2% of the respective va-
lue in islets (P < 0.0001; Fig. 4). Although these data
demonstrate the presence of PPG-mRNA in INS-1 cells
and thereby strengthen the case for an active glucagon
biosynthesis in INS-1 cells, its magnitude is surely much
lower than in primary islets. How can this small amount
of PPG-mRNA reflect the substantial glucagon protein
secretion we observed? To our knowledge, it is not
known how a-cellular glucagon gene transcription,
mRNA translation, and protein secretion rates are con-
trolled. Comparable data may be drawn from insulin
producing b-cells. Here, large amounts of cellular PPI-
mRNA do not contribute to basal insulin biosysnthesis,
but are stored in quiescent cytoplasmic pools [24]. These
supplementary PPI-mRNA pools do not take part in ba-
sal insulin biosynthesis, but are only needed to amplify
glucose-induced translational control in the long term
[25]. In INS-1 cells, where translational control of pre-
proinsulin biosynthesis is lacking [1], this abundance
of cytoplasmic PPI-mRNA may not be required. A sim-
ilar scenario can be envisioned with respect to glucagon
production and PPG-mRNA levels in glucagon produc-
ing INS-1 cells.
Conclusions

We found a substantial glucagon secretion from the
polyclonal rat insulinoma cell line INS-1. While the
intracellular presence of glucagon could be qualitatively



Fig. 3. Immunohistochemical analysis of plurihormonal INS-1 cells.
INS-1 cells were sub-cultured on glass slides and simultaneously
immuno-stained for C-peptide (via red Cy3) and glucagon (via Oregon
green). A representative layer of INS-1 cells is depicted showing C-
peptide (A, red), glucagon (B, green), and an overlay of both images
(C, yellow).

Fig. 4. Comparison of the preproglucagon-mRNA and the preproin-
sulin-mRNA contents in INS-1 cells and rat pancreatic islets.
Preproglucagon-mRNA (PPG-mRNA) and preproinsulin-mRNA
(PPI-mRNA) were quantified in 18 different total RNA preparations
of INS-1 cells (within passage #51–#78) by RT-PCR and normalized
by the corresponding 18S-rRNA values. The values are given relative
to the expression of these genes in primary rat islets (from n = 3
independent experiments) as Tukey�s box plots. *P 6 0.05 when
compared to islet values.
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confirmed by immunofluorescence experiments, the
intracellular glucagon and the PPG-mRNA contents
were quantitatively low in comparison to primary rat
pancreatic islets. Glucose did not regulate glucagon
secretion from INS-1 cells, whereas palmitate induced
a threefold increase of glucagon release. From these
data, one must conclude that even the low level of
PPG-mRNA expression is sufficient to provide enough
glucagon biosynthesis needed for a glucagon release of
almost half of that seen in primary islets. This secretory
activity, however, is not backed up by high intracellular
glucagon stores. Taking the lacking glucose regulation
of glucagon secretion into account, it can be speculated
that most of the glucagon production is secreted consti-
tutively. However, as the stimulatory action of FFA is
also consistent with a nutrition-regulated secretion of
glucagon in INS-1 cells, this issue needs further
investigation.
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