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Serum levels of apolipoprotein CIII (apoCIII) are increased in type 1
diabetic patients, and when β cells are exposed to these diabetic
sera, apoptosis occurs, an effect abolished by an antibody against
apoCIII. We have investigated the BB rat, an animal model that
develops a human-like type 1 diabetes, and found that apoCIII
was also increased in sera from prediabetic rats. This increase in
apoCIII promoted β-cell death. The endogenous levels of apoCIII
were reduced by treating prediabetic animals with an antisense
against this apolipoprotein, resulting in a significantly delayed
onset of diabetes. ApoCIII thus serves as a diabetogenic factor,
and intervention with this apolipoprotein in the prediabetic state
can arrest disease progression. These findings suggest apoCIII as a
target for the treatment of type 1 diabetes.
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We have previously shown that there is a group of patients with
type 1 diabetes (T1D) whose sera induce an increased ac-

tivity of voltage-gated Ca2+ channels in pancreatic β cells, resulting
in increased cytoplasmic free Ca2+ concentration ([Ca2+]i) and
apoptosis (1). T1D serum was found to contain increased concen-
trations of apolipoprotein CIII (apoCIII), and we could later
demonstrate that this serum factor was responsible for the [Ca2+]i
increase and β-cell death in vitro (2). Consequently, the effects
of both T1D serum and apoCIII on [Ca2+]i and β-cell death are
abolished when β cells are coincubated with an antibody against
apoCIII (2).
To clarify the extent to which apoCIII is also involved in β-cell

death in vivo, we have used the animal model diabetes-prone BB
rat (DPBB), which spontaneously, at around the age of 60 d,
develops T1D that resembles the human form of the disease (3, 4).
Diabetes-resistant BB rats (DRBB) were developed from selec-
tive breeding from diabetes-prone (DP) forebears and were used
as controls (5).
This model gives an opportunity to study the impact of pre-

diabetic interventions to prevent or delay onset of the disease. In
this study, three prediabetic age groups (40, 50, and 60 d) were
investigated both in vitro and in vivo, and we could demonstrate
that lowering the endogenous levels of apoCIII by antisense
treatment markedly delayed onset of diabetes.

Results
Morphological and Immunohistochemical Characterization. Qualita-
tive morphological analysis showed that pancreas taken from
prediabetic rats at the age of 40 d had a lower number of insulin-
containing cells than the age-matched controls. The shape of the
islets was round to oval with an intact thin layer of collagen
around the islets. No inflammation was seen (Fig. 1A). At the
age of 50 d, the number of insulin-containing cells did not differ
compared with islets from control rats. Islet shape and border
did not differ from control rats. No inflammation was seen (Fig.
1B). At 60 d of age, there was a clear decrease in the number of

insulin-positive cells. The shape of the islet was irregular, and in
some islets, exocrine cells were found. There was no distinct
border between the islets and the surrounding exocrine tissue,
and signs of inflammation were frequently found (Fig. 1C).

Insulin Secretion, apoCIII Levels, and Changes in [Ca2+]i. Glucose-
stimulated insulin release was impaired in islets from 40- and 60-d-
old rats, whereas there was no difference in islets from 50-d-old
rats, all compared with age-matched controls (Fig. 1 D–G).
Islet cells from control rats were exposed overnight to sera

taken from the three different age groups of prediabetic DPBB
rats. When the cells where depolarized with 25 mM KCl, the
increase in [Ca2+]i was measured and compared with the re-
sponse obtained in cells exposed to age-matched control sera.
Those sera that induced a higher increase in [Ca2+]i, compared
with cells exposed to control sera, are referred to as positive
(pos) and those that do not differ are called negative (neg). Two
of 11 sera taken from prediabetic rats at the age of 40 d, 1 of 9
taken at the age of 50 d, and 30 of 51 taken at the age of 60 d
induced a significantly higher increase in [Ca2+]i (Fig. 2 A and B).
The relative amounts of apoCIII in three pos, three neg, and

three control sera from 60-d-old rats were evaluated and the
content in control sera was significantly lower than in pos sera
(Fig. 2C). The effect of pos sera on [Ca2+]i was abolished when
coincubating the cells with an antibody against apoCIII (Acad-
emy Biomedical), whereas an antibody against apoAII, used as
control, was without effect (Fig. 2 D and E).

Effect of Prediabetic Sera on Cell Viability. Islet cells from control
rats were incubated for 24 h with control sera and with sera from
three prediabetic animals from the following groups: pos sera
from 60-d-old and neg sera from 40-, 50-, and 60-d-old rats.
Viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assay and was signifi-
cantly reduced in cells exposed to the three pos sera from 60-d-old
rats, whereas none of the other sera had any effect on cell viabil-
ity (Fig. 3).

Treatment with Antisense to apoCIII. The median time to onset of
diabetes was significantly prolonged to 93 d (range 71–158) in
DPBB rats treated with antisense against apoCIII compared with
the control group that received inactive antisense and had a me-
dian debut age of 56 d (range 55–63 d) (Fig. 4A). Blood samples
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taken at the last day of treatment, when the rats were 40 d old,
confirmed that the active treatment had lowered the levels of
endogenous apoCIII (Fig. 4B). The efficacy of the antisense in
reducing mRNA expression of apoCIII in the liver was evaluated
before we started the treatment (Fig. 4C).

Discussion
The aim of this study was to clarify the extent to which our
previous findings—namely that apoCIII is increased in serum
from T1D patients and that it affects the function and survival of
pancreatic β cells (1, 2) in vitro—is true also in an in vivo model
for T1D. Of the available animal models for T1D, the DPBB rat
fulfills most of the criteria for the human form of the disease (5).
In our strain, the time window, when the rats become diabetic, is
narrow with an average time of around 60 d, and the incidence is
100%, which is important when investigating preventive measures.
To follow the development of diabetes, we studied three pre-

diabetic age groups, namely 40, 50, and 60 d, with the first group
relatively far from, and the last group close to, onset of disease.
The glucose-stimulated insulin release data, with intermittent

recovery of hormone secretion in 50-d-old prediabetic rats, were
in agreement with the morphology of the pancreatic sections
where there were a lower number of insulin-containing cells in
islets from 40- and 60-d-old rats and no obvious difference in the
50-d-old rats, compared with age-matched controls. This phe-
nomenon of a temporary improvement in islet function has been
observed previously (6), and there are several studies showing in-
creased cell replication before onset of T1D (7–10). The autoim-
mune attack with the inflammatory cell response has been suggested
to be responsible for this stimulated cell proliferation (7–10).
When measuring changes in [Ca2+]i in islet cells cultured

overnight in the presence of prediabetic sera, nearly 60% of the
sera from 60-d-old DPBB rats induced a higher increase upon
depolarization, as a result of activation of the voltage-gated Ca2+-
channels. In our human material, including sera from both di-
abetic children and adults, ∼30% induced this effect on cellular
Ca2+ handling (11). The human material had a heterogeneous
genetic background whereas our BB rats are inbred. Hence, the
most likely reason for not seeing the effect in all tested sera is
that, although day 60 is close to onset of T1D, there is a variation
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Fig. 1. Morphology, immunohistochemistry, and release of insulin from pancreatic islets from prediabetic and control BB rats. (A) Prediabetic rats, age 40 d,
have a lower number of insulin-containing cells than control rats (n = 3). (B) In rats age 50 d, there is no difference in the number of insulin-positive cells (n = 3).
(C) In the pancreas from 60-d-old prediabetic rats, there is a low number of insulin-containing cells and the islets of Langerhans have lost their surrounding
collagen capsule. Also, exocrine cells are in close contact with the endocrine cells (n = 3). Glucose-stimulated insulin release measured from islets taken at the
ages of (D) 40 d (n = 11), (E) 50 d (n = 10), and (F) 60 d (n = 7). (G) The amount of released insulin expressed as area under the curve (AUC). Statistical sig-
nificance was evaluated by Student’s t test, and P values < 0.05 were considered significant. Data are presented as means ± SEM. *P < 0.05.
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of some days between the individual animals before they become
diabetic. Our results in this study regarding [Ca2+]i changes and
cell viability indicate that the detrimental effect of prediabetic
sera comes very close to disease debut.
The amount of apoCIII was increased in DPBB rat sera, and

to decrease the endogenous levels, we treated the prediabetic
rats from an early age of 12 d until day 40 with an antisense
against apoCIII. The amount of apoCIII in sera was measured at
the last day of treatment and confirmed that the levels were
significantly lower than in control animals and that this decrease
resulted in a prolongation of the nondiabetic period. These
results corroborate our in vitro findings, namely that apoCIII is
involved in β-cell destruction in vivo and thereby may play an
essential role in the development of T1D. The time to onset was
increased on average by 40 d, which is highly significant con-
sidering the life span of a rat. This would be comparable to
a delay of several years in a human being, which is important

because every year without diabetes reduces the risk for de-
veloping complications. Why there was not a longer delay to
onset or a total prevention of the disease could be due to several
reasons, including whether the duration of treatment and the
doses given were adequate. In a first treatment trial, the animals
were injected with the same doses, but with the aim to continue
until onset of diabetes. However, in some animals, we noted
a deterioration of their conditions with an enlargement of the
spleen as the most severe symptom after the prolonged treat-
ment period. Interestingly, these side effects were seen in only
DPBB and never in DRBB rats. We therefore chose to shorten
the treatment period, and this eliminated all side effects in the
animals. A way in which to decrease apoCIII levels after the
regular treatment could be to give intermittent bolus doses,
which will be the focus of future studies.
This study confirms that our previous results demonstrating

the harmful effects of apoCIII in β cells in vitro (2) are also valid
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Fig. 2. Effects on [Ca2+]i and amounts of apoCIII. The increase in [Ca2+]i upon depolarization with 25 mM K+ was investigated in islet cells from control rats
incubated overnight with (A) pos sera from 60-d-old rats or age-matched controls (n = 30) and (D) control sera, pos 60-d sera, and pos 60-d sera with an
antibody against apoCIII or apoAII (n = 3–6). Examples of typical traces showing the increase in [Ca2+]i upon depolarization with 25 mM K+ in (B) cells exposed
to pos or control sera and (E) pos sera, control sera, pos sera, and an antibody against apoCIII or apoAII. (C) Relative levels of apoCIII in three pos, three neg,
and three control sera, given as area under the curve (AUC). Statistical significance was evaluated by Student’s t test, and P values < 0.05 were considered
significant. Data are presented as means ± SEM. ***P < 0.001, **P < 0.01, and *P < 0.05.
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for the in vivo situation as a lowering of the lipoprotein in pre-
diabetic animals prolongs the time to onset of disease. These
results are interesting because it has been shown that an apoCIII
haplotype block in the promoter region of the apoCIII gene,
leading to greater levels of the lipoprotein, is associated with
TID (12). On the contrary, about 5% of the Lancaster (PA)
Amish population are heterozygous carriers of a null mutation
(R19X) in the gene encoding apoCIII, and this results in a life-
long 50% reduction of the apoCIII levels and an apparent car-
dioprotection (13). Furthermore, a group of Ashkenazi Jewish
centenarians was found to have a higher prevalence of homo-
zygosity for the-641C allele in the apoCIII promoter, a genotype
associated with significantly lower levels of apoCIII, a favorable
pattern of lipoproteins, increased insulin sensitivity, lower in-
cidence of hypertension, and longevity (14). Therefore, it could
be beneficial from multiple aspects to lower the apoCIII levels in
individuals at risk for diabetes and/or cardiovascular disorders.

Materials and Methods
Animals. BB rats were obtained from our breeding colony at Karolinska
Institutet. The incidence of diabetes among our DPBB rats is 100%, and the
mean age of onset is 60 d. The control rats, DRBB, do not develop dia-
betes. The animals were housed under specific pathogen-free conditions in a
temperature- and humidity-controlled room with 12-h light:dark cycles.
They were fed the R36 diet and water ad libitum. All experiments were
carried out according to the Animal Experiment Ethics Committees at
Karolinska Institutet.

The prediabetic rats were divided into three age groups: 40, 50, and 60 d
old. Blood glucose was measured to ensure that the rats were still in the
prediabetic stage before blood was withdrawn by cardiac puncture. Sera
were collected and identically heat-inactivated for 30 min at 56 °C. Aliquots
were frozen at –20 °C until use.

Media. The medium used for isolation of pancreatic islets and in the
experiments was a Hepes buffer (pH 7.4) containing (inmM) 125NaCl, 5.9 KCl,
1.2 MgCl2, 1.28 CaCl2, and 3 glucose. BSA was added at a concentration of
1 mg/mL. For cell culture, S-MEM or RPMI 1640 culture medium supple-
mented with 100 μg/mL streptomycin, 100 μg/mL penicillin, 2 mmol/L glu-
tamine, and 10% of the different sera were used.

Preparations of Islets and Cells. Pancreatic islets from prediabetic and control
BB rats were isolated by a collagenase technique (15) and, when islet cells
were used, disrupted into cells by Cell Dissociating Buffer (Gibco). Islets were
kept free-floating in petri dishes, and cells were seeded onto either cover-
slips or multiwell plates coated with poly-L-lysine (Sigma).

Histological and Immunohistochemical Techniques. Pancreatic tissue were re-
moved and fixed in 4% formaldehyde solution and embedded in paraffin.
Sections (4 μm thick) were stained with hematoxylin and eosin and van
Gieson’s stain for collagen. The pancreatic β cells were detected by immu-
nohistochemistry. The tissue sections were incubated with an insulin anti-
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Fig. 3. Effect of positive sera from prediabetic rats on cell viability. Cell
viability was measured with an MTT assay in islet cells taken from control
rats incubated for 24 h with pos 60-d sera (n = 7), neg 60-d sera (n = 6), neg
50-d sera (n = 5), and neg 40-d sera (n = 7). Statistical significance was
evaluated by Student’s t test, and P values < 0.05 were considered signifi-
cant. Data are presented as means ± SEM. ***P < 0.001, *P < 0.05.

Fig. 4. Treatment with antisense to apoCIII delays onset of T1D and de-
creases apoCIII. (A) The median time to onset of T1D in the antisense
treated group was 93 d (n = 10) versus 56 d in the control group (n = 6); P <
0.001. (B) Analysis of relative levels of apoCIII in blood samples taken at the
last day of treatment (n = 5), when the rats were 40 d, reveals a significant
lowering in the treated group given as area under the curve (AUC). A
Kaplan and Meier curve was used to estimate diabetes incidence after
antisense treatment, and the effect of treatment was evaluated with
a log-rank (Mantel–Cox) test. P values < 0.05 were considered significant.
***P < 0.001. (C) The mRNA expression of apoCIII in livers from rats treated
with saline (gray bar), three different concentrations of the active apoCIII
antisense oligonucleotide (ASO) (white bars), or control inactive ASO (black
bar) (n = 6). The expressions are presented as the percentage of saline
treated ± SEM.
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body from guinea pig (diluted 1:200) (Dako) overnight. The antibody bind-
ing in the sections was visualized using a standard avidin–biotin complex
method (Vectastain, Vector Laboratories), using diaminobenzidin as
chromogen.

Insulin Release. Islets taken from control and prediabetic rats were incubated
overnight in RPMI 1640 culture medium with 10% sera taken from the same
animalastheislets.Dynamicsof insulinreleasewerestudiedbyperifusingislets,
mixed with Bio-Gel P4 polyacrylamide beads (Bio-Rad), in a 0.5-mL column at
37 °C (16). The flow rate was 0.2 mL/min, and 2-min fractions were collected
and analyzed for insulin by RIA using a rat insulin standard (Novo Nordisk).

Measurements of [Ca2+]i. Islet cells were isolated from control rats, attached
to coverslips, and exposed to 10% prediabetic or age-matched control sera
overnight. The cells were loaded with 2 μM fura-2/acetoxymethylester
(Molecular Probes) for 30 min and mounted on an inverted Zeiss Axiovert
epifluorescence microsope connected to a Spex Fluorolog-2 system for dual-
wavelength excitation fluorimetry. The emissions due to the two excitation
wavelengths of 340 and 380 nm were used to calculate the fluorescence
ratio 340/380, reflecting changes in [Ca2+]i (17).

Determination of Cell Viability. Islet cells were isolated from control rats. The
cellswere seeded intoa96-well plate (5,000 cells/well) andexposed to10%pos
or neg sera from 60-d-old prediabetic rats as well as neg sera from 40- and 50-
d-old rats and age-matched control sera. After 24 h, viability was determined
byMTT assay. The assay is based on conversion of the MTT tetrazolium salt to
a colored formazan product by the mitochondrial enzyme succinate
dehydrogenase and represents a measure of cellular oxidative capacity (18).

Quantification of apoCIII in Sera. To evaluate the levels of apoCIII in pos, neg,
and control sera, we used the Montage Albumin Deplete Kit (Millipore) or
AlbuSorb (Biotech Support Group) that removes albumin from serum sam-
ples. The collected samples from the columns were freeze-dried overnight
and run on sep-Pak C18. The eluted proteins were freeze-dried and thereafter
dissolved in 100 μL 0.1% TFA and run on an ACE C18 10- × 0.21-cm column
20–60%, and the area under the curve, where apoCIII elutes, was evaluated.
ApoCIII was identified by MALDI mass spectrometry.

Rat-Specific apoCIII Antisense Oligonucleotides. A series of chimeric 20-mer
phosphorothioate oligonucleotides containing 2′-O-methoxyethyl groups at
positions 1–5 and 16–20 targeted to rat apoCIII were synthesized and purified
as described (19) with an automated DNA synthesizer (380B; Perkin-Elmer
Applied Biosystems). The antisense oligonucleotide (ASO), ISIS 353982 (5′-
GAGAATATACTTTCCCCTTA-3′), effectively reduced mRNA expression of
apoCIII in the liver, and was therefore used for all subsequent in vivo
pharmacological assessments. ISIS 141923 (5′-CCTTCCCTGAAGGTTCCTCC-3′),
which is in the same chemical and mechanistic class as the apoCIII compound
but not complementary to any known gene sequences, was used as a
control ASO.

In Vivo Treatment with Antisense to apoCIII. DPBB rats were treated with
apoCIII antisense (ISIS 353982) or an inactive control (ISIS 141923), n = 10 and 6,
respectively. The substances were administrated i.p. twice per week between
the ages of 12 and 40 d. The total dose given per week was 25 mg/kg
bodyweight. Blood samples for analysis of apoCIII were taken at day 40.

Statistics. All statistical significance, except the evaluation of the antisense
treatments, was evaluated by Student’s t test, and P values < 0.05 were
considered significant. Data are presented as means ± SEM.

The product limit method of Kaplan and Meier was used to estimate
diabetes incidence after antisense treatment, and the effect of the treatment
was evaluated with a log-rank (Mantel–Cox) test. P values < 0.05 were
considered significant.
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