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Apolipoprotein CIII (ApoCIII) is mainly synthesized in the liver and is important for triglyceride
metabolism. The plasma concentration of ApoCIII is elevated in patients with type 1 diabetes (T1D),
and in vitro ApoCIII causes apoptosis in pancreatic �-cells in the absence of inflammatory stress.
Here, we investigated the effects of ApoCIII on function, signaling, and viability in intact rat
pancreatic islets exposed to proinflammatory cytokines to model the intraislet inflammatory milieu
in T1D. In contrast to earlier observations in mouse �-cells, exposure of rat islets to ApoCIII alone
(50 �g/ml) did not cause apoptosis. In the presence of the islet-cytotoxic cytokines IL-1� � inter-
feron-�, ApoCIII reduced cytokine-mediated islet cell death and impairment of �-cell function.
ApoCIII had no effects on mitogen-activated protein kinases (c-Jun N-terminal kinase, p38, and
ERK) and had no impact on IL-1�-induced c-Jun N-terminal kinase activation. However, ApoCIII
augmented cytokine-mediated nitric oxide (NO) production and inducible NO synthase expression.
Further, ApoCIII caused degradation of the nuclear factor �B-inhibitor inhibitor of �B and stimu-
lated Ser473-phosphorylation of the survival serine-threonine kinase Akt. Inhibition of the Akt
signaling pathway by the phosphatidylinositol 3 kinase inhibitor LY294002 counteracted the an-
tiapoptotic effect of ApoCIII on cytokine-induced apoptosis. We conclude that ApoCIII in the
presence of T1D-relevant proinflammatory cytokines reduces rat pancreatic islet cell apoptosis via
Akt. (Endocrinology 152: 3040–3048, 2011)

Type 1 diabetes (T1D) is characterized by lack of insulin
production due to an immune-mediated destruction of

the insulin-producing pancreatic �-cells in the islets of
Langerhans. In the process of �-cell destruction, proin-
flammatory cytokines, such as IL-1� and interferon
(IFN)�, have been implicated as effector molecules (1).

The plasma concentration of apolipoprotein CIII
(ApoCIII) is elevated in T1D (2–5). ApoCIII resides on the
surface of triglyceride-rich lipoproteins and high-density
lipoproteins and is important in triglyceride metabolism
(6). ApoCIII is mainly expressed in the liver, and overex-

pression of ApoCIII in mice causes hypertriglyceridemia
due to an increase in the number of very low-density
lipoprotein particles (7). In contrast, disruption of the
ApoCIII gene results in hypotriglyceridemia (8). The effect
of ApoCIII on plasma triglyceride levels is mediated by at
least two different mechanisms: 1) inhibition of lipopro-
tein lipase activity, and 2) interference with the binding of
lipoprotein particles to endothelial proteoglycans and spe-
cific lipoprotein receptors (9–12). In vitro ApoCIII also
stimulates monocyte adhesion to vascular endothelial cells
(13). Several reports have shown that in vitro, ApoCIII
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alone mimic the effects exerted by ApoCIII-containing li-
poprotein particles (13–15).

ApoCIII induces apoptosis in the rat insulin-secreting
cell lines RINm5F (2) and INS-1E (16) and in primary
mouse �-cells not exposed to inflammatory stress (17).
Moreover, haplotypes in the ApoCIII gene are associated
with T1D (18). These findings collectively suggest that
ApoCIII plasma levels and effects on �-cells may be of
relevance to �-cell failure and destruction in T1D. How-
ever, the effects of ApoCIII on islets and �-cells in a T1D-
relevant inflammatory environment, i.e. in the presence of
proinflammatory cytokines, are unknown. Likewise, the
molecular mechanisms explaining ApoCIII actions in
�-cells are unclear.

In the current study, we investigated the functional ef-
fects and signaling mechanisms of ApoCIII alone or in the
presence of proinflammatory cytokines in isolated intact
rat islets. We find that in an inflammatory context, ApoCIII
reduces islet cell apoptosis, which is associated with S473-
phosphorylation of the serine-threonine kinase Akt. We
speculate that the differential action of ApoCIII on �-cells
in the presence or absence of inflammatory stress depends
on a priming effect of ApoCIII on �-cell defense pathways
that counteract cytokine toxicity.

Materials and Methods

Recombinant mouse IL-1� was obtained from BD Pharmingen
(San Diego, CA), and recombinant rat IFN� was from R&D
Systems (Minneapolis, MN). ApoCIII (isoform 1) was purified
from human serum by adsorption to a lipid emulsion and de-
lipidation, followed by chromatography of the lipid-associated
proteins under denaturing conditions in guanidium chloride and
urea, respectively, as described (19). ApoCIII was dissolved in
H2O containing 0.1% trifluoric acid to a 2.5 �g/�l stock and
stored at �80 C until use. The concentration chosen was 50
�g/ml based on the actual serum levels of ApoCIII found in
plasma of recent-onset T1D subjects and similar to concentra-
tions used on �-cell lines and ob/ob mouse �-cells (2). All re-
agents for SDS-PAGE were from Invitrogen (Carlsbad, CA). An-
tibody against inhibitor of �B (I�B) was obtained from Active
Motif (Carlsbad, CA). Antibodies to Ser473-phosphorylated
Akt, total Akt, Thr183/Tyr185-phosphorylated c-Jun N-termi-
nal kinase (JNK)1/2, total JNK1/2, Thr202/Tyr204-phosphor-
ylated ERK1/2, total ERK1/2, Thr180/Tyr182-phosphorylated
p38, and total p38 were obtained from Cell Signaling (Beverly,
MA). The phosphatidylinositol 3 kinase (PI3K) inhibitor
LY294002, I�B kinase (IKK) inhibitor X, and the L-type Ca2�

channel blocker nimodipine were from Calbiochem (San Diego,
CA) and were dissolved in dimethylsulfoxide.

Islet isolation and preculture
Pancreata from approximately 5-d-old outbred Wistar rats

(Taconic, Hudson, NY) were collagenase digested and islets iso-
lated by Percoll gradient purification (GE Healthcare, Princeton,
NJ). Islets were precultured for approximately 5–7 d in complete

RPMI 1640 medium (11 mM glucose) containing 10% newborn
calf serum and 100 U/ml penicillin and 100 �g/ml streptomycin
(all from Invitrogen) at 37 C in a humidified atmosphere of 5%
CO2. On the day of experimentation, islets were washed in fresh
culture medium, handpicked, and placed in appropriate dishes
(Nunc, Auburn, AL) in RPMI 1640 medium supplemented with
10% fetal calf serum and penicillin � streptomycin. A similar
volume of H2O with 0.1% trifluoric acid or dimethylsulfoxide
was added to all conditions as control for the solvents used to
dissolve the ApoCIII and the pharmacological inhibitors. In all
experiments with ApoCIII and cytokines, islets were first prein-
cubated overnight with ApoCIII alone before coexposure to cy-
tokines and ApoCIII for various time periods.

Measurement of islet apoptosis
Islet apoptotic cell death was determined by Cell Death De-

tection assay (Roche, Indianapolis, IN) according to the manu-
facturer’s protocol. Briefly, 10 or 25 islets in duplicates were
exposed to the desired experimental conditions for the specified
time periods. In all experiments with cytokines, islets were pre-
exposed to 50 �g/ml ApoCIII overnight before addition of cy-
tokines. In addition, solvents used for ApoCIII, LY294002 or
nimodipine were added to all conditions in relevant experiments.
Islets were then transferred to 1.5 ml Eppendorf tubes and mildly
centrifuged to pellet the islets. Culture medium was removed and
islets lysed in 200 �l of lysis buffer. Lysates were then centrifuged
at 200 � g to pellet the nuclei, and 20 �l of the supernatant were
loaded on a streptavidin-coated multiwell dish. After 2 h of in-
cubation with biotin-conjugated antihistone antibody and per-
oxidase-conjugated anti-DNA antibody, 2,2’-azinobis [3-ethyl-
benzothiazoline-6-sulfonic acid]-diammonium salt substrate
was added and absorbance measured at 405 and 490 nm. After
correction for background absorbance, apoptosis rates were cal-
culated as specified by the manufacturer and presented either as
fold induction compared with untreated control islets or as per-
centage of islets exposed to cytokines.

Insulin measurement
Accumulated insulin release to the culture medium from 25

islets in duplicates was measured by competitive ELISA as de-
scribed previously (20).

Western blotting
For preparation of whole islet lysates, 100–300 islets per

condition were used. Islets were lysed for 30 min on ice in lysis
buffer containing 20 mM Tris-acetate (pH 7.0), 0.27 M sucrose,
1 mM EDTA, 1 mM EGTA, 50 mM NaF, 1% vol/vol Triton
X-100, 5 mM sodium pyrophosphate, 10 mM sodium glycero-
phosphate, 1 mM benzamidine, 1 mM dithiothreitol, 1 mM

Na3VO4, and 4 �g/ml leupeptin. Detergent-insoluble material
was pelleted by centrifugation at 15,000 � g for 5 min at 4 C.
After protein concentration measurements of the lysates by the
Bradford method, SDS-PAGE was performed, and care was
taken to load exact equal protein amounts of the lysates. After
transfer to nitrocellulose membranes, membranes were probed
with desired primary antibodies overnight. Membranes were
then incubated with appropriate horseradish peroxidase-conju-
gated secondary antibodies for 1 h. Chemiluminescence was cap-
tured digitally using a Fuji LAS3000 (Fujifilm, Tokyo, Japan).
Quantification of band intensities was done using Multi Gauge
software (Fujifilm). Control experiments where the nitrocellu-
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lose membranes were stained by the protein dye Ponceau were
performed to assure equal protein loading.

Statistical analyses
Statistical significance of differences between groups was de-

termined by paired one- or two-tailed t test where appropriate.

Results

ApoCIII reduces rat islet cell apoptosis in the
presence of proinflammatory cytokines

To examine whether ApoCIII affects islet function and
viability in the presence or absence of proinflammatory
cytokines, we preincubated intact rat islets overnight with
ApoCIII (50 �g/ml) and then exposed them to a combi-
nation of IL-1� (150 pg/ml) and IFN� (5 ng/ml) in the
continued presence of ApoCIII for 24 h. The concentra-
tion of 50 �g/ml ApoCIII is in the range of what we have
used previously for in vitro experiments and is based on
the actual serum levels of ApoCIII found in type 1 diabetics

(2). As opposed to what has been observed in insulin-
secreting cell lines and purified mouse �-cells, exposure of
intact healthy rat islets to ApoCIII alone did not cause
apoptotic cell death (Fig. 1A). As expected, cytokines sig-
nificantly increased islet apoptosis. When coincubated
with cytokines, ApoCIII reduced the cytotoxic effect of
cytokines by approximately 50%, indicating an antiapo-
ptotic effect of ApoCIII in the presence of cytokines. Con-
sistent with this, islets exposed to cytokines alone had
markedly disrupted morphology and tended to aggregate,
a phenomenon that was partly prevented by ApoCIII (Fig.
1B). We also measured islet mitochondrial activity by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide as-
say and did not observe any effect of exposure of islets to
ApoCIII for 3 d (Fig. 1C). Cytokines reduced mitochon-
drial activity to 41% of control islets, whereas in the pres-
ence of ApoCIII, cytokines reduced mitochondrial activity
to 63% of control islets (Fig. 1C). Finally, we measured
whether insulin release to the culture medium was affected
by ApoCIII in the presence or absence of cytokines. Islets
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FIG. 1. ApoCIII reduces islet apoptosis in response to cytokines. A, Islets were preexposed to 50 �g/ml ApoCIII overnight before exposure to IL-1�
(150 pg/ml) � IFN� (5 ng/ml) for 24 h. After islet lysis, apoptotic cell death was determined by measurements of histone-DNA complexes present
in the cytoplasmic fraction of cells. Data are means � SE of n � 5. B, Representative images of islets taken after treatment as in A. C, Islets were
preexposed to 50 �g/ml ApoCIII overnight before exposure to IL-1� (150 pg/ml) � IFN� (5 ng/ml) for 2 d. Mitochondrial activity was measured by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Data are means � SE of n � 3–5 for each condition. D, Accumulated insulin in
the culture medium from the experiment in C was measured. E, Islets were preexposed to 50 �g/ml ApoCIII overnight before exposure to IL-1�
(150 pg/ml) � IFN� (5 ng/ml) for 24 h. Accumulated insulin in the culture medium was measured. Data are means � SE of n � 3. In all panels,
*, P � 0.05 vs. control; # P � 0.02 vs. IL-1� � IFN�. n.s., Non-significant.
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exposed for 3 d to ApoCIII alone released a similar amount
of insulin compared with untreated control islets (Fig.
1D). Cytokines caused a pronounced suppression of islet
insulin release (to 38% of control islets), which was
slightly reversed (to 47%) by coincubation with ApoCIII.
Reducing the exposure time to 24 h resulted in complete
protection against cytokine-induced suppression of insu-
lin release by ApoCIII (Fig. 1E). We also performed an
experiment on isolated islets from adult mice (NMRI) to
exclude that the protective effect of ApoCIII on cytokine-
stimulated apoptosis was specific for rat islets. We found
that exposure of mouse islets to IL-1� (150 pg/ml) plus
IFN� (5 ng/ml) for 24 h caused a 2.29-fold increase in
apoptosis, which was reduced to 1.49-fold when islets
were coincubated with cytokines and ApoCIII (n � 1).
Collectively, these findings suggest that ApoCIII affords
protection against cytokine-induced islet cell death and
impairment of �-cell function.

Cytokine-induced nitric oxide (NO) production is
augmented by ApoCIII

Because the cytotoxic effects of cytokines on rodent
islet cells are at least partly mediated via generation of NO
(21), a possible mechanism behind ApoCIII-mediated an-
tiapoptotic effects could be via inhibition of NO produc-
tion. To address this, we determined whether ApoCIII
modulates islet production of NO after exposure to cyto-
kines. Surprisingly, we found that IL-1� � IFN�-induced
islet NO production as determined by accumulated nitrite
in the culture medium was augmented by ApoCIII coin-
cubation (Fig. 2A). Consistently, cytokine-induced ex-
pression of inducible NO synthase (iNOS) enzyme as de-
termined by immunoblotting was increased 54% by
ApoCIII (Fig. 2, B and C). These results suggest that
ApoCIII increases cytokine-induced iNOS expression and
NO production in rat islets.

Because we have previously reported that blocking
Ca2� influx via L-type Ca2� channels can prevent effects
of ApoCIII (2), we next examined whether L-type Ca2�

influx mediates the effects of ApoCIII in rat islets. In ac-
cordance with our previous findings on insulin-secreting
cells (22), the L-type Ca2� channel blocker nimodipine (10
�M) reduced cytokine-induced islet apoptosis (Fig. 3).
However, in combination with ApoCIII, nimodipine did
not further modulate the protective effect of ApoCIII, sug-
gesting that L-type channel Ca2� influx is not required for
the antiapoptotic effect of ApoCIII.

FIG. 2. ApoCIII increases cytokine-induced islet NO production and
iNOS expression. A, Islets were preexposed to 50 �g/ml ApoCIII
overnight before exposure to IL-1� (150 pg/ml) � IFN� (5 ng/ml) for
2 d. NO production was determined as accumulated nitrite in the
culture medium. Data are means � SE of n � 3. B, Islets were
preexposed to 50 �g/ml ApoCIII overnight before exposure to IL-1�
(150 pg/ml) � IFN� (5 ng/ml) for 24 h. Islet lysates were subjected to
immunoblot analysis using an anti-iNOS antibody. Immunoblot shown
is representative of seven separate experiments. C, Quantitative
analysis of iNOS expression. Data are means � SE of n � 7. In A and C,
*, P � 0.005 vs. control; and #, P � 0.005 vs. IL-1 � IFN.

FIG. 3. Calcium channel inhibition does not modulate the protective
effect of ApoCIII. Islets were preexposed to 50 �g/ml ApoCIII in the
presence or absence of 10 �M of the Ca2� channel blocker nimodipine
overnight before exposure to IL-1� (150 pg/ml) � IFN� (5 ng/ml) for
24 h. After islet lysis, apoptotic cell death was determined by
measurements of histone-DNA complexes present in the cytoplasmic
fraction of cells. Apoptosis rate in islets treated with cytokines alone
was set to 100%. Data are means � SE of n � 3. *, P � 0.05 vs.
IL-1� � IFN�.
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ApoCIII activates nuclear factor �B (NF�B)
To examine other potential mechanisms underlying the

antiapoptotic effect of ApoCIII, we investigated the pos-
sible effects of ApoCIII on the NF�B and MAPK signaling
pathways. Both of these pathways have been established
as crucial signaling mediators in response to different stim-
uli, including cytokines, glucose, and hormones in pan-
creatic �-cells. There was no significant effect of ApoCIII
on the degradation of the NF�B inhibitor I�B in islets
exposed to ApoCIII for 1 h (Fig. 4, A and C). However, a
24-h exposure to ApoCIII caused a pronounced degrada-
tion of I�B (Fig. 4, B and C), indicative of NF�B activation.
We also examined the ability of ApoCIII to stimulate
NF�B activity in insulin-secreting �TC3 cells by reporter
gene assay using an NF�B-driven luciferase construct. It
was observed that ApoCIII stimulated approximately a

2-fold up-regulation in NF�B activity (Fig.
4D). To investigate the contribution of NF�B
to the protective effect of ApoCIII on cyto-
kine-induced islet apoptosis, we blocked
NF�B signaling using a small molecule in-
hibitor of the I�B kinase (IKK). We observed
a strong tendency for synergistic protection
against cytokine-induced apoptosis by IKK
inhibition and ApoCIII (Fig. 4E).

ApoCIII does not affect IL-1�-induced
JNK activation

Because a previous study suggested that
ApoCIII stimulates activation the p38 MAPK
in insulin-secreting INS-1E cells (16), we
sought to investigate whether ApoCIII can ac-
tivate MAPK in rat islets. Thus, islets were ex-
posed to ApoCIII for 24 h, and then the con-
tents of phosphorylated, activated forms of
ERK1/2, p38, and JNK1/2 were determined in
islet extracts. In contrast to the clear effect of a
1-h exposure to IL-1�, which was used as pos-
itive control, there were no effects of ApoCIII
on either of the MAPK (Fig. 5, A and B). Thus,
at least within the same time and dose window
where ApoCIII caused I�B degradation,
ApoCIII did not stimulate phosphorylation of
MAPK in islets.

Because ApoCIII appeared not to have ef-
fects on MAPK alone, we next examined
whether overnight pretreatment with ApoCIII
modulates IL-1�-induced MAPK activation.
We focused on JNK, because this MAPK is
most important for cytokine-induced �-cell
death. By both immunoblotting of phosphor-
ylated JNK1/2 and by in vitro kinase assay on
islet extracts using c-Jun as substrate, we found

no evidence for effects of ApoCIII on JNK activation by
IL-1� (Fig. 6, A–C). This finding suggest that the antiapo-
ptotic effect of ApoCIII is not associated with modulation
of cytokine-induced activation of JNK.

ApoCIII stimulates phosphorylation of Akt
Protein kinase B/Akt is activated in a PI3K-dependent

manner and involved in cell survival and growth (23). We
have found previously that cytokines inhibit the activity of
Akt in pancreatic �-cells, thereby leading to apoptosis, an
effect antagonized by IGF-I (24). We investigated whether
ApoCIII had an impact on Akt activity as determined by
Ser473-phosphorylation. It was observed that ApoCIII
caused an increase in S473-phosphorylated Akt (Fig. 7, A
and B), suggesting activation of the PI3K/Akt pathway. To

FIG. 4. ApoCIII stimulates I�B degradation in islets. Islets were exposed to 50 �g/ml
ApoCIII for 1 h (A) or 24 h (B). Islet lysates were subjected to immunoblot analysis
using an anti-I�B antibody. Immunoblots shown are representative of three separate
experiments. C, Quantitative analysis of I�B degradation. Data are means � SE of
n � 3. *, P � 0.01 vs. control. D, �TC3 cells were transfected with a NF�B-driven
luciferase reporter gene construct. Cells were left untreated or exposed to IL-1� (150
pg/ml) for 4 h. Luciferase activity was determined in lysates, and data are mean of
two experiments. E, Islets were preexposed to 50 �g/ml ApoCIII in the presence or
absence of 10 �M IKK inhibitor X overnight before exposure to IL-1� (150 pg/ml) �
IFN� (5 ng/ml) for 24 h. After islet lysis, apoptotic cell death was determined by
measurements of histone-DNA complexes present in the cytoplasmic fraction of
cells. Apoptosis rate in islets treated with cytokines alone was set to 100%. Data are
means � SE of n � 4. *, P � 0.05 vs. control.
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get insight into the mechanisms underlying ApoCIII-stim-
ulated Akt phosphorylation, we examined the involve-
ment of NF�B. We found that an inhibitor of IKK resulted
in a reduction in ApoCIII-induced Ser473-phosphoryla-
tion of Akt (n � 3) (data not shown). To examine the
contribution of increased Akt signaling to the antiapop-
totic effect of ApoCIII, we took advantage of LY294002,
an inhibitor of PI3K that prevents phosphorylation and
activation of Akt. As seen in Fig. 7C, the antiapoptotic
effect of ApoCIII was counteracted by coincubation with
1 �M LY204002. These findings indicate that ApoCIII
exerts its antiapoptotic effect, at least partly, via the PI3K/
Akt signaling pathway.

Discussion

The plasma concentration of ApoCIII is elevated in T1D and
may potentially influence �-cell function and apoptosis.
However, the functional effects of ApoCIII on pancreatic
�-cellsexposedto inflammatorystresshavenotbeenstudied.
Here, we examined effects of ApoCIII on intact rat pancre-
atic islets exposed to proinflammatory cytokines to mimic
the intraislet inflammatory environment in T1D. Our find-
ings provide evidence that in isolated rat islets exposed to
inflammatorystress,ApoCIII reducescytokine-mediatedap-
optosis, at least in part via the survival kinase Akt.

We found that exposure to ApoCIII (50 �g/ml) had no
impact on rat islet apoptosis or chronic insulin release.
These findings indicate that in contrast to previous find-
ings obtained with the insulin-secreting cell lines RINm5F
and INS-1E, and with primary single mouse �-cells, where
ApoCIII induced cell death (2, 16, 17), ApoCIII does not
have cytotoxic effects on intact whole rat islets. There
might be several explanations for these different effects of
ApoCIII. First, there could be species and age differences.
In the present study, we used islets from neonatal Wistar
rats, whereas we used islet cells from adult ob/ob mice in
a previous study (17). Second, the use of single islet cells or
tumorigenic cells vs. intact whole islets could make a dif-
ference as to the functional effects of ApoCIII and to the
effectiveness whereby ApoCIII affects the �-cells. Third,
pretreatment and exposure times to ApoCIII as well as
source of ApoCIII and differences in culture conditions
could potentially impact on the outcome of ApoCIII ef-
fects. Whether ApoCIII has antiapoptotic effects under
inflammatory conditions in other cell types and tissues
than islets is currently not known and should be examined.

Caution should be exerted when extrapolating in vitro
findings to in vivo observations in T1D patients. Obvi-

ously, the inflammatory context in the pres-
ent study is a simplified model of in vivo
conditions during inflammation. For exam-
ple, increased concentrations of ApoCIII in
vivo may affect �-cell function at several ad-
ditional levels than those examined in the
present study. First, because overexpression
of ApoCIII causes hypertriglyceridemia (7)
and because it is well known that free fatty
acids derived from triglycerides are known
to impair �-cell function and cause �-cell
apoptosis (25), one could imagine that in-
creased levels of ApoCIII indirectly by caus-
ing higher levels of triglycerides has a neg-
ative effect on �-cell function and viability.
In accordance with this, there is a correla-
tion between higher ApoCIII serum levels
and increased triglycerides in patients with

FIG. 6. ApoCIII does not modulate IL-1�-induced phosphorylation (P) of JNK. A, lysates
from islets exposed to 50 �g/ml ApoCIII overnight and then to 150 pg/ml IL-1� for 1 h
were subjected to immunoblot analysis using antibodies to phosphorylated or total
forms of JNK1/2. Immunoblots shown are representative of three experiments. B,
Quantitative analyses of phosphorylated and total JNK, p38, and ERK. Data are means �
SE of n � 3. C, islets were preexposed to 50 �g/ml ApoCIII overnight before exposure to
150 pg/ml IL-1� for 1 h. After islet lysis, JNK activity in crude lysates was measured by in
vitro kinase assay using glutathione-S-transferase-c-Jun as substrate. Data are means �
SE of n � 4. *, P � 0.05 vs. control.

FIG. 5. ApoCIII does not stimulate phosphorylation of MAPK in islets.
A, Lysates from islets exposed to 50 �g/ml ApoCIII for 24 h or to 150
pg/ml IL-1� for 1 h (positive control stimulus) were subjected to
immunoblot analysis using antibodies to phosphorylated (P) or total
forms of JNK, p38, and ERK. Immunoblots shown are representative of
four separate experiments. B, Quantitative analyses of phosphorylated
and total JNK, p38, and ERK. Data are means � SE of n � 4.
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T1D (26). Second, human THP-1 monocytes are activated
by ApoCIII (13), and in endothelial cells, ApoCIII causes
up-regulation of vascular cell adhesion molecule-1 and
intercellular adhesion molecule-1, leading to increased
monocyte adhesion to endothelial cells (14). If ApoCIII
also up-regulates intercellular adhesion molecule-1 in
�-cells is unclear, but if so, such an effect in combination
with ApoCIII-mediated monocyte activation would led to
increased islet immune infiltration, an effect that most
likely would have detrimental effects on the �-cells in the
presence of an intact immune system in vivo. Third, even
though IL-1� � IFN� is a highly relevant and widely used
T1D in vitro stimulus, T1D pathogenesis in vivo is much
more complicated, and many other immune mediators
and mechanisms are involved in causing �-cell destruc-
tion. Thus, taking these reflections and our present findings
into consideration, it seems plausible that the functional ef-
fects of ApoCIII on �-cells are highly dependent on the exact
biological context, i.e. cosignals, the inflammatory state, and
stimulus-secretion coupling activity. It will therefore be of

high importance to examine the role and effects of ApoCIII
in vivo in relevant animal models of T1D. For example, it
should be tested whether injections of ApoCIII into NOD
mice can prevent or revert diabetes. It would also be inter-
esting to generate NOD mice transgenic for ApoCIII to see
how this will affect diabetes development.

ApoCIII caused PI3K-dependent Ser473-phosphoryla-
tion of Akt in islets. Akt is known to be activated by var-
ious mitogenic and antiapoptotic stimuli in �-cells and to
be deactivated by diverse apoptotic stimuli (23, 24, 27,
28). Opposite to our findings in islets, it has been reported
that ApoCIII decreases insulin-induced phosphorylation
of Akt in vascular endothelial cells (29). Hence, the acti-
vating effect of ApoCIII on Akt may be specific for islets/
�-cells. Consistent with an antiapoptotic function of Akt
in islets, the PI3K inhibitor LY294002 abrogated the an-
tiapoptotic effect of ApoCIII, suggesting that Akt is re-
quired for the protective effect of ApoCIII. In addition to
activation of Akt, ApoCIII also augmented cytokine-in-
duced iNOS expression and NO production, which is nor-
mally associated with proapoptotic signaling and necrosis
in �-cells. This may therefore seem a paradox, i.e. that
ApoCIII both causes increased survival signaling and pro-
apoptotic signaling, but we speculate that the activation of
Akt survival signaling outweighs the apoptotic and ne-
crotic contributions of NO. The relative contribution of
activated proapoptotic vs. antiapoptotic pathways to

FIG. 7. ApoCIII stimulates phosphorylation (P) of Akt in islets. A, Islets
were exposed to 50 �g/ml ApoCIII for 24 h. Islet lysates were
subjected to immunoblot analysis using anti-P-Akt and anti-Akt
antibodies. Immunoblots shown are representative of five separate
experiments. B, Quantitative analysis of Akt phosphorylation. Data are
means � SE of n � 5. *, P � 0.02 vs. IL-1� � IFN�. C, Islets were left
untreated or preexposed to 1 �M LY294002 for 1 h and then exposed
to 50 �g/ml ApoCIII overnight before exposure to IL-1� (150 pg/ml) �
IFN� (5 ng/ml) for 24 h. After islet lysis, apoptotic cell death was
determined by measurements of histone-DNA complexes present in
the cytoplasmic fraction of cells. Data are means � SE of n � 4.
*, P � 0.02 vs. IL-1� � IFN�. n.s., Nonsignificant vs. IL-1� � IFN�.

ApoCIII Cytokines

NF B

Akt JNK

iNOS

Cell death
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κ

FIG. 8. Model for ApoCIII-mediated protection against cytokine-
induced islet cell apoptosis. Both ApoCIII and cytokines activate NF�B.
In the presence of ApoCIII alone, NF�B leads to activation of the Akt
kinase, which signals survival and antiapoptosis. In the presence of
both ApoCIII and cytokines, a more pronounced NF�B activation is
induced compared with cytokines alone. Besides causing Akt
activation, this increase in NF�B signaling causes a higher expression of
iNOS and thus NO production compared with that stimulated by
cytokines alone. Moreover, cytokines lead to proapoptotic signaling via
JNK. Thus, in the presence of cytokines, ApoCIII signaling via Akt tips
the balance toward survival despite of a higher production of NO.
Green arrows indicate signaling induced by ApoCIII, whereas red
arrows indicate signaling induced by cytokines. Two-colored arrows
indicate signaling that are increased by both ApoCIII and cytokines.
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ApoCIII effects on �-cells may vary between species and
models,helpingexplainwhyApoCIIIhasapoptoticeffects in
somesystemsandantiapoptoticeffects inothers. InFig.8,we
suggest a model for how ApoCIII in the presence of proin-
flammatory cytokines may mediate its protective effects.

We found that ApoCIII caused degradation of I�B in
pancreatic islets. This observation is consistent with recent
studies showing that ApoCIII stimulates I�B degradation
in endothelial cells (14, 15). The role of NF�B in �-cells is
debated. Several studies have reported that �-cell NF�B
activation in response to IL-1� with or without IFN� is
proapoptotic, because blockade of NF�B reduces cell
death (30–32). However, others have reported that NF�B
is antiapoptotic in response to TNF� � IFN� (33, 34), and
NOD mice with �-cell-specific NF�B blockade have ac-
celerated diabetes, further suggesting an antiapoptotic ef-
fect of NF�B (34). Thus, whether NF�B signaling in �-cells
is pro- or antiapoptotic depends on the specific biological
settings and stimuli. The downstream events of ApoCIII-
induced NF�B activation in rat islets are not known. Our
observation that ApoCIII potentiates cytokine-induced
iNOS expression could indicate that ApoCIII-mediated
NF�B activation contributes to iNOS expression under
inflammatory conditions. However, we also have unpub-
lished data that indicate that an inhibitor of the upstream
IKK decreases ApoCIII-mediated Ser473-phosphorylation
of Akt (our unpublished data). This may suggest that Apo-
CIII-induced NF�B activation leads to activation of Akt and
thereby protection against cytokine-mediated �-cell death.

At present, it is not known how ApoCIII activates sig-
naling in islets. In THP-1 monocytes, ApoCIII activates
NF�B via Toll-like receptor (TLR)-2 (35). Thus, ApoCIII-
induced activation of NF�B and monocytes could be
blocked by an anti-TLR2 blocking antibody, and ApoCIII
effects were blocked in peripheral blood monocytes from
TLR2-deficient mice. Whether TLR2, which is also ex-
pressed in islets and �-cells (36–38), mediates the signal-
ing and functional effects of ApoCIII in islets and whether
TLR2 priming may desensitize �-cells to proapoptotic cy-
tokine signaling awaits clarification.

Of note, a study reported that a haplotype block in the
promoter region of the ApoCIII gene is associated with
T1D (18). This haplotype block contains two promoter
variants within a negative insulin-response element. Both
promoter variants attenuate the repression of promoter
activity exerted by insulin (18). Hence, seen in the light of
our findings, there may be an interesting relationship be-
tween ApoCIII and insulin levels and �-cell function.
Thus, insulin secretion from �-cells may lead to suppres-
sion of hepatic ApoCIII expression, which may in turn
modulate the susceptibility of the �-cells to undergo ap-
optosis under proinflammatory conditions. It is likely that

both genetic and environmental factors that cause mod-
ulation of the balance between ApoCIII and insulin levels
are of importance for �-cell destruction in T1D.

In conclusion, we show that ApoCIII stimulates I�B
degradation and phosphorylation of the survival kinase
Akt in primary pancreatic rat islets. These effects are as-
sociated with antiapoptotic effects under proinflamma-
tory settings resembling those of T1D. Hence, our find-
ings, together with previous knowledge of ApoCIII effects
on �-cells, suggest that ApoCIII may have dual functional
effects, the outcome determined by the exact biological
context. Further investigations are needed to fully clarify
the role and effects of ApoCIII in pancreatic �-cells, espe-
cially in relationship to the development of T1D.
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