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Apolipoprotein A-IV (apoA-IV) is secreted by the small intestine in
response to fat absorption. Here we demonstrate a potential role
for apoA-IV in regulating glucose homeostasis. ApoA-IV–treated
isolated pancreatic islets had enhanced insulin secretion under
conditions of high glucose but not of low glucose, suggesting a di-
rect effect of apoA-IV to enhance glucose-stimulated insulin re-
lease. This enhancement involves cAMP at a level distal to Ca2+

influx into the β cells. Knockout of apoA-IV results in compromised
insulin secretion and impaired glucose tolerance compared with
WT mice. Challenging apoA-IV−/− mice with a high-fat diet led to
fasting hyperglycemia and more severe glucose intolerance asso-
ciated with defective insulin secretion than occurred in WT mice.
Administration of exogenous apoA-IV to apoA-IV−/− mice im-
proved glucose tolerance by enhancing insulin secretion in mice
fed either chow or a high-fat diet. Finally, we demonstrate that
exogenous apoA-IV injection decreases blood glucose levels and
stimulates a transient increase in insulin secretion in KKAy diabetic
mice. These results suggest that apoA-IV may provide a therapeutic
target for the regulation of glucose-stimulated insulin secretion
and treatment of diabetes.
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Apolipoprotein A-IV (apoA-IV) is a component of intesti-
nally derived, triglyceride-rich lipoproteins (1). It is syn-

thesized predominantly by enterocytes of the small intestine and
is secreted into the lymph with chylomicrons. During lipolysis of
chylomicrons, a significant proportion of apoA-IV dissociates
from the chylomicron remnants and circulates in association with
HDL or as free apoA-IV in the plasma (2, 3). Numerous functions
have been ascribed to apoA-IV, including roles in lipid absorption,
reverse cholesterol transport (4), anti-inflammatory response (5),
and suppression of food intake (6). Many of these functions are
not unique to apoA-IV and are shared with other apolipoproteins
(7, 8); however, as the only apolipoprotein whose expression is
regulated by fat intake, apoA-IV may well have a unique role in
lipid handling or obesity, although its exact biological role has
remained elusive. A recent study reported significant increases in
plasma apoA-IV in humans after gastric bypass surgery (9), which
was coincident with the amelioration of diabetes. Consistent with
this finding, population studies have identified a human polymor-
phism in apoA-IV, apoA-IV360, associated with elevated fasting
glucose (10, 11). These results suggest a previously unexplored
role for apoA-IV as a modulator of glucose homeostasis and
comorbidities related to type 2 diabetes. To explore these possi-
bilities, we used apoA-IV−/− mice and recombinant apoA-IV
protein to unravel the effects of apoA-IV on glucose homeostasis.

Results
Effects of Exogenous ApoA-IV Protein on Insulin Secretion from
Isolated Islets. To determine the effect of apoA-IV on pancreatic
β cells, we treated isolated mouse islets with recombinant mouse
apoA-IV (mA-IV) in the presence of either 3.0 mM or 20 mM

glucose. mA-IV augmented insulin secretion in response to the
higher level of glucose, but had no effect in the low-glucose
condition (Fig. 1A). The mA-IV–dependent enhancement of
glucose-induced insulin secretion was completely suppressed by
diazoxide, a KATP channel opener, and also by nifedipine, a Ca2+

channel blocker (Fig. S1).
We next asked whether increased cytoplasmic calcium is re-

sponsible for the enhanced insulin secretion. A typical cytoplas-
mic calcium response to glucose in pancreatic islets involves a
short silent period coincident with an initial lowering of [Ca2+]i,
followed by a sharp rise and then a subsequent decrease. None of
these parameters was altered significantly by mA-IV (Fig. 1B).
Thus, the data suggest that apoA-IV affects insulin exocytosis at a
site downstream of Ca2+ influx. This is supported by the obser-
vation that mA-IV further augmented insulin secretion in islets
that were maximally depolarized by 30 mM KCl plus 250 μM
diazoxide (Fig. 1C).
Because cAMP regulates a late step of Ca2+-dependent exo-

cytosis, we next asked whether cAMP is involved in apoA-IV–

related insulin secretion. In the presence of IBMX, a phospho-
diesterase inhibitor that raises intracellular cAMP, the effect of
mA-IV on insulin secretion was exaggerated (Fig. 1D). In con-
trast, in the presence of MDL 12330A, an adenylyl cyclase in-
hibitor that inhibits generation of cAMP, the effect of mA-IV on
insulin secretion was largely diminished (Fig. 1E).

ApoA-IV−/− Mice Have Reduced Insulin Secretion and Impaired
Glucose Tolerance. The absence of apoA-IV did not alter total
body weight or body composition in mice fed a chow diet relative
to WT controls (Table 1). Likewise, glucose and insulin levels
were not different in fed and overnight-fasted apoA-IV−/− and
WTmice (Table 1). During an i.p. glucose tolerance test (IPGTT),
apoA-IV−/− mice exhibited delayed glucose clearance, character-
ized by significantly higher glucose levels than WT mice at 15, 30,
and 60 min after glucose injection (Fig. 2A). WT mice had sig-
nificantly increased insulin levels at 15 min after the glucose
challenge, which was completely absent in apoA-IV−/− mice
(Fig. 2 B and C). Consistent with this finding, isolated islets from
apoA-IV−/− mice exhibited a smaller fold increase in insulin se-
cretion from 3 mM to 20 mM glucose compared with WT islets
(Fig. 2D). An insulin tolerance test indicated that the glucose-
lowering effect of insulin was similar in the apoA-IV−/− and WT
mice (Fig. 2E).

Author contributions: F.W., A.B.K., T.L.K., C.S.N., S.O., S.C.W., W.S.D., and P.T. designed
research; F.W. and K.L.C. performed research; W.S.D. contributed new reagents/analytic
tools; F.W., A.B.K., S.O., and P.T. analyzed data; and F.W., A.B.K., S.C.W., and P.T. wrote
the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1To whom correspondence should be addressed. E-mail: tsopp@ucmail.uc.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1201433109/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1201433109 PNAS | June 12, 2012 | vol. 109 | no. 24 | 9641–9646

PH
YS

IO
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201433109/-/DCSupplemental/pnas.201201433SI.pdf?targetid=nameddest=SF1
mailto:tsopp@ucmail.uc.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201433109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201433109/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1201433109


Response to a High-Fat Diet. After a 10-wk high-fat diet (HFD),
weight gain was comparable in theWT and apoA-IV−/−mice, and
neither food intake nor body composition differed between the
genotypes (Table 2). However, blood glucose was significantly
elevated in the apoA-IV−/− mice relative to the WT mice after an
overnight fast (Table 2). Chronic consumption of the HFD was
associated with the development of impaired glucose tolerance in
both WT and apoA-IV−/− mice during the IPGTT. However,
apoA-IV−/− mice developed more significant hyperglycemia that
persisted for up to 120 min after glucose administration (Fig. 3A).
Basal insulin levels were increased in both WT and apoA-IV−/−

mice compared with chow-fed controls (Figs. 2B and 3B). Insulin
levels in response to a glucose challenge tended toward an in-
crease inWTmice but not in apoA-IV−/−mice (Fig. 3C). After an
insulin injection, the WT and apoA-IV−/− mice had a comparable
pattern of decreasing plasma glucose levels (Fig. 3D), suggesting
that the absence of apoA-IV does not affect the acute action of
insulin in these HFD-induced obese mice.

Exogenous ApoA-IV Improves Glucose Tolerance by Enhancing Insulin
Secretion. We found that apoA-IV mRNA is not expressed in
pancreatic islets (Fig. S2), implying that the effect of apoA-IV on

insulin secretion is likely related to circulating apoA-IV. After i.p.
administration of mA-IV to apoA-IV−/− mice, mA-IV reached its
highest level in plasma at 2 h and disappeared completely by 24 h
(Fig. S3). Thus, we performed an IPGTT in apoA-IV−/− mice at
2 h after mA-IV administration, and found a significantly and
dose-dependent decrease in blood glucose levels in these mice
(Fig. S4). The improved glucose tolerance was associated with the
restoration of insulin secretion at 15 min after glucose adminis-
tration (Fig. 4 A and B). Treating apoA-IV−/− mice with mA-IV
restored insulin secretion and improved plasma glucose levels
despite the HFD-induced glucose intolerance (Fig. 4 C and D).

Effects of Exogenous ApoA-IV Protein on Blood Glucose and Insulin
Levels in KKAy Mice. We next asked whether the beneficial effects
of exogenous apoA-IV extend to other models of diabetes. Di-
abetic KKAy mice are characterized by obesity, insulin re-
sistance, and hyperglycemia (12). Blood glucose was significantly
decreased by 1 μg/g of mA-IV given i.p.; that is, the maximum
decrease in plasma glucose reached about 60% compared with
the saline-treated group, and the glucose-lowering effect lasted
up to 11 h (Fig. 5A). At the same time, we observed a transient
increase of insulin secretion at 2–4 h after mA-IV injection, the
period of the most rapid decrease in glucose levels (Fig. 5B).

Discussion
These experiments tested the hypothesis that apoA-IV is im-
portant to the control of glucose homeostasis. We initially found
that apoA-IV augments glucose-induced insulin secretion from
isolated pancreatic islets. Because apoA-IV is not synthesized in
islets, this implies that apoA-IV derived from the circulation acts
directly on islet cells to enhance insulin in response to glucose.
We then determined that mice deficient in apoA-IV have im-
paired glucose tolerance secondary to reduced insulin secretion,
and have a tendency to develop diabetes when chronically fed an
HFD. Exogenous apoA-IV restored the insulin secretory re-
sponse to glucose and improved glucose tolerance in apoA-IV−/−

mice maintained on either chow or an HFD. Administration of
exogenous apoA-IV also significantly reduced glucose levels in
KKAy diabetic mice. These findings directly implicate apoA-IV
in normal glucose homeostasis.

Fig. 1. Exogenous mA-IV promotes insulin secretion from isolated islets. (A) Islets were incubated with indicated concentrations of mA-IV. Insulin secretion
was stimulated with either 3 mM or 20 mM glucose. n = 4. *P < 0.05; **P < 0.01. (B) Ca2+ responses induced by a single-step increase of glucose from 3 to
20 mM in the absence (n = 9) or presence (n = 10) of 10 μg/mL of mA-IV. (C) The effect of 10 μg/mL of mA-IV on insulin secretion in maximally depolarized islets
treated by 30 mM KCl plus 250 μM diazoxide (Dz). n = 6. *P < 0.05. (D) Effect of mA-IV on insulin secretion in the presence of 10 μM IBMX. n = 4. *P < 0.05. (E)
Effect of mA-IV on insulin secretion in the presence of 10 μM MDL 12330A. n = 4. **P < 0.01.

Table 1. Body weight, body composition, and metabolic
parameters in chow-fed mice

Characteristic WT apoA-IV−/−

Body weight, g 26.8 ± 0.4 27.3 ± 0.4
Body fat, % 3.6 ± 0.3 4.0 ± 0.5
Body lean, % 88.7 ± 0.7 89.1 ± 0.6
Fasting glucose, mg/dL 94.5 ± 6.2 103.6 ± 11.0
Fed glucose, mg/dL 147.1 ± 7.5 145.1 ± 11.2
Fasting insulin, ng/mL 0.4 ± 0.1 0.3 ± 0.1
Fed insulin, ng/mL 0.7 ± 0.1 1.0 ± 0.2
Fasting GLP-1, pM 6.4 ± 0.3 5.9 ± 0.2
Fed GLP-1, pM 6.3 ± 0.2 6.7 ± 0.2
Fasting GIP, pg/mL 50.3 ± 8.0 53 ± 5.2
Fed GIP, pg/mL 59.6 ± 5.7 83.5 ± 8.1*

Results are expressed as mean ± SEM from at least seven mice per group.
*P < 0.05.
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ApoA-IV stimulated insulin secretion from isolated islets in
the presence of 20 mM glucose, but not 3 mM glucose (Fig. 1).
This finding suggests that the presence of a stimulatory level of
glucose is necessary for the augmenting action of apoA-IV on
insulin secretion. An initial step in glucose-induced insulin se-
cretion is the uptake of glucose via the glucose transporter
GLUT2, followed by glucose metabolism within the β cell. The
subsequent rise in the cellular ATP:ADP ratio causes ATP-
sensitive K+ channels to close, leading to depolarization of the
plasma membrane and Ca2+ influx, and this process then triggers
the exocytosis of insulin-containing granules (13). We found that
glucose-induced Ca2+ influx is required for the action of apoA-
IV, because apoA-IV had no effect on insulin secretion when
ATP-sensitive K+ channels were kept open by diazoxide or when
Ca2+ channels were blocked by nifedipine (Fig. S1). Importantly,
apoA-IV did not generate a further rise in Ca2+ influx, suggesting
that steps distal to Ca2+ influx are involved in mediating the action
of apoA-IV (14). In support of this finding, insulin secretion was
markedly enhanced by apoA-IV when islets were maximally
depolarized using 30 mmol/L KCl plus 250 μmol/L diazoxide (15).

cAMP is known to regulate the late step of Ca2+-dependent
exocytosis of many neurotransmitters and hormones, including
insulin (16). Increasing cAMP by IBMX exaggerated the ability of
apoA-IV to augment insulin secretion, whereas inhibiting the
generation of cAMP by MDL 12330A diminished the ability of
apoA-IV to augment insulin secretion. These findings strongly
imply that the cAMP pathway is involved in the mechanism by
which apoA-IV potentiates insulin secretion. This is consistent
with a report that cAMP mediates other actions of apoA-IV; that
is, cAMP-pretreated J774 macrophages exhibited enhanced
cholesterol efflux in response to mouse serum obtained from
apoA-IV transgenic mice relative to serum from WT mice (17).
How apoA-IV interacts with cAMP to affect insulin secretion
remains to be determined.
The present study identifies a key effect of apoA-IV on normal

glucose tolerance. Specifically, apoA-IV−/− mice exhibited im-
paired glucose tolerance and a blunted insulin response to glu-
cose challenge compared with WT mice. These differences in
glucose tolerance cannot be attributed to altered insulin action,
given the similar insulin sensitivity exhibited by WT and apoA-
IV−/− mice (Figs. 2E and 3D). These data suggest that insufficient
insulin secretion is the key deficit contributing to impaired glu-
cose tolerance in apoA-IV−/−mice. This is also consistent with the
idea that the presence of apoA-IV is required to ensure normal
glucose-induced insulin secretion. Glucotoxicity is a well-estab-
lished important cause of reduced insulin secretion (18); however,
glucotoxicity cannot explain the impaired insulin secretion seen in
apoA-IV−/− mice on a chow diet, given that neither fed nor fasted
glucose levels were substantially or significantly elevated (Table
1). After 10 wk of an HFD, although fed glucose levels were still
comparable in apoA-IV−/− mice and WT mice, the apoA-IV−/−

mice had higher fasting glucose levels (Table 2). Even small
increases in fasting glucose levels (115 mg/dL) have been asso-
ciated with marked reductions in glucose-stimulated insulin se-
cretion (19); thus, under high-fat conditions, glucotoxicity also
could contribute to the diminished insulin secretion capacity as
well as the deficiency of apoA-IV.

Fig. 2. Impaired glucose tolerance and insulin secretion, but normal insulin sensitivity, in apoA-IV−/− mice. (A) IPGTT (2 g/kg body weight) in WT and apoA-
IV−/− mice after a 5-h fast. n = 17. *P < 0.05; ***P < 0.001. (B) Plasma insulin levels in WT and apoA-IV−/− mice in response to an IPGTT at indicated times. n =
15. (C) Insulin response at 15 min relative to 0 min in WT and apoA-IV−/− mice. n = 15. *P < 0.05. (D) Insulin response in isolated islets from WT and apoA-IV−/−

mice. n = 5. *P < 0.05. (E) Blood glucose levels in 5-h fasted WT and apoA-IV−/− mice at indicated times after injection of 0.75 U/kg of insulin. n = 10.

Table 2. Body weight, body composition, and metabolic
parameters after a 10-wk HFD

Characteristic WT (n = 10) ApoA-IV−/− (n = 7)

Body weight, g 34.2 ± 1.2 33.3 ± 1.0
Food intake, g/day 3.2 ± 0.1 3.0 ± 0.1
Body fat, % 16.5 ± 2.0 17.7 ± 2.0
Body lean, % 78.1 ± 1.9 77.5 ± 2.0
Fasting glucose, mg/dL 104.6 ± 5.1 125.3 ± 5.6*
Fed glucose, mg/dL 154.7 ± 7.1 162.5 ± 5.4
Fasting insulin, ng/mL 0.39 ± 0.06 0.4 ± 0.06
Fed insulin, ng/mL 1.9 ± 0.4 1.5 ± 0.2

Results are expressed as mean ± SEM.
*P < 0.05.
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An interesting corollary finding is the significantly higher
plasma glucose-dependent insulinotropic peptide (GIP) levels in
the fed condition in apoA-IV−/− mice compared with WT mice,
which might explain the relatively normal glucose levels in apoA-
IV−/− mice (Table 1). It is possible that the increased GIP com-
pensates for the impact of apoA-IV deficiency on insulin secre-
tion. GIP is secreted by K cells in the duodenum (20), a region of
high apoA-IV expression (21). Whether a deficiency of apoA-IV
directly affects GIP secretion from the duodenum merits further
investigation.
In rodents, apoA-IV is expressed predominantly in the small

intestine and to a much lesser extent in the liver and hypothal-
amus (22). We previously reported that apoA-IV does not cross
the blood–brain barrier (23), suggesting that apoA-IV’s actions

on glucose tolerance occur mainly in the periphery. The lack of
apoA-IV mRNA in pancreatic islets (Fig. S2), consistent with a
previous report (24), suggests that the effect of apoA-IV on islets
likely arises from circulating apoA-IV. To test this hypothesis, we
treated apoA-IV −/− mice with i.p. recombinant mouse apoA-IV.
Insulin secretion at 15 min after glucose challenge was greatly
enhanced by the exogenous apoA-IV treatment, with subsequent
improved glucose tolerance (Fig. 4 A and B). In general, diabetes
mellitus occurs when β cells are unable to meet insulin demands
because of insulin deficiency. Our findings demonstrate that
apoA-IV can enhance glucose-induced insulin secretion both
in vitro and in vivo, raising the possibility that apoA-IV may
have promise in the treatment of diabetes.
ApoA-IV−/− mice maintained on an HFD had elevated basal

insulin levels, but without a proportional increase in the ability to
secrete insulin in response to a glucose challenge (Fig. 3). Thus,
insulin secretion was compromised to the extent that it was un-
able to compensate for the effect of insulin resistance, thus ac-
counting for the reduced glucose tolerance during the IPGTT.
Furthermore, a bolus injection of exogenous apoA-IV acutely
augmented insulin secretion during the glucose challenge (Fig. 4
C and D), suggesting that the beneficial effect of apoA-IV on
insulin secretion is not compromised by an HFD.
It is important to note that in the apoA-IV−/− mice, even

though apoA-IV protein was administered 2 h in advance, apoA-
IV itself did not stimulate insulin secretion until glucose was
administered (Fig. 4). Moreover, in diabetic KKAy mice in the
fed condition with high plasma glucose levels, a bolus injection of
apoA-IV elicited insulin secretion and reduced blood glucose
(Fig. 5). These findings are significant for two reasons. First, cir-
culating apoA-IV protein seems to act directly on islets to en-
hance glucose-induced insulin secretion. Second, the effect of
apoA-IV is particularly evident under conditions of high glucose,
which could potentially avoid the unwanted side effect of hypo-
glycemia with therapeutic administration of apoA-IV. This is im-
portant given the current tendency to treat hyperglycemia by
targeting the KATP channels of pancreatic β cells to increase
insulin secretion, independent of the ambient glucose concen-
tration; however, such treatments carry the risk of dangerous
hypoglycemia (25).
A recent report indicated that apoA-I stimulates insulin secre-

tion from a MIN6 mouse insulinoma cell line under both 2.8 mM
and 25 mM glucose conditions (26). This differs from our finding
that apoA-IV specifically augments glucose-induced insulin se-
cretion only at higher glucose concentrations. Although apoA-IV
and apoA-I are similar in structure and function (27), they differ in
some important ways. ApoA-IV is a satiation factor that reduces
meal size, a function not shared by apoA-I (28). ApoA-IV lacks
the strong C-terminal lipid-binding domain that is present in
apoA-I, and instead contains a unique C terminus that attenuates
lipid binding (29). Moreover, the majority of amphipathic alpha
helices in apoA-IV are more hydrophilic compared with those in
apoA-I, and consequently, apoA-IVhas been predicted to penetrate

Fig. 3. Glucose tolerance, insulin secretion, and insulin sensitivity after
a 10-wk HFD in WT and apoA-IV−/− mice. (A) Blood glucose levels after i.p.
glucose (2 g/kg body weight) in WT mice (n = 10) and apoA-IV−/− mice (n = 7)
after a 5-h fast. **P < 0.01; ***P < 0.001. (B) Plasma insulin levels in WT mice
(n = 10) and apoA-IV−/− mice (n = 7) in response to an IPGTT at the indicated
times. (C) Insulin response at 15 min relative to 0 min in WT mice (n = 10) and
apoA-IV−/− mice (n = 7). (D) Blood glucose in 5-h fasted WT (n = 10) and
apoA-IV−/− mice (n = 7) at the indicated times after injection of 0.75 U/kg
of insulin.

Fig. 4. mA-IV administration stimulates insulin release and improves glu-
cose tolerance in apoA-IV−/− mice. (A) IPGTT in 5-h fasted apoA-IV−/− mice on
a chow diet. mA-IV or saline was injected i.p. 2 h before the IPGTT. n = 4.
***P < 0.001. (B) Plasma insulin levels in apoA-IV−/− mice fed chow in re-
sponse to an IPGTT at the indicated times. mA-IV or saline was injected i.p.
2 h before the IPGTT. n = 7. *P < 0.05. (C) IPGTT in 5-h fasted apoA-IV−/− mice
after a 10-wk HFD. mA-IV (n = 4) or saline (n = 3) was injected i.p. 2 h before
the IPGTT. **P < 0.01;***P < 0.001. (D) Plasma insulin levels in apoA-IV−/−

mice after a 10-wk HFD in response to an IPGTT at the indicated times. mA-IV
(n = 4) or saline (n = 3) was injected i.p. 2 h before the IPGTT. *P < 0.001.

Fig. 5. Effect of a single injection of apoA-IV on blood glucose and plasma
insulin levels in KKAy mice at age 14 wk. (A) Blood glucose levels at the
indicated times after injection of either saline or 1 μg/g of mA-IV. n = 7. *P <
0.05; ***P < 0.001. (B) Plasma insulin levels at indicated times after injection
of either saline or 1 μg/g of mA-IV. n = 3. *P < 0.05.
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less deeply into lipid than apoA-1 (30, 31). Whether these structural
differences account for the discrepancy in the effects of apoA-IV
and apoA-I on insulin secretion requires further investigation.
Importantly, in the present study, we found that plasma apoA-I
was unaffected in apoA-IV−/− mice with or without exogenous
apoA-IV treatment (Fig. S5A). Therefore, the insufficient insulin
secretion observed in apoA-IV−/− mice is not likely induced by
altered apoA-I. Furthermore, treatment of apoA-IV−/−mice with
exogenous apoA-I resulted in only a slight reduction in glucose
levels at 60 min during the IPGTT (Fig. S5B), indicating that the
effect of apoA-IV on glucose homeostasis is unique and cannot be
duplicated by apoA-I.
Compared with intact WT mice, 1 μg/g of exogenous apoA-IV

administered to apoA-IV−/− mice in the present study represents
approximately 10% of the endogenous apoA-IV plasma level
(Fig. S6). A previous study reported an 11–27% increase in
plasma apoA-IV over basal levels at 15–60 min after a gastric
bolus of 0.1 g of triglyceride (32). Consequently, we suggest that
the increase in apoA-IV protein after a meal rich in fat might be
sufficient to enhance insulin secretion. Given that apoA-IV is
stimulated by dietary fat, we propose that apoA-IV is a gut factor
released by the enterocytes to liaison between intestinal lipid
absorption and whole-body glucose metabolism. In agreement
with this idea, increases in plasma apoA-IV levels were corre-
lated with a decreased incidence of diabetes after gastric bypass
surgery (9). In future studies, it will be important to investigate
whether the up-regulation of apoA-IV by either dietary fat or
bypass surgery physiologically regulates glucose metabolism.
In conclusion, we have identified a unique function of apoA-

IV as a potent endogenous regulator of pancreatic insulin se-
cretion and whole-body glucose homeostasis. We suggest that
increased plasma apoA-IV may provide a useful therapeutic
approach to treat type 2 diabetes mellitus.

Materials and Methods
Isolation of Islets and Measurement of Insulin Secretion. Pancreatic islets were
isolated by the collagenase P digestion method (33) and cultured in RPMI
1640 containing 10% (vol/vol) FBS and 11 mM glucose at 37 °C in a humidi-
fied atmosphere of 95% air and 5% CO2 for 48 h. Islets (five in each tube)
were preincubated at 37 °C for 1 h in Kreb-Ringer bicarbonate Hepes buffer
(KRB; 129 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM
KH2PO4, 5 mM NaHCO3, 10 mM Hepes, and 0.2% BSA) containing 3.0 mM
glucose. The islets were then incubated in KRB with 3 mM glucose for 1 h in
the presence or absence of mA-IV and other indicated compounds and
stimulated with 20 mM glucose for an additional hour in the presence or
absence of mA-IV and indicated compounds.

[Ca2+]i Imaging. [Ca2+]i was measured using the radiometric [Ca2+]i indicator
Fura 2-AM as described previously (33). Islets were dye-loaded and recorded
in KRB. Islets were loaded for ∼40 min with 1 μM Fura 2-AM, washed, and

then transferred to a small-volume chamber (Warner Instruments) mounted
on the stage of an Olympus BX51W1 fluorescence microscope. Islets were
perfused with a peristaltic pump (Gilson) at ∼35 °C by an in-line heater
(Warner Instruments). Images were obtained sequentially with 340-nm and
then 380-nm excitation to produce each [Ca2+]i ratio from emitted light at
510 nm using a Hamamatsu ORCA-ER camera. Excitation light from a xenon
burner was supplied to the preparation via a light pipe and filter wheel
(Sutter Instrument). Islets were recorded in 3 mM (low) glucose for 3 min and
then exposed to 20 mM glucose stimulation in the presence or absence of
mA-IV. Data were analyzed with IP Lab version 4.0 (Scanalytics), and [Ca2+]i
was reported as percent 340/380 ratio.

Animals. Male ApoA-IV−/− mice were originally obtained from J. L. Breslow
(The Rockefeller University, New York, NY) (34) and backcrossed onto the
parent C57BL/6J strain for more than 10 generations. C57BL/6J mice were
bred and housed in our animal facility. Male KKAy mice were purchased
from the Jackson Laboratory. All mice were housed on a 12-h light/dark cycle
with ad libitum access to water and food. All animal protocols were ap-
proved by the University of Cincinnati’s Institutional Animal Care and Use
Committee. For the high-fat feeding study, male WT and apoA-IV−/− mice
were fed a HFD (20% fat) for 10 wk, as described previously (35).

Physiological Measurements. Body composition of age-matched apoA-IV−/−

and WT mice was assessed with the EchoMRI-100 system (EchoMRI). Glucose
levels were measured with a glucometer (Abbott), and insulin, GIP, and GLP-1
levels were measured by ELISA (Millipore).

IPGTT. Tail blood samples were collected from mice that had been fasted for
5 h, before and at 15, 30, 60, and 120min after i.p. injection of glucose (2 g/kg).
Glucose and insulin levels were measured at prespecified times.

Insulin Tolerance Test. Mice were injected with 0.75 U/kg of Humulin R (Lilly)
after a 5-h fast. Glucose levels were measured before and at 15, 30, 45, and
60 min after insulin injection.

Treatment with Recombinant mA-IV. mA-IV constructs were expressed in
Escherichia coli, purified by affinity column chromatography, and dialyzed
as described previously (36). mA-IV was initially administrated i.p. to apoA-
IV−/− mice, and plasma mAIV level was measured by Western blot analysis at
different time points up to 24 h. Plasma mA-IV levels were highest at 2 h
after administration. To assess the effect of mA-IV on glucose tolerance,
apoA-IV−/− mice received mA-IV injections 2 h before IPGTT. As in KKAy mice
with ad libitum access to water and food, a single injection of mA-IV was
given during the light phase. Blood glucose and plasma insulin levels were
measured at prespecified times up to 24 h.

Statistics. Data were analyzed with the unpaired two-tailed Student t test or
ANOVA using PRISM 5.0 as appropriate. All data are presented as mean ±
SEM. A P value less than 0.05 was considered significant.
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