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Abstract

Apolipoprotein A-1V (apoA-1V) is a satiation factor that acts in the hypothalamus, however, the
intracellular mechanisms responsible for this action are still largely unknown. Here we report that
apoA-IV treatment elicited a rapid activation of the phosphatidylinositol-3-kinase (P13K) signaling
pathway in cultured primary hypothalamic neurons, and this effect was significantly attenuated by
pretreatment with LY 294002, an inhibitor of the PI3K pathway. To determine if the activation of
PI13K is required for apoA-1V’s inhibitory effect on food intake, apoA-IV was administered
intracerebroventricularly. We found that apoA-1V significantly reduced food intake and activated
P13K signaling in the hypothalamus, and these effects were abolished by icv pre-treatment with
LY294002. To identify the distinct brain sites where apoA-I1V exerts its anorectic action, apoA-1V
was administered into the ventromedial hypothalamus (VMH) through implanted bilateral
cannula. At a low dose (0.5 ug), apoA-1V significantly inhibited food intake and activated PI3K
signaling pathway in the VMH of lean rats, but not in high-fat diet-induced obese (DIO) rats.
These results collectively demonstrate a critical role of the PI3K/Akt pathway in apoA-1V’s
anorectic action in lean rats and suggest a defective PI3K pathway in the VMH is responsible for
the impaired apoA-1V’s anorectic action in the DIO animals.
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Introduction

Apolipoprotein A-1V (apoA-1V) is a satiation factor [1,2]. Previously we reported that
intracerebroventricular (icv) administration of apoA-1V significantly decreases food intake,
whereas icv infusion of apoA-1V antiserum stimulates feeding, implying that endogenous
apoA-IV tonically inhibits food intake [1,2]. However, the intracellular mechanisms
mediating apoA-1V’s anorectic function are largely unknown.

Phosphatidylinositol 3-kinases (PI3Ks) are heterodimeric complexes composed of regulatory
and catalytic subunits that control a broad spectrum of cellular functions including survival,
growth and metabolism [3]. These functions are related to the ability of PI3K to activate Akt
(also known as protein kinase B), a serine/threonine kinase that mediates the downstream
effects of PI3K. PI3K signaling pathway in the hypothalamus has been implicated in the
regulation of energy homeostasis [4]. For example, leptin and insulin activate hypothalamic
PI3K pathway, which is required for them to suppress food intake [5,6]. Therefore, PI3K
signaling in the hypothalamic neurons may be a common pathway that integrates metabolic
cues to provide a coordinated control of energy homeostasis.

In the present study, we sought to determine whether the PI3K/Akt signaling pathway was
modulated by apoA-1V in cultured primary hypothalamic neurons, and whether the
activation of PI3K/Akt was required for the anorectic effect induced by icv administered
apoA-IV in rats. Since it was unclear at which brain site(s) apoA-IV exerts its effect on
feeding, we also examined apoA-1V’s anorectic effect in lean rats with bilateral cannula
implanted in the ventromedial hypothalamus (VMH), and further determined if apoA-1V’s
actions on feeding and PI13K signaling pathway were impaired in the VMH of high-fat diet-
induced obese (DIO) rats.

2. Materials and methods

2.1. Animals

Pregnant Long-Evans female and adult male rats were purchased from Harlan (Indianapolis,
IN) and individually housed in a temperature-controlled vivarium on a 12/12-h light/dark
cycle. Standard rodent diet and water were provided ad /ibitum except where noted. All
animal procedures were approved by the Institutional Animal Care and Use Committee of
the University of Cincinnati.

2.2. Materials

The selective inhibitor of the PI3K signaling pathway, LY294002, and rabbit monoclonal
antibodies, anti-pAKt-Ser473 (Cat. No. 4060) and anti-Akt (Cat. No. 9272) were purchased
from Cell Signaling Technologies (Beverly, MA). Recombinant rat apoA-1V was described
previously [7,8]. Cell culture medium was from Thermo Fisher Scientific (Waltham, MA).
All other chemicals were purchased from Sigma (St. Louis, MO). Two pelleted semi-
purified (AIN-93M), nutritionally complete experimental diets prepared by Dyets
(Bethlehem, PA) were used. The high fat diet (HFD) contained 20 g fat/100 g diet by weight
and the low-fat diet (LFD) contained 4 g fat/100 g diet by weight, as we reported before [9].
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2.3. Primary hypothalamic neuron cultures and treatments

Primary neuronal cells were prepared from rat embryos on the 18! day of gestation and
cultured in a serum-free neurobasal medium supplemented with B-27, as we reported
previously [10]. After cultured for 6 days, the primary hypothalamic cells were treated with
apoA-1V (100 nM) for 0, 5, 15, 30, or 60 min. The cells were then washed in ice-cold PBS,
the lysates were prepared, and pAkt and total Akt levels were measured by immunoblot
analyses [10]. To determine the dose-effect relationship, the cultured neuronal cells were
treated with different doses of apoA-1V (10, 100 or 1000 nM) for 15 min. The treated cells
were then harvested for immunoblot analyses.

2.4. Pre-treatment with PI3K inhibitor in cultured neuronal cells

The cultured primary hypothalamic cells were pretreated with the PI3K inhibitor LY294002
(10 uM) or vehicle (dimethylsulfoxide, DMSO) [11]. Thirty minutes later, the cells were
treated with apoA-1V (100 nM) or vehicle (PBS) for an additional 15 min and then the cells
were harvested for immunoblot analyses.

2.5. Surgical procedure for intracerebroventricular (icv) cannula implantation

After anesthetized, each rat was stereotaxically implanted with a guide cannula (22-gauge;
Plastics One, Roanoke, VA) into the 3"-cerebral ventricle, as we reported previously [12].

2.6. lcv delivery of drugs and food intake

The rats with icv cannula were fasted for 4-h. Ninety min before lights off, LY294002 (1
nmol, 1pl) or vehicle (10% DMSO in artificial cerebrospinal fluid, aCSF, 1 ul) was injected
into the 3" ventricle [13]. We selected this dose of LY294002 because it had no effect on
food intake when administered alone, but significantly attenuated the decrease of food intake
induced by leptin [6]. Sixty min later, the rats received an icv injection of apoA-1V (4 ug, 1
ul) [14] or vehicle (aCSF, 1 ul). At the onset of the dark cycle, rats were presented with
preweighed food, and cumulative food intake was measured at 1, 2, 4, and 24 h post-food
presentation. Body weight was recorded 24 h post-food presentation.

2.7. Hypothalamic tissue collection

Seven days after the feeding test described above, the same rats were used to examine the
activation of PI3K signaling. The LY294002 or DMSO was icv injected followed by apoA-
IV or aCSF administration, as described above. Thirty min after the 2" injection, rats were
sacrificed, and the brains were quickly frozen. Coronal hypothalamus brain sections were
cut using a cryostat, and the tissues of hypothalamus and cortex (for control) were
micropunched for immunoblot analysis, as we reported previously [15].

2.8. Surgical procedure for intra-VMH bilateral cannula implantation

Rats were anesthetized and a bilateral guide-cannula (22-gauge, Plastics One) was
positioned with its tip 2.0 mm above the center of the VMH with the following coordinates:
anteroposterior from bregma -2.5 mm, mediolateral £ 0.7 mm, and dorsoventral —=7.8 mm),
based on the atlas of Paxinos and Watson [16] and a previous report [17]. Correct bilateral
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VMH cannula placement was confirmed histologically post-mortem by the injection of
methylene blue (0.1 ul) at the end of experiments [18].

2.9. Intra-VMH delivery of drugs and food intake

After recovery from surgery, the rats were fasted for 4 h before dark. Thirty min before dark
cycle onset, three doses of apoA-I1V (0.125, 0. 25, or 0.5 pg in 0.2 ul) or vehicle (aCSF, 0.2
ul) were administered into each side of the VMH. Therefore, the doses of apoA-1V were
0.25, 0.5 and 1.0 g per rat. We used a 28-gauge bilateral infusion cannula, which was
connected through a polyethylene tube to a 5-ul microsyringe. A volume of 0.2 pl was
infused with a 5-pl Hamilton syringe attached to a Motorized Integrated Stereotaxic Injector
(7Si) system (Stoelting Co.) into one side of the VMH over 1 min and the infusion cannula
was kept in place for an additional 2 min to minimize backflow of the injectant [13]. Food
was returned at the onset of the dark cycle, and intake was measured at 1, 2, 4, and 24 h post
food presentation.

2.10. Chronic HFD feeding in rats

Rats were randomly divided into 3 groups. Groups 1 and 2 received ad /ibitum access to the
HFD and the LFD for 10 wks, respectively. Because HF and LF rats consumed different
amounts of energy each day, a control group (pair-fed HF group, PHF), was included. The
PHF rats were provided the HFD each day, but in an amount limited to the average daily
caloric consumption of the rats fed the LFD ad /ibitum, as we reported previously [19]. By
the end of experiment, blood samples were taken from the tail vein, and plasma leptin and
insulin were measured with ELISA kits (Millipore, Billerica MA).

After been maintained on the different diets for 10 wk, each rat was implanted a bilateral
intra-VMH cannula as described above. After recovery from the surgery, 4-h fasted rats
received intra-VMH injection of apoA-1V (0.25 pg/side) or aCSF (0.2 pl/side) before the
dark cycle. Food was returned at the onset of the dark cycle, and intake was measured at 1,
2, 4, and 24 h post-food presentation.

Seven days after the feeding test as described above, the same rats were used to examine the
activation of PI13K pathway. Four h fasted rats received intra-VMH administration of apoA-
IV (0.25 ug/side) before the dark cycle. Thirty min later, the rats were sacrificed and the
VMH were micropunched for immunoblot analyses [15].

2.11. Immunoblot analyses for pAkt/Akt measurement

The cultured neuronal cells, rat hypothalamus, cortex or VMH tissues were homogenized,
and the supernatant proteins (10 pg protein) were prepared for immunoblot analyses, as we
have done previously [10]. The dilution of both pAkt and Akt antibodies were 1:1,000. The
amount of pAkt was normalized to total Akt protein level at each individual sample and was
expressed as a ratio [10].

2.12. Statistical analyses

The data are presented as mean * standard error (SEM). Data were analyzed using GraphPad
Prism to evaluate normal distribution and variations within and among groups. /n vitro
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experiments were carried out in triplicate and performed on 3-4 separate occasions. In in
vivo studies, differences among the groups were determined using one-way or two-way
repeated measures ANOVA analyses followed by Student-Newman-Keuls test for
comparison between treatments. P values less than 0.05 were considered statistically
significant.

3. Results

3.1. ApoA-IV time-dependently increased PI3K activation in cultured hypothalamic neurons

As depicted in Fig. 1A and 1B, apoA-I1V (100 nM) treatment significantly increased the ratio
of phosphorylated Akt (pAkt) to total Akt in the cultured neuronal cells at both 15 and 30
min, compared to that in prior to apoA-1V treatment (0 min). The pAkt level induced by
apoA-1V was significantly reduced at 60 min.

3.2. ApoA-IV dose-dependently activated PI3K/Akt pathway in cultured neurons

Because the highest level of pAkt induced by ApoA-1V was observed at 15 min, the cultured
neuronal cells were incubated with different concentrations of apoA-1V (10, 100 and 1000
nM) for 15 min. We found that apoA-1V at doses = 100 nM significantly increased the pAkt
levels in those cells (Fig. 1C and 1D).

3.3. Pretreatment of PI3K inhibitor attenuated apoA-IV effect on PI3K/Akt pathway

If apoA-1V-induced phosphorylation of Akt is mediated through the PI3K signaling
pathway, this effect should be blocked/attenuated by pharmacological inhibition of the PI3K
signaling pathway. Consistent with this hypothesis, LY294002 (10 uM) significantly
attenuated the effect of apoA-IV on the phosphorylation of Akt in the cultured primary cells
(Fig. 1E and 1F).

3.4. Inhibition of PI3K signaling pathway reduced the potency of apoA-IV anorectic action

Consistent with our previous report [14], apoA-1V at a dose of 4 ug significantly reduced
food intake at 0.5, 1 and 2 h, compared with vehicle. /n vivo pretreatment with LY 294002
significantly attenuated the potency of satiation induced by apoA-1V (Fig. 2A). No
significant differences in food intake and body weight of rats over 4 h after apoA-1V or
aCSF injection was observed (data not shown).

3.5. The effect of apoA-IV on PI3K/Akt pathway was inhibited by LY294002

To verify the influence of PI3K inhibitor on /n vivo activation of PI13K pathway induced by
apoA-1V, 4 h fasted rats received icv administration of LY294002 or vehicle, followed by
apoA-1V or aCSF icv injection, as described above. The hypothalamus and cortex (for
control) were micropunched for immunoblot analyses. As depicted in Fig. 2B and 2C, apoA-
IV significantly increased pAkt level, compared to vehicle. Pretreatment with LY 294002
attenuated apoA-I1V-induced Akt phosphorylation by 36% (P < 0.05), whereas LY 294002
administration alone did not affect the level of pAkt significantly. The ratio of pAkt/Akt in
the cortex were comparable among all four groups (Fig. 2D and 2E).
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3.6. Intra-VMH injection of apoA-IV dose-dependently suppressed food intake

While icv injection of apoA-IV significantly reduces food intake, it is unclear at which brain
site(s) apoA-1V exerts its anorectic action. To determine if the VMH was the key site for
apoA-1V’s anorectic effect, lean rats with bilateral intra-VVMH cannula was used. No
significant difference in food intake was found between the vehicle and apoA-1V at a dose of
0.25 g (0.125 pg per side of the VMH) at any time point. However, the higher dose of
apoA-1V (0.5 and 1.0 pg) significantly decreased food intake at both 1 and 2 h (Fig. 3C).
Therefore, the minimal effective dose of apoA-1V (0.5 ug/rat) was selected to determine the
changes in response to apoA-1V treatment in HFD-fed rats below.

3.7. Chronic HFD consumption significantly diminished apoA-I1V actions on feeding and
the PI3K activation in the VMH

To determine the influence of diet-induced obesity on apoA-1V anorectic action, the rats
were fed LFD or HFD for 10 wks. Consistent with our previous report [9], the HFD-fed rat
gained significantly more body weight (P < 0.05), compared with the LFD-fed rats (578
+22.6 g vs. 517 £ 27.2 g). Importantly, the HFD-fed rats had 47% more body fat mass (P <
0.01) than LF-fed rats (72 £ 9.6 vs. 49 £ 11.3 g). Daily food intake in the HFD-fed rats on
WK-10 was significantly higher than that in LFD-fed group (455 + 27.9 vs. 401 + 25.6 KJ/
day) (P< 0.05). Additionally, the HFD-fed rats were hyperleptinemia, compared to LFD-fed
rats (plasma leptin level: 19.6 + 3.2 vs. 14.2 £ 2.4 ng/ml) (P < 0.05). Although blood glucose
levels were comparable between the HFD-fed and LFD-fed rats (116.2 + 8.4 vs. 105.6 + 7.9
mg/dl), the insulin levels in the plasma of HFD-fed rats were significantly higher (P < 0.05)
than that in LFD-fed rats (2.5 + 0.3 vs. 1.4 + 0.2 ng/ml). However, these metabolic
parameters described above are comparable between the LFD-fed and PHF-fed rats.

To determine whether apoA-1V-induced anorectic effect was diminished in the DIO rats, 4-h
fasted rats received intra-VVMH injection of apoA-1V (0.5 pg/rat, or 0.25 pg in 0.2 pl/side of
VMH) or sCSF (0.2 ul/side). As depicted in Fig. 4A, apoA-1V significantly reduced food
intake in LFD-fed rats (£ < 0.05), but not in HFD-fed rats. ApoA-1V’s anorectic effect in the
PHF-fed rats was comparable to that in LFD-fed rats.

After recovery from the feeding test above, all rats received intra-VMH injection of apoA-1V
(0.5 pg/rat). Thirty min later, the rats were sacrificed and the VMHSs were then
micropunched. The pAkt/Akt levels in the VMH were analyzed by immunaoblot analysis.
Compared with LFD-fed rats, HFD-fed rats had significantly reduced pAkt levels (Fig. 4B
and 4C). The PHF-fed rats were still responsive to apoA-1V treatment and the ratio of
pAkt/Akt was comparable to that in LFD rats.

4. Discussion

Previously we have reported that icv administration of apoA-1V significantly suppresses
food intake [1,2]. Since the apoA-IV does not cross the blood-brain barrier, and icv infusion
of apoA-1V antiserum stimulates feeding [20], the anorectic action induced by apoA-1V
seems likely to occur within the brain. Given that icv administered apoA-1V reduces food
intake acutely, it is unlikely that meal termination is controlled by transcriptional events
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because they typically require more time. We therefore hypothesized that a signaling cascade
might be responsible for apoA-1V’s anorectic effect.

P13Ks are a family of enzymes involved in cellular functions such as cell growth,
proliferation, differentiation, motility, and intracellular trafficking [3]. In numerous cell
types, PI3K acts in a heterodimeric form consisting of one 85-kDa regulatory (p85) and one
110-kDa catalytic (p110) subunit. Activation of PI3K signaling pathway rapidly induces the
phosphorylation of Akt via serine and threonine phosphorylation [21]. Recent studies
suggest that hypothalamic PI3K signaling is important in the regulation of both energy
balance and glucose metabolism [4].

To determine whether the PI3K signaling pathway mediates anorectic action of apoA-1V in
the hypothalamus, we first determined if apoA-1V could affect the phosphorylation of Akt in
cultured primary hypothalamic neurons. We found that apoA-1V time- and dose-dependently
increased the activation of PI3K/Akt signaling pathway in the neuronal cells. If the
phosphorylation of Akt were mediated through the PI3K signaling pathway, the increased
levels of pAkt induced by apoA-1V should be attenuated by pharmacological inhibition of
the PI3K signaling pathway. Consistent with this hypothesis, LY294002 was found to
significantly reduce the phosphorylation of Akt induced by apoA-1V in cultured neuronal
cells.

To determine whether apoA-IV-induced anorexia is affected by /in vivo pretreatment with the
PI13K inhibitor, LY294002 was infused into the 3" ventricle prior to apoA-1V
administration. We found that apoA-1V induced the reduction of on food intake and the
phosphorylation of Akt were significantly attenuated by LY294002. These effects seemed
tissue-specific because no changes in pAkt levels were found in the cortex. These results
support our hypothesis that apoA-1V engages the PI3K signaling pathway and its
downstream effector mechanisms to activate hypothalamic neuronal cells and exert its
anorectic effect.

While the molecular mechanism of how apoA-IV increases the activation of PI3K signaling
pathway remains to be investigated, our results extend the integrative role of PI3K/Akt in the
regulation of food intake in the hypothalamus. Previous studies have demonstrated that
systemic administration of leptin in rats activates hypothalamic PI3K/Akt pathway and icv
infusion of LY294002 blocks leptin-induced anorexia [6,22]. Insulin acts on the brain to
reduce food intake and this anorectic effect is completely abolished by the pre-treatment of
the inhibitor of PI3K [5,22]. Thus, the hypothalamic PI13K/Akt signaling pathway might be a
common pathway that integrates metabolic cues to provide a coordinated control of energy
homeostasis.

Obesity has become a serious health problem in the United States. One well-established risk
factor predisposing to obesity is the amount of fat in the diet. Rodent DIO models represent
the condition occurring in most obese humans. The DIO rats had significantly increased
body weight, which is associated with increased calorie intake. Recent data suggest that
obese animals have blunted satiety, raising the possibility that defective signaling of apoA-
IV in the hypothalamus. Our present study demonstrated that PI3K/AKkt signaling played an
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important role in transducing apoA-1V anorectic action in lean rats. We then asked if the
PI13K signaling is impaired in the VMH of rats after chronic HFD consumption. The reasons
we focus on the VMH are because it is a brain site intimately involved in the integration of
signals for energy homeostasis [2,10], and because apoA-1V is highly expressed in the VMH
[20].

To test this possibility, apoA-1V was first injected into the VMH of lean rats through an
implanted bilateral cannula. We found that apoA-1V at doses = 0.5 pg/rat significantly
reduced food intake in those lean rats. However, when an effective dose of apoA-1V (0.5 ug)
was administered into the VMH of the DIO rats, no significant reduction of food intake was
found, indicating the impaired response to apoA-1V in those DIO rats. Additionally, the
exogenous apoA-1V treatment increased pAkt levels in the VMH of LFD rats, but not in
DIO rats, suggesting a defective PI3K pathway in the VMH of rats is responsible to the
impairment of apoA-1V anorectic action after chronic HFD feeding. Interestingly, the PHF-
fed rats were still responsive to apoA-1V treatment and the ratio of pAkt/Akt was
comparable to that in LFD rats, these results indicate that it is the extra calories consumed,
but not the HFD itself, which was responsible for the alteration of apo A-1V’s anorectic
action.

In conclusion, our results identify an essential neural mechanism of apoA-IV’s action on
food intake. We demonstrated that apoA-1V triggered the activation of the PI3K cascade in
cultured primary hypothalamic neurons. In rats, the inhibition of the PI3K signaling cascade
in the brain significantly decreased the potency of apoA-IV to reduce food intake.
Furthermore, apoA-1V actions on feeding and the activation of PI3K/Akt signaling pathway
were significantly impaired in the VMH of DIO rats. Thus, manipulations of the brain apoA-
IV system, via the specific activation of the PI3K cascade within selected brain regions, e.g.
the VMH, may provide novel therapeutic strategies for the prevention and treatment of
obesity.
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Abbreviation

ApoA-1V  apolipoprotein A-1V

PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase
Akt also known PKB, protein kinase B

DMSO dimethyl sulfoxide

PHF pair-fed HF

aCSF artificial cerebrospinal fluid
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Highlights

. ApoA-IV increases the activation of PI3K/Akt signaling pathway in cultured
primary hypothalamic neuronal cells.

. Icv pretreatment of PI3K inhibitor significantly attenuates apoA-1V’s action
on food intake.

. ApoA-1V administered into ventromedial hypothalamus inhibits food intake
and activates PI3K signaling pathway in lean, but not in DIO rats.
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Fig. 1.
ApoA-IV time- (A and B) and dose-dependently (C and D) increased the activation of

PI3K/Akt signaling pathway in cultured primary hypothalamic neuronal cells. ApoA-IV-
induced Akt phosphorylation was significantly attenuated by LY294002 (E and F). A, C and
E are representative immunoblots of pAkt and total Akt; and B, D, F are quantitative
analysis of data. Mean + SEM; n = 3. ™ P<0.01, vs. 0 min or vehicle-treated cells. #£<0.05,
vs. apoA-IV-treated neuronal cells.
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Fig. 2.

ApoA-IV-induced anorexigenic effect (A) and the activation of PI3K/Akt pathway were
significantly attenuated in the hypothalamus (B and C). As a control, no significant
difference in pAkt levels were found in the cortex after apoA-1V or LY 294002 treatment (D
and E). Mean = SEM; n = 6-8, *P<0.05, vs. vehicle-control. #£<0.05, vs. apoA-IV-treated
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rats.
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Intra-VMH administration of apoA-1V reduced food intake in lean rats. A, schematic
drawing showing the placement of cannulas in the VMH of rats. B, representative
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photograph showing placement of bilateral cannula in the VMH. Tips of bilateral injectors in

the VMH were indicated by blue ink within the yellow-dashed outline. C, intra-VMH

injection of apoA-1V dose-dependently suppressed food intake of rats at 1 and 2 h after the
injection, compared to vehicle (aCSF). VMH, ventromedial hypothalamus; ARC, arcuate
nucleus of hypothalamus; DMH, dorsomedial nucleus of hypothalamus. Mean £ SEM; n =

67, *P<0.05, vs. vehicle-controls.
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Fig. 4.
HFD rats have diminished response to apoA-1V administered into the VMH in the reduction

of food intake (A) and the activation of PI3K/Akt signaling pathway (B and C). Means +
SEM, n=6-8, "P<0.05, vs. vehicle-treated rats at the same time point (A), or LFD-fed rats

().
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