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APOLIPOPROTEIN A5 INHIBITS FOOD INTAKE CENTRALLY

ABSTRACT

Mutations in apolipoprotein A5 (ApoA5) have been associated with hypertriglyceridemia
in humans and mice. This has been attributed to a stimulating role for ApoA5 in
lipoprotein lipase-mediated triglyceride hydrolysis and hepatic clearance of lipoprotein
remnant particles. However, due to the low ApoA5 plasma abundance, we investigated
an additional signaling role for ApoA5 in high fat diet (HFD) induced obesity. Wildtype
(WT) and Apoa5~'~ mice on chow diet showed no difference in bodyweight or 24h food
intake (Apoa5~'7,4.510.6 g, WT,4.2+0.5 g),while on HFD Apoa5~'~ mice ate more in 24h
(Apoa5~'~,2.840.4 g, WT,2.5+0.3 g, P<0.05) and became more obese than WT mice.
Also, intravenous injection of ApoA5-loaded VLDL-like particles lowered food intake
(VLDL-control, 0.26£0.04 g, VLDL+ApoA5, 0.11£0.07 g, P<0.01). In addition, the
HFD induced hyperphagia of Apoa5”~ mice was prevented by adenovirus-mediated
hepatic overexpression of ApoA5. Finally, intracerebroventricular injection of ApoA5
reduced food intake compared to injection of the same mouse with artificial cerebral
spinal fluid (aCSE 0.40+0.11 g, ApoA5, 0.23£0.08 g, P<0.01). These data indicate
that the increased HFD-induced obesity of Apoa5~~ mice as compared to WT mice
1s at least partly explained by hyperphagia and that ApoA5 plays a role in the central
regulation of food intake.
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INTRODUCTION

Elevated plasma triglyceride (TG) levels and prolonged circulation of lipoprotein remnants
are independent risk factors for cardiovascular disease [1-5]. In the post absorptive state,
hypertriglyceridemia is a consequence of aberrant kinetics of VLDL, including hepatic
overproduction and/or delayed clearance [6]. Apolipoprotein A5 (ApoA5) has classically
been described to be involved in the regulation of TG-rich lipoprotein metabolism [7].
ApoA5 i1s a potent stimulator of lipoprotein lipase (LPL) [8,9] and facilitates lipoprotein
remnant clearance in a LDL-receptor dependent manner [10]. The function of ApoA5 in
lipid metabolism is supported by the fact that non-obese carriers of the Apoa5 -1131T>C
polymorphism have a disturbed postprandial lipidemic response after a high fat meal [11,12].
However, even though in vitro and animal studies suggest that ApoA5 accelerates LPL
mediated TG metabolism and the fact that ApoA5 levels are positively associated with plasma
TG levels, ApoA5 does not directly affect postprandial VLDL kinetics in mild dyslipidemics
or type 2 diabetics [13,14].

In humans, the plasma concentration of ApoA5 is low (114 to 258 ngml-1 in
normolipidemic subjects [15,16]), possibly due to its low excretion rate [17,18]. On a molar
basis,ApoA5 plasma levels are 1,000 and 10,000 fold lower when compared to apolipoprotein
B (ApoB) and ApoAl, respectively. Because of the low plasma concentration [19] and in
light of the low secretion rate, ApoA5 has been suggested to play a role in intracellular lipid
metabolism. Intracellular ApoAS5 is associated with lipid droplets in liver [20] and adipocytes
[21]. Interestingly, ApoA5 shows a high protein similarity to perilipin-1 (PLIN1), a well-
studied inhibitor of hormone sensitive lipase (HSL) activity [22]. Recently, intracellular
ApoA5 has been shown to co-localize with perilipin-1 in adipose tissue, and to actively
regulate TG uptake, and thus may be involved in the development of obesity [21].

In addition to dyslipidemia, and in support of a role of ApoA5 in the development
of obesity, Apoas gene variants have been associated with a greater degree of obesity in a
number of epidemiological studies involving Caribbean Hispanics [23], pediatric patients
[24] and Brazilian elderly [25]. In part, this could be due to the proposed role of ApoA5 in
circulating lipid metabolism. Interestingly, it may also be due to altered food intake patterns,
as the Apoa5 -1131T>C gene variant has been shown to be associated with higher fat intake
[26] and to modulate the effects of dietary fat intake on body mass index and obesity risk
[27,28] and dyslipidemia [29].

The aim of this study was to assess the role of ApoA5 in the regulation of food intake.
First, we confirmed that Apoa5~'~ mice are dyslipidemic and have an impaired lipid clearance.
In addition, we further demonstrate that Apoa5~'~ mice become more obese, and develop
hepatic steatosis and become more insulin resistant on a high fat diet (HFD) than WT mice,
due to a hyperphagic phenotype. Furthermore, the hyperphagic phenotype of Apoa5~"~
mice is reduced upon adenoviral vector mediated overexpression of ApoA5. Moreover,
systemic (intravenous) as well as central (lateral ventricle) administration of ApoA5 reduced
food intake by 60% and 45%, respectively, suggesting that ApoA5 inhibits food intake, at least
partly, via a central mechanism.
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MATERIALS AND METHODS

Animals and diets

Male wild type (WT) C57Bl/6] mice were obtained from Charles River laboratories
(Charles River, Maastricht, The Netherlands) at an age of 10 weeks. After at least
2 weeks of acclimatization, mice were fed a HFD (45% energy as fat, 4.73 kcal.g™
D12451,Research Diet Services, Wijk bij Duurstede, The Netherlands). Apoa5~"~ mice
[30] were bred in-house at the Leiden University Medical Center and back-crossed on
the C57Bl/6]ico background for at least 8 generations prior to homozygous breeding.
Absence of the Apoa5™~ gene was confirmed by isolated tail DNA PCR (forward;
TGGAGGGTCAAAGAAGGATG, reverse; GGTTGCTGGTCACAGGATTT).
Animals were housed in a controlled environment (21°C, 40-50% humidity) under a
12h photoperiod (07:00-19:00). Food and tap water was available ad libitum during
the whole experiment, unless otherwise indicated. In all experiments, male mice were
used. All animals were weighed at least once every week. All animal experiments were
performed in accordance with the regulations of Dutch law on animal welfare and
the institutional ethics committee for animal procedures from the Leiden University
Medical Center, Leiden, The Netherlands approved the protocol.

Plasma and liver lipid analysis

Plasma was obtained via tail vein bleeding and assayed for TC and TG, using the
commercially available enzymatic kits 236691 and 11488872 (Roche Molecular
Biochemicals, Indianapolis, IN, USA), respectively. Free fatty acids (FA) were measured
using NEFA-C kit from Wako Diagnostics (Instruchemie, Delfzijl, the Netherlands).
Human ApoA5 levels were determined using a previously described ELISA [31].

Lipids were extracted from livers according to a protocol modified from Bligh and Dyer
[32]. Shortly, a small piece of liver was homogenized in ice-cold methanol. After centrifu-
gation, lipids were extracted by addition of 1,800 pl of CH,OH-CHCI, (3:1 vol/vol) to
45 pl of homogenate. The organic phase was dried and dissolved in 2% Triton X-100.
Hepatic TG and TC concentrations were measured using commercial kits, as described

above. Liver lipids were expressed per milligram of protein, which was determined using
the Pierce BCA protein assay kit (Thermo Scientific, Rockford, IL, USA).

Lipid clearance analysis

Glycerol tri(9,10(n)[*"H]oleate ([’H]TO) and [la,2a(n)-"*C]cholesteryl oleate
(["*C]CO) double radiolabeled VLDL-like emulsion particles (mean diameter 80 nm)
were prepared as described before [33]. Mice were anesthetized with 6.25 mg.kg™
Acepromazine (Alfasan,Woerden, The Netherlands), 6.25 mg.kg™! Midazolam (Roche,
Mijdrecht, The Netherlands) and 0.31 mg.kg" Fentanyl (Janssen-Cilag, Tilburg, The
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Netherlands) prior to particle injection via the tail vein. At time points 2, 5, 10 and
15 min post-injection, blood was taken to determine clearance rates. After 15 minutes
mice were sacrificed and organs were harvested to determine [’H]TO and ["*C]CO
uptake.

Determination of adipocyte differentiation capacity

Adipose tissue from the reproductive and subcutaneous region were harvested and
kept in PBS. The tissue was minced and digested in 0.5 g.I"' collagenase in HEPES
buffer (pH 7.4) with 20 gl' of dialyzed bovine serum albumin (BSA, fractionV,
Sigma, St. Louis, MO, USA) for 1h at 37°C. The disaggregated adipose tissue was
filtered through a nylon mesh with a pore size of 236 um and the stromal vascular
cells were isolated. Preadipocytes were differentiated in an adipogenic medium and
differentiation capacity was determined as previously described [34].

Indirect calorimetry/metabolic cage analysis

WT and Apoa5~'~ mice were subjected to indirect calorimetry/metabolic cage
analysis (Phenomaster, TSE Systems, Bad Homburg, Germany). A period of 48 h of
acclimatization was included prior to the start of the experiment. Oxygen consumption
(VO,) and carbon dioxide production (VCO,) were determined at 9 minute intervals.
Respiratory exchange ratio (RER) was calculated as the ratio between VCO, and
VO,. Energy expenditure (EE), fat oxidation (FAox) rate and carbohydrate oxidation
(CHox) rate were calculated as previously described [35]. Food intake was monitored
in real time. Data from the light and dark phase were averaged and tested separately
to distinguish periods of high and low physical activity. In total the measurement
period lasted 7.5 days (chow = 3 days and HED = 4.5 days). The switch to the HFD
was performed inside the metabolic cage system at 02:00 p.m. for all animals. For the
long term experiment, mice were fed a HFD for a period of 4 weeks prior to analysis.

Adenovirus vector mediated overexpression of human Apoa5 in Apoa5~~ mice

A separate group of Apoa5~'~ mice were used for adenoviral vector gene transfer, and
subjected to indirect calorimetry/metabolic cage analysis during the initial week of
high fat feeding. A period of 24 h of acclimatization was included prior to the start
of the experiment and baseline measurements were performed for each individual
animal. Subsequently, animals were randomized based on body mass and injected
intravenously (vena caudalis) with mock LacZ or human Apoa5 expressing adenovirus
vectors (=2.10” pfu). Calorimetric analysis was continued for 4 days after injection until
the expected peak in transgenic expression [36,37]. Since adenovirus vector mediated
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gene expression in itself may affect energy balance [38-40] data were analyzed per
animal separately in a paired comparison setting (i.e. pre-injection vs. post-injection).
Differences in the change in food intake over the 4 days were compared between
groups.

Intravenous ApoAb5 injection and food intake test

WT mice were fed a HFD for a period of 1 week prior to analysis to ascertain
habituation to the HFD. All mice were fasted for 6 h prior to injection, starting
at 12:00 p.m., to induce the drive for food intake. To assess the effect of elevated
circulating ApoA5 levels on food intake, VLDL emulsion particles [41] were loaded
with human ApoA5 (100 ng.ul™, Abnova, Jhongli, Taiwan). Human ApoA5 protein
was produced in an in vitro wheat germ expression system, which generally results in
negligible endotoxin levels (Personal communication, V. Yu, Abnova, Jhongli, Taiwan).
Analysis of the Sepharose purified preparation by SDS-PAGE and Coomassie staining
revealed a single band. Non-loaded control and ApoA5 loaded emulsion particles were
intravenously injected in the tail vein at a dose of 6 pg per mouse and injected after
fasting. After injection, food intake was recorded up to 120 minutes post injection and
expressed as gram food consumed per unit of 60 minutes.

Lateral ventricle cannulation and l.c.v. ApoA5 injection and food intake test

WT mice were fed a high fat diet for a period of 1 week prior to analysis to ascertain
habituation to the HFD. To assess the effect of central administration of ApoA5 on
food intake, a 25 gauge guide cannula was implanted into the left lateral ventricle as
previously described [42,43]. Similar to the IV injection experiment, mice were fasted
to induce the drive for food intake. All animals received a successive 1 pl bolus injection
of artificial cerebrospinal fluid (aCSE Harvard Apparatus, Holliston, MA, USA) (7 d
post-surgery), ApoA5 (10 d post-surgery, 8 ng/mouse) and neuropeptide Y (NPY, 14 d
post-surgery, 5 pg/mouse) under light isoflurane anesthesia. After injection, food intake
was recorded during the first 120 minutes post injection and expressed as gram food
eaten per unit of 60 minutes. Correct placement of the cannula was assessed in all mice
in the fed state at 14 d post-surgery by a bolus injection of NPY (5 pg) at 09:00 a.m.
Cannulation was assumed to be correct if the animal consumed more than 300 mg of
food within 1 hour post NPY injection. One animal did not meet this criterion and was
excluded from the experiment.

Hyperinsulinemic-euglycemic clamp in conscious mice

WT and Apoa5~'~ mice were subjected to hyperinsulinemic-euglycemic clamp analysis
as previously described [44]. In short, all mice were equipped with a single catheter
in the right jugular vein for infusion. After surgery, mice recovered for a period of 8 d
prior to the clamp analysis, in individual cages. Food intake and body weight returned
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to preoperative levels within 2-3 days. Food was removed 9 h before the start of
the experiment, but the animals had free access to water. Clamp quality control was
determined by calculating the coeflicient of variation (COV) of the glucose infusion
rate (GIR) and plasma glucose levels over the last 30 minutes of the clamp. COV of
the GIR and glucose levels were determined to be below 2% for both genotypes.

Statistics

All data are represented as mean =+ standard deviation. Energy intake data was tested by
unpaired t-test for normally distributed data or paired t-test in case of the adenoviral
and i.c.v. experiment. Threshold for statistical significance was set at 5%. Tests were
performed using PASW (SPSS) Statistics, version 18.

RESULTS

High fat fed Apoa5~~ mice are hyperlipidemic and have severely impaired lipid
clearance

Plasma was isolated from non-fasted Apoa5~'~ and WT mice fed a HFD for 10 weeks,
after which plasma cholesterol, TG, phospholipid and free fatty acid levels were
determined. Apoa5~~ mice were hyperlipidemic (Table 1) and in line with these
data, Apoa5~'~ mice showed severely impaired lipid clearance. The plasma decay of
injected [’H]TO and ["*C]CO-labeled emulsion particles was slower in Apoa5™~ mice
for the TO label (Figure 1 A, B) as well as the CO label (Figure 1 C, D), due to a
significantly lower uptake in organs with a high metabolic activity (liver, heart, muscle,
brown adipose tissue). In addition, CO label uptake was also lower in liver and brown
adipose tissue, but not in heart and muscle. These data confirm previously published
data [10,30] and demonstrate that the hyperlipidemic phenotype of Apoa5™~ mice is
associated with an impaired lipid partitioning.

Table 1. Plasma lipid levels of HFD fed Apoa5’- and WT control mice. Data represent mean
values = SD, **=P<(0.01

Apoa5—- wWT
Triglyceride(mmol/L) 5.7 +/-2.8 1.1 +/- 0.2%*
Cholesterol (mmol/L) 6.8 +/-1.1 4.0 +/- 0.6%*
Phospholipids (mmol/L) 7.1+/-1.0 4.3 +/- 0.5%%
Free fatty acids (mmol/L) 1.9 +/-0.9 1.0 +/- 0.3%*
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Figure 1. ApoA5~~ mice show impaired lipid clearance. Plasma decay curve (A) and tissue specific
retention (B) of the "H-TO label, and the decay curve (C) and tissue specific retention (D) label of the
“C-CO label after mass lipid injection in Apoa5~'~ and WT mice. Data represent mean values + SD,
*P<0.05, **P<0.01.

High fat diet feeding aggravated obesity development in Apoa5~~ mice

Body weight was monitored in WT and Apoa5~~ mice fed a HFD. Diet induced weight
gain was more pronounced in Apoa5~"~ mice, which thereby became more obese compared
to WT (Figure 2). White adipose tissue mass was significantly higher in Apoa5~~ mice in
both the reproductive (Apoa5~~, 2.4+0.3 g, WT, 1.7+0.5 g, P<0.01) and subcutaneous
(Apoa5~~,1.71£0.6 g, WT, 1.1£0.3 g, P<0.01) white adipose tissue depot (data not shown).
Due to the large infiltration of pancreatic tissue, the mesenteric fat depot could not be
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solated in a reproducible manner [45]. Heart, liver, spleen, lung, or kidney mass did not
differ between genotype (data not shown). Since ApoA5 has been described to regulate
fatty acid uptake in adipocytes [21] and thus possibly affect adipogenesis, the differentiation
capacity of pre-adipocytes isolated from the reproductive and subcutaneous fat pads of
HFD fed Apoa5~~ and WT mice was studied by Nile red assay. Differentiation capacity
did not differ between genotypes for either of the isolated fat pads (P=0.70 and P=0.69 for
reproductive and subcutaneous fat, respectively; Supplemental Figure 1). Together, these data
demonstrate that HFD fed Apoa5~'~ mice become more obese than WT mice and that this
1s not due to an intrinsic difference in the adipogenic capacity of the white adipose tissue.
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Figure 2. High-fat diet feeding aggraveates obesity in ApoA5~- mice. Weight development (A)
and body weight gain (B) of Apoa5~~ mice and WT controls during high fat diet intervention. Data
represent mean values £ SD, *P<0.05, **P<0.01.

Apoa5~~ develop aggravated hepatic steatosis and insulin resistance upon HFD feeding

Ectopic fat accumulation in the liver of Apoa5~~ and WT control mice was assessed.
Although total hepatic mass did not differ between groups, hepatic TG content was 50%
higher in HFD fed Apoa5~'~ mice (Apoa5~'~,0.47%0.16 pmol.mg™" protein,WT,0.31+0.17
pmol.mg™! protein, P=0.056). Hepatic cholesterol and phospholipid accumulation did not
differ between groups (data not shown).

Since HFD fed Apoa5~'~ mice become more obese and develop hepatic steatosis upon
HFD feeding, tissue specific insulin sensitivity was determined by hyperinsulinemic-
euglycemic clamp analysis in conscious mice (Supplemental Figure 2). GIR was lower in
Apoa5™~ mice (Apoa5~'~,335164 pmol.(kg.min)~',WT, 408+60umol.(kg.min)~', P<0.05,
(Supplemental Figure 2a)), indicating a reduction in insulin sensitivity. In addition, the
hyperinsulinemic circulating glucose level at stable GIR was significantly higher in Apoa5™"~
mice (Apoa5~", 6.611.2 mmoll"', WT, 5.5£0.7 mmol.l™", P<0.05 (Supplemental Figure
2b)). To correct for this difference in circulating glucose pool, metabolic clearance rates
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(MCR) were determined. MCR  was significantly reduced in Apoad~'~ mice (Apoa5~",
77.0+15.4 ml.(kg.min)""WT, 101.0£18.1 ml(kg.min)™!, P<0.05 (Supplemental Figure
2¢)). Collectively, these data show that Apoa5~~ mice,in addition to obesity, develop hepatic
steatosis and insulin resistance when fed a HED.

Apoa5~~ mice are hyperphagic when fed a high fat diet

Given the association of ApoA5 with fat intake [27,28], we determined whether the
change in energy balance in Apoa5~- mice was due to a defect in oxidative metabolism
(which may arise from the reduced lipid clearance capacity) or food intake (FI). At
the start of the experiment, when animals were fed a chow diet, bodyweight did not
differ significantly between groups (Apoa5~'~, 25.3+0.8 g, WT, 26.2+1.4 g, P=0.2).
Furthermore, FI measured over a period of 24 h did not differ between groups when
animals were fed a chow diet (Apoa5™", 4.510.6 g, WT, 4.2+0.5 g). In addition,
respiratory exchange ratio (RER) and energy expenditure (EE) were similar between
groups (data not shown).

After the chow period, all animals were switched to the HFD (Figure 3). During
the first 24 h after the switch to the HFD, FI was significantly higher when compared
to the chow diet in both groups (Apoas~",4.7£0.3 g, WT, 4.7£0.1 g, P<0.01 for both
groups vs. chow), but did not differ between groups (P=0.20). After that, FI declined in
both groups, but remained higher in the Apoa5™~ group. Food intake during the last 24
h was significantly higher in Apoa5~"~ mice during the dark period (Apoa5~'~,2.1£0.3
g, WT, 1.910.7 g, P<0.05) but did not difter between groups during the light period
(Apoa5~'~,1.240.5 g, WT, 1.1£0.4 g). Total FI during the first 96 h of HFD intervention
was higher in the Apoa5~'~ group (Apoa5~~,16.5£1.2 g, WT, 14.24+0.7 g, P<0.01).The
HFD induced a gradual shift from carbohydrate to fat metabolism in both groups. RER
and absolute carbohydrate oxidation declined and absolute fat oxidation increased, but
this switch was less pronounced in Apoa5’~ mice (Figure 3).

Similar results were found after 4 weeks of HED intervention, where FI was significantly
higher in Apoa5™~~ mice during a period of 24 h (Apoa5~'", 2.810.4 g, WT, 2.5+0.3
g, P<0.05). Oxidative fat metabolism was still reduced in Apoad~~ mice compared to
controls (Supplemental Table 1). These data show that HFD fed Apoa5~~ mice remain
hyperphagic, and have reduced relative and absolute fat oxidation rates after prolonged
HEFD feeding.

Adenovirus mediated gene transfer of Apoa5 to Apoa5~~ mice reduces food intake
To assess whether hepatic expression of Apoa5 rescues the hyperphagic phenotype,
Apoa5~'~ mice were injected with adenovirus vectors expressing either LacZ or
human Apoa5. At the time of injection, body mass did not differ significantly between
the groups (Apoa5s, 22.7£1.8 g, LacZ, 24.2+£3.0 g, P=0.3; data not shown). Basal FI,
determined at day 0, did not differ between groups during the light (Apoa5, 0.66£0.23
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g, LacZ, 0.53%£0.16 g, P=0.2) or dark period (Apoa5, 1.43+0.50 g, LacZ, 1.54+0.23
g, P=0.6; data not shown). At the fourth day after virus injection, FI was compared to
basal levels in both groups. In LacZ mice, FI was significantly higher compared to basal
levels during the light (0.80+0.23 g, P<0.01) as well as the dark period (2.01£0.72
g, P<0.01), whereas in Apoa5 injected animals, FI during the light and dark period
was similar to basal values (Light, 0.85£0.39 g, P=0.08 and dark period 1.41£0.59
g, P=0.46, respectively; data not shown). Hepatic overexpression of Apoa5 resulted
in human ApoA5 plasma levels of 57.6116.6 pl.ml". These data show that Apoal
overexpression is sufficient to reduce food intake.

A
100-
~ 80
4+]
2 60+ E
= 401 e
Ll
20
0
£ £
£ &=
P P
E £
> -
- < 0y
o L J
L— 10
D L D L

Figure 3. ApoA5’- mice become hyperphagic when switched to a high-fat diet. Indirect
calorimetry data from Apoa5~'~ (dashed line) and WT (solid line) mice during the first week of high fat
diet intervention. Energy intake (EI, A), respiratory exchange ratio (RER, B), carbohydrate oxidation
(CHox, C) and fat oxidation (FAox, D). All graphs depict the smoothed average + SEM.
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Peripheral and central ApoA5 protein administration reduce food intake

To determine whether hepatic Apoa’ expression, or increased circulating ApoA5
protein levels mediates reduction in FI, ApoA5 protein was loaded onto VLDL-like
emulsion particles and injected intravenously in WT mice. Injection of ApoA5-loaded
emulsion particles significantly reduced FI (-60%) during the first 60 min post-
injection as compared to unloaded (control) emulsion particles (control, 0.26+0.04 g,
ApoA5,0.11+0.07 g, P<0.01, Figure 4A). During the second hour after the injection,
ApoA5-loaded emulsion particles did not lower FI compared to control particles
(control, 0.18£0.11 g,ApoA5,0.13+0.08 g). These data show that increased circulating
ApoAS5 protein levels are capable of reducing FI.

A peripheral increase of circulating ApoA5 protein may affect FI via upregulation
of LPL mediated lipolysis [45] or a direct peripheral to central signaling pathway.
To determine whether ApoA5 protein is capable to reduce FI directly via a central
mechanism, aCSF (as a negative control) or aCSF+ApoA5 protein was injected
into the lateral ventricle of food deprived WT mice (Figure 4B). ApoA5 injection
significantly lowered FI during the first 60 minutes post injection (40-50%) compared
to aCSF (aCSE 0.40£0.11 g, ApoA5, 0.23+0.08 g, P<0.01) (Figure 4B). FI tended to
be reduced during the second hour after ApoA5 injection (aCSE0.17+0.06 g, ApoA5,
0.11£0.10 g, P=0.1). These data show that central ApoA5 protein administration
directly reduces FI, even at nano-molar concentrations and suggest that the FI-
reducing effect of ApoA5 may be regulated, in part, via a central mechanism.
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Figure 4. ApoA5 protein administration reduces food intake. Food intake during the first 60
minutes after (A) intravenous (i.v.) injection of empty VLDL-like emulsion particles (white bars) or
ApoA5 loaded VLDL-like emulsion carrier particles (black bars) and (B) intracerebroventricular (i.c.v.)
injection of aCSF or aCSF +with (black bars) or without (white bars) ApoA5 injection. Data represent
mean values +/- SD, **P<0.01.
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DISCUSSION

Here, we confirm previous reports that ApoA5 plays a central role in lipid metabolism
and energy balance. Apoa5~"~ mice are hypertriglyceridemic and hypercholesterolemic
and display impaired lipid partitioning. Furthermore, Apoa5~~ mice develop obesity,
hepatic steatosis and insulin resistance when fed a HFD. In addition, we show that
Apoa5~'~ mice are hyperphagic, and that adenoviral overexpression of Apoal reverses
this phenotype. Furthermore, intravenous as well as central injection of purified
ApoA5 protein reduced FI in WT mice (60% and 45%, respectively), suggesting a
central effect of ApoA5 on the regulation of food intake. Collectively, we confirm
that ApoA5 plays a crucial role in lipid clearance but we also demonstrate a novel role
of ApoA5 1in the regulation of food intake. Therefore, we speculate that peripheral to
central translocation of ApoAb5 is a satiety signal acting perhaps independently of the
effects of ApoA5 on LPL-mediated lipolysis.

Food intake is known to be variable and time dependent in C57Bl/6] mice
switched to a HFD [46]. After an initial phase of hyper caloric intake, FI decreases and
hypothalamic expression of pro- opiomelanocortin (POMC) is up regulated, possibly
as a defensive mechanism against the development of obesity [46]. Here, we confirm
that FI upon high fat HFD feeding was only transiently elevated in control C57Bl1/6]
mice. In contrast, FI was significantly higher in Apoa5~~ mice upon HFD intervention
when compared to controls, and, interestingly, the decline in FI was largely absent in
Apoa5~'~ mice. Food intake of Apoa5~"~ mice remained higher compared to both WT
mice and baseline values for a period of at least 5 weeks. In addition to hyperphagia,
the oxidative metabolism of Apoa5™~ mice was characterized by a low rate of fat
oxidation. It is, however, unlikely that the increased obesity grade in the Apoa5™"~ mice
is due to a reduced fat oxidation, as peak oxidation rates (during the light period, after
4 weceks of HFD feeding) did not differ from controls. Together, these data clearly
show that, compared to controls, Apoa5~'~ mice have a higher caloric intake when
ted a HFD, but do not match fat oxidation to this excess, ultimately leading to a more
positive fat balance, and thus obesity.

To assess the hyperphagic phenotype in more detail, human Apoa5 was overexpressed
in the liver via an adenovirus. Four days after Apoa5 virus injection, the hyperphagic
phenotype of Apoa5’- mice was prevented compared to LacZ virus injected animals.
The established human ApoA5 plasma concentration was substantially higher (100-
300 fold) than the endogenous mouse ApoA5 concentration, which is in the same
range as earlier experiments [9,47]. Thus, supraphysiological ApoA5 levels reduced FI.
Subsequently, we investigated whether low plasma levels of ApoA5 could also reduce
FI.Therefore protein free VLDL-like emulsion particles were loaded with 6 pg purified
ApoA5 and injected intravenously to mimic the postprandial hypertriglyceridemic
situation. Addition of ApoA5 to the VLDL particles resulted in a large, but transient
reduction in FI, which is in line with a putative function of ApoA5 as a satiation signal.
These data show that ApoA5 is involved in the regulation of FI, either directly via a
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central mechanism and/or indirectly by its known effect on peripheral lipolysis. The
liberation of free fatty acids at the vessel wall during peripheral lipolysis may in itself
induce meal termination, as hypothalamic sensors monitor energy status and adjust
food intake [48]. Recent studies showed that central administration of oleic acid results
in a reduction of FI [45] in a melanocortin-4-receptor (MC4R) dependent manner,
and that this is dependent on nutritional status [49]. Therefore, it could be that the
effect of ApoA5 on FI is indirect and involves the stimulation of peripheral lipolysis,
and subsequent transport of fatty acids to the brain. In previous studies, however, it
has been shown that although ApoAS5 levels rise concomitantly with TG levels in the
postprandial period, this does not affect postprandial VLDL kinetics [13,14], arguing
that the satiating effect of ApoA5 may be independent of its effect on lipolysis.

Human cerebrospinal fluid (CSF) contains spherical lipoproteins that resemble
HDL in plasma [50,51]. Furthermore, it has been described that active endocytosis
of lipoproteins occurs at the blood brain barrier [52]. A number of apolipoproteins
have been identified in human CSE ApoE and ApoA1 are the major apolipoproteins;
with ApoA2,A4,C1,D, C2,C3, C4,] and H present as well [50,51,53]. Interestingly,
it has been shown that the concentration of ApoA4 in CSF increases as a result
of lipid feeding [54]. To be able to act as a nutritional sensor, the peripheral-to-
central transition of the signal must be rapid. The transcytosis time of lipoprotein
particles at the blood brain barrier has been shown to be short (=15 minutes). Thus,
if lipoprotein bound ApoA5 acts as a satiety signal, the transition time is likely not
rate limiting in the potential of ApoA5 to mediate satiation.

Interestingly, central ApoE is involved in FI in rats via a melanocortin 3/4 receptor
dependent mechanism [55]. Furthermore, ApoA4, the closest structural homolog of
ApoA>5, has also been shown to be expressed in the hypothalamus [56] and to decrease
Flin a cholecystokinin dependent manner [57],also partly via a melanocortin regulated
central mechanism [56,58]. These findings indicate that the effect of ApoA4 and
ApoE on FI may share a common signaling route. ApoA5 is often described as being
exclusively expressed in the liver [59,60]. However, a recent report demonstrated that
ApoAS5 is expressed in the duodenum and colon in mice and human subjects, and that
this expression can be modulated by fatty acids as well as fibrates [61]. Furthermore,
active transcription of Apoa5 in the brain has been shown in birds [62] and mice [63].
More specifically, in mice, central transcription of Apoa’ was determined to be located
at the hypothalamus [64]. In humans, microarray analysis of post mortem brain material
revealed that ApoA5 is expressed in the brainstem and near the paraventricular nuclei
of the hypothalamus [65]. To assess whether the hyperphagic food intake of Apoa5~"~
mice could be a direct consequence of the loss of central ApoA5 signaling rather
than a consequence of impaired peripheral lipolysis, purified ApoA5 was injected in
the lateral ventricle of HFD fed mice. Central administration of purified ApoA5 also
largely reduced food intake. Although we cannot formally exclude the presence of
contaminants in the commercially produced ApoA5, the endotoxin-free production
of the protein and the further 12-fold dilution in aCSE make it unlikely that the
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observed effect of i.c.v. administered ApoA5 on FI is non-specific. Possibly, ApoA5
mediates energy balance by its association with lipid particles, some of which are able to
be transported across the blood brain barrier. It has been shown that in particular LDL
and HDL can cross the blood brain barrier via receptor mediated transport [66,67]. A
possible site of peripheral to central translocation of ApoA5 containing lipoproteins
could be the median eminence of the basal hypothalamus, adjacent to the arcuate nucleus
[68].The arcuate nucleus is crucially involved in the regulation of energy balance and is
subject to plastic remodeling when dietary fat content is modulated [69]. Interestingly,
low, but significant, ApoA5 protein levels have been detected at the lateral ventricle wall
in humans [70], which is directly adjacent to the arcuate nucleus.

Interestingly, the inhibiting effect of ApoA5 on FI after i.c.v. injection was already
achieved at a dose of 8 ng/mouse.This dose was approximately 500 fold lower compared
to the doses of ApoE [55] and ApoA4 [54] that are able to reduce FI. As mentioned
before, ApoE and ApoA4 decrease FI in a dose dependent manner, which is mediated
by the melanocortin system [55,56]. Since the anorexigenic effects of central oleic acid
injection are also mediated via the melanocortin system [45], it is possible that the
effect of ApoE, ApoA4 and ApoA5 on FI are mediated by a regulation of brain lipid
metabolism rather than by a direct effect of the individual apolipoproteins themselves.
This is further strengthened by the observation that LDL receptor knock out (Ldlr~'")
mice become more obese compared to controls when fed a 60% HFD [71] and that the
LDL receptor mediates, at least in part, the effect of APOE on obesity [72]. Interestingly,
similar to Apoa5~'~ mice, Ldlr '~ mice do not reduce their caloric intake when switched
from a chow to a HED [71].

In conclusion, we demonstrate that Apoa5~~ mice are hyperphagic and become
more obese and insulin resistant on a HFD when compared to WT mice. Furthermore,
we show that ApoA5 reduces FI after central administration. Peripheral injected ApoA5
reduces food intake by 60% while i.c.v. injection reduced FI by 40%, suggesting that
the effect of ApoA5 on food intake may, at least in part, be mediated via a central
mechanism. We propose that the low circulating levels of ApoA5 seen in rodents and
humans signify a satiety-related signaling function, possibly in addition to an effect of
ApoA5 on triglyceride hydrolysis.

ACKNOWLEDGEMENTS

This work was supported by grants from the Center of Medical Systems Biology
(CMSB), the Netherlands Consortium for Systems Biology (NCSB) established by The
Netherlands Genomics Initiative/Netherlands Organization for Scientific Research
(NGI/NWO), and the Netherlands Diabetes Foundation (DFN2007.00.010 to PCN
Rensen). PCN Rensen is Established Investigator of the Netherlands Heart Foundation
(grant 2009T038). Furthermore, we would like to thank Rick Havinga (University
Medical Center Groningen) for surgical and analytical assistance.

184



APOLIPOPROTEIN A5 INHIBITS FOOD INTAKE CENTRALLY

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

Hokanson, J. E., Austin, M. A. (1996) Plasma triglyceride level is a risk factor for cardiovascular
disease independent of high-density lipoprotein cholesterol level: a meta-analysis of population-based
prospective studies. J.Cardiovasc.Risk 3,213-219

Austin, M. A, McKnight, B., Edwards, K. L., Bradley, C. M., McNeely, M. J., Psaty, B. M.., Brunzell, J.
D., Motulsky, A. G. (2000) Cardiovascular disease mortality in familial forms of hypertriglyceridemia: A
20-year prospective study. Circulation 101, 2777-2782

Cullen, P. (2000) Evidence that triglycerides are an independent coronary heart disease risk factor.
Am.J.Cardiol. 86, 943-949

Mooradian, A. D. (2009) Dyslipidemia in type 2 diabetes mellitus. Nat.Clin.Pract. Endocrinol. Metab 5,
150-159

Ginsberg, H. N. (2000) Insulin resistance and cardiovascular disease. J.Clin.Invest 106, 453-458

Chan, D. C,, Barrett, P. H., Watts, G. E (2004) Lipoprotein transport in the metabolic syndrome:
pathophysiological and interventional studies employing stable isotopy and modelling methods. Clin.
Sci.(Lond) 107,233-249

Forte, T. M., Shu, X., Ryan, R. O. (2009) The ins (cell) and outs (plasma) of apolipoprotein A-V.].Lipid
Res. 50 Suppl, S150-S155

Merkel, M., Loeffler, B., Kluger, M., Fabig, N., Geppert, G., Pennacchio, L. A., Laatsch, A., Heeren, J.
(2005) Apolipoprotein AV accelerates plasma hydrolysis of triglyceride-rich lipoproteins by interaction
with proteoglycan-bound lipoprotein lipase. J.Biol. Chem. 280, 21553-21560

Schaap, E G., Rensen, P. C.,Voshol, P. J., Vrins, C., van der Vliet, H. N., Chamuleau, R. A., Havekes,
L. M., Groen, A. K., Willems van Dijk, K. (2004) ApoAV reduces plasma triglycerides by inhibiting
very low density lipoprotein-triglyceride (VLDL-TG) production and stimulating lipoprotein lipase-
mediated VLDL-TG hydrolysis. J.Biol. Chem. 279, 27941-27947

Grosskopf, 1., Baroukh, N., Lee, S. J., Kamari, Y., Harats, D., Rubin, E. M., Pennacchio, L. A., Cooper,
A. D. (2005) Apolipoprotein A-V deficiency results in marked hypertriglyceridemia attributable
to decreased lipolysis of triglyceride-rich lipoproteins and removal of their remnants. Arterioscler.
Thromb.Vasc.Biol. 25, 2573-2579

Kim, J.Y,, Kim, O.Y, Koh, S. J,, Jang, Y., Yun, S. S., Ordovas, J. M., Lee, J. H. (2006) Comparison of
low-fat meal and high-fat meal on postprandial lipemic response in non-obese men according to the
-1131T>C polymorphism of the apolipoprotein A5 (ApoA5) gene (randomized cross-over design).
J.Am.Coll.Nutr. 25, 340-347

Moreno-Luna, R., Perez-Jimenez, E, Marin, C., Perez-Martinez, P, Gomez, P, Jimenez-Gomez, Y.,
Delgado-Lista, J., Moreno, J. A., Tanaka, T., Ordovas, . M., Lopez-Miranda, J. (2007) Two independent
apolipoprotein A5 haplotypes modulate postprandial lipoprotein metabolism in a healthy Caucasian
population. J.Clin.Endocrinol.Metab 92, 2280-2285

Chan, D. C,, Watts, G. E, Nguyen, M. N., Barrett, P. H. (2006) Apolipoproteins C-III and A-V as
predictors of very-low-density lipoprotein triglyceride and apolipoprotein B-100 kinetics. Arterioscler.
Thromb. Vasc.Biol. 26, 590-596

Pruneta-Deloche, V., Ponsin, G., Groisne, L., Fruchart-Najib, J., Lagarde, M., Moulin, P. (2005)
Postprandial increase of plasma apoAV concentrations in Type 2 diabetic patients. Atherosclerosis 181,
403-405

Ishihara, M., Kujiraoka, T, Iwasaki, T., Nagano, M., Takano, M., Ishii, J., Tsuji, M., Ide, H., Miller, I. P,
Miller, N. E., Hattori, H. (2005) A sandwich enzyme-linked immunosorbent assay for human plasma
apolipoprotein A-V concentration. J.Lipid Res. 46,2015-2022

O’Brien, P. J., Alborn, W. E., Sloan, J. H., Ulmer, M., Boodhoo, A., Knierman, M. D., Schultze, A.
E., Konrad, R. J. (2005) The novel apolipoprotein A5 is present in human serum, is associated with
VLDL, HDL, and chylomicrons, and circulates at very low concentrations compared with other
apolipoproteins. Clin.Chem. 51, 351-359

Shu, X., Ryan, R. O., Forte, T. M. (2008) Intracellular lipid droplet targeting by apolipoprotein A-V
requires the carboxyl-terminal segment. J.Lipid Res. 49, 1670-1676

185




CHAPTER 8

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

186

Weinberg, R. B., Cook,V. R., Beckstead, J. A., Martin, D. D., Gallagher, J. W., Shelness, G. S., Ryan, R.
0. (2003) Structure and interfacial properties of human apolipoprotein A-V.].Biol. Chem. 278, 34438-
34444

Merkel, M., Heeren, J. (2005) Give me A5 for lipoprotein hydrolysis! J.Clin.Invest 115, 2694-2696
Shu, X., Nelbach, L., Ryan, R. O., Forte, T. M. (2010) Apolipoprotein A-V associates with intrahepatic
lipid droplets and influences triglyceride accumulation. Biochim.Biophys.Acta 1801, 605-608

Zheng, X.Y., Zhao, S. P.,Yu, B. L., Wu, C. L., Liu, L. (2012) Apolipoprotein A5 internalized by human
adipocytes modulates cellular triglyceride content. Biol. Chem. 393, 161-167

Yang, L., Ding,Y., Chen,Y., Zhang, S., Huo, C., Wang, Y., Yu, J., Zhang, P, Na, H., Zhang, H., Ma,Y.,
Liu, P. (2012) The proteomics of lipid droplets: structure, dynamics, and functions of the organelle
conserved from bacteria to humans. J.Lipid Res. 53, 1245-1253

Smith, C. E., Tucker, K. L., Lai, C. Q., Parnell, L. D., Lee,Y. C., Ordovas, ]. M. (2010) Apolipoprotein A5
and lipoprotein lipase interact to modulate anthropometric measures in Hispanics of Caribbean origin.
Obesity. (Silver.Spring) 18, 327-332

Horvatovich, K., Bokor, S., Barath, A., Maasz, A., Kisfali, P, Jaromi, L., Polgar, N., Toth, D., Repasy, J.,
Endreffy, E., Molnar, D., Melegh, B. (2011) Haplotype analysis of the apolipoprotein A5 gene in obese
pediatric patients. Int.].Pediatr.Obes. 6, €318-e325

Chen, E. S., Furuya, T. K., Mazzotti, D. R., Ota,V. K., Cendoroglo, M. S., Ramos, L. R., Araujo, L. Q.,
Burbano, R. R., de Arruda Cardoso, S. M. (2010) APOA1/A5 variants and haplotypes as a risk factor
for obesity and better lipid profiles in a Brazilian Elderly Cohort. Lipids 45,511-517
Hedley,A.A.,Ogden, C.L.,Johnson, C.L., Carroll, M. D,, Curtin, L. R .., Flegal, K. M.. (2004) Prevalence
of overweight and obesity among US children, adolescents, and adults, 1999-2002. JAMA 291, 2847-
2850

Corella, D., Lai, C. Q., Demissie, S., Cupples, L. A., Manning, A. K., Tucker, K. L., Ordovas, J. M. (2007)
APOADS5 gene variation modulates the effects of dietary fat intake on body mass index and obesity risk
in the Framingham Heart Study. J.Mol.Med.(Berl) 85, 119-128

Sanchez-Moreno, C., Ordovas, J. M., Smith, C. E., Baraza, J. C., Lee,Y. C., Garaulet, M. (2011) APOA5
gene variation interacts with dietary fat intake to modulate obesity and circulating triglycerides in a
Mediterranean population. J.Nutr. 141, 380-385

Hishida, A., Morita, E., Naito, M., Okada, R, Wakai, K., Matsuo, K., Nakamura, K., Takashima, N.,
Suzuki, S., Takezaki, T., Mikami, H., Ohnaka, K., Watanabe, Y., Uemura, H., Kubo, M., Tanaka, H.,
Hamajima, N. (2012) Associations of apolipoprotein A5 (APOAD5), glucokinase (GCK) and glucokinase
regulatory protein (GCKR) polymorphisms and lifestyle factors with the risk of dyslipidemia and
dysglycemia in Japanese - a cross-sectional data from the J-MICC Study. Endocr.J. 59, 589-599
Pennacchio, L. A., Olivier, M., Hubacek, J. A., Cohen, J. C., Cox, D. R., Fruchart, J. C., Krauss, R. M.,
Rubin, E. M. (2001) An apolipoprotein influencing triglycerides in humans and mice revealed by
comparative sequencing. Science 294, 169-173

Schaap, E G., Nierman, M. C., Berbee, J. E P, Hattori, H., Talmud, P.].,Vaessen, S. E C., Rensen, P. C. N,
Chamuleau, R. A. E M., Kuivenhoven, J. A., Groen, A. K. (2006) Evidence for a complex relationship
between apoA-V and apoC-III in patients with severe hypertriglyceridemia. Journal of Lipid Research
47,2333-2339

Bligh,E. G.,Dyer,W.]. (1959) A rapid method of total lipid extraction and purification. Can.J.Biochem.
Physiol 37,911-917

Lichtenstein, L., Berbee, J. E, van Dijk, S. J., van Dijk, K. W, Bensadoun, A., Kema, I. P, Voshol, P. ],
Muller, M., Rensen, P. C., Kersten, S. (2007) Angptl4 upregulates cholesterol synthesis in liver via
inhibition of LPL- and HL-dependent hepatic cholesterol uptake. Arterioscler. Thromb.Vasc.Biol. 27,
2420-2427

Tiller, G., Fischer-Posovszky, P, Laumen, H., Finck,A., Skurk, T., Keuper, M., Brinkmann, U., Wabitsch,
M., Link, D., Hauner, H. (2009) Effects of TWEAK (TNF superfamily member 12) on differentiation,
metabolism, and secretory function of human primary preadipocytes and adipocytes. Endocrinology
150, 5373-5383



APOLIPOPROTEIN A5 INHIBITS FOOD INTAKE CENTRALLY

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Peronnet, E, Massicotte, D. (1991) Table of nonprotein respiratory quotient: an update. Can.J.Sport Sci.
16,23-29

Gerritsen, G., Rensen, P. C., Kypreos, K. E., Zannis, V. 1., Havekes, L. M., Willems van Dijk, K. (2005)
ApoC-III deficiency prevents hyperlipidemia induced by apoE overexpression. J.Lipid Res. 46, 1466-
1473

van der Hoogt, C. C., Berbee, ]. E, Espirito Santo, S. M., Gerritsen, G., Krom,Y. D., van der Zee, A.,
Havekes,L.M.,Willems van Dijk,K.,Rensen, P.C. (2006) Apolipoprotein CI causes hypertriglyceridemia
independent of the very-low-density lipoprotein receptor and apolipoprotein CIII in mice. Biochim.
Biophys.Acta 1761, 213-220

Dhurandhar, N. V., Whigham, L. D., Abbott, D. H., Schultz-Darken, N. J., Israel, B. A., Bradley, S. M.,
Kemnitz, J. W, Allison, D. B., Atkinson, R. L. (2002) Human adenovirus Ad-36 promotes weight gain
in male rhesus and marmoset monkeys. J.Nutr. 132, 3155-3160

So, PW.,, Herlihy, A. H., Bell, J. D. (2005) Adiposity induced by adenovirus 5 inoculation. Int.J.Obes.
(Lond) 29, 603-606

Whigham, L. D., Israel, B. A., Atkinson, R. L. (2006) Adipogenic potential of multiple human
adenoviruses in vivo and in vitro in animals. Am.J.Physiol R egul.Integr.Comp Physiol 290, R190-R 194
Rensen, P. C., Herijgers, N., Netscher, M. H., Meskers, S. C., van, Eck, M., van Berkel, T. J. (1997)
Particle size determines the specificity of apolipoprotein E-containing triglyceride-rich emulsions for
the LDL receptor versus hepatic remnant receptor in vivo. J.Lipid Res. 38, 1070-1084

Coomans, C. P, Geerling, J. J., Guigas, B., van den Hoek, A. M., Parlevliet, E. T., Ouwens, D. M., Pijl,
H.,Voshol, P.J., Rensen, P. C., Havekes, L. M., Romijn, J. A. (2011) Circulating insulin stimulates fatty
acid retention in white adipose tissue via K, channel activation in the central nervous system only in
insulin-sensitive mice. J.Lipid Res. 52, 1712-1722

Coomans, C. P, Biermasz, N. R, Geerling, J. J., Guigas, B., Rensen, P. C., Havekes, L. M., Romijn, J. A.
(2011) Stimulatory effect of insulin on glucose uptake by muscle involves the central nervous system
in insulin-sensitive mice. Diabetes 60, 3132-3140

van Dijk, T. H., Boer, T. S., Havinga, R, Stellaard, F, Kuipers, E, Reijngoud, D.]. (2003) Quantification
of hepatic carbohydrate metabolism in conscious mice using serial blood and urine spots. Anal.
Biochem. 322, 1-13

Schwinkendorf, D. R., Tsatsos, N. G., Gosnell, B. A., Mashek, D. G. (2011) Effects of central
administration of distinct fatty acids on hypothalamic neuropeptide expression and energy metabolism.
Int.J.Obes.(Lond) 35, 336-344

Ziotopoulou, M., Mantzoros, C. S., Hileman, S. M., Hlier, J. S. (2000) Differential expression of
hypothalamic neuropeptides in the early phase of diet-induced obesity in mice. Am.J.Physiol
Endocrinol.Metab 279, ES38-E845

Nelbach, L., Shu, X., Konrad, R.. J., Ryan, R. O., Forte, T. M. (2008) Effect of apolipoprotein A-V on
plasma triglyceride, lipoprotein size, and composition in genetically engineered mice. Journal of Lipid
Research 49, 572-580

Wolfgang, M. J., Lane, M. D. (2006) The role of hypothalamic malonyl-CoA in energy homeostasis.
J.Biol.Chem. 281, 37265-37269

Morgan, K., Obici, S., Rossetti, L. (2004) Hypothalamic responses to long-chain fatty acids are
nutritionally regulated. ].Biol. Chem. 279, 31139-31148

Koch, S., Donarski, N., Goetze, K., Kreckel, M., Stuerenburg, H. J., Buhmann, C., Beisiegel, U. (2001)
Characterization of four lipoprotein classes in human cerebrospinal fluid. J.Lipid Res. 42, 1143-1151
Demeester, N., Castro, G., Desrumaux, C., De, G. C., Fruchart, J. C., Santens, P., Mulleners, E.,
Engelborghs, S., De Deyn, P. P.,Vandekerckhove, J., Rosseneu, M., Labeur, C. (2000) Characterization
and functional studies of lipoproteins, lipid transfer proteins, and lecithin:cholesterol acyltransterase in
CSF of normal individuals and patients with Alzheimer’s disease. J.Lipid Res. 41, 963-974

Dehouck, B., Fenart, L., Dehouck, M. P, Pierce, A., Torpier, G., Cecchelli, R. (1997) A new function
for the LDL receptor: transcytosis of LDL across the blood-brain barrier. J.Cell Biol. 138, 877-889

187




CHAPTER 8

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

188

Schutzer, S. E., Liu, T., Natelson, B. H., Angel, T. E., Schepmoes, A. A., Purvine, S. O., Hixson, K. K.,
Lipton, M. S., Camp, D. G., Coyle, P. K., Smith, R. D., Bergquist, J. (2010) Establishing the proteome of
normal human cerebrospinal fluid. PLoS.One. 5, ¢10980

Fujimoto, K., Fukagawa, K., Sakata, T., Tso, P. (1993) Suppression of food intake by apolipoprotein A-IV
is mediated through the central nervous system in rats. J.Clin.Invest 91, 1830-1833

Shen, L., Tso, P, Woods, S. C., Clegg, D. ]., Barber, K. L., Carey, K., Liu, M. (2008) Brain apolipoprotein
E: an important regulator of food intake in rats. Diabetes 57, 2092-2098

Gotoh, K., Liu, M., Benoit, S. C., Clegg, D.]., Davidson, W. S., D’ Alessio, D., Seeley, R.. ., Tso, P, Woods,
S. C. (2006) Apolipoprotein A-IV interacts synergistically with melanocortins to reduce food intake.
Am J.Physiol Regul.Integr.Comp Physiol 290, R202-R207

Glatzle, J., Darcel, N., Rechs, A. J., Kalogeris, T. J., Tso, P, Raybould, H. E. (2004) Apolipoprotein A-IV
stimulates duodenal vagal afferent activity to inhibit gastric motility via a CCK1 pathway. Am.].Physiol
Regul.Integr.Comp Physiol 287, R354-R 359

Okumura, T., Fukagawa, K., Tso, P, Taylor, I. L., Pappas, T. N. (1994) Intracisternal injection of
apolipoprotein A-IV inhibits gastric secretion in pylorus-ligated conscious rats. Gastroenterology 107,
1861-1864

van der Vliet, H. N., Sammels, M. G., Leegwater, A. C., Levels, J. H., Reitsma, P. H., Boers, W.,
Chamuleau, R.A. (2001) Apolipoprotein A-V:a novel apolipoprotein associated with an early phase of
liver regeneration. J.Biol.Chem. 276, 44512-44520

Genoux, A., Dehondt, H., Helleboid-Chapman, A., Duhem, C., Hum, D. W., Martin, G., Pennacchio,
L. A, Staels, B., Fruchart-Najib, J., Fruchart, J. C. (2005) Transcriptional regulation of apolipoprotein
A5 gene expression by the nuclear receptor RORalpha. Arterioscler. Thromb. Vasc.Biol. 25, 1186-1192
Guardiola, M., Alvaro, A., Vallve, J. C., Rosales, R., Sola, R., Girona, J., Serra, N., Duran, P, Esteve, E.,
Masana, L., Ribalta, J. (2012) APOAS5 gene expression in the human intestinal tissue and its response to
in vitro exposure to fatty acid and fibrate. Nutr.Metab Cardiovasc.Dis. 22, 756-762

Dichlberger, A., Cogburn, L. A., Nimpf, J., Schneider, W. J. (2007) Avian apolipoprotein A-V binds to
LDL receptor gene family members. J.Lipid Res. 48, 1451-1456

Mortazavi, A., Williams, B. A., McCue, K., Schaeffer, L., Wold, B. (2008) Mapping and quantifying
mammalian transcriptomes by RINA-Seq. Nat.Methods 5, 621-628

Shimogori, T., Lee, D. A., Miranda-Angulo, A.,Yang, Y., Wang, H., Jiang, L.,Yoshida, A. C., Kataoka, A.,
Mashiko, H.,Avetisyan, M., Q1, L., Qian, J., Blackshaw, S. (2010) A genomic atlas of mouse hypothalamic
development. Nat.Neurosci. 13, 767-775

Fox, P. T., Lancaster, J. L. (2002) Opinion: Mapping context and content: the BrainMap model. Nat.
Rev.Neurosci. 3, 319-321

Candela, P, Gosselet, E, Miller, E, Buee-Scherrer, V., Torpier, G., Cecchelli, R., Fenart, L. (2008)
Physiological pathway for low-density lipoproteins across the blood-brain barrier: transcytosis through
brain capillary endothelial cells in vitro. Endothelium 15, 254-264

von Eckardstein, A., Rohrer, L. (2009) Transendothelial lipoprotein transport and regulation of
endothelial permeability and integrity by lipoproteins. Curr.Opin.Lipidol. 20, 197-205

Mullier, A., Bouret, S. G., Prevot, V., Dehouck, B. (2010) Differential distribution of tight junction
proteins suggests a role for tanycytes in blood-hypothalamus barrier regulation in the adult mouse
brain. J.Comp Neurol. 518, 943-962

McNay, D. E., Briancon, N., Kokoeva, M. V., Maratos-Flier, E., Flier, J. S. (2012) Remodeling of the
arcuate nucleus energy-balance circuit is inhibited in obese mice. J.Clin.Invest 122, 142-152

Ponten, E, Schwenk, J. M., Asplund, A., Edqvist, . H. (2011) The Human Protein Atlas as a proteomic
resource for biomarker discovery. J.Intern.Med. 270, 428-446

Schreyer, S. A.,Vick, C., Lystig, T. C., Mystkowski, P, LeBoeuf, R. C. (2002) LDL receptor but not
apolipoprotein E deficiency increases diet-induced obesity and diabetes in mice. Am.J.Physiol
Endocrinol.Metab 282, E207-E214

Karagiannides, I., Abdou, R.., Tzortzopoulou, A.,Voshol, P. J., Kypreos, K. E. (2008) Apolipoprotein E
predisposes to obesity and related metabolic dysfunctions in mice. FEBS J. 275, 4796-4809



APOLIPOPROTEIN A5 INHIBITS FOOD INTAKE CENTRALLY

SUPPLEMENTAL DATA

Supplemental Table 1. ApoA5~- mice remain hyperphagic when fed a high-fat diet for 4 weeks
Indirect calorimetry data from long term HFD fed Apoa5~~ and WT controls. Data represent mean * SD,

*p < 0.05
Light period Dark period
ApoA5- wT ApoA5- wWT

Respiratory exchange rate 0.798 + 0.011 0.793 £ 0.011 0.847 £ 0.010 0.830 + 0.010*
Energy expenditure (kcal/h) 0.583 + 0.052 0.554 = 0.031 0.657 + 0.045 0.656 = 0.026
Carbohydrate oxidation rate (mg/h) 543 +11.2 471 5.7 88.7 + 8.8 79.0 £ 8.3
Fat oxidation rate (mg/h) 40.0 £ 1.9 39.8 3.6 342+ 42 37.9 £ 2.2%
Activity (beam breaks) 118 + 26 130 + 36 284 £ 90 476 + 140%
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Supplemental Figure 1. Adipocyte differentiation capacity does not differ between WT and
ApoA5’- mice. Data representing the differentiation capacity of adipocytes from reproductive and
subcutaneous fat depots. Data represent mean + SD.
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Supplemental Figure 2. ApoA5~’~ mice develop insulin resistance when fed a high-fat diet.
Glucose infusion rates (A), plasma glucose levels (B) and hyperinsulinemic metabolic clearance rate (C)
during the hyperinsulinemiceuglycemic clamp analysis of Apoa5’- and WT. Data represent mean + SD,
*P<0.05, **P<0.01
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