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Dietary fat alters the response of hypothalamic neuropeptide Y to

subsequent energy intake in broiler chickens
Xiao J. Wang, Shao H. Xu, Lei Liu, Zhi G. Song, Hong C. Jiao and Hai Lin*

ABSTRACT

Dietary fat affects appetite and appetite-related peptides in birds and
mammals; however, the effect of dietary fat on appetite is still unclear
in chickens faced with different energy statuses. Two experiments
were conducted to investigate the effects of dietary fat on food intake
and hypothalamic neuropeptides in chickens subjected to two
feeding states or two diets. In Experiment 1, chickens were fed a
high-fat (HF) or low-fat (LF) diet for 35 days, and then subjected to fed
(HF-fed, LF-fed) or fasted (HF-fasted, LF-fasted) conditions for 24 h.
In Experiment 2, chickens that were fed a HF or LF diet for 35 days
were fasted for 24 h and then re-fed with HF (HF-RHF, LF-RHF) or LF
(HF-RLF, LF-RLF) diet for 3 h. The results showed that chickens
fed a HF diet for 35 days had increased body fat deposition despite
decreasing food intake even when the diet was altered during the
re-feeding period (P<0.05). LF diet (35 days) promoted agouti-related
peptide (AgRP) expression compared with HF diet (P<0.05) under
both fed and fasted conditions. LF-RHF chickens had lower
neuropeptide Y (NPY) expression compared with LF-RLF chickens;
conversely, HF-RHF chickens had higher NPY expression than
HF-RLF chickens (P<0.05). These results demonstrate: (1) that HF
diet decreases food intake even when the subsequent diet is altered;
(2) the orexigenic effect of hypothalamic AgRP; and (3) that dietary fat
alters the response of hypothalamic NPY to subsequent energy
intake. These findings provide a novel view of the metabolic
perturbations associated with long-term dietary fat over-ingestion in
chickens.

KEY WORDS: Poultry, Appetite, Energy status, Hypothalamus,
Energy balance

INTRODUCTION

The hypothalamus is a processing centre that integrates signals from
the brain, peripheral circulation and gastrointestinal tract to regulate
energy intake and expenditure. Two neuron populations in the
arcuate nucleus (ARC) of the hypothalamus exert potent effects on
food intake, energy balance and glucose homeostasis: agouti-related
peptide/neuropeptide Y (AgRP/NPY) neurons are orexigenic
(promote feeding and inhibit energy expenditure), while
proopiomelanocortin ~ (POMC) and corticotropin-releasing
hormone (CRH) neurons promote anorexia (reduce food intake
and increase catabolic processes) in the ARC of avian species and
mammals (Boswell et al., 2002; Richards, 2003).
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Several studies have shown that these hypothalamic neuropeptides
are sensitive to body energy status and critical to whole-body
metabolic adjustment. NPY reduces energy expenditure by
decreasing adipose tissue thermogenesis (Egawa et al., 1991; Patel
et al., 2006; Chao et al., 2011; Zhang et al., 2014). The obesity of
ob/ob mice is attenuated when NPY is knocked out (Erickson et al.,
1996; Segal-Lieberman et al., 2003). NPY deficiency attenuates
responses to a palatable high fat diet in mice (Hollopeter et al., 1998;
Patel et al., 2006). Animals in which POMC neurons have been
knocked out are obese and hyperphagic (Butler and Cone, 2002;
Mencarelli et al., 2012; Diané et al., 2014; Raffan et al., 2016).
Additionally, the release of these neuropeptides is closely associated
with dietary fat level. Mice fed a higher fat diet had lower NPY and
AgRP mRNA levels (Lin et al., 2000; Wang et al., 2002) and higher
POMC mRNA levels (Lukaszewski et al., 2013). Therefore, we
hypothesized that the response of hypothalamic neuropeptides to
energy status could be changed by the dietary fat level.

In the present study, two experiments were conducted to evaluate
the effect of dietary fat on the response of hypothalamic
neuropeptides to different energy statuses in broiler chickens. The
modern broiler chicken has a fast growth rate, large fat deposition rate
and high insulin level, and therefore is an excellent model for a fat
metabolism study (Sundick et al., 1996; Tsi et al., 2003). Two feeding
states (fasted versus fed in Experiment 1) and two re-feeding diets
with different energy levels (re-fed high fat diet versus re-fed low fat
diet in Experiment 2) were employed to induce differential body
energy statuses. Our results indicate that dietary fat alters the response
of hypothalamic NPY to subsequent energy intake. NPY-based self-
adjusting mechanisms can develop in lean chickens but do not readily
occur in obesity induced by a high fat diet. These findings provide a
novel view of the metabolic perturbations associated with long-term
dietary fat over-ingestion in chickens.

MATERIALS AND METHODS

Ethics statement

All of the animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee of Shandong
Agricultural University and performed in accordance with the
‘Guidelines for Experimental Animals’ of the Ministry of Science
and Technology (Beijing, China). All efforts were made to minimize
suffering.

Birds and husbandry

Male broiler chicks [Arbor Acres, Gallus gallus domesticus
(Linnaeus 1758); 1 day old] were obtained from a local hatchery
and were reared in an environmentally controlled room. In both
Experiment 1 and Experiment 2, 128 chicks were reared in 16 floor
pens each containing eight chicks (1 m? per pen). Each pen was
equipped with a feeder and a nipple water line. The brooding
temperature was maintained at 35°C (65% relative humidity) for the
first 2 days, then decreased gradually to 21°C (45% relative
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List of symbols and abbreviations
AgRP agouti-related peptide

ARC arcuate nucleus

BMG body mass gain

CRH corticotropin-releasing hormone
GAPDH glyceraldehyde 3-phosphate dehydrogenase
HF high fat

INSR insulin receptor

LF low fat

NPY neuropeptide Y

POMC proopiomelanocortin

PVH paraventricular nucleus

RHF re-fed with HF diet

RLF re-fed with LF diet

18S 18S ribosomal RNA

humidity) until day 28 and was thereafter maintained at 21°C
through to the end of the experiment. The light regime was 23 h
light:1 h dark. All of the birds had free access to food and water
during the rearing period.

Experimental protocol and sample collection

Experiment 1

At 1 day old, 128 chicks with similar body mass were divided into
two groups with eight replicates/pens per group and eight chickens
per replicate. As shown in Fig. 1A, the chicks were randomly
subjected to one of the following two treatments for 35 days: (1) high-
fat (HF) diet (15.06 MJ kg~!, 13.5% soy oil) or (2) low-fat (LF) diet
(10.90 MJ kg™!, 0% soy oil). The composition and nutrient levels of
the experimental diets are shown in Table 1. Food intake and body
mass of the eight chickens reared in one pen were weighed weekly
using an electronic balance with an accuracy of 1g (Senssun,
Guangdong, China), and the daily average food intake, energy intake

A

Fasted for 24 h
(N=32)

Fed HF for 35 days
(N=64)

Fed ad libitum
(N=32)

1 day old chickens
(N=128)

Fasted for 24 h
(N=32)

Fed LF for 35 days
(N=64)

Fed ad libitum
(N=32)

and body mass gain (BMG) of one chicken were calculated. At
36 days old, half of the experimental chickens in each diet treatment
were sampled during the fasted state after 24 h of food withdrawal
(HF-fasted, LF-fasted), and the other half were sampled in a fed state
(HF-fed, LF-fed). At the end of the experiment, eight chickens with a
similar body mass were randomly selected from each treatment for
sampling. A blood sample was drawn from a wing vein using a
heparinized syringe. Plasma was obtained following centrifugation at
400 g for 10 min at 4°C and stored at —20°C. Immediately after the
blood samples were obtained, the chickens were killed by
exsanguination. The abdominal, cervical and subcutaneous thigh
fats were harvested and weighed using an electronic balance with an
accuracy of 0.01 g (A&D, Tokyo, Japan). Hypothalamus samples
were collected according to Yuan et al. (2009), snap-frozen in liquid
nitrogen and stored at —80°C until RNA extraction.

Experiment 2

At 1 day old, 128 chicks with similar body mass were divided into two
groups with eight replicates/pens per group and eight chickens per
replicate. As shown in Fig. 1B, the chicks were randomly fed the HF or
the LF diet for 35 days. At 36 days old, all of the chickens were fasted
for 24 h, then half of the experimental chickens in each group were
randomly re-fed with HF diet for 3 h (HF-RHF, LF-RHF) or LF diet
for 3 h (LF-RLF, HF-RLF). Food intake was recorded after re-feeding.
At the end of the experiment, eight chickens with a similar body mass
were randomly selected from each treatment for sampling. Plasma and
hypothalamus samples were collected as above.

Measurement of plasma insulin levels

Plasma insulin was measured using a radioimmunoassay with
guinea pig anti-porcine insulin serum (3 V, Weifang, China). A
large cross-reaction has been observed between chicken insulin and
the guinea pig anti-porcine sera (Simon et al., 1974). The insulin in

Fig. 1. Schematic diagram of the
experimental design. Experiments
were designed to assess the effect of
dietary fat on chickens under different
feeding conditions [A, Experiment 1;
high fat (HF) and low fat (LF) diet] or
re-feeding conditions (B, Experiment 2).

Fed HF for 35 days

Fasted for 24 h and then re-fed with HF for 3 h

(N=32)

r (N=64)

Fasted for 24 h and then re-fed with LF for 3 h

(N=32)

1 day old chickens
(N=128) <

Fed LF for 35 days

Fasted for 24 h and then re-fed with HF for 3 h

(N=32)

P

(N=64)

Fasted for 24 h and then re-fed with LF for 3 h

(N=32)
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Table 1. The composition and nutrient levels of the experimental diets
(air dry basis)

LF HF
Ingredients (%)

Maize 46.622 44.859
Soybean meal 30.676 36.984
Choline chloride 0.260 0.260
Dicalcium phosphate 1.424 1.643
Limestone 1.893 1.742
pL-Methionine 0.255 0.294
Lysine 0.271 0.246
NaCl 0.255 0.255
Soy oil 0 13.468
Bran 18.094 0

Vitamin premix* 0.050 0.050
Mineral premix* 0.200 0.200

Calculated chemical composition

Metabolizable energy (MJ kg~") 10.900 15.060
Crude protein (%) 20.000 20.000
Met (%) 0.551 0.556
Lys (%) 1.064 1.073
Ca (%) 1.000 1.000
P (%) 0.450 0.450

HF, high fat; LF, low fat.

*Vitamin premix provided (per kg of diet): vitamin A, 8000 IU; vitamin D3,
3000 IU; vitamin E, 33 mg; vitamin K3, 2.3 mg; thiamine, 1.75 mg; riboflavin,
6.9 mg; niacin, 28.45 mg; pantothenic acid, 6.7 mg; biotin, 2.75 mg; folic acid,
0.6 mg; vitamin B12, 2.2 mg; choline (50%), 840 mg; cobalamin, 2.2 mg; and
pyridoxine, 3.35 mg.

*Mineral premix provided (per kg of diet): ferrous sulphate heptahydrate,
183.4 mg; heptahydrate zinc sulphate, 255 mg; monohydrous manganese
sulphate, 276.8 mg; copper sulphate, 22 mg; calcium iodide, 2.2 mg; and
pentahydrate sodium selenite, 0.6 mg.

this study is referred to as immunoreactive insulin. The sensitivity of
the assay was 1 ulU ml~!, and all of the samples were included in
the same assay to avoid inter-assay variability. The intra-assay
coefficient of variation was 1.99%.

RNA isolation and analysis

Total RNA extraction and real-time PCR were performed as
described previously (Liu et al., 2014). The primer sequences are
shown in Table 2. The PCR data were analysed with the 274ACt
method (Livak and Schmittgen, 2001). The mRNA levels of target
genes were normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA and 18S ribosomal RNA (18S)

(ACt). On the basis of the Ct values, 18S and GAPDH mRNA
expression were stable across the treatments in this study (P>0.1).

Statistical analysis

Data are presented as means+s.e.m. All of the data were subjected
to one-way ANOVA to test the effect of energy status under pre-
feeding HF or LF conditions using the Statistical Analysis Systems
statistical software package (Version 8¢, SAS Institute, Cary, NC,
USA). Homogeneity of variances among the groups was confirmed
using Bartlett’s test (SAS Institute). When the main effect of the
treatment was significant, the differences between the means were
assessed by Duncan’s multiple range analysis. The mean was
considered significantly different at P<0.05.

RESULTS

Effects of dietary fat on production performance, fat
deposition and plasma insulin

After 35 days of feeding, the food intake of the chickens fed the HF
diet was significantly lower than that of the LF diet-fed chickens
(P<0.05; Fig. 2A), but the energy intake and BMG showed the
opposite result (P<0.05; Fig. 2B,C, Table 3). HF chickens had
significantly enhanced body mass and fat deposition in the abdomen
and cervical subcutaneous tissues (P<0.05, Fig. 3) than chickens
fed the LF diet. Compared with the LF diet, the HF diet did not
significantly affect insulin content in the plasma of either fasted or
ad libitum fed chickens (P>0.05, Fig. 4A).

During the re-feeding period, the chickens fed the HF diet for
35 days maintained a lower food intake than the chickens on the LF
diet (P<0.05), even when they were re-fed a different diet after
fasting (Fig. 2D); that is, the HF groups maintained a lower food
intake than the LF groups, independent of the diet the chickens were
re-fed. The plasma insulin level was not affected by the level of fat
in the re-feeding diet (P>0.05, Fig. 4B).

Effects of dietary fat on mRNA expression of hypothalamic
appetite-related genes in chickens with different energy
statuses

In Experiment 1, 24 h fasting reduced the mRNA expression of
NPY, AgRP, POMC, CRH and insulin receptor (INSR) compared
with the fed condition (P<0.05; Figs 4C and 5A,C,E,G),
independent of the diet the chickens ate before fasting. Under
both fed and fasted conditions, HF diet-fed chickens had a lower
AgRP mRNA level compared with the LF diet-fed chickens
(P<0.05, Fig. 5C).

>

(@)]

Table 2. Gene-specific primers used for the analysis of chicken gene expression o
Gene GenBank accession no. Primer sequences (5'-3') Product size (bp) 093
AgRP NM_001031457 F: GGAACCGCAGGCATTGTC 163 ‘_5
R: GTAGCAGAAGGCGTTGAAGAA +

CRH NM_001123031 F: CTCCCTGGACCTGACTTTCC 86 qC)
R: TGTTGCTGTGGGCTTGCT E

GAPDH NM_204305 F: ACATGGCATCCAAGGAGTGAG 266 =
R: GGGGAGACAGAAGGGAACAGA (O]

INSR AF111857 F: CAAACGGTGACCAAGCCTCA 186 %
R: CATCCTGCCCATCAAACTCCG L

NPY M87294 F: GAGGCACTACATCAACCTCATCAC 101 Y=
R: TGTTTTCTGTGCTTTCCCTCAA E

POMC NM_001031098 F: CGCTACGGCGGCTTCA 88 ©
R: TCTTGTAGGCGCTTTTGACGAT E

18S AF173612 F: ATAACGAACGAGACTCTGGCA 136 >
R: CGGACATCTAAGGGCATCACA _q
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Fig. 2. Effects of the HF diet on food intake and body mass gain of chickens after 35 days of feeding and 3 h of re-feeding. (A—C) Food intake, energy
intake and body mass gain (BMG) per bird, measured during 35 days of feeding. (D) Food intake per bird, measured after 3 h of re-feeding with the HF (RHF) or LF
(RLF) diet. All of the data were subjected to one-way ANOVA. Values are meansts.e.m. (N=8 for A—C, N=4 for D). *Significant difference (P<0.05).

In Experiment 2, gene expression in response to re-feeding diet
was compared between HF and LF groups. Among five appetite-
related genes measured in the present study, NPY expression in
response to re-feeding dietary fat was altered depending upon the
feeding experience: in the HF group, re-feeding with the HF diet
(RHF) increased NPY expression compared with re-feeding with the
LF diet (RLF; P<0.05), while the LF group showed the opposite
result, in which RHF decreased NPY expression compared with RLF
(P<0.05; Fig. 5B). For AgRP (Fig. 5D), RHF decreased AgRP
expression compared with RLF in the LF group (statistically
significant, P<0.05) and showed a tendency to do so in the HF group
(—=51%, not statistically significant, P>0.05). The mRNA expression
of POMC, CRH and INSR was not significantly affected by the level
of fat in the re-feeding diet (P>0.05; Figs 4D and 5F,H).

DISCUSSION

In the present study, we investigated whether dietary fat influenced
the response of hypothalamic appetite-related peptides to different
energy statuses (fed versus fasted; RHF versus RLF). The results

Table 3. Effect of HF diet on body mass of chickens over 35 days

BMG (g day~") HF LF P-value
Week 1 7.5£0.1 7.840.2 0.1993
Week 2 32.1£0.6 33.3£0.2 0.0876
Week 3 27.6£1.2 27.2416 0.8376
Week 4 51.442.7 40.7+2.1° 0.0199
Week 5 70.3+4.22 51.4+2.4P 0.0077

Body mass was recorded weekly, and body mass gain (BMG) per bird was
calculated week by week for 5 weeks (35 days). All of the data were subjected
to one-way ANOVA. Values are means+s.e.m. (N=8). Different superscript
letters indicate a significant difference (P<0.05).

610

demonstrate that chickens fed a high fat diet show decreased food
intake even when the subsequent diet type is changed. In addition,
dietary fat alters the response of hypothalamic NPY to subsequent
energy intake.

HF diet decreases food intake even when the subsequent
diet type is changed
Chickens fed for 35 days with the HF diet displayed decreased food
intake, in line with our previous results demonstrating that chickens
adjusted their food intake according to the dietary metabolizable
energy concentration (Yuan et al., 2008). The HF effect on food
intake is likely to be driven mainly by energy needs, because several
reports have shown that taste or palatability was relatively less
important (Blundell et al., 1993, 1996; Berridge, 1996). The
viewpoint that a HF diet induces an increase in body mass has been
widely verified in human and animal studies (West and York, 1998;
Murtaugh et al., 2007) and was also shown in the present study. The
increase in body mass resulted from a higher proportion of adipose
tissue rather than skeletal muscle (West and York, 1998; Murtaugh
etal., 2007). We observed that the adipose mass in the abdomen and
cervical subcutaneous tissues relative to body mass was higher in
HF diet-fed chickens than in LF diet-fed chickens, in line with
previous work showing that high dietary energy promotes lipid
deposition (Eits et al., 2002). The favourable effect of the HF diet
on body mass and fat deposition can be ascribed to the higher
energy ingestion, despite the lower food intake. In addition, fat
accumulation is greater when more energy comes from dietary fat
than from carbohydrates or proteins (Horton et al., 1995; Lean and
James, 1988).

Chickens fed for 35 days with the HF diet maintained a lower
food intake than those fed the LF diet, even when the diet was

)
(@)}
9
Q
o
©
-+
c
Q
£
—
()
o
x
(NN}
Y—
(©)
©
c
—
=)
(®)
-_



RESEARCH ARTICLE

Journal of Experimental Biology (2017) 220, 607-614 doi:10.1242/jeb.143792

Fig. 3. Effects of the HF diet on fat

» 154 B deposition and body mass in chickens
é after 35 days. (A) Abdominal fat,
8 = 1.2 (B) cervical subcutaneous fat,
g ° 7@ (C) subcutaneous thigh fat and (D) body
2] >0
= @ o® 009 mass. Body mass was measured at the end
& E Q£ . L .
) § > of the experiment and is given per bird. Fat
E S 3 § 06 4 * mass is expressed as a percentage of body
S8 % 8 . mass. All data were subjected to one-way
2 ® 1 ANOVA. Values are meansz*s.e.m. (N=8).
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S *Significant difference (P<0.05).
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altered during the re-feeding period. These results could be
explained by the following. (1) Chickens have a short-term
memory function regarding food intake; according to studies in
humans (Higgs, 2002), a recent eating episode may be factored into
decisions about how much to consume at the next meal. (2) Food
intake is adjusted in response to changes in body fat content; the
increased leptin activity following body fat deposition decreases
food intake by increasing the hindbrain response to satiety signals
(Schwartz et al., 2000). The positive energy balance induced by
HF inhibits the rewarding properties of food while enhancing

I Fed
30 - A [ Fasted 30 - B
* *
_ 24
T
£
S 18
e
= 12
[2}
g=
6_
- 0-
LF
15, D
c
S
7] *
ey 1.0
a
s 5
[ORNE)
e
e 0.5
(%2}
<
L 0 p

meal-induced satiety, thereby reducing food intake (Marx, 2003;
Morton et al., 2014).

In mammals, circulating insulin signals the hypothalamus to
effect long-term changes in energy balance by activating and/or
inhibiting specific anabolic and catabolic pathways (Woods et al.,
2006). Insulin receptors have been identified in the brains of
chickens (Simon and Leroith, 1986), and intracerebroventricular
insulin injection inhibited food consumption in layer hens (Shiraishi
et al.,, 2011). Obrosova et al. (2007) found that a HF diet was
accompanied by an increase in insulin; however, in the present

[ RHF
CIRLF

Fig. 4. Effects of the HF diet on
plasma insulin levels and
hypothalamic insulin receptor
(INSR) mRNA expression in
chickens under different feeding
and re-feeding conditions.

(A,C) Insulin (A) and INSR expression
(C; fold increase of LF-fasted levels) in
the fed and fasted state.

(B,D) Insulin (B) and INSR expression
(D; fold increase of LF-RLF levels)
following re-feeding with the HF diet
(RHF) or LF diet (LFR). Values are
meanszts.e.m. (N=8). *Significant
difference (P<0.05).

HF LF

LF
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[ Fed B RHE Fig. 5. Effects of the HF diet on the
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(N=8). *Significant difference
IS . (P<0.05).
a _ 1.5 :
$2
g8
o g 1.0 4
238
x 0.5
[S)
<
0- -
HF LF
20-F
S
2 1.5 1
e
22 107
o
g< 0
3 .5
Q
0- L
HF LF
15-H
5
2 )
10
g3
o 5
o c
o)
>0 0.5
I ~
v
O
0- L

HF LF

study, the plasma insulin and hypothalamic INSR mRNA levels
were not affected by dietary fat. These results are inconsistent with
the previous report that HF induces an increase in insulin
concentration compared with a control diet in mice (Obrosova
et al., 2007) and rats (Sinitskaya et al., 2007). Our results suggest
that insulin secretion is not sensitive to dietary fat. Accordingly,
Shiraishi et al. (2011) found that intracerebroventricular insulin
treatment did not affect food consumption in chicks under fasted
and ad libitum conditions. The role of insulin as an afferent signal
for energy stores in poultry remains to be determined.

612

HF LF

Involvement of AgRP in the HF-induced decrease in food
intake

Multiple neuronal populations distributed throughout the brain
influence the decision to seek and consume food. AgRP neurons
are thought to positively regulate feeding behaviour. AgRP
increased food intake when injected into the brain (Hahn et al.,
1998). Previous studies have shown that mice on a high saturated
fat diet for 1, 4 and 7 weeks had decreased ARC AgRP mRNA
levels (Wang et al., 2002). Similarly, our study showed that the
HF diet-fed chickens had a lower AgRP mRNA level than the LF
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diet-fed chickens under both fed and fasted conditions.
Hypothalamic AgRP neuron activation might be associated with
the higher food intake in LF diet-fed chickens, confirming the
previous finding on the orexigenic effect of hypothalamic AgRP.
In contrast to AgRP, we found that NPY, POMC and CRH were
not affected by 35 days of HF diet in the present study. These
results are inconsistent with studies in mammals which showed
that NPY, POMC and CRH levels were affected by a HF diet
(Guan et al., 1998; Chavez et al.,, 1998; Lin et al., 2000;
Lukaszewski et al., 2013), implying a genetic bluntness in the
response to dietary fat in avian species.

Dietary fat alters the response of hypothalamic NPY to
subsequent energy intake

Hypothalamic NPY can control energy expenditure and contributes
to overall energy homeostasis. Administration of NPY to the
paraventricular nucleus (PVH) increases the activity of PVH
neurons by presynaptically inhibiting local y-amino butyric acid
release (Cowley et al., 1999) and decreases brown adipose tissue
thermogenesis (Egawa et al., 1991). NPY knockout mice have
increased energy expenditure (increased O, consumption),
increased uncoupling protein-1 (UCP-1) in brown adipose tissue
and increased cold-evoked thermogenesis in white adipose tissue
and are less susceptible to diet-induced obesity (Patel et al., 2006,
Chao et al., 2011).

In the present study, chickens fed the HF diet for 35 days to
induce obesity (fat) were compared with chickens fed the LF diet
for 35 days (lean). During the re-feeding period (Experiment 2),
lean chickens in the RHF group had lower NPY expression than
chickens in the RLF group, while fat chickens showed the opposite
result. Given that NPY decreases body energy expenditure, NPY
inhibition by energy input (RHF) in lean chickens demonstrates an
increase in energy utilization, implying a self-adjusting response
to dietary fat to maintain whole-body energy stores. The findings
in fat chickens, however, suggest that NPY-based self-adjusting
mechanisms do not readily occur in fat chickens, and the impaired
response of NPY to the energy intake in these chickens leads to
a persistent dysregulation of energy balance. On the whole, the
NPY response to dietary fat can vary among lean and fat
individuals, and depends upon whole-body energy reserves and
feeding experience.

Nevertheless, the disparity between lean and fat individuals in
response to different re-feeding diets (Experiment 2) was not
apparent for the different feeding statuses (Experiment 1) —all of the
neuropeptides tested were lower in chickens under fasted compared
with fed conditions independent of the diet that was previously
consumed. These results are in accordance with previous studies of
POMC (Brady et al., 1990) and CRH (Fekete et al., 2000), but
inconsistent with results on NPY/AgRP (Morton and Schwartz,
2001; Flier, 2004). These conflicts might be attributed to fasting
duration and species variation.

In summary, a HF diet results in decreased food intake even when
the subsequent diet is altered. Additionally, hypothalamic AgRP
inhibition might be associated with the lower food intake in HF diet-
fed chickens. Finally, dietary fat alters the response of hypothalamic
NPY to subsequent energy intake.

Acknowledgements
We thank Ms M. Zhao for RT-PCR technical assistance, and Ms B.F. Ding for care of
animals.

Competing interests
The authors declare no competing or financial interests.

Author contributions

H.L. conceived and designed the experiments, X.J.W. performed the experiments,
S.H.X. and L.L. collected and analyzed the data, X.J.W. interpreted the data and
wrote the article, H.C.J. and Z.G.S. revised the article. All authors read and approved
the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
[31301993, 31472114]; and the Natural Science Foundation of Shandong Province
[ZR2014CP028].

References

Berridge, K. C. (1996). Food reward: brain substrates of wanting and liking.
Neurosci. Biobehav. Rev. 20, 1-25.

Blundell, J. E., Burley, V. J., Cotton, J. R. and Lawton, C. L. (1993). Dietary fat and
the control of energy intake: evaluating the effects of fat on meal size and
postmeal satiety. Am. J. Clin. Nutr. 57, 772S-778S.

Blundell, J. E., Lawton, C. L., Cotton, J. R. and Macdiarmid, J. I. (1996). Control
of human appetite: implications for the intake of dietary fat. Annu. Rev. Nutr. 16,
285-319.

Boswell, T., Li, Q. and Takeuchi, S. (2002). Neurons expressing neuropeptide Y
mRNA in the infundibular hypothalamus of Japanese quail are activated by fasting
and co-express agouti-related protein mRNA. Mol. Brain Res. 100, 31-42.

Brady, L. S., Smith, M. A., Gold, P. W. and Herkenham, M. (1990). Altered
expression of hypothalamic neuropeptide mRNAs in food-restricted and food-
deprived rats. Neuroendocrinology 52, 441-447.

Butler, A. A. and Cone, R. D. (2002). The melanocortin receptors: lessons from
knockout models. Neuropeptides 36, 77-84.

Chao, P.-T., Yang, L., Aja, S., Moran, T. H. and Bi, S. (2011). Knockdown of NPY
expression in the dorsomedial hypothalamus promotes development of brown
adipocytes and prevents diet-induced obesity. Cell Metab. 13, 573-583.

Chavez, M., Seeley, R. J., Havel, P. J., Friedman, M. I., Matson, C. A., Woods,
S. C. and Schwartz, M. W. (1998). Effect of a high-fat diet on food intake and
hypothalamic neuropeptide gene expression in streptozotocin diabetes. J. Clin.
Invest. 102, 340-346.

Cowley, M. A,, Pronchuk, N., Fan, W., Dinulescu, D. M., Colmers, W. F. and
Cone, R. D. (1999). Integration of NPY, AGRP, and melanocortin signals in the
hypothalamic paraventricular nucleus: evidence of a cellular basis for the
adipostat. Neuron 24, 155-163.

Diané, A., Pierce, W. D., Russell, J. C., Heth, C. D., Vine, D. F., Richard, D. and
Proctor, S. D. (2014). Down-regulation of hypothalamic pro-opiomelanocortin
(POMC) expression after weaning is associated with hyperphagia-induced
obesity in JCR rats overexpressing neuropeptide Y. Br. J. Nutr. 111, 924-932.

Egawa, M., Yoshimatsu, H. and Bray, G. A. (1991). Neuropeptide Y suppresses
sympathetic activity to interscapular brown adipose tissue in rats. Am. J. Physiol.
260, R328-R334.

Eits, R. M., Kwakkel, R. P., Verstegen, M. W. A, Stoutjesdijk, P. and De Greef,
K. H. (2002). Protein and lipid deposition rates in male broiler chickens: responses
to amino acids and protein-free energy. Poult. Sci. 81, 472-480.

Erickson, J. C., Hollopeter, G. and Palmiter, R. D. (1996). Attenuation of the
obesity syndrome of ob/ob mice by the loss of neuropeptide Y. Science 274,
1704-1707.

Fekete, C., Légradi, G., Mihaly, E., Tatro, J. B., Rand, W. M. and Lechan, R. M.
(2000). a-Melanocyte stimulating hormone prevents fasting-induced suppression
of corticotropin-releasing hormone gene expression in the rat hypothalamic
paraventricular nucleus. Neurosci. Lett. 289, 152-156.

Flier, J. S. (2004). Obesity wars: molecular progress confronts an expanding
epidemic. Cell 116, 337-350.

Guan, X.-M., Yu, H., Trumbauer, M., Frazier, E., Van der Ploeg, L. H. T. and Chen,
H. (1998). Induction of neuropeptide Y expression in dorsomedial hypothalamus
of diet-induced obese mice. Neuroreport 9, 3415-3419.

Hahn, T., Breininger, J., Baskin, D. and Schwartz, M. (1998). Coexpression of
Agrp and NPY in fasting-activated hypothalamic neurons. Nat. Neurosci. 1,
271-272.

Higgs, S. (2002). Memory for recent eating and its influence on subsequent food
intake. Appetite 39, 159-166.

Hollopeter, G., Erickson, J. C. and Palmiter, R. D. (1998). Role of neuropeptide Y
in diet-, chemical- and genetic-induced obesity of mice. Int. J. Obes. Relat. Metab.
Disord. 22, 506-512.

Horton, T. J., Drougas, H., Brachey, A., Reed, G. W., Peters, J. C. and Hill, J. O.
(1995). Fat and carbohydrate overfeeding in humans: different effects on energy
storage. Am. J. Clin. Nutr. 62, 19-29.

Lean, M. E. and James, W. P. (1988). Metabolic effects of isoenergetic nutrient
exchange over 24-hours in relation to obesity in women. Int. J. Obes. 12, 15-27.

Lin, S., Thomas, T. C., Storlien, L. H. and Huang, X. F. (2000). Development of
obesity and central leptin resistance in high-fat diet induced obese mice.
Int. J. Obes. 875, 1-8.

613

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_


http://dx.doi.org/10.1016/0149-7634(95)00033-B
http://dx.doi.org/10.1016/0149-7634(95)00033-B
http://dx.doi.org/10.1146/annurev.nu.16.070196.001441
http://dx.doi.org/10.1146/annurev.nu.16.070196.001441
http://dx.doi.org/10.1146/annurev.nu.16.070196.001441
http://dx.doi.org/10.1016/S0169-328X(02)00145-6
http://dx.doi.org/10.1016/S0169-328X(02)00145-6
http://dx.doi.org/10.1016/S0169-328X(02)00145-6
http://dx.doi.org/10.1159/000125626
http://dx.doi.org/10.1159/000125626
http://dx.doi.org/10.1159/000125626
http://dx.doi.org/10.1054/npep.2002.0890
http://dx.doi.org/10.1054/npep.2002.0890
http://dx.doi.org/10.1016/j.cmet.2011.02.019
http://dx.doi.org/10.1016/j.cmet.2011.02.019
http://dx.doi.org/10.1016/j.cmet.2011.02.019
http://dx.doi.org/10.1172/JCI603
http://dx.doi.org/10.1172/JCI603
http://dx.doi.org/10.1172/JCI603
http://dx.doi.org/10.1172/JCI603
http://dx.doi.org/10.1016/S0896-6273(00)80829-6
http://dx.doi.org/10.1016/S0896-6273(00)80829-6
http://dx.doi.org/10.1016/S0896-6273(00)80829-6
http://dx.doi.org/10.1016/S0896-6273(00)80829-6
http://dx.doi.org/10.1017/S0007114513003061
http://dx.doi.org/10.1017/S0007114513003061
http://dx.doi.org/10.1017/S0007114513003061
http://dx.doi.org/10.1017/S0007114513003061
http://dx.doi.org/10.1093/ps/81.4.472
http://dx.doi.org/10.1093/ps/81.4.472
http://dx.doi.org/10.1093/ps/81.4.472
http://dx.doi.org/10.1126/science.274.5293.1704
http://dx.doi.org/10.1126/science.274.5293.1704
http://dx.doi.org/10.1126/science.274.5293.1704
http://dx.doi.org/10.1016/S0304-3940(00)01256-8
http://dx.doi.org/10.1016/S0304-3940(00)01256-8
http://dx.doi.org/10.1016/S0304-3940(00)01256-8
http://dx.doi.org/10.1016/S0304-3940(00)01256-8
http://dx.doi.org/10.1016/S0092-8674(03)01081-X
http://dx.doi.org/10.1016/S0092-8674(03)01081-X
http://dx.doi.org/10.1097/00001756-199810260-00015
http://dx.doi.org/10.1097/00001756-199810260-00015
http://dx.doi.org/10.1097/00001756-199810260-00015
http://dx.doi.org/10.1038/1082
http://dx.doi.org/10.1038/1082
http://dx.doi.org/10.1038/1082
http://dx.doi.org/10.1006/appe.2002.0500
http://dx.doi.org/10.1006/appe.2002.0500
http://dx.doi.org/10.1038/sj.ijo.0800615
http://dx.doi.org/10.1038/sj.ijo.0800615
http://dx.doi.org/10.1038/sj.ijo.0800615

RESEARCH ARTICLE

Journal of Experimental Biology (2017) 220, 607-614 doi:10.1242/jeb.143792

Liu, L. Song, Z. Jiao, H. and Lin, H. (2014). Glucocorticoids increase NPY gene
expression via hypothalamic AMPK signaling in broiler chicks. Endocrinology
155, 2190-2198.

Livak, K. J. and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2 (—Delta Delta C (T)) method. Methods
25, 402-408.

Lukaszewski, M.-A., Butruille, L., Moitrot, E., Montel, V., Dickes-Coopman, A.,
Lesage, J., Laborie, C., Vieau, D. and Breton, C. (2013). The hypothalamic
POMC mRNA expression is upregulated in prenatally undernourished male rat
offspring under high-fat diet. Peptides 43, 146-154.

Marx, J. (2003). Cellular warriors at the battle of the bulge. Science 299, 846-849.

Mencarelli, M., Zulian, A., Cancello, R., Alberti, L., Gilardini, L., Di Blasio, A. M.
and Invitti, C. (2012). A novel missense mutation in the signal peptide of the
human POMC gene: a possible additional link between early-onset type 2
diabetes and obesity. Eur. J. Hum. Genet. 20, 1290-1294.

Morton, G. J. and Schwartz, M. W. (2001). The NPY/AgRP neuron and energy
homeostasis. Int. J. Obes. Relat. Metab. Disord. 25, Suppl. 5, S56-S62.

Morton, G. J., Meek, T. H. and Schwartz, M. W. (2014). Neurobiology of food intake
in health and disease. Nat. Rev. Neurosci. 15, 367-378.

Murtaugh, M. A., Herrick, J. S., Sweeney, C., Baumgartner, K. B., Guiliano,
A. R, Byers, T. and Slattery, M. L. (2007). Diet composition and risk of
overweight and obesity in women living in the southwestern United States. J. Am.
Diet Assoc. 107, 1311-1321.

Obrosova, I. G., linytska, O., Lyzogubov, V. V., Pavlov, I. A., Mashtalir, N.,
Nadler, J. L. and Drel, V. R. (2007). High-fat diet induced neuropathy of pre-
diabetes and obesity: effects of “healthy” diet and aldose reductase inhibition.
Diabetes 56, 2598-2608.

Patel, H. R., Qi, Y., Hawkins, E. J., Hileman, S. M., EImquist, J. K., Imai, Y. and
Ahima, R. S. (2006). Neuropeptide Y deficiency attenuates responses to fasting
and high-fat diet in obesity-prone mice. Diabetes 55, 3091-3098.

Raffan, E., Dennis, R. J., O’Donovan, C. J., Becker, J. M., Scott, R. A., Smith,
S. P., Withers, D. J., Wood, C. J., Conci, E., Clements, D. N. et al. (2016). A
deletion in the canine POMC gene is associated with weight and appetite in
obesity-prone labrador retriever dogs. Cell Metab. 23, 893-900.

Richards, M. P. (2003). Genetic regulation of feed intake and energy balance in
poultry. Poult. Sci. 82, 907-916.

Schwartz, M. W., Woods, S. C., Porte, D., Jr, Seeley, R. J. and Baskin, D. G.
(2000). Central nervous system control of food intake. Nature 404, 661-671.

Segal-Lieberman, G., Trombly, D. J., Juthani, V., Wang, X. and Maratos-Flier, E.
(2003). NPY ablation in C57BL/6 mice leads to mild obesity and to an impaired

614

refeeding response to fasting. Am. J. Physiol. Endocrinol. Metab. 284,
E1131-E1139.

Shiraishi, J., Tanizawa, H., Fujita, M., Kawakami, S.-l. and Bungo, T. (2011).
Localization of hypothalamic insulin receptor in neonatal chicks: evidence for
insulinergic system control of feeding behavior. Neurosci. Lett. 491, 177-180.

Simon, J. and Leroith, D. (1986). Insulin receptors of chicken liver and brain.
Characterization of alpha and beta subunit properties. Eur. J. Biochem. 158,
125-132.

Simon, J., Freychet, P. and Rosselin, G. (1974). Chicken insulin:
radioimmunological characterization and enhanced activity in rat fat cells and
liver plasma membranes. Endocrinology 95, 1439-1449.

Sinitskaya, N., Gourmelen, S., Schuster-Klein, C., Guardiola-Lemaitre, B.,
Pévet, P. and Challet, E. (2007). Increasing the fat-to-carbohydrate ratio in a high-
fat diet prevents the development of obesity but not a prediabetic state in rats. Clin.
Sci. 113, 417-425.

Sundick, R. S., Bagchi, N. and Brown, T. R. (1996). The obese strain chicken as a
model for human Hashimoto’s thyroiditis. Exp. Clin. Endocrinol. Diab. 104, Suppl.
3, 4-6.

Tsi, D., Nah, A. K. H., Kiso, Y., Moritani, T. and Ono, H. (2003). Clinical study on
the combined effect of capsaicin, green tea extract and essence of chicken on
body fat content in human subjects. J. Nutr. Sci. Vitaminol. 49, 437-441.

Wang, H., Storlien, L. H. and Huang, X.-F. (2002). Effects of dietary fat types on
body fatness, leptin, and ARC leptin receptor, NPY, and AGQRP mRNA expression.
Am. J. Physiol. Endocrinol. Metab. 282, E1352-E1359.

West, D. B. and York, B. (1998). Dietary fat, genetic predisposition, and obesity:
lessons from animal models. Am. J. Clin. Nutr. 67, 505-512.

Woods, S. C., Benoit, S. C. and Clegg, D. J. (2006). The brain-gut-islet connection.
Diabetes 55, Suppl. 2, S114-S121.

Yuan, L., Lin, H., Jiang, K. J., Jiao, H. C. and Song, Z. G. (2008). Corticosterone
administration and high-energy feed results in enhanced fat accumulation and
insulin resistance in broiler chickens. Br. Poult. Sci. 49, 487-495.

Yuan, L., Ni, Y., Barth, S., Wang, Y., Grossmann, R. and Zhao, R. (2009). Layer
and broiler chicks exhibit similar hypothalamic expression of orexigenic
neuropeptides but distinct expression of genes related to energy homeostasis
and obesity. Brain Res. 1273, 18-28.

Zhang, W., Cline, M. A. and Gilbert, E. R. (2014). Hypothalamus-adipose tissue
crosstalk: neuropeptide Y and the regulation of energy metabolism. Nutr. Metab.
11, 27.

>
(@)}
i
je
(2]
©
o+
c
(]
£
=
()
o
x
NN
Y—
(©)
©
c
e
>
(®)
_



http://dx.doi.org/10.1210/en.2013-1632
http://dx.doi.org/10.1210/en.2013-1632
http://dx.doi.org/10.1210/en.2013-1632
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1016/j.peptides.2013.03.013
http://dx.doi.org/10.1016/j.peptides.2013.03.013
http://dx.doi.org/10.1016/j.peptides.2013.03.013
http://dx.doi.org/10.1016/j.peptides.2013.03.013
http://dx.doi.org/10.1126/science.299.5608.846
http://dx.doi.org/10.1038/ejhg.2012.103
http://dx.doi.org/10.1038/ejhg.2012.103
http://dx.doi.org/10.1038/ejhg.2012.103
http://dx.doi.org/10.1038/ejhg.2012.103
http://dx.doi.org/10.1038/sj.ijo.0801915
http://dx.doi.org/10.1038/sj.ijo.0801915
http://dx.doi.org/10.1038/nrn3745
http://dx.doi.org/10.1038/nrn3745
http://dx.doi.org/10.1016/j.jada.2007.05.008
http://dx.doi.org/10.1016/j.jada.2007.05.008
http://dx.doi.org/10.1016/j.jada.2007.05.008
http://dx.doi.org/10.1016/j.jada.2007.05.008
http://dx.doi.org/10.2337/db06-1176
http://dx.doi.org/10.2337/db06-1176
http://dx.doi.org/10.2337/db06-1176
http://dx.doi.org/10.2337/db06-1176
http://dx.doi.org/10.2337/db05-0624
http://dx.doi.org/10.2337/db05-0624
http://dx.doi.org/10.2337/db05-0624
http://dx.doi.org/10.1016/j.cmet.2016.04.012
http://dx.doi.org/10.1016/j.cmet.2016.04.012
http://dx.doi.org/10.1016/j.cmet.2016.04.012
http://dx.doi.org/10.1016/j.cmet.2016.04.012
http://dx.doi.org/10.1093/ps/82.6.907
http://dx.doi.org/10.1093/ps/82.6.907
http://dx.doi.org/10.1038/35007534
http://dx.doi.org/10.1038/35007534
http://dx.doi.org/10.1152/ajpendo.00491.2002
http://dx.doi.org/10.1152/ajpendo.00491.2002
http://dx.doi.org/10.1152/ajpendo.00491.2002
http://dx.doi.org/10.1152/ajpendo.00491.2002
http://dx.doi.org/10.1016/j.neulet.2011.01.031
http://dx.doi.org/10.1016/j.neulet.2011.01.031
http://dx.doi.org/10.1016/j.neulet.2011.01.031
http://dx.doi.org/10.1111/j.1432-1033.1986.tb09729.x
http://dx.doi.org/10.1111/j.1432-1033.1986.tb09729.x
http://dx.doi.org/10.1111/j.1432-1033.1986.tb09729.x
http://dx.doi.org/10.1210/endo-95-5-1439
http://dx.doi.org/10.1210/endo-95-5-1439
http://dx.doi.org/10.1210/endo-95-5-1439
http://dx.doi.org/10.1042/CS20070182
http://dx.doi.org/10.1042/CS20070182
http://dx.doi.org/10.1042/CS20070182
http://dx.doi.org/10.1042/CS20070182
http://dx.doi.org/10.1055/s-0029-1211668
http://dx.doi.org/10.1055/s-0029-1211668
http://dx.doi.org/10.1055/s-0029-1211668
http://dx.doi.org/10.3177/jnsv.49.437
http://dx.doi.org/10.3177/jnsv.49.437
http://dx.doi.org/10.3177/jnsv.49.437
http://dx.doi.org/10.1152/ajpendo.00230.2001
http://dx.doi.org/10.1152/ajpendo.00230.2001
http://dx.doi.org/10.1152/ajpendo.00230.2001
http://dx.doi.org/10.2337/db06-S015
http://dx.doi.org/10.2337/db06-S015
http://dx.doi.org/10.1080/00071660802251731
http://dx.doi.org/10.1080/00071660802251731
http://dx.doi.org/10.1080/00071660802251731
http://dx.doi.org/10.1016/j.brainres.2009.03.052
http://dx.doi.org/10.1016/j.brainres.2009.03.052
http://dx.doi.org/10.1016/j.brainres.2009.03.052
http://dx.doi.org/10.1016/j.brainres.2009.03.052
http://dx.doi.org/10.1186/1743-7075-11-27
http://dx.doi.org/10.1186/1743-7075-11-27
http://dx.doi.org/10.1186/1743-7075-11-27

