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Abstract

QRFP, a member of the RFamide-related peptide family, is a strongly conserved hypothalamic
neuropeptide that has been characterized in various species. Prepro-QRFP mRNA expression is
localized to select regions of the hypothalamus, which are involved in the regulation of feeding
behavior. The localization of the peptide precursor has led to the assessment of QRFP on feeding
behaviors and the orexigenic effects of QRFP have been detected in mice, rats, and birds. QRFP
acts in a macronutrient specific manner in satiated rats to increase the intake of a high fat diet, but
not the intake of a low fat diet, and increases the intake of chow in food-restricted rats. Studies
suggest that QRFP’s effects on food intake are mediated by the adiposity signal, leptin, and
hypothalamic neuropeptides. Additionally, QRFP regulates the expression and release of
hypothalamic Neuropeptide Y and proopiomelanocortin/a-Melanocyte-Stimulating Hormone.
QRFP binds to receptors throughout the brain, including regions associated with food intake and
reward. Taken together, these data suggest that QRFP is a mediator of motivated behaviors,
particularly the drive to ingest high fat food. The present review discusses the role of QRFP in the
regulation of feeding behavior, with emphasis on the intake of dietary fat.
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Introduction

Within the last decade, a 26-amino acid peptide exhibiting the Arg-Phe-NH signature was
isolated from the brains of frogs [1]. This peptide, named QRFP-26 or 26RFa
(pyroglutamylated argininephenylalanineamide peptide) is strongly conserved across
vertebrates and is a member of the RFamide-related peptide family. This family of peptides
was first discovered in the venus clam, is biologically active, and has the motif Arg-Phe-
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NH, at the C-terminal end. Several RFamide-related peptides have been characterized in
vertebrates and invertebrates and affect a variety of physiological systems. These peptides
affect analgesia, food intake, locomotor activity, blood pressure, hormone regulation, and
the reproductive axis [2 — 12]. Recently, the cDNA encoding QRFP-26 has been
characterized in chicks and quail [13], goldfish [14], zebra finch [15], bovine [16], rat [1,
16], mouse [16, 17] and humans [1, 16, 17]. Several studies have been conducted with
QRFP-26 or the N elongated form, QRFP-43, which have indicated that these peptides
increase food intake and locomotor activity, reduce core temperature and enhance
luteinizing hormone release, follicle stimulating hormone release, and gonadotropin
releasing hormone release [1, 18 — 25].

The effects of QRFP-26 and QRFP-43 on feeding behavior have been investigated in several
studies, which report an orexigenic effect of these peptides. In male and female rats,
QRFP-26 and QRFP-43 administration alters macronutrient selection and specifically
increases the intake of a calorically dense high fat diet [23, 24]. Increases in the intake of
high fat diets have been linked to an overconsumption of calories, which increases the
propensity for weight gain and subsequent risk of obesity. The regulation of feeding
behavior is complex and involves the consolidation of peripheral and central signals and the
ability to sense and detect specific nutrients [26 — 31]. Studies investigating factors
contributing to high fat food intake, weight gain, and obesity have employed both human
and animal models and have been instrumental in the development of strategies to combat
increasing rates of obesity and its cormorbidities [32 — 41]. In the present review, we will
focus on the role of QRFP-26 and QRFP-43 on feeding behavior, with an emphasis on the
relationship between QRFP-26 and QRFP-43 and high fat food.

QRFP and GPR103: Distribution in the Hypothalamus

The structure of QRFP-26 is strongly conserved across vertebrates, in particular the C-
terminal octapeptide, suggesting that this region is crucial for the biological activity of the
peptide. Based on a comparison of the amino acid sequence of QRFP-26, the primary
structure of QRFP has a similarity ranging from 74-85 % across mammals, birds and
amphibians, and an 80 % homology between humans and rats/mice [1, 2, 42, 43]. The QRFP
precursor has been shown to generate a 26-amino acid peptide (QRFP-26) and an N-terminal
extended form of 43-amino acids (QRFP-43), both of which exert behavioral effects in
rodents [1, 18 — 20, 23 — 25].

The expression and localization of prepro-QRFP mRNA in the central nervous systems of a
variety of species including mice, rats, chicks, goldfish, zebra finch, and quail have been
assessed using in situ hybridization and PCR. In these species, prepro-QRFP mRNA is
almost exclusively expressed in the hypothalamus, a region of the brain that is important in
the regulation of feeding behavior. In the rat hypothalamus, expression of prepro-QRFP
mMRNA is limited to the arcuate nucleus (ARC), retrochiasmatic area, lateral hypothalamus
(LH), and ventromedial hypothalamus (VMH) [1, 24, 44]. In mice, prepro-QRFP mRNA is
limited to the LH and periventricular hypothalamic nucleus [4, 17, 25]. Outside of the
forebrain, prepro-QRFP mRNA is expressed in the cerebellum and spinal cord in mice [17].
In the bird, prepro-QRFP mRNA is expressed in anterior hypothalamic nuclei [13]. The site-
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specific expression of the QRFP gene in the hypothalamus, which is a prominent in feeding
neurocircuitry, initiated studies to evaluate the effects of QRFP-26 and QRFP-43 on feeding
behavior.

QRFP-26 and QRFP-43 are potent ligands for GPR103, a G protein-coupled receptor. In
humans, one receptor for QRFP-26 and QRFP-43 has been identified, GPR103, also referred
to as SP9155 or AQ27 [4, 17]. Two GPR103 receptors, GPR103a and GPR103b, have been
characterized in rodents and are differentially expressed throughout the brain [4, 17, 25, 44,
45]. The human GPR103 receptor exhibits 85 % amino acid similarity with the mouse
GPR103a and 79 % amino acid identity with the mouse GPR103b [25]. In the rat, GPR103a
(QRFP-r1) has an 84 % similarity and GPR103b (QRFP-r2) has a 82 % amino acid identity
to human GPR103 [44]. In the mouse, GPR103a and GPR103b exhibit a 75 % amino acid
similarity [25], while in rat the 2 receptors exhibit a 78 % similarity [44]. While both
QRFP-26 and QRFP-43 bind to GPR103a, QRFP-43 exhibits a higher affinity for this
receptor than QRFP-26, which exhibits a higher affinity for GPR103a than smaller
fragments of the QRFP peptide [16]. In rodents, QRFP-43 and QRFP-26 have a similar
efficacy for both GPR103 receptors [25, 44].

These receptors are more widely expressed than the peptide precursor and are found in the
various regions of the central nervous system. Based on in situ hybridization analyses,
GPR103a (QRFP-r1) mRNA is expressed in regions of the brain which include, but are not
limited to, the olfactory bulbs, nucleus of the solitary tract, VMH, and cortex, [4, 25, 44].
The second receptor, GPR103b (QRFP-r2) mRNA is detected in numerous brain regions
including, but not limited to, sub-regions of the septum, hypothalamus, amygdala, thalamus,
hippocampus, midbrain, pons, cerebellum, and medulla. Within the hypothalamus,
GPR103b mRNA expression was detected in the paraventricular hypothalamus, VMH,
anterior hypothalamus, and the medial preoptic area [25, 44]. The brain regions, which
express these receptors, provide insight into the sites of actions of QRFP and allow
hypotheses to be made regarding the behavioral effects of QRFP-26 and QRFP-43. Further
investigations on the relationship between QRFP-26 and QRFP-43 and the GPR130a and
GPR103b receptors have used cell culture models to determine the effects of QRFP on
intracellular Ca** levels. These studies have determined that QRFP-26 and QRFP-43 exert
its actions by binding to GPR103a and GPR103b receptors and increasing intracellular Ca**
levels, which is suggestive of an excitatory response [25].

The localization of QRFP precursor expression and the expression of its receptors provides
insight into the behavioral effects of the QRFP peptides and the physiological systems which
may be affected by the release and binding of QRFP-26 and QRFP-43. The expression of
prepro-QRFP mRNA is primarily limited to the hypothalamus, however, due to the more
widespread expression of the 2 QRFP receptors in the rodent brain, it is hypothesized that
QRFP-26 and QRFP-43 exert actions in various brain regions within the hypothalamus and
beyond the hypothalamus. A detailed analysis of the distribution of QRFP-26 binding sites
in the central nervous system using radio-ligand binding has been conducted to further
assess the neuronal sites of action of QRFP-26. In addition, these QRFP-26 binding sites
have been colocalized with the expression of the receptor, GPR103a, using in situ
hybridization [45]. The results from this study allowed for the assessment of the relationship
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between the QRFP-26 and GPR103a. Several brain regions associated with feeding behavior
were considered QRFP-26 binding sites and many also expressed GPR103a. These binding
sites included the nucleus accumbens and ventral tegmental area, which are important in
reward processing and may regulate QRFP’s effects on high fat food intake. Other QRFP-26
binding regions involved in feeding behavior were the entire amygdalar complex, the locus
coeruleus, which is important for arousal, the parabrachial nucleus, which is important for
taste processing, the raphe nucleus, and the nucleus of the solitary tract, which is an
important modulator of nutrient intake [28 — 31, 46]. In the hypothalamus, QRFP-26 binding
sites were reported in many subregions and colocalized with GPR103 in the VMH, LH,
ARC, paraventricular nucleus, and dorsomedial hypothalamus. The data gathered from this
study provided evidence for the binding of QRFP-26 throughout the brain and suggested that
the wide distribution of binding sites meant that QRFP-26 has multiple functions throughout
the central nervous system. In some brain regions, QRFP binding and GPR103a receptor
mRNA was not colocalized, leaving the possibility for another receptor. This study did not
assess the co-localization of GPR103b mRNA and QRFP-26 binding, which could account
for some of their findings. Additionally, binding studies have indicated that QRFP-26 can
also bind to the NPFF-2 receptor with moderate affinity and selectivity [47]. In the rat,
NPFF-2 binding sites are located in the nucleus accumbens, caudate putamen and
hypothalamus, which may be relevant sites for QRFP-26 actions on feeding and motivation
[48].

Control of Food Intake: QRFP

The hypothalamus is the master regulator of feeding behavior and receives input from
peripheral hormones (e. g., glucagon like peptide-1, peptide Y'Y, ghrelin) and adipose
signals (e. g., insulin, leptin) and integrates information from multiple brain regions.
Hypothalamic subregions are important in the regulation of food intake and are abundant in
neurotransmitters, neuropeptides, and receptor systems which regulate food intake, meal size
and meal pattern, and the intake of specific macronutrients (i. e., fat). The interaction of
circulating signals with neurons in the ARC, including those that express neuropeptide Y
(NPY) and agouti-related peptide (AgRP) and/or proopiomelanocortin (POMC) regulate
food intake. Activation of NPY/AgRP neurons leads to an increase in food intake, while
activation of POMC neurons leads to a decrease in food intake [26, 29 — 31, 49 — 55]. The
amount of fat in the diet has profound effects on hypothalamic circuitry and several
neuropeptides and receptor systems have been associated with the intake of dietary fat. In
particular, various studies have reported that AgRP, galanin, QRFP-26, QPFP-43, and mu
opioid receptor agonists selectively increase fat intake in rodents [23, 24, 56 — 60].

Histological studies demonstrating that prepro-QRFP mRNA expression was restricted to
the hypothalamus in rodents and birds has provided the basis for the investigation of
QRFP’s effects of feeding behavior. The earliest studies assessed the effects of central
administration of QRFP on food intake in mice, while more recent studies have examined
the effects of centrally administered QRFP in rats, chicks and the zebra finch (Table 1). The
majority of these studies have reported an orexigenic effect of QRFP in these animal
models. However, there have been conflicting studies on the effects of QRFP on food intake
in rats, which will be discussed in detail in this review.
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Chartrel and colleagues [1] were the first to investigate the effects of centrally administered
QRFP-26 on food intake in mice. In this study, food restricted mice received
intracerebroventricular injections of QRFP-26 and chow intake was measured at various
intervals. The highest dose of QRFP-26 increased chow intake by approximately 60 %
within 2 h. Subsequently, several reports supported these initial findings in mice using
QRFP-43 and QRFP-26 and expanded the original findings by investigating the effects of
QRFP on food intake in fully satiated mice and following chronic administration of QRFP
[18, 20, 25]. Studies in mice consuming a chow diet also indicated that a fragment of
QRFP-26 (26RFayg_ng) and a 9 amino acid peptide sequence (9RFa) increased food intake
[18]. Chronic administration of QRFP-43 produced a transient increase in chow intake,
increased body weight change, and adiposity [20]. Chronic intracerebroventricular
administration of QRFP-43 was also investigated in mice fed a moderately fat diet (32.6 %
kcal from fat) and the highest dose of QRFP-43 led to a 6.5 £ 0.5 g increase in body weight
compared to a 2.0 £ 0.4 g increase following vehicle administration. Cumulative intake of
the moderately fat diet over the 14 day period was significantly increased in the mice
receiving the highest doses of QRFP-43 and adiposity was increased by all doses of
QRFP-43 [20]. This study in mice was the first study in rodents to assess the effects of
QRFP on the intake of dietary fat. Central administration of QRFP-26 and QRFP-43 in mice
has consistently increased the intake of standard chow and even a moderately fat diet.
However, in rats, there have been some inconsistencies regarding the orexigenic effects of
QRFP. Kampe and colleagues were the first to assess the effects of QRFP-26 on standard
chow intake in rats [44]. QRFP-26 administered into the third ventricle prior to the dark
phase, did not alter chow intake as measured over the next 24 h. When QRFP-26 was
administered prior to the beginning of the light phase, there was a moderate but transient
increase in chow intake, which did not reach statistical significance. Therefore, these data,
combined with locomotor activity and energy expenditure data, suggested that QRFP-26 had
a limited impact on the central regulation of energy balance in rats [44]. Subsequently, a
study investigating the effects of centrally administered QRFP-43 in chow fed rats also
failed to detect a significant increase in chow intake at 1 h and 24 h following QRFP-43
administration [22]. Combined these studies suggested that QRFP did not play a significant
role in the intake of a standard low fat chow diet.

In mice, QRFP administration increased the intake of a moderately fat diet [20] as well as a
standard chow diet. A standard chow diet is relatively low in fat (approximately 13 % kcal
from fat); therefore, Primeaux et al. [24] hypothesized that the amount of fat in the diet may
be an important factor mediating the orexigenic actions of QRFP in rats. In these studies,
rats were habituated to either a high fat diet (55 % kcal from fat) or a low fat diet (10 % kcal
from fat). QRFP-26 or QRFP-43 was administered into the lateral ventricles and the intake
of either the high fat or the low fat diet was measured 1 h, 2 h, 4 h and 24 h following QRFP
administration. As hypothesized, both QRFP-26 and QRFP-43 produced dose-dependent
orexigenic effects in rats consuming the high fat diet, but not in rats consuming the low fat
diet. A subsequent experiment demonstrated that central QRFP-26 administration also
selectively produced a 7-fold increase in the intake of a high fat diet with a slightly higher
fat content (60 % kcal from fat; Primeaux, unpublished results) (Fig. 1a). These data
supported the hypothesis that in rats, QRFP produces a macronutrient specific effect. A
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subsequent study in female rats reported a macronutrient specific effect of QRFP-26 on high
fat food intake [23]. In this study, random cycling female rats were habituated to high fat
diet (60 % kcal from fat) or a low fat diet (10 % kcal from fat) and QRFP-26 was
administered into the lateral ventricles. QRFP-26 produced a 2.6-fold increase in high fat
food intake at the 1 h time point, without altering low fat diet (Fig. 1b). In both of these
studies, the orexigenic effects of QRFP were transient, with the largest increase in high fat
food intake occurring during the first hour and no differences detected at 24 h.

To date, there has only been one report of an increase in the intake of a low fat chow diet
following QRFP-26 administration in rats. In this study, rats were food-restricted and
deprived of half of their daily chow intake for 18 h prior to testing [19]. Following food
restriction, central administration of QRFP-26 increased chow intake by approximately 1.6-
fold at 2 h following QRFP-26 administration. The orexigenic effects of QRFP in rats and in
many of the mouse experiments appear to be related to the motivation associated with the
feeding behavior. Many of the studies investigating the effects of QRFP in mice used a
food-restricted model, while in rats the studies that supported an orexigenic effect of QRFP
were conducted in rats that were either fed a high fat diet, which increases the motivation to
eat, or conducted in food-restricted rats, which were motivated to eat.

The increase in high fat food intake following QRFP administration, the increase in chow
intake following food restriction, and localization of prepro-QRFP mRNA expression, and
the location of QRFP binding sites suggests that QRFP regulates homeostatic and non-
homeostatic mechanisms associated with feeding behavior in rodents, particularly rats. It can
be hypothesized that QRFP regulates motivation and may activate reward circuitry in the
brain. In rats, there are a few neuropeptide/neurotransmitter systems which selectively
regulate high fat food intake (e. g., AgRP, mu opioid receptors, galanin). Therefore, the
addition of QRFP to that select list will be important for future research investigating high
fat diet-induced obesity and has the potential to influence the development of therapies to
combat the rising rates of obesity across the world. Recent evidence suggests that QRFP also
has an orexigenic effect in birds (e. g., broiler chicks, zebra finch) [13, 15]. The significance
of these findings and the importance of motivation in these models have yet to be
determined.

Regulation of QRFP by Energy Status, Nutritional Status and QRFP’s Role

in Hypothalamic Feeding Circuitry

In order to fully understand the role of QRFP in food intake regulation, particularly high fat
food intake, it is necessary to assess the effects of nutritional status on QRFP expression, the
regulation of QRFP by peripheral signals regulating energy status, and the ability of QRFP
to regulate and interact with hypothalamic feeding circuitry. The effects of energy (i. e.,
fasted vs. fed) and nutritional status (i. e., high fat diet) on hypothalamic QRFP expression
has been evaluated [24, 25, 61].

Many of the studies investigating the effects of nutritional or energy status on QRFP levels
have been conducted in rats and mice, however, a recent study was conducted in young
women. This study was designed to determine if circulating QRFP-26 plasma levels were
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subject to circadian variations and whether circulating QRFP-26 was altered by the presence
of an eating disorders [62]. The results from this study indicated that circulating QRFP-26
levels were highest in the morning and fall in the afternoon. Additionally, circulating
QRFP-26 levels were elevated in women diagnosed with anorexia. Anorectic women also
had lower circulating leptin levels and 17-B-estradiol levels, than women in the control
group. Another group of women with constitutional thinness, also had lower circulating
levels QRFP-26 levels than those in the control group, though these differences did not
reach significance [62]. Since QRFP is associated with increased motivation to eat, these
results suggest an adaptive response to promote energy intake and increase fat stores in
response to undernutrition.

In mice, a 48-h fast significantly increased hypothalamic prepro-QRFP mRNA, suggesting a
role for QRFP in the motivation to eat [25]. The effects of specific macronutrients on the
expression of hypothalamic prepro-QRFP mRNA levels have not been assessed in mice, but
have been assessed in rats [24, 61]. In rats, the effects of diet on hypothalamic QRFP
expression have been assessed using multiple diets and multiple time points. An assessment
of body weight, adiposity and hypothalamic prepro-QRFP mRNA levels was conducted
following 3 weeks of high fat diet (55 % kcal from fat) consumption. Rats consuming the
high fat diet gained more weight and more body fat than the control rats, which consumed a
low fat diet. The consumption of the high fat diet significantly increased the expression of
prepro-QRFP mRNA in the VMH/ARC region of the hypothalamus, but not the LH region,
suggesting that nutritional status regulated the expression of prepro-QRFP mRNA in regions
associated with feeding behavior [24]. In another study, 8 week consumption of a
moderately fat diet (40 % kcal from fat), a control diet (30 % kcal from fat) or a low fat diet
(5 % kcal from fat) led to a significant increase in body weight, energy intake and adiposity
in the moderately fat and the control fed rats compared to the low fat group. Though prepro-
QRFP mRNA expression was not assessed in this study, QRFP-43 in the VMH was assessed
by radioimmunoassay. QRFP-43 levels were highest in the low fat fed group, while the rats
fed the moderately fat diet expressed the lowest levels of QRFP-43 in the VMH (levels were
undetectable). The authors hypothesized that the undetectable levels of QRFP-43 in the
VMH may decrease the orexigenic drive associated with the presence of a dietary fat,
thereby leading to “normalization” of the feeding response [61]. Adiposity factors arise in
the periphery and interact with the brain to alter feeding behavior. The regulation of QRFP
by the peripheral adiposity signal, leptin, has been assessed in mice and rats and the role of
QRFP’s receptor, GPR103, in regulating peripheral metabolic pathways has been assessed in
cell culture. 3T3L1 adipocyte cells express prepro-QRFP and GPR103b, but not GPR103a,
in a time dependent manner following differentiation [63]. Incubation with QRFP-26 and
QRFP-43 increased intracellular triglyceride content, as shown by increased Qil Red O
staining by 1.4- and 1.5-fold, respectively. QRFP-26 (10 nM, 1 000 nM) increased
lipoprotein lipase activity by 2- and 2.4- fold, respectively, which served as a marker for the
generation of fatty acids from circulating triglyceride-rich lipoproteins. Fatty acid uptake in
the 3T3L1 cells was increased by incubation with QRFP-26 (31 %) and QRFP-43 (27 %),
and fatty acid uptake increased with higher concentrations of QRFP. Knockdown of
GPR103b in these cells abolished the increase in fatty acid uptake following incubation with
QRFP-26 and QRFP-43. Incubation of QRFP-26 and QRFP-43 also increased gene
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expression of several genes associated with lipid metabolism (i. e., CD36). In the mouse,
consumption of a high fat diet for 24 weeks significantly increased GPR103b mRNA in
epididymal fat depots, and decreased prepro-QRFP mRNA in epididymal, perirenal and
inguinal fat depots. These data supported a role for QRFP and its receptor, GPR130b in
regulating fatty acid uptake, and promoting fat storage [63].

Increased adiposity is associated with increased levels of circulating leptin and peripheral
and central administration of leptin decreases food intake [26, 30]. Genetically-altered
mouse models have been used to assess the hypothesis that circulating leptin regulates the
orexigenic effects of QRFP. In these studies, prepro-QRFP mRNA levels in the
hypothalamus of ob/ob mice, which are leptin deficient and db/db mice, which are leptin
resistant, were measured using Real Time PCR. In both mouse models, hypothalamic
prepro-QRFP mRNA was upregulated, suggesting that circulating leptin regulates QRFP
expression [25]. In rats, body adiposity and circulating leptin levels were increased
following 8 weeks consumption of a moderately fat diet while QRFP-43 levels in the
hypothalamus were decreased. A correlational analysis revealed a significant negative
correlation between plasma leptin levels and hypothalamic QRFP-43 levels, but no
correlation between circulating insulin, triglycerides or glucose with hypothalamic QRFP-43
[61]. These data further support a role for circulating leptin in the regulation of
hypothalamic QRFP-43. Additionally, the co-administration of leptin with QRFP-26
significantly attenuated the orexigenic effects of QRFP-26 in food-deprived rats, though not
to the same level as leptin alone [19]. The regulation of hypothalamic QRFP-26, QRFP-43,
or prepro-QRFP levels by other adiposity signals or peripheral signals has not been
investigated.

Prepro-QRFP mRNA is expressed in hypothalamic regions that are known to contain
integral neural systems in the control of food intake. Determining the interaction of QRFP
with existing feeding neural circuits is important for understanding the mechanisms by
which QRFP controls food intake, particularly high fat food intake. To determine the
hypothalamic mechanism involved in the control of QRFP’s feeding effects, the
neuropeptide Y Y1 receptor antagonist, BIBP3226, was administered in combination with
QRFP-43 in mice. Pretreatment of BIBP3226 attenuated the effects of QRFP-43 on the
intake of a standard diet, suggesting that QRFP-induced feeding behavior requires the
activation of the NPY Y1 receptor [25]. To evaluate the interaction of QRFP with the orexin
system, which is localized to the LH, QRFP-43 was administered to orexin knockout mice.
QRFP-43 was able to stimulate food intake in orexin knockout mice, suggesting that the
orexigenic effects of QRFP-43 were independent of orexin [25]. In rats, co-administration of
QRFP-26 with either a NPY Y1 receptor antagonist or a NPY Y5 receptor antagonist
attenuated the orexigenic effects of QRFP-26 on chow intake in food-restricted rats [19],
supporting a role for an interaction between QRFP and NPY in the regulation of feeding
behavior. Our lab has investigated the effects of the QRFP-43 on high fat food intake in rats
following the administration of the NPY Y1 receptor antagonist BIBP3226 and the
MC3/MC4 receptor agonist, MTII (unpublished data; Fig. 2). Neither BIBP3226 nor MTII
alone significantly decreased high fat food intake, while QRFP-43 significantly increased
high fat food intake at each time point assessed. When co-administered with BIBP3226, the
effects of QRFP-43 on high fat food intake were partially attenuated and did not reach
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vehicle-treated levels (Fig. 2a). Co-administration of the MC3/MC4 agonist, which activates
the anorexigenic melanocortin system, with QRFP-43 also produced a partial attenuation of
the orexigenic effects of QRFP on high fat food intake (Fig. 2b). The dose of BIBP3226 and
particularly MTI1I were chosen because they did not have effects on food intake when given
alone. AgRP is an inverse agonist at the MC3/MC4 receptors and increases fat intake
through this mechanism. These data suggest that QRFP-43 is at least partially dependent on
NPY and AgRP actions on feeding behavior, since pharmacological blockade of their
receptors partially attenuated the increased high fat food intake seen following
administration of QRFP-43 alone (unpublished results).

Very few studies have investigated the colocalization of QRFP with neural systems in the
hypothalamus that regulate food intake. Double-labeled in situ hybridization revealed that
the receptor, GPR103, is present in NPY neurons of the ARC but not on POMC neurons.
Further analyses indicated that central administration of QRFP-26 stimulated prepro-NPY
MRNA expression in the ventral hypothalamus (e. g., ARC) and decreased POMC mRNA
expression. The effects of central QRFP-26 administration on prepro-NPY and POMC
MRNA levels were attenuated by the co-administration of NPY Y1 and Y5 receptor
antagonists. In ventral hypothalamic explants, the addition of QRFP-26 led to approximately
a 37-fold increase in NPY release and approximately a 50 % decrease in a-MSH release
[19]. These data demonstrate that QRFP likely exerts its orexigenic effects by increasing the
release of hypothalamic NPY and decreasing the release of hypothalamic a-MSH.

Future of QRFP and the Regulation of Fat Intake

QRFP26- and QRFP-43 are orexigenic peptides with localized mRNA expression in the
hypothalamus, a region important in the regulation of food intake. Studies in rodents have
shown that in the hypothalamus, QRFP’s effects on food intake are mediated by both NPY
and AgRP and regulated by circulating leptin levels [19, 25]. In rats, the orexigenic effects
of centrally administered QRFP-26 and QRFP-43 are mediated by factors associated with an
increased motivation to eat [19, 23, 24]. In these studies, the consumption of a high fat diet
or a 50 % food restriction were sufficient to lead to QRFP-induced increases in food intake,
however ad libitum access to low fat diets were not. Recent investigations into the structure
activity relationship of QRFP-26 and its analogues have led to the development of analogues
which bind to the GPR103 receptor with high potency. Analogues of QRFP-26 (20-26) have
been developed which bind with high potency to GPR103, are more stable than QRFP (20-
26), more potent in mobilizing intracellular Ca + + and exert a long-lasting orexigenic effect
in mice [64, 65]. The development of these analogues increases the potential for therapeutic
applications in feeding-related disorders and future emphasis should be placed on
determining the mechanisms by which the QRFP peptides and analogues alter the
motivation to eat and other motivated behaviors. Several neural systems are involved in the
intake of dietary fat. In the hypothalamus, AgRP, mu opioid receptors, and galanin have
been shown to selectively increase in the intake of high fat diet, and the expression of AgRP,
galanin, and mu opioid receptors are regulated by the intake of high fat diet [24, 56, 66 —68].
In rats, QRFP-26 and QRFP-43 also selectively increase the intake of a high fat diet and the
expression of hypothalamic prepro-QRFP mRNA is regulated by the consumption of a high
fat diet [23, 24]. The effects of QRFP on high fat diet intake are partially attenuated by NPY

Horm Metab Res. Author manuscript; available in PMC 2014 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Primeaux et al.

Page 10

Y1 antagonist and a melanocortin MC3/MC4 receptor agonist, suggesting a partial
dependence on the NPY and melanocortin systems (Fig. 2). These data are in congruence
with reports that QRFP administration induces the release of NPY in hypothalamic explants
and GPR103 receptors are located on NPY neurons in the ARC [19]. QRFP may be exerting
its effects of high fat diet intake via AgRP release in the hypothalamus, since many of the
NPY expressing neurons in the ARC also express AgRP.

In addition to the hypothalamus, several other brain regions are associated with fat intake,
nucleus accumbens and the amygdala and neuropeptides regulating fat intake activate these
brain regions [66, 67, 69 — 72]. These regions are involved in motivated behaviors and the
nucleus accumbens is involved in the rewarding aspects of consuming a high fat diet.
Studies have shown that QRFP binds to regions of the brain outside of the hypothalamus,
which may be relevant for feeding behaviors (i. e., amygdala, nucleus accumbens). To date,
QRFP-26 and QRFP-43 have been administered intracerbroventricularly; therefore, the
direct actions of these peptides in specific brain regions have not been determined. However,
based on the information provided by QRFP-26 binding assays and receptor localization
assays, QRFP-26 likely exerts its effects on feeding behavior via the hypothalalmus, and
also potentially through projections to the nucleus of the solitary tract in the brainstem, the
ventral tegmental area and nucleus accumbens. These regions are involved in reward
processes and influence motivated behaviors. More studies are needed to assess the role of
QRFP-26 and QRFP-43, and its analogues in reward-associated behaviors and to examine
the role of these peptides in the neural circuitry of reward.

Studies investigating QRFP have indicated that this peptide is strongly conserved across
vertebrates and invertebrates, has localized expression in the hypothalamus, is regulated by
adiposity signals and nutrient status, and has an orexigenic effect in multiple species. Due to
the effects of the QRFP peptides on feeding behavior (i. e., high fat intake, intake following
food-restriction) and evidence that QRFP-26 binds to brain regions associated with feeding
and reward behaviors, future investigations should be directed toward determining the role
of QRFP on motivated behaviors. Additionally, determining the mechanisms by which
QRFP-26 and QRFP-43 and their analogues increase the intake of dietary fat has the
potential to influence the development of therapies to treat the ever increasing prevalence of
obesity.
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Fig. 1.

The effects of intracerebroventricular administration of QRFP-26 on low fat (10 % kcal
from fat) and high fat food intake (60 % kcal from fat). a QRFP-26 selectively increased
high fat food intake at 1 h, 2 h, 4 h, and 6 h following administration in male rats. b
QRFP-26 administration increased high fat food intake, but not low fat food intake at each
time in random cycling female rats. *p < 0.05, compared to vehicle treated, data is expressed
as mean = SEM.
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a Intracerebroventricular administration of QRFP-43 (22.5 pg/5 pl) and the neuropeptide Y
Y1 receptor antagonist, BIBP3226 (13.3 nM/5 pl), on high fat food intake (55 % kcal from
fat). QRFP-43 increased high fat food intake. Administration of BIBP3226, 30 min prior to
administration of QRFP-43, partially attenuated the effects of QRFP-43 (n = 6-8/group). b
Intracerebroventricular administration of the MC3/MC4 agonist, MTII (1 nM/5 pl), and
QRFP-43 (22.5 pg/5 ul) on high fat food intake (55 % kcal from fat). QRFP-43 increased
high fat food intake. Administration of MTI1I, 30 min prior to administration of QRFP-43,
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partially attenuated the effects of QRFP-43 (n = 5-7/group). Data were analyzed by a 2 x 2
ANOVA and Bonferroni post-hoc analyses. *p < 0.05 compared to vehicle treated, data is
expressed as mean = SEM.
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Table 1
Feeding effects of QRFP in various species.
Species QRFP Diet Food intake Reference
Mouse QRFP-26 Standard chow Increase Chartrel et al., 2003 [1]
Mouse QRFP-43 Moderately fat diet (32.6 %) Increase (acute) Moriya et al., 2006 [20]
Standard chow diet Increase (chronic)
Transient increase
Mouse QRFP-26 Standard chow diet Increase do Rego et al., 2006 [18]
QRFP-43 Increase
26RFa;_j4 No change
26RFag 15 :\10 change
26RFaon - ncrease
9Rfa 20-26 Increase
Mouse QRFP-26 Standard chow diet Increase Takayasu et al., 2006 [25]
QRFP-43 Increase
Rat QRFP-26 Standard chow diet No change Kampe et al., 2006 [44]
Rat QRFP-43 Standard chow diet No change Patel et al., 2008 [22]
Rat QRFP-26 High fat diet (55 %) Increase Primeaux et al., 2008 [24]
QRFP-43 Low fat diet (10 %) Increase
QRFP-26 No change
QRFP-43 No change
Rat QRFP-26 Standard chow diet Increase Lectez et al., 2009 [19]
Rat (female) QRFP-26 High fat diet (60 %) Increase Primeaux, 2011 [23]
QRFP-43 Low fat diet (10 %) Increase
QRFP-26 No change
QRFP-43 No change
Broiler chicks  26RFa-27 Standard diet Increase Ukena et al., 2010 [13]
Layer chicks 26RFa-8 Increase
26RFa-27 No change
26RFa-8 No change
Zebra finch QRFP-26 Standard diet Increase Tobari etal., 2011 [15]

Horm Metab Res. Author manuscript; available in PMC 2014 December 01.

Page 18



