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Abstract

Background—Prader-Willi syndrome (PWS) is a rare obesity-related genetic disorder often 

caused by a deletion of the chromosome 15q11–q13 region inherited from the father or by 

maternal disomy 15. Growth hormone deficiency with short stature, hypogonadism, cognitive and 

behavioral problems, analgesia, decreased gastric motility and decreased ability to vomit with 

hyperphagia are common in PWS leading to severe obesity in early childhood, if not controlled. 

Substance P (SP) and beta-endorphin (BE) are neuropeptides involved with centrally and 

peripherally mediated pain perception, emotional regulation, and gastric motility impacting 

nausea, emesis and feeding patterns.

Objective—The goal of this study was to investigate potential mechanisms for PWS symptom 

development for pain, emotion and gastric motility and plasma levels of substance P and beta-

endorphin between PWS and unrelated unaffected children.

Methodology—Plasma samples were collected from 23 Caucasian children with PWS and 18 

unrelated, unaffected siblings with an average age of 8.2 ±2.0 years and age range of 5 to 11 years 

following an overnight fast and neuropeptide substance p and beta-endorphin levels were assessed 

using Multiplex sandwich immunoassays using the Luminex magnetic-bead based platform. 

Linear regression analysis was carried out on log-transformed values adjusted for age, sex, and 

body mass index (BMI).

Results—The mean plasma SP (57 ± 23 pg/ml) and BE (592 ± 200 pg/ml) levels in PWS were 

significantly higher than SP (35 ± 20 pg/ml, F=10.5, P<0.01) and BE (402 ± 162 pg/ml, F=10.8, 

P<0.01) levels found in unrelated, unaffected siblings suggesting a previously uncharacterized 

neuroendocrine pathophysiology in PWS.
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Conclusions—The increased BE and SP plasma levels relative to unrelated, unaffected siblings 

may contribute to hyperphagia, abnormal pain sensation and adrenal insufficiency seen in PWS. 

Increases in SP levels may be modulated by central and/or peripheral actions of BE on opioid, 

GABA or POMC precursors and may reflect loss of feedback inhibitory control. Further studies 

are needed to confirm and elucidate the biochemical basis for observed disturbances in 

neuropeptide levels seen in our study and may impact on the development and persistence of 

symptoms commonly seen in PWS.

INTRODUCTION

Prader-Willi syndrome (PWS) is a rare disorder due to errors in genomic imprinting most 

often from a de novo paternal chromosome 15q11–q13 deletion seen in about 70% of cases, 

maternal disomy 15 (both 15s from the mother) in about 25% of cases or a small percentage 

of cases caused by imprinting defects. An initial finding in PWS is decreased fetal activity 

followed by severe infantile hypotonia1,2 with most babies exhibiting feeding difficulties 

with diminished swallowing and sucking reflexes. These symptoms resolve slowly in early 

childhood with the development of overeating and hyperphagia leading to severe obesity and 

corresponding comorbidities, if not controlled. Other symptoms of PWS include 

hypogenitalism/hypogonadism; cognitive impairment (average IQ of 65); temper tantrums, 

obsessive compulsive disorder, and skin picking; abnormal temperature regulation; 

analgesia; decreased gastric motility and growth hormone deficiency leading to short stature 

and small hands and feet.1,3 Central adrenal insufficiency is also reported in about 10% of 

cases.4 Enamel hypoplasia and dry, sticky saliva are common. PWS occurs in about 1 in 

10,000 live births.1

While PWS was first described by Prader et al. in 19565, the mechanism(s) of symptom 

development and persistence have not yet been elucidated fully. Although dozens of genes 

have been localized to the 15q11–q13 region, the definitive genetic disturbances and 

causative pathophysiology in this rare obesity-related disorder have escaped 

characterization. In addition, there is a paucity of laboratory evaluations of neuro-related 

peptides that may contribute to PWS.

Beta-endorphin (BE) is a 31 amino acid peptide which is primarily synthesized and stored in 

the anterior pituitary gland. It is one of ten peptides produced from processing of 

proopiomelanocortin (POMC) by prohormone convertases.6 Additional products of POMC 

are adrenocorticotropic hormone (ACTH); N-terminal peptide of proopiomelanocortin (pro-

γ-MSH); α-, β-, and γ-melanotropin; corticotropin-like intermediate peptide; β- and γ-

lipotropin; and [Met]-enkephalin. Mutations of the POMC gene which is located on 

chromosome 2 are associated with onset of early childhood obesity, adrenal insufficiency, 

and changes in pigmentation (e.g., red hair); all of which can be seen in PWS.7 BE is stored 

in the hypothalamus and anterior pituitary gland and released in response to corticotropin 

releasing hormone secretion after stress.6 Gene expression studies from human lymphoblast 

cells from PWS subjects and whole brain specimens from a PWS mouse model show POMC 

gene disturbances (e.g., 34 fold increase in the PWS mouse model compared to normal 

littermates).8,9 BE functions as an opioid receptor agonist producing strong analgesic 
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effects, also a common finding in PWS and act on the central nervous system (CNS) to 

produce overeating in rats.10

Substance P (SP), an 11 amino acid peptide derived from the preprotachykinin-A gene and 

secreted by enterochromaffin cells, is a member of the tachykinin neuropeptide family. It 

functions as a neurotransmitter and neuromodulator.11 This neuropeptide is associated with a 

variety of effects including neurogenic inflammation, stimulation of cell growth, 

vasodilation, pain perception, gastric motility and regulation of mood disorders, stress, 

anxiety, reinforcement, respiratory rhythm and nausea/emesis. It also plays a role in 

neurotoxicity and neurogenesis12–16 many of these features are present in PWS. In addition, 

exposure of mouse adipocytes to SP can produce altered regulation in adiposity and 

adipocytokine profiles. SP is also thought to function in transmission of pain signals with 

elevated levels associated with hyperalgesia. Therefore, a goal for this study was to explore 

whether substance P and beta-endorphin, both neuropeptides that modulate adiposity and 

function with complementary effects on pain perception, may contribute to the constellation 

of symptoms seen in PWS by comparing plasma levels in a cohort of PWS and control 

children.

METHODS

Subjects

Twenty-three American Caucasian children (13 males, 10 females) were diagnosed with 

PWS and confirmed by genetic testing with 15 having a paternal chromosome 15q11–q13 

deletion and 8 showing maternal uniparental disomy 15 having an average age of 8.2 ± 2.0 

years with an age range of 5 to 11 years. Eighteen American Caucasian children and 18 (10 

males, 8 females) were unaffected, unrelated siblings having an average age of 8.2 ± 2.3 

years within an age range of 5 to 11 years. These children were recruited from a large, 

ongoing, multi-site rare disease consortium on PWS. Consent forms were approved by the 

local Human Subjects Committee and signed. All children with PWS were receiving growth 

hormone, but were otherwise healthy. On an average less than ten percent of individuals with 

PWS present with adrenal gland insufficiency4 or thyroid problems.17 Peripheral blood was 

collected in anti-coagulant EDTA tubes in the morning following a supervised overnight fast 

and plasma separated immediately then stored at −80°C until used. Height (cm) and weight 

(kg) were also routinely obtained on each subject and body mass index (BMI) calculated 

using a wall mounted stadiometer and calibrated electronic weight balance, respectively, in 

the clinical setting. The average BMI ± SD for the 23 children diagnosed with PWS was 

20.7 ± 5.0 while the average BMI ± SD for the 18 unaffected, unrelated siblings was 18.2 

± 2.3. Additional information including PWS genetic subtype, age, gender, weight, height, 

BMI and BMI-z score and total body fat percentage by dual-energy x-ray absorptiometry in 

relationship to selected plasma chemokine levels on each participant within this study cohort 

have previously been reported.18 Demographic, subject description and neuropeptide data 

are shown in Table 1.
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BETA-ENDORPHIN AND SUBSTANCE P ASSAYS

BE and SP levels were determined from plasma samples using the Milliplex Human 

Neuropeptide Kit (Millipore; Billerica, MA) and multiplex sandwich immunoassays 

following established protocols.19 Blood plasma (25ul) combined with Milliplex quality 

control standards were mixed with assay buffer and pre-mixed antibody-coupled magnetic 

beads followed by overnight incubation at 4°C. Incubation was carried out using a micro-

titer plate shaker at 300 RPM. The biological samples were then washed on the following 

day and incubated for 1 hour at room temperature in the presence of secondary detection 

antibodies. Another series of washes were carried out then followed by the addition of a 

fluorescent Streptavidin-Phycoerythrin detection solution. The entire mixture was incubated 

at room temperature for 30 minutes. Each sample was run in duplicate. The plate was then 

read on the Luminex 200™ instrument (Luminex Molecular Diagnostic; Toronto, ON) based 

on magnetic-bead technology after sheath fluid was added to each sample then incubated. 

The level of magnetic field separates the beads. BE and SP levels were analyzed in both 

PWS and control plasma specimens using the Luminex 200™ v2.3 software with indicated 

minimal detectable concentration levels in pg/ml for each analyte. Plasma BE and SP 

concentrations were calculated using a standard curve derived from the reference BE and SP 

concentration standards supplied by the manufacturer. The inter-assay coefficient of 

variation for both BE and SP was < 20% and the intra-assay coefficient of variation was < 

15%. Plasma samples were analyzed using numbers and blinded as to gender and control 

versus PWS status during each assay run.

STATISTICAL ANALYSIS

Data were presented as mean ± standard deviation for raw and/or log-transformed BE and 

SP levels by diagnosis (PWS or unrelated siblings), gender and PWS subtype. Pearson 

correlation and one-way analysis of variance (ANOVA) was used to test for significant 

differences in age, gender, BMI and diagnosis using log-transformed BE and SP levels 

(Table 1). Final linear regression analysis with Bonferroni correction was controlled for the 

effects of age, gender and BMI. Laboratory data falling below the detection limits were 

replaced with values at one half of the minimum detection level for the respective 

neuropeptide as reported in previous studies.19–21 Log-transformed data met the necessary 

statistical criteria for assumption of normality by showing equal variance and near linear 

residual plots. Findings with p-values of <0.05 were considered significant. Statistical 

analyses including descriptive statistics were generated using SAS statistical analysis 

software version 9.4 (SAS Inc., Cary, NC).

RESULTS

There was no significant difference in age, or BMI between PWS and unaffected, unrelated 

sibling groups (Table 1). There was also no significant difference in SP or BE levels between 

male and female subjects or between PWS deletion or uniparental maternal disomy 15 

genetic subtypes (Table 1) or relevant correlations between plasma SP or BE levels with age, 

sex or body fat content. Plasma SP levels were significantly higher in PWS children (mean = 

57.0 pg/ml) compared with unaffected, unrelated siblings (mean = 34.8 pg/ml) for log-
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transformed SP levels controlled for age, sex and BMI (F=4.3, P<0.01, Figure 1). The range 

of SP plasma levels in children with PWS was 8–95 pg/ml and 8–83 pg/ml for unaffected, 

unrelated siblings. Plasma BE levels were also significantly higher in PWS children (mean = 

592 pg/ml) compared with unaffected, unrelated siblings (mean = 402 pg/ml) for log-

transformed BE levels controlled for age, sex and BMI (F=6.5, P<0.001, Figure 2). The 

range of plasma BE levels in PWS children was 261–998 pg/ml and 188–705 pg/ml in the 

unaffected, unrelated siblings. Mean plasma BE levels were also determined for PWS 

genetic subtypes and subject subgroups with data shown in Figure 2. Box and whisker plot 

of log-transformed plasma BE and SP levels are shown in Figure 3.

DISCUSSION

Children with PWS presented with statistically significant elevations in morning fasting 

plasma levels in both BE and SP compared to age and gender matched unaffected, unrelated 

siblings. Notable overlap exists between the actions of BE and SP and common features seen 

in PWS including increased pain threshold, hyperphagia (over-eating) and decreased gastric 

motility which may reflect a mechanism for pathogenicity observed in PWS. We focus our 

discussion on the complex regulatory interplay between BE and SP associated 

neuroendocrine pathways and their possible link to selective features seen in PWS.

Disturbances to POMC Influencing BE

Prohormone convertase enzymes function in the processing of POMC to yield BE and nine 

other proteins and precursor molecules. Disturbances in prohormone convertase enzyme 

function and subsequent disruptions in POMC gene expression may produce abnormal levels 

of proteins, which can result in phenotypically detectable symptoms. In 1994, Gabreël et 

al.22 described a subset of patients with PWS possessing altered immunoreactivity of 

pituitary polypeptide 7B2 [also called secretory granule neuroendocrine protein 1 (SGNE1)], 

a neuroendocrine chaperone that interacts with prohormone convertase 2 and is encoded on 

the human chromosome region 15q13–q14, distal to the PWS 15q11–q13 chromosome 

region.23 In those patients, the function of polypeptide 7B2 in the supraoptic nucleus and 

paraventricular nucleus was severely depressed or completely eliminated.22 A follow-up 

study confirmed that patients with PWS lacking polypeptide 7B2 immunoreactivity 

possessed slightly diminished prohormone convertase 1 immunoreactivity and demonstrated 

no prohormone convertase 2 immunoreactivity.24 Thus, at least a portion of patients with 

PWS are susceptible to changes in POMC levels and function, which could disturb BE 

levels. While polypeptide 7B2 mutations are unlikely to explain entirely the development 

and persistence of the symptoms seen in PWS, prior studies have shown associations 

between POMC disturbances and phenotypic manifestations common to PWS, such as 

early-onset obesity, adrenal insufficiency, and light pigmentation.25–28 In addition, Bittel et 

al.8 reported elevations in POMC gene expression in whole brain specimens of the PWS 

imprinting center deletion neonatal mice indicating an important genetic factor for survival 

of these mice. This may affect eating behavior regulating energy homeostasis. Also, POMC 
knockout mice have also been shown to develop obesity.
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Analgesia

BE is present in CNS neurons and in the peripheral nervous system, where it acts as an 

opioid receptor agonist.10 In the peripheral nervous system, BE binds to pre- and post-

synaptic nerve terminals of the primary afferent neurons, peripheral sensory nerve fibers, 

and dorsal root ganglia; attachment to pre-synaptic terminals is more common than post-

synaptic.29 Binding of BE to opioid receptors in the peripheral nervous system leads to a 

reduction of SP levels.29,30

SP coexists with glutamate in primary afferents that respond to painful stimuli and is thought 

to participate in the transmission of pain signals to the CNS.13,31 Therefore, decreased SP 

levels following BE binding to opioid receptors may produce an analgesic state as SP, in 

contrast to BE, functions to enhance pain sensation. Indeed, mice lacking the neurokinin 1 

receptor [NK1R or tachykinin receptor 1 (TACR1)] for SP demonstrated statistically 

significant decreases in hot-plate latency (45% reduction) and tail-flick latency (70% 

reduction) following cold water swims, which produces a non-opiate, NMDA-dependent 

analgesia.13 Conversely, elevated levels of SP should be associated with increased pain 

perception, i.e. hyperalgesia, in patients with PWS. In our PWS cohort, there was significant 

elevation of SP coupled with a history of decreased pain sensation or analgesia common in 

PWS indicating a potential loss of SP function in the CNS.

In the CNS, BE binds to opioid receptors at the pre- and post-synaptic nerve terminals of the 

amygdala, rostral ventral medulla, periaqueductal gray matter, and mesencephalic reticular 

formation; like in the peripheral nervous system, pre-synaptic binding predominates.32 

Instead of reducing SP levels, the binding of BE to CNS receptors leads to inhibition of 

GABA release, which causes excess production of dopamine and downstream analgesia.32

The antinociceptive effect of BE in the CNS was first tested by Loh et al.33, whose team 

injected 1 μl of BE into rats and 5 μl of BE into mice intracerebrally. The results of BE 

injection were a two-fold increase in latency to the hot-plate and tail-flick response tests in 

mice; elimination of writing response following intraperitoneal acetic acid injection for as 

little as 25 minutes in mice; and significant decrease in shaking response following cold 

water immersion in rats.33 Quantification of BE potency has shown that its analgesic effect 

is 18–33 times stronger than morphine33 suggesting that persistently elevated BE levels in 

PWS might contribute to lack of pain perception. Simultaneous elevation of SP and BE 

levels may indicate a complex interaction and potential disruption of neuropeptide function 

in PWS, specifically the role of these neuropeptides in determining the levels of analgesia. 

However, our study did not contain measures on pain threshold in the study participants to 

permit correlation analysis with plasma neuropeptide levels but decreased pain sensation is a 

common finding in PWS.34

Obesity

Studies on both neuropeptides (BE and SP) have been associated with abnormal regulation 

of adiposity or overeating in animal models. The effects of SP on preadipocytes and mature 

adipocytes in mouse cells tested by Miegueu et al.35 and when treated with SP demonstrated 

decreased fatty acid uptake and storage; increased lipolysis; significantly reduced expression 
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of differentiation-related transcription factors peroxisome proliferator-activated receptor 

gamma – 2 (PPARγ2) and CCAAT/enhancer binding protein, alpha (CEBPα) as well as 

fatty acid binding protein 4 (FABP4) and diacylglycerol O-acyltransferase-1. Significantly 

elevated CD36 (thrombospondin receptor) expression, increased secretion of complement 

component C3, monocyte chemoattractant protein-1 (MCP-1), and keratinocyte-derived 

chemokine, and downregulation of insulin receptor substrate-1, insulin-responsive glucose 

transporter (SLC2A4), adiponectin mRNA expression, and insulin-mediated action were 

also noted.34 Observed alterations to transcription factors led to exploration into the effects 

of SP on preadipocyte differentiation, which was decreased by SP exposure.35 In our 

children with PWS, abnormal elevations of SP were detected that may have contributed to 

dysregulation of adiposity, although further experiments would be required to determine if 

their adipocytokine profiles match those detected by Miegueu et al.35

BE levels may also be involved in the development and persistence of obese states. For 

example, genetically obese (ob/ob) mice showed a 14-fold elevation in corticotropin levels 

has been reported by Edwardson and Hough.36 Beloff-Chain et al.37 also detected an 

increase in corticotropin-like intermediate peptide levels. Elevations in both corticotropin 

and corticotropin-like intermediate peptide are significant as both neuropeptides share a 

common precursor with BE. Corticotropin and BE are both released concomitantly in vivo 

and in vitro from rat pituitary glands, but the synthesis and/or degeneration of these 

neuropeptides may be uncoupled.6,38 Functionally, injection of BE into the rat brain is 

associated with overeating39 and conversely, administration of naloxone, an opiate 

antagonist, in ob/ob mice and fa/fa rats yielded a significant reduction of food intake without 

affecting lean littermates. The pituitaries of the obese mice contained twice as much BE as 

well.38 Therefore, in PWS with elevated BE levels and exaggerated neuropeptide effects 

contributing to overeating in PWS. Although hyperphagia is a cardinal feature in PWS, our 

study did not include hyperphagia measurement data such as diet records or PWS nutritional 

phases40 to judge the level of overeating or hyperphagia in relationship to the neuropeptide 

levels in the PWS children.

Adrenal Insufficiency

Regulation of the hypothalamic corticotropin releasing hormone neurons in rats was tested 

in 1988 by Calogero et al.41 particularly the effects of corticotropin releasing hormone, 

glucocorticoids, and products of POMC processing – corticotropin, BE, α-melanocyte-

stimulating hormone, corticotropin-like intermediate peptide, β-lipotropin, and 

dexamethasone. POMC products generate inhibitory effects on corticotropin, 

dexamethasone and BE, α-melanocyte-stimulating hormone, and corticotropin-like 

intermediate peptide with BE as the strongest inhibitor of the three.41 The results of the 

Calogero et al. study implied the existence of several complicated negative feedback loops 

indicating the potential effect that elevated BE levels may have on adrenal function in 

individuals with PWS. A limitation of our study included the lack of information about the 

adrenal insufficiency status in each individual PWS child in our cohort and comparison with 

individual neuropeptide levels. However, an average of only 10 percent of children with 

PWS are reported to have adrenal insufficiency4.
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CONCLUSIONS

BE and SP act in complicated facilitatory and inhibitory pathways, sometimes 

antagonistically, and may contribute to common features seen in PWS, particularly obesity/

overeating, abnormal pain sensation, and adrenal insufficiency. However, a limitation of our 

study included the lack of markers for hyperphagia, pain sensation and adrenal insufficiency 

with the prior two features considered common in individuals with PWS. Experiments on 

mouse adipocytes demonstrated that persistent SP exposure can produce altered regulation 

of adiposity and adipocytokine profiles, whereas BE can act in the CNS to produce 

overeating in rats; blocking opiate receptors with naloxone significantly reduced food intake 

in obese mice and rats. SP is also thought to function in transmission of pain signals, and 

elevated levels may be associated with hyperalgesia. Conversely, BE binding to opioid 

receptors in the peripheral nervous system leads to reduced SP levels, decreasing pain 

perception; centrally, BE binding causes a reduction of GABA release that produces 

analgesia. Lastly, disturbances to POMC, the precursor molecule to BE, are associated with 

early-onset obesity, light pigmentation, and adrenal insufficiency; high levels of BE found in 

PWS children in our study compared with unaffected, unrelated siblings may produce 

feedback inhibition of serotonin-stimulated release of corticotropin releasing hormone.

Hence, children with PWS in our study presented with significantly elevated plasma levels 

of BE and SP compared to age and gender matched unaffected, unrelated siblings. 

Elevations of BE levels may be partly explained by the work of Gabreël et al.22,24, who 

found that altered 7B2 immunoreactivity in a group of patients with PWS was associated 

with reduced or eliminated prohormone convertase 2 function, but this is unlikely to 

encompass all patients with PWS and supported by POMC gene expression in human PWS 

subjects and PWS mouse models.8,9 A paradoxical elevation of SP also complicates 

interpretation of the role of these neuropeptides in PWS pathophysiology. While more work 

must be done to determine if BE and SP are functioning properly in the central and 

peripheral nervous system, the functions of BE coalesce with the constellation of symptoms 

often seen in PWS, particularly in decreasing pain perception, producing overeating, and 

inhibiting release of corticotropin releasing hormone. If SP is involved in PWS symptom 

development, it may be in modifying adipocytokine profiles, but SP otherwise seems unable 

to function properly in the central nervous system of PWS. Our study describes a 

preliminary approach to examine differences in plasma neuropeptide levels in children with 

and without PWS, future studies should include objective measures of hyperphagia, pain 

sensation and adrenal insufficiency in relationship to the plasma concentration levels for 

these neuropeptides.
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Figure 1. 
Plasma substance P levels by diagnosis, gender and PWS genetic subtype
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Figure 2. 
Plasma beta-endorphin levels by diagnosis, gender and PWS genetic subtype
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Figure 3. 
Plasma neuropeptide levels in Prader-Willi Syndrome and unrelated sibling controls
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Table 1

Summary of Substance P and Beta-endorphin Levels

Prader-Willi syndrome (n = 23) Unrelated Siblings (n = 18) F-value P-value

Age (yrs) 8.2 ± 2.0 8.2 ± 2.3 0.01 0.92

BMI (kg/m2) 20.7 ± 5.0 18.2 ± 3.3 3.1 0.08

Substance P (pg/ml) 57.0 ± 23.1 34.8 ± 20.0 10.5 < 0.01

Beta-endorphin (pg/ml) 592 ± 200 402 ± 162 10.8 < 0.01

Male (N=23) Female (N=18)

Substance P (pg/ml) 47.8 ± 24.7 46.5 ± 24.4 0.03 0.86

Beta-endorphin (pg/ml) 495 ± 197 526 ± 221 0.2 0.64

Deletion (N=15) UPD (N=8)

Substance P (pg/ml) 52.5 ± 24.1 65.6 ± 19.9 1.7 0.20

Beta-endorphin (pg/ml) 555 ± 199 662 ± 197 1.5 0.23

Analysis carried out using uncontrolled analysis of variance by diagnostic subgroup, gender or PWS genetic subtype. UPD=uniparental maternal 
disomy 15
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