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Abstract

Objective: Macronutrient regulation of hyperphagia and adiposity in PWS is poorly understood. 

We compared fasting and postprandial concentrations of hormones and metabolites in 8 PWS 

children (age 9–18 yr) fed, in random order, low carbohydrate, high fat (LC, 15%carb; 65%fat; 

20% protein) and low fat, high carbohydrate (LF, 65%carb, 15%fat, 20% protein) diets matched 
for calories and protein.

Methods: Participants were randomized to consume either the LC or LF diet during a first 

hospital admission and the second diet during a subsequent admission. Blood samples were 

obtained after overnight fasting and 1 hour after a mixed meal.

Results: Relative to subjects consuming the LF diet, subjects consuming the LC diet had: lower 

post-prandial insulin concentrations (p=0.02); higher fasting and post-prandial GLP-1 

concentrations (p<0.02); reduced ratio of fasting ghrelin to GLP-1 (p=0.0078); increased FFA and 

fatty acid oxidation, as assessed by concentrations of even-chain acylcarnitines (p<0.001); lower 

fasting TG and TG/HDL ratio (p<0.01); and higher concentrations of branch chain amino acids 

(p<0.01). There were no changes in glucose, GIP, PYY, or adiponectin. CRP, AST, and ALT were 

all higher (p<0.01) on the LC diet.

Conclusions: Increases in GLP-1 with low carbohydrate feeding and reductions in the ratio of 

ghrelin to GLP-1 might limit food intake and improve glycemic control in PWS. Other potential 

benefits of carbohydrate restriction may include fat mobilization and oxidation and reductions in 

the TG/HDL ratio, a marker of insulin resistance. However increases in CRP, AST, and ALT 

necessitate longer-term studies of low carbohydrate efficacy and safety.
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Introduction

Prader-Willi syndrome (PWS) is the most common genetic obesity disorder, resulting from 

absence of expression of paternally-derived genes on chromosome 15q11.2-q131,2. Lack of 

satiety contributes to hyperphagia, which promotes increases in body fat mass1–3. In 

combination with reductions in lean body mass2,3, adiposity limits physical activity and 

exercise tolerance4 and predisposes to chronic co-morbidities including glucose intolerance, 

hypertension, hyperlipidemia, and sleep apnea2.

Attempts to control weight and prevent metabolic decompensation in PWS through dietary 

interventions have had variable and limited success. Energy restriction can decrease the rate 

of weight gain in selected patients5 but if severe may attenuate linear growth and reduce lean 

body mass6. One uncontrolled study7 found that PWS children consuming chronically a diet 

lower in carbohydrate (45% of calories) and higher in fat and protein (30% and 25% of 

calories, respectively) had lower body mass index (BMI) z-scores and lower body fat content 

than age-matched PWS children consuming a diet high in carbohydrate (~50–70% of daily 

calories) and low in fat and protein (10–23% and 10–15% of calories, respectively). These 

observations suggest that carbohydrate restriction might limit adiposity and weight gain in 

PWS. To that end, some parents have placed their PWS children on low carbohydrate diets 

in an attempt to limit fat deposition and reduce long-term metabolic risk. Yet there are no 

controlled studies comparing the effects of low carbohydrate and low fat diets on appetite-

regulating hormones, insulin sensitivity, or glucose tolerance in PWS.

To assess the roles of dietary carbohydrate and fat in the control of appetite and metabolic 

function, we compared fasting and postprandial concentrations of various hormones and 

metabolites in 8 PWS children fed, sequentially and in randomized order, low carbohydrate, 

high fat (LC, 15%carb; 65%fat; 20% protein) and low fat, high carbohydrate diets (LF, 

65%carb; 15%fat; 20% protein) diets matched for calories and protein content. We 

hypothesized that carbohydrate restriction would reduce the concentrations of the orexigenic 

hormone ghrelin, increase the concentrations of anorexigenic hormones including Glucagon-

like Peptide 1 (GLP-1) and peptide YY (PYY), and increase insulin sensitivity as measured 

by fasting insulin and glucose concentrations, total and high molecular weight adiponectin, 

and the ratio of triglycerides (TG) to high density lipoprotein (HDL).

Methods

Study subjects:

9 children with PWS (3 males, 6 females) ranging in age from 5.1 to 17.7 years were 

recruited to the study. One child failed (for personal reasons) to complete the two dietary 

arms and was not included in the analysis of the results. The 8 children who completed the 

study ranged from 9.5–17.7 yr of age. BMI z scores of the 8 participants ranged from −0.6 to 
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2.7; only two of the children were considered obese (BMIz > 2.0). The child who failed to 

complete the study was only 5.1 yr of age.

Auxologic data and percent body fat of the 8 remaining children are shown in Table 1. All 

subjects had been taking GH continuously for at least 1 year prior to enrollment in the study 

(Table 1); no changes in GH therapy were made on any child during the course of the study. 

Two subjects were euthyroid on stable doses of thyroxine. No additional medications were 

introduced, discontinued, or modified during the study. Participants taking stimulant 

medication for ADHD/ADD were required to be on stable dosages for the 6 months 

preceding the study.

Study participants were admitted to the confined clinical research centers at Duke University 

Medical Center and the University of Alberta; participants and parents were not allowed 

additional food besides what was provided by the study. No changes in home dietary 

management were instituted between the two study visits.

Medical History Questionnaire.

Parents were asked to complete a medical history questionnaire. This questionnaire was used 

to obtain information regarding participants’ current and recent medications, including GH 

use and dose.

Anthropometric Methods.

Weight was measured to the nearest 0.1kg using the same calibrated scales. Height was 

measured to the nearest 0.1cm using wall-mounted stadiometers for children. BMI percentile 

and BMI standard deviation score were calculated using EpiInfo (CDC, Atlanta, GA). Waist 

circumference (WC) was recorded to the nearest 0.1cm with a non-stretch measuring tape 

between the bottom of the lower rib and the iliac crest. Waist standard deviation score was 

calculated using LMS tables for waist-circumference z-scores in children aged 5–19 years8. 

Body composition (total lean tissue mass, total body fat mass and percent body fat) was 

measured by air displacement plethysmography (BOD POD, Life Measurement Inc.).

Diet composition and administration.

Participants were randomized to consume either the low carbohydrate (LC) or low fat (LF) 

diet during a first hospital admission; 4 weeks later they were re-admitted to the research 

centers and administered the other diet. Each child received three meals and two snacks per 

day during each of the two 72-hour admissions. All food intake was overseen and monitored 

by research center nurses and staff. Participants consumed breakfast, lunch, and dinner 

meals within a mean duration of 25 mins; morning and afternoon snacks were consumed 

within an average of 15 mins duration.

The LC diet contained 15% carbohydrate, 65% fat, and 20% protein. The LF diet contained 

65% carbohydrate, 15% fat, and 20% protein. The ratio of simple:complex carbohydrates, 

and polyunsaturated:saturated fatty acids was the same for all meals.
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The LC and LF diets were matched for calorie as well as protein content.—The 

caloric content of the meals was determined by assessment of energy requirements. Energy 

requirements were estimated using Dietary Reference Intakes Estimated Energy 

Requirement (EER) age group and gender specific equations9,10 adjusted for the PWS 

population. PWS children have lower relative lean mass compared to children without PWS; 

thus energy requirements are lower11. To account for this difference, we calculated energy 

requirements using 80% of EER12. Physical activity coefficients used in the calculation were 

based on parent-reported usual activity level (sedentary, low active, active or very active). 

Participants remained weight stable during the intervention; there were no significant 

changes in weight between the first and second admissions (weight change 0.9 ± 0.8%, p = 

0.46).

All participants were provided a daily multivitamin/mineral supplement formulated for 

children on each of the study visit days. Subjects were strongly encouraged to drink at least 

6 glasses of permitted fluids daily. Participants were allowed 2 hours per day for physical 

activity; up to one hour was permitted for outdoor walks with parental supervision.

Measurement of hormone and metabolite concentrations.

Overnight fasting blood samples were obtained after administration of the diets for 72 hours. 

Post-prandial (60 min after supper) samples were obtained 60 hours after initiating the diet. 

We did not compare hormone and metabolite concentrations obtained during controlled 

administration of the LC and LF diets to baseline values obtained at the time of admission. 

This is because baseline values reflected participants’ uncontrolled diets prior to admission. 

Comparisons between values obtained under supervised and controlled conditions (during 

the dietary intervention) with those obtained under uncontrolled conditions (baseline) would 

be impossible to interpret.

Blood samples were collected on ice in tubes containing EDTA and aprotinin as previously 

described13. Plasma hormone and metabolite concentrations were measured in the Duke 

Metabolomics facility using methods described previously in detail14. Samples for alanine 

transaminase (ALT), aspartate aminotransferase (AST), and high-sensitivity C-reactive 

protein (CRP) were assayed on a Beckman DxC 600 clinical analyzer (Brea, CA).

Subjective Measurements of Hunger.

We used a questionnaire to attempt to assess pre-prandial hunger and post-prandial satiety in 

the subjects during the admission. Careful observation by hospital nurses and dieticians 

indicated that responses to questions were severely limited by lack of patient understanding 

and defects in communication and could not be considered reliable.

Statistical analysis.

Hormone and metabolite concentrations were natural log (ln) transformed to ensure 

normality. Statistical differences between hormone and metabolite concentrations obtained 

during consumption of the LC and LF diets were assessed using paired t tests. Correlations 

among the various hormones and metabolites were assessed by linear regression analysis 

using the statistical program R (Department of Statistics, Institute of Agriculture and Natural 
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Resources and the College of Arts and Sciences, University of Nebraska-Lincoln). A p value 

< 0.05 was considered statistically significant.

Ethical Approval.

The study protocol was approved by the Duke University Medical Center Institutional 

Review Board (Pro00049226) and the University of Alberta Research Ethics Board 

(Pro00040087). Informed consent was provided by parents; subject assent was provided in 

cases in which the child was able to understand the purpose and procedures of the study.

Results

Hormonal effects of carbohydrate restriction (Table 2a and Figure 1)

Compared with subjects consuming the low fat, high carbohydrate (LF) diet, the same 

subjects consuming the low carbohydrate, high fat (LC) diet had lower postprandial insulin 

concentrations (p=0.02), similar fasting and post-prandial glucose concentrations, higher 

fasting (p=0.0156) and postprandial (p=0.039) GLP-1 concentrations, and a reduced ratio of 

fasting ghrelin to GLP-1 (p=0.0078). In contrast, there were no differences in the 

concentrations of glucose-dependent insulinotropic polypeptide (GIP) or peptide YY (PYY) 

in the LC and LF groups.

Dietary effects on fatty acid and amino acid metabolites (Tables 2a and 2c, and Figures 2 
and 3)

The concentrations of free fatty acids (FFA, p<0.01) and even-chain acylcarnitines 

(p<0.001) were higher during LC feeding, suggesting enhanced lipolysis and fatty acid 

oxidation. The only exception was C4/Ci4 (butyryl carnitine or isobutyrl carnitine), which is 

derived primarily from gut microbial fermentation of carbohydrates, fatty acids, and the 

branch chain amino acid valine15,16.

In contrast to the even chain acylcarnitines, the concentrations of propionyl carnitine (C3) 

were comparable in children fed the low carbohydrate and low fat diets (Figure 2). Fasting 

concentrations of isovaleryl carnitine (C5) were slightly but significantly higher during the 

low carbohydrate feeding (p=0.039).

C3 and C5 are products of the catabolism of methionine and the branch chain amino acids, 

which were higher (p<0.01) during low carbohydrate than during low fat feeding (Table 2c). 

In contrast, concentrations of the amino acids His, Phe, Tyr, Arg and Cit were lower 

(p<0.01) under fasting and/or post-prandial conditions.

Markers of insulin sensitivity and inflammation (Table 2a)

Markers of insulin resistance in obese children and adults include: high concentrations of the 

branch chain (leucine, isoleucine, valine) and aromatic (phenylalanine and tyrosine) amino 

acids17,18; low concentrations of total and high molecular weight adiponectin; fasting 

hyperinsulinemia; and an increase in the ratio of fasting triglycerides to HDL18,19. Children 

fed low carbohydrate diets had high concentrations of the branch chain amino acids but low 

concentrations of phenylalanine and tyrosine and a lower ratio of fasting TG to HDL. 
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Adiponectin and fasting insulin and glucose concentrations were comparable during low 

carbohydrate and low fat feeding. On the other hand, markers of inflammation (CRP, 10.9 vs 

4.2 ug/ml, p<0.01), and liver fat deposition (AST, 25.9 vs 17.8 U/L, p<0.001, and ALT, 18.3 

vs 9.9 U/L, p<0.01) were higher during consumption of the LC diet (Tables 2a and 2b).

Correlates of plasma GLP-1 and ghrelin (Figure 4)

The strongest correlates of plasma GLP-1 across groups were the concentrations of the 

branch chain amino acids (R2 = 0.28, P<0.001) and CRP (R2= 0.39, P<0.001). GLP-1 also 

correlated positively with GIP (R2 = 0.12, P<0.01) and PYY (R2 = 0.15, P<0.01) and 

negatively with ghrelin (R2 = 0.25, p<0.001), and adiponectin (R2 = 0.13, p<0.01).

Total ghrelin correlated negatively with insulin (R2 = 0.23, p<0.001), GLP-1 (R2 = 0.22, 

p<0.001), and the branch chain amino acids (R2 = 0.13, p<0.01)

Discussion

Newborns with PWS have hypotonia and failure to thrive and often require tube feedings for 

several weeks to months to maintain weight gain and linear growth. This is followed by a 

period of hyperphagia and progressive increases in body fat content. The hyperphagia and 

adiposity in PWS children are associated with hyperleptinemia, hyperghrelinemia, and a 

blunted peptide YY response to high-fat (58%) feeding2,20,21. Likewise, the rise in PYY was 

attenuated in PWS adults following a high calorie chocolate snack containing 61% 

carbohydrate and 31% fat22. Fasting insulin concentrations are lower in PWS than in non-

syndromic obesity and insulin sensitivity, as assessed by HOMA-IR, adiponectin, and the 

ratio of TG to HDL, is higher13.

Poorly understood are the roles of dietary macronutrients in the control of appetite, weight 

gain, and metabolic function in PWS. Weight gain in PWS is associated with preference for 

simple sugars23–25; together with limited evidence from an uncontrolled study cited 

previously7, this suggests that high carbohydrate intake might promote or sustain 

hyperphagia and fat deposition. We postulated that carbohydrate restriction might reduce 

orexigenic and increase anorexigenic drive and improve metabolic function as assessed by 

measures of insulin sensitivity.

The study we conducted is unique in comparing the effects of low carbohydrate, high fat and 

low fat, high carbohydrate diets rigidly matched for protein and calorie content. Each patient 

served as his or her own control, permitting direct comparisons independent of differences in 

age, sex, pubertal status, baseline BMI z-scores, or medication exposure. There were no 

variations in medications during the study, and no changes in pubertal status would have 

occurred during the short interval (1 month) between dietary arms. Moreover, the children 

remained in isocaloric balance as determined by absence of significant weight change 

between hospital admissions. To minimize any impact of age and pubertal status, we 

calculated the caloric content of the diets using estimates of energy requirement (EER)26 

adjusted for the PWS population.
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PWS is a rare condition (prevalence ~1/25,000); thus the number of children available for 

our study was limited. Nevertheless, we obtained statistically significant results that likely 

have important clinical implications. We found that carbohydrate restriction increased 

fasting and post-prandial GLP-1 concentrations and reduced the ratio of fasting ghrelin to 

GLP-1. In contrast, there were no effects of carbohydrate restriction on plasma GIP or PYY. 

Dietary fat stimulates an increase in GLP-1 secretion, with a potency equal to or greater than 

that of dietary carbohydrate or protein27–29. Conversely, dietary nutrients suppress ghrelin 

secretion, with carbohydrate being more potent, at least in obese children, than fat20. Given 

that GLP-1 reduces and ghrelin promotes food intake in rodents and humans30,31, the 

increases in GLP-1 and reductions in the ratio of ghrelin to GLP-1 in PWS fed a LC diet 

might serve to limit food intake and weight gain. A test of this hypothesis would require a 

long-term clinical trial.

The concentrations of FFA and even-chain acylcarnitines were far higher during LC feeding 

than during LF feeding. These findings suggest that the LC diet may promote white adipose 

mobilization and/or triglyceride hydrolysis and increase fatty acid oxidation. Interestingly 

acetate, the end-product of fatty acid oxidation, stimulates colonic production of GLP-1 and 

suppresses food intake through induction of hypothalamic expression of pro-

opiomelanocortin (POMC) and suppression of Agouti-related peptide (AgRP)32. Thus, 

carbohydrate restriction could in theory limit food intake through distinct but overlapping 

mechanisms. Food intake was rigidly controlled in our study by caregivers and research 

staff; attempts to assess subjective hunger and satiety in our patient cohort were 

unsuccessful, as patient intellectual and communication deficits made their responses to the 

questionnaire unreliable.

Carbohydrate restriction reduced postprandial insulin concentrations, fasting TG, and the 

ratio of TG to HDL, all of which suggest heightened insulin sensitivity17–19. On the other 

hand, total and high molecular weight adiponectin, a marker of insulin sensitivity13,17–19, 

was no different in LC-fed than in LF-fed subjects. Interestingly, carbohydrate restriction 

increased plasma concentrations of the branch chain amino acids, which are associated with 

insulin resistance17,18,33. Additionally, concentrations of CRP, AST, and ALT were higher 

during LC feeding than LF feeding. Increases in CRP and ALT suggest heightened 

inflammation and liver fat deposition, warranting concern and underlining the need for 

additional studies of the relative benefits and safety of long-term carbohydrate restriction in 

PWS.

In addition to the size of our cohort, a possible limitation of our study is the lack of 

assessment of the gut microbiome. This might be of interest, given that dietary modulation 

of gut microbiota was associated with weight loss in an uncontrolled investigation of 

children with simple obesity and PWS34. In addition, as noted previously, we did not 

compare hormone and metabolite concentrations obtained during controlled administration 

of the LC and LF diets to baseline values obtained at the time of admission. This was 

because baseline values reflected participants’ uncontrolled diets prior to admission. It is 

impossible to interpret comparisons between values obtained under supervised and 

controlled conditions (during the dietary intervention) with those obtained under 

uncontrolled conditions (baseline).
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Anecdotal reports indicate that some families are adopting low carbohydrate diets for their 

children with PWS because of assumed or perceived benefits of carbohydrate restriction on 

hyperphagia and cognition. However in our cohort, low carbohydrate feeding increased 

markers of inflammation (c-reactive protein) and hepatic steatosis (AST/ALT), and salutary 

effects of low carbohydrate diets on appetite, weight gain, and cognitive function in PWS 

have not yet been demonstrated. More detailed studies of the safety and long-term effects of 

carbohydrate restriction on weight loss and metabolic function in Prader Willi patients 

would be useful in providing clinical guidance.
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Figure 1. 
Fasting and postprandial Glucagon-like peptide 1 (GLP-1) and Ghrelin concentrations. 

Comparison of subjects consuming a low carbohydrate, high fat diet (15%carb; 65%fat; 20% 

protein), and the same subjects consuming a low fat, high carbohydrate diet (65%carb; 

15%fat; 20% protein). A p value < 0.05 was considered statistically significant.
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Figure 2. 
Plasma concentrations of acetyl (C2), proprionyl (C3), and isovaleryl (C5) carnitines. C2 is a 

major product of fatty acid oxidation; C3 and C5 are products of the catabolism of the 

branch chain amino acids and methionine. Comparison of subjects consuming a low 

carbohydrate, high fat diet (15%carb; 65%fat; 20% protein), and the same subjects 

consuming a low fat, high carbohydrate diet (65%carb; 15%fat; 20% protein). *A p value < 

0.05 was considered statistically significant; ** p<0.01.
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Figure 3. 
Plasma concentrations of even chain acylcarnitines, which are products of fatty acid 

oxidation. Concentrations were log transformed to enable direct comparisons on the same 

figure. Comparison of subjects consuming a low carbohydrate, high fat diet (15%carb; 

65%fat; 20% protein), and the same subjects consuming a low fat, high carbohydrate diet 

(65%carb; 15%fat; 20% protein). In all cases except C4/Ci4 and post-prandial C20 

(p=0.0547), the concentrations of even chain acylcarnitines were significantly higher 

(p<0.05-p<0.0001) during low carbohydrate, high fat feeding than during low fat, high 

carbohydrate feeding
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Figure 4. 
Matrix showing the correlation coefficients between participants’ plasma concentrations of 

the following sets of variables (as measured in the present study): CRP = C-reactive protein; 

GLU = glucose; INS = insulin; GHR_TOT = total ghrelin; GLP-1 = Glucagon-like peptide 

1; GIP = glucose-dependent insulinotropic peptide; PYY = Peptide YY; ALT = alanine 

transaminase; AST = aspartate aminotransferase; HMWAdipo = high-molecular-weight 

adiponectin; TotalAdipo = total adiponectin; TRIG = triglycerides; HDL = high-density 

lipoproteins; NEFA = non-esterified fatty acids; VAL = valine; LEU_ILE = 

leucine_isoleucine.
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