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The authors compared effects of macronutrients on self-reported appetite and selected fasting hormone levels.
The Optimal Macronutrient Intake Trial to Prevent Heart Disease (OMNI-Heart) (2003—2005) was a randomized, 3-
period, crossover feeding trial (n = 164) comparing the effects of 3 diets, each rich in a different macronutrient.
Percentages of kilocalories of carbohydrate, fat, and protein were 48, 27, and 25, respectively, for the protein-rich
diet; 58, 27, and 15, for the carbohydrate-rich diet; and 48, 37, and 15 for the diet rich in unsaturated fat. Food and
drink were provided for each isocaloric 6-week period. Appetite was measured by visual analog scales. Pairwise
differences between diets were estimated using generalized estimating equations. Compared with the protein diet,
premeal appetite was 14% higher on the carbohydrate (P = 0.01) and unsaturated-fat (P = 0.003) diets. Geo-
metric mean leptin was 8% lower on the protein diet than on the carbohydrate diet (P = 0.003). Obestatin levels
were 7% and 6% lower on the protein diet than on the carbohydrate (P = 0.02) and unsaturated-fat (P = 0.004)
diets, respectively. There were no between-diet differences for ghrelin. A diet rich in protein from lean meat and
vegetables reduces self-reported appetite compared with diets rich in carbohydrate and unsaturated fat and can be
recommended in a weight-stable setting. The observed pattern of hormone changes does not explain the inverse

association between protein intake and appetite.

appetite; cross-over studies; diet; dietary carbohydrates; dietary fats; dietary proteins; ghrelin; leptin

Abbreviations: OMNI-Heart, Optimal Macronutrient Intake Trial to Prevent Heart Disease; SD, standard deviation.

The effects of macronutrients on appetite are controver-
sial. Some research suggests a satiety hierarchy in which
protein is more satiating than carbohydrate and carbohy-
drate is more satiating than fat (1). Short-term (<1 week)
crossover trials, often single-meal studies, suggest that diets
higher in protein decrease appetite and energy intake (2, 3).
Trials examining the effect of protein on appetite over a lon-
ger period (>2 weeks) corroborate findings from shorter-
term studies in settings of weight loss and maintenance of
weight loss (4, 5). Other research suggests that there is no
difference among macronutrients (6). Public perception is
that fat is more satiating than protein and carbohydrate (7).

Although clinical trials provide some evidence that short-
term exposure to diets rich in protein may reduce appetite

(2-5), mechanisms are unclear. One possible explanation is
that dietary protein affects concentrations of appetite hor-
mones. Under this scenario, appetite hormones are mediat-
ing variables. Leptin purportedly decreases food intake by
signaling the availability of energy reserves (8). Obestatin
and ghrelin are products of the same gene but may have
opposing effects on weight regulation, according to data
from animal models (9); while obestatin may reduce energy
intake, ghrelin probably promotes meal initiation (10).
Our purpose in this study was to compare the effects of 3
healthy diets, each emphasizing a different macronutrient,
on self-reported appetite and fasting levels of selected ap-
petite hormones. We hypothesized that a protein-rich diet,
compared with a diet rich in carbohydrate and another diet
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930 Screened

716 Excluded—

A4

214 Began Run-In

> 573 Ineligible
143 Dropped Out

23 Dropped Out
k.

191 Randomly Assigned
to 1 of 6 Diet Sequences

27 Dropped Out—
19 During Period 1
5 on Protein Diet
8 on Unsaturated Fat Diet

A,

164 Completed 2 Feeding
Periods Included in Analysis

> 6 on Carbohydrate Diet

8 During Period 2
3 on Protein Diet
1 on Unsaturated Fat Diet
4 on Carbohydrate Diet

5 Dropped Out During Period 3—
2 on Protein Diet

/\flood Sample Not Given to Laboratory

> 2 on Unsaturated Fat Diet
1 on Carbohydrate Diet

No. Included in Analysis of Appetite Measure—
Protein vs. Carbohydrate: 161
Unsaturated Fat vs. Carbohydrate: 161
Unsaturated Fat vs. Protein: 160

No. Included in Analysis of Hormones—
Baseline: 163 Leptin, 163 Ghrelin, 156 Obestatin
Protein vs. Carbohydrate: 160 Leptin, 159 Ghrelin, 150 Obestatin
Unsaturated Fat vs. Carbohydrate: 159 Leptin , 159 Ghrelin, 147 Obestatin
Unsaturated Fat vs. Protein: 159 Leptin, 158 Ghrelin, 146 Obestatin

Figure 1. Participation in the appetite component of the Optimal Macronutrient Intake Trial to Prevent Heart Disease, 2003—-2005. Ghrelin data
were missing for 1 sample and obestatin data were missing for 29 samples because of insufficient plasma to conduct the assay.

rich in unsaturated fat, would decrease self-reported appe-
tite, increase leptin and obestatin levels, and reduce ghrelin
levels.

MATERIALS AND METHODS
OMNI-Heart

We used data from the Optimal Macronutrient Intake
Trial to Prevent Heart Disease (OMNI-Heart). Detailed de-
scriptions of OMNI-Heart and its main results have been
published elsewhere (11, 12). Briefly, the primary objective
of this National Heart, Lung, and Blood Institute-sponsored
trial was to compare the effects of 3 diets, each rich in
a different macronutrient, on blood pressure, lipid levels,
and estimated cardiovascular disease risk. The study was
conducted in 2 clinical centers located in Boston, Massa-
chusetts, and Baltimore, Maryland, from April 2003 to June
2005. Participants were recruited through newspaper notices
and mass mailings. Institutional review boards at each study
center and an independent data and safety monitoring board
approved the protocol and monitored the trial. Each partic-
ipant provided written informed consent. Participants were
aged 30 years or older and had prehypertension or stage 1
hypertension (systolic blood pressure 120-159 mm Hg or
diastolic blood pressure 80-99 mm Hg). Exclusion criteria
were cardiovascular disease, recent cancer, diabetes, a low
density lipoprotein cholesterol level greater than 220 mg/
dL, a fasting triacylglycerol (triglyceride) level greater than

750 mg/dL, weight greater than 350 pounds (159 kg), cur-
rent use of medications that affect blood pressure or blood
lipid levels, unwillingness to suspend vitamin and mineral
supplementation, and alcohol consumption in excess of
14 drinks per week.

Design

Eligibility was ascertained and baseline data were col-
lected over 3 screening visits. During a 6-day run-in period,
participants were provided each diet for 2 days. The initial
calorie level at the start of the run-in period was estimated
using sex, height, weight, and physical activity level. Weight
was measured each weekday, and caloric intake was ad-
justed by a dietitian as needed to maintain weight.

After successful completion of the run-in period, partic-
ipants were randomly assigned to receive 1 of 6 sequences
of the 3 diets. Randomization was stratified by clinic. Par-
ticipants and all staff involved in data collection were
masked with regard to diet sequence. Each feeding period
lasted 6 weeks and was followed by a washout period of 2—4
weeks wherein participants ate their own food.

Intervention diets

Each diet complied with the US Department of Agricul-
ture’s Dietary Guidelines for Americans (13), having lower
saturated fat, cholesterol, and sodium levels and higher
potassium, calcium, and magnesium levels than the typical
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US diet. Isocaloric diets were provided to participants, and
calorie level was individually assigned and monitored each
weekday to maintain weight throughout the trial. The
carbohydrate-rich diet provided 58% of energy as carbohy-
drate, 15% as protein, and 27% as fat (6% of energy as
saturated fat, 13% as monounsaturated fat, and 8% as poly-
unsaturated fat). In the protein-rich diet, 10% of energy
from carbohydrate was replaced with protein, with two-
thirds of the increased protein being derived from plant-
based foods. Similarly, in the unsaturated-fat-rich diet,
10% of energy from carbohydrate was replaced with unsat-
urated fats, predominantly monounsaturated fats.

Additional details on the composition of the intervention
diets are provided elsewhere (14). Glycemic load for the
2,100-calorie level was 242 for the carbohydrate diet, 177
for the protein diet, and 183 for the unsaturated-fat diet,
using the white bread index as the reference (15). Energy
density, including all food, juice, and milk, was measured
through composite analysis of a week of menus for the
3 2,100-calorie diets. Mean energy density (kcal/g) was
1.10 (standard deviation (SD), 0.08) for the carbohydrate
diet, 1.07 (SD, 0.11) for the protein diet, and 1.13 (SD,
0.09) for the unsaturated-fat diet.

Appetite measurement

Self-reported appetite. Participants consumed 1 meal per
day at the study site each weekday. A self-reported appetite
questionnaire was completed at the study site immediately
before and after consumption of each meal every weekday
during week 3 of each of the 3 diet periods. The appetite
measure had 3 components: hunger, prospective consump-
tion (amount of food that could be eaten in a designated time
period), and fullness. Participants rated each component on
a 100-mm visual analog scale adapted from questionnaires
used by other investigators (16, 17). Words were placed at
each end of the scale to denote extreme ratings. Each rating
was scored independently by 2 reviewers, and differences
were reconciled by an adjudicator if the scores disagreed by
more than 2 mm. A summary score was calculated sepa-
rately for the pre- and postmeal ratings by summing the
average hunger and prospective consumption ratings and
subtracting fullness ratings from the 5 questionnaires com-
pleted each weekday during week 3. Higher summary scores
indicated greater appetite.

Appetite hormones. Prior to randomization and at week
6 of each intervention period, blood was drawn after at least
8 hours of fasting. Median fasting time prior to blood draw-
ing for each of the 3 diets was 13 hours (interquartile range,
12-14). Median time of blood drawing for the baseline and
week 6 samples was 10:25 am (interquartile range, 8:56 aAM—
11:45 am). Samples were centrifuged, processed, and stored
at —70°C within 2 hours of collection. Assays were per-
formed in duplicate at the Bayview General Clinical
Research Center (Johns Hopkins Bayview Medical Center,
Baltimore, Maryland). Plasma samples were analyzed by
radioimmunoassay for leptin (Linco Research, Inc., St.
Charles, Missouri), obestatin (Phoenix Pharmaceuticals,
Inc., Belmont, California), and total ghrelin (Linco). Intra-
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Table 1. Baseline Characteristics of Participants in the Optimal
Macronutrient Intake Trial to Prevent Heart Disease, 2003-2005

Characteristic (n = 164) Mean (SD) No. %

Age, years 53.6 (10.8)
Female sex 73 45
Race
African-American 90 55
Non-Hispanic white 66 40
Other 8 5
Weight, kg 87.7 (18.6)
BMI? 30.3 (6.1)
Obesity status
Normal weight (BMI < 25) 34 21
Overweight (BMI 25-29.9) 55 33
Obese (BMI > 30) 75 46
Alcohol intake
Ever consuming alcohol 73 45
Servings/week (among drinkers) 4.1 (3.5)
Education
High school or less 33 20
Some college 56 34
College graduate 75 46
Smoking
Current smoker 18 11
Former smoker 46 28
Never smoker 100 61

Abbreviations: BMI, body mass index; SD, standard deviation.
@ Weight (kg)/height (m)2.

assay coefficients of variation were 5.5% for leptin, 8.9% for
obestatin, and 3.9% for ghrelin.

Statistical analysis

The sample size (n = 164) for the study was determined
by the number of OMNI-Heart participants who had com-
pleted at least 2 of the 3 feeding periods (Figure 1). The data
provided 90% power to detect a 3% change in the appetite
measure between diets at a significance level of P < 0.05
(2-sided). Small changes in hormone concentrations were
also detectable, as the study provided 90% power to detect
a 2% change in ghrelin and a 14% change in leptin at a sig-
nificance level of P < 0.05 (2-sided) (18, 19). No obestatin
data had been published in humans at the time of study
initiation; hence, minimum detectable differences were
not estimated.

Leptin data were log.-transformed to improve normality
and back-transformed for interpretation. The mean change
between baseline and each of the intervention diets was
calculated for all hormones. Pairwise differences between
diets were estimated using generalized estimating equations
with an exchangeable correlation structure accounting for
site and period. Tests for carryover were conducted by in-
cluding indicator variables for diet assignment in the
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Table 2. Scores for Self-reported Appetite Measures and Fasting Hormone Levels on 3 Different Intervention Diets, Optimal Macronutrient

Intake Trial to Prevent Heart Disease, 2003—2005%

Protein-Rich Carbohydrate- Unsaturated- P for Between-
Diet Rich Diet Fat-Rich Diet Diet Difference
Unsaturated Carbohydrate-
Mean 95% Cl Mean 95% Cl Mean 95% Cl ca’g°hy‘."a‘e' Fat- Unsaturated
rotein N
Protein Fat
Appetite measure
summary
Premeal 78 69, 87 89 81, 96 89 81,97 0.01 0.003 0.92
Postmeal -55 —61, —50 —48 —54, —42 —48 —54, —42 0.005 0.007 0.99
Appetite measure
scale
Hunger
Premeal 52 48, 56 57 54, 60 58 55, 61 0.002 <0.001 0.54
Postmeal 13 11,15 13 11,15 15 13,17 0.86 0.19 0.12
Prospective
consumption®
Premeal 60 57, 63 64 61, 67 63 60, 66 0.004 0.03 0.41
Postmeal 13 11,15 16 14,19 16 13,18 0.005 0.01 0.72
Fullness
Premeal 34 31,37 32 29, 35 32 29, 35 0.21 0.12 0.81
Postmeal 82 79, 84 77 74, 80 78 75, 81 0.002 0.006 0.38
Appetite hormone
level
Leptin, ng/mL¢ 9.7 8.3,11.4 10.5 9.0,123 9.9 8.5,11.6 0.003 0.42 0.05
Obestatin, pg/mL 114.7 108.4,121.0 1226 114.6,130.6 121.7 115.5,128.0 0.02 0.004 0.80
Ghrelin, pg/mL 829.0 771.0,886.9 839.0 7835,894.6 829.1 773.8,884.4 0.42 0.48 0.83

Abbreviation: Cl, confidence interval.

& Least-square mean values and P values were estimated from models with an exchangeable correlation structure, with adjustment for site and

period.

b The appetite measure was defined as the sum of hunger and prospective consumption ratings minus fullness ratings as measured by the visual

analog scale.

¢ The prospective consumption scale measured the amount of food a subject could eat at a given time.
9 Geometric mean values. Estimates for leptin were back-transformed from loge-transformation.

previous period for each of the outcome measures. There
was no evidence of differential carryover by intervention
diet.

Subgroup analyses were based on groups specified a pri-
ori: body mass index (weight (kg)/height (m)z), age, and
sex. Effect modification of between-diet differences in ap-
petite measures was estimated by including interaction
terms for intervention diet by median age (53 years), sex,
and obesity (modeling body mass index as both continuous
and categorical (body mass index <30 vs. >30)) in gener-
alized estimating equations models that accounted for
period, site, age (continuous), sex, and body mass index
(continuous and categorical separately). Tests for diet-
subgroup interactions were performed by comparing —2
log. likelihood estimates from nested models with the
appropriate chi-squared distribution.

The association between fasting hormone levels and self-
reported appetite ratings was estimated using data from the
first period to calculate crude and partial Spearman correla-
tions with adjustment for intervention diet and site.

Significance was defined as P < 0.05 without adjustment
for multiple comparisons. Analyses were performed using
SAS (version 9.1; SAS Institute Inc., Cary, North Carolina).

RESULTS

The study population was diverse, with a mean age of
53.6 years (SD, 10.8); 55% were male, 55% were African-
American, and 46% were obese (Table 1). Fewer than half
of the participants reported ever drinking any alcohol.

As previously described (12), adherence to the interven-
tion diets, as measured by self-report in daily diaries, was
excellent—all study food and no nonstudy food was con-
sumed on at least 95% of the person-days for each diet.
Objective measurements (stable weights and similar fasting
sodium and potassium concentrations on all 3 diets, and
elevated urinary nitrogen levels on just the protein-rich diet)
corroborated the self-reported adherence assessment (12).
Over 98% of the appetite questionnaires were completed.

Am J Epidemiol 2009;169:893-900
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Figure 2. Adjusted mean between-diet differences in the premeal
self-reported summary appetite measure, Optimal Macronutrient
Intake Trial to Prevent Heart Disease, 2003-2005. The summary
appetite measure was calculated as hunger plus prospective con-
sumption minus fullness. Comparisons were adjusted for period and
site in generalized estimating equations models with an exchange-
able correlation structure. Results from pairwise comparisons: carbo-
hydrate versus protein, P = 0.01; unsaturated fat versus protein,
P = 0.003; unsaturated fat versus carbohydrate, P = 0.92. Bars,
95% confidence interval.

Sixty percent of the appetite questionnaires were adminis-
tered at lunch and 39% at dinner; fewer than 1% of the
questionnaires were administered at breakfast.

Between-diet differences

Appetite was lower on the protein-rich diet than on the
carbohydrate-rich or unsaturated-fat-rich diet. Ratings were
11 points (14%) higher on both the carbohydrate and
unsaturated-fat diets than on the protein diet (Table 2 and

Figure 2). Differences in postmeal ratings were qualitatively
similar to premeal estimates. There were no differences in
appetite between the unsaturated-fat and carbohydrate diets
as measured by the appetite measure.

Although the effects of the diets on appetite were
observed in both pre- and postmeal summary ratings, indi-
vidual scale components (i.e., hunger, prospective consump-
tion, fullness) varied by time point. Before the on-site study
meal, hunger ratings were approximately 10% lower, pro-
spective consumption was 6% lower, and fullness was 6%
higher on the protein diet than on both the unsaturated-
fat and carbohydrate diets (Table 2). Immediately following
the meal, hunger ratings did not differ between diets,
but prospective consumption ratings were approximately
23% lower and fullness ratings were 5% higher on the
protein diet than on the unsaturated-fat and carbohydrate
diets.

Geometric mean fasting leptin level was 8% lower on the
protein diet than on the carbohydrate diet (Table 3). Com-
pared with the protein diet, fasting obestatin was 8 pg/mL
(7%) higher on the carbohydrate diet and 7.0 pg/mL (6%)
higher on the unsaturated-fat diet (Tables 2 and 3). There
were no between-diet differences in fasting ghrelin level.

No appreciable differences were observed in effect esti-
mates for self-reported appetite and appetite hormones in
analyses stratified by sex, age, or obesity. Comparison of
nested models provided no support for effect modification.

Changes from baseline

Compared with baseline levels, fasting leptin was signif-
icantly lower on all 3 intervention diets (Table 4). None of
the intervention diets were associated with changes in fast-
ing obestatin or ghrelin concentrations in comparison with
baseline.

Associations between fasting hormone levels and
self-reported appetite

Partial Spearman correlations between fasting ghrelin
level and fasting obestatin level were 0.56 (P < 0.0001)
after adjustment for intervention diet and site. No associa-
tions were observed between fasting ghrelin and fasting
Ieptin (r = —0.09, P = 0.28) or between fasting obestatin
and fasting leptin (r = —0.07, P = 0.37) after adjustment

Table 3. Between-Diet Differences® in Fasting Levels of Appetite Hormones, Optimal Macronutrient Intake Trial to Prevent Heart Disease,

2003-2005
Appetite Carbohydrate-Protein Unsaturated Fat-Protein Unsaturated Fat-Carbohydrate
Hormone sﬂgj' e?:ft o Mean  95%Cl  PValue sﬂé’;‘ e‘;ft s Mean  95%Cl  PValue Sﬂgi- e?:ft s Mean  95%Cl  PValue
Leptin, ng/mLP° 160 1.08 1.00,1.12 0.003 159 1.02 0.97,1.08 0.42 159 095 0.90,1.00 0.05
Obestatin, pg/mL 150 8.0 1.1,14.8 0.02 146 7.0 1.6,12.5 0.004 147 -0.9 -7.8,6.0 0.80
Ghrelin, pg/mL 159 10.0 —-17.2,37.3 0.42 158 02 256,259 048 159 -99 -358,16.0 0.83

Abbreviation: Cl, confidence interval.

& Comparisons were adjusted for period and site in generalized estimating equations models with an exchangeable correlation structure.
b Between-diet differences in leptin were back-transformed from loge-transformation. Mean values for leptin represent the ratio of geometric

means.

Am J Epidemiol 2009;169:893-900
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Table 4. Fasting Hormone Concentrations at Baseline and Changes From Baseline Levels, Optimal Macronutrient Intake Trial to Prevent Heart

Disease, 2003-2005

Change From Baseline to Intervention Diet®

Baseline
Appetite Carbohydrate-Rich Diet Protein-Rich Diet Unsaturated-Fat-Rich Diet
Hormone N f N f N f N f
0. 0 0.0 o 0.0 o 0.0 o
Subjects Mean (SE) Subjects Mean 95% CI P Value Subjects Mean 95% ClI P Value Subjects Mean 95% ClI P Value
Leptin, 163 11.5(1.1) 162 0.9 0.8,0.9 0.02 160 0.8 0.8,0.9 <0.0001 160 0.9 0.8,0.9 0.0002
ng/mL°
Obestatin, 156  120.6 (4.1) 152 20 -52,9.2 0.58 150 —-6.2 —14.2,1.7 0.12 147 11 -6.5,88 0.77
pg/mL
Ghrelin, 163  816.0 (31.1) 162 214 -19.4,62.2 0.30 160 10.5 —-23.0,43.9 0.54 160 18.6 —22.1,59.4 0.37
pg/mL

Abbreviations: Cl, confidence interval; SE, standard error.

& Generalized estimating equations model with an exchangeable correlation structure, with adjustment for site and period. Change from baseline

was defined as follow-up value minus baseline value.

b Leptin values were back-transformed from the loge scale. Measures shown are the baseline geometric mean value (SE) and the ratios of diet

values to baseline values.

for intervention diet and site. Crude and adjusted estimates
were similar.

In cross-sectional analyses, higher fasting leptin was as-
sociated with lower appetite at both premeal (r = —0.2,
P = 0.0001) and postmeal (r = —0.3, P < 0.0001) assess-
ments. Fasting obestatin and ghrelin were not correlated
with the appetite measure. Crude and adjusted associations
were similar.

DISCUSSION

In this randomized, isocaloric, crossover feeding study of
adults with prehypertension or stage 1 hypertension,
a healthy diet rich in protein lowered appetite in comparison
with healthy diets rich in carbohydrate or unsaturated fat.
Contrary to our hypotheses, the protein-rich diet reduced
fasting leptin levels compared with the carbohydrate-rich
diet, reduced fasting obestatin levels compared with both
other diets, and had no effect on fasting ghrelin levels. We
expected that both fasting leptin and fasting obestatin levels
would increase and fasting ghrelin levels would decrease
on the protein diet as compared with the carbohydrate and
unsaturated-fat diets. These findings suggest that fasting
levels of leptin, obestatin, and ghrelin do not explain the
satiating effect of protein.

Our finding that self-reported appetite was 10%—15%
lower on the protein diet than on the unsaturated-fat and
carbohydrate diets is consistent with conclusions from 2
systematic reviews from smaller (<20 participants), short-
term (single-meal) trials assessing the effects of very high
protein (median level, 58.5% kcal) diets on thermogenesis,
satiety, and weight loss (2, 3). Our trial provides evidence
that the satiating effect of protein applies to a large, diverse
study population, does not attenuate after several weeks, and
applies to diets having a protein content (25% kcal) that
could be adopted as a healthy dietary regimen. We cannot
rule out the possibility of residual confounding (i.e., that
another component of the plant-rich protein sources was
responsible for the satiating effect), since nutrient levels

are highly correlated. However, the 3 OMNI-Heart diets
were similar with regard to characteristics that may affect
appetite, including fiber, glycemic index, and energy
density.

Fasting leptin was modestly correlated with the self-
reported appetite measure. This corroborates data in obese
women of a positive association between leptin and satiety
(20). Investigators conducting short-term (<1 day) studies
have reported a greater leptin response immediately follow-
ing a meal (21, 22) and higher 24-hour circulating leptin
levels (23) after exposure to a high-carbohydrate diet as
compared with a high-fat diet. Results from longer-term
studies (3 days—7 weeks) comparing fasting leptin levels
after carbohydrate-rich diets versus fat-rich diets (24, 25)
also corroborate those of the current study. Few data on the
effects of protein on leptin levels were available prior to this
study (26), and our data suggest that protein intake does not
increase leptin levels. These findings suggest that fasting
leptin does not mediate the satiating effect of protein.

The role of fasting obestatin in appetite regulation is un-
certain. Initial reports of fasting obestatin activity demon-
strated reduced food intake after administration of obestatin
to fasting rodents (9), and these data were replicated by
some other investigators (27), but not all (28). Contrary to
expectation, fasting obestatin was significantly reduced,
rather than increased, on the protein-rich diet. Therefore,
fasting obestatin may be related to satiety, but the relation
may be more complex in humans than in animals. Per-
haps this represents a counterregulatory response, in that
obestatin levels are lower when energy intake is perceived
to be adequate.

One possible explanation for the null findings regarding
fasting ghrelin is that the etiologically relevant concentra-
tion was postmeal, rather than premeal. Single-meal studies
investigating the postprandial response of fasting ghrelin
levels to manipulation of macronutrient intake suggest that
fasting ghrelin level decreases more quickly and dramati-
cally after carbohydrate consumption than after fat con-
sumption (29-31). However, data from the current study
and from other crossover trials comparing fasting ghrelin

Am J Epidemiol 2009;169:893-900
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levels after longer-term exposure (>1 day) to diets differing
in macronutrient composition show no effect of macronu-
trient composition on fasting ghrelin levels (32-34).

One limitation of our appetite hormone measurements
was that postmeal blood was not collected. This limited
our ability to assess the effect of macronutrient intake on
levels of ghrelin, obestatin, and leptin, as well as levels of
hormones released immediately after eating, such as chole-
cystokinin and glucagon-like peptide 1. Another limitation
is that self-reported appetite was measured twice each day,
immediately before and after the main meal; additional
assessments at predefined intervals may provide a better
measure of satiety.

Strengths of this trial include the diverse study popula-
tion, high adherence, and completeness of data collection.
The crossover design of this trial provided us with the op-
portunity to study appetite, an outcome with high interindi-
vidual variability. Appetite is not well-suited to assessment
in parallel-arm trials unless the sample size is large (17).
Dietary intervention studies are often limited by measure-
ment error, but provision of all food and drink for 19 weeks
of controlled feeding increased internal validity. While most
other appetite studies are single-meal studies, we were able
to measure appetite over an entire week of meals on each of
the intervention diets after participants had been on the diet
for 3 weeks. Hence, our measurements were more likely to
reflect enduring physiologic effects of macronutrient intakes
and were less likely to be influenced by outliers than mea-
surements made after a single meal.

In conclusion, for reduced appetite, people should con-
sume a healthy diet rich in protein. The pattern of hormone
changes suggests that fasting levels of leptin, obestatin, and
ghrelin do not explain the inverse association between pro-
tein intake and appetite. In future long-term studies, inves-
tigators should measure appetite hormones at multiple time
points, including postmeal; measure other appetite hormones
(e.g., glucagon-like peptide 1); and evaluate neurobehavioral
mechanisms in order to better understand how protein intake
affects appetite.
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