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Abstract Background and aims: The relationship between dietary macronutrient composition
and appetite is controversial. We examined the effects of a year-long low-carbohydrate
diet compared to a low-fat diet on appetite-related hormones and self-reported change in appe-
tite.
Methods and results: A total of 148 adults with a body mass index 30e45 kg/m2, who were free of
diabetes, cardiovascular disease and chronic kidney disease at baseline were randomly assigned
to either a low-carbohydrate diet (carbohydrate [excluding dietary fiber]<40 g/day; N Z 75) or a
low-fat diet (<30% energy from fat, <7% from saturated fat; N Z 73). Participants in both groups
attended individual and group dietary counseling sessions where they were provided the same
behavioral curriculum and advised to maintain baseline levels of physical activity. Appetite and
appetite-related hormones were measured at 0, 3, 6 and 12 months of intervention. At 12
months, mean changes (95% CI) in peptide YY were �34.8 pg/mL (�41.0 to �28.6) and in the
low-carbohydrate group and �44.2 pg/mL (�50.4 to �38.0) in the low-fat group (net change:
9.54 pg/mL [0.6 to 18.2]; p Z 0.036). Approximately 99% of dietary effects on peptide YY are ex-
plained by differences in dietary macronutrient content. There was no difference in change in
ghrelin or self-reported change in appetite between the groups.
Conclusions: A low-fat diet reduced peptide YY more than a low-carbohydrate diet. These find-
ings suggest that satiety may be better preserved on a low-carbohydrate diet, as compared to
a low fat diet.

Trial Registration: clinicaltrials.gov Identifier: NCT00609271.
ª 2015 The Italian Society of Diabetology, the Italian Society for the Study of Atherosclerosis, the
Italian Society of Human Nutrition, and the Department of Clinical Medicine and Surgery, Feder-
ico II University. Published by Elsevier B.V. All rights reserved.
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Introduction

Manipulations of the macronutrient contents of diet, in
particular restriction of carbohydrate and fat, have been
used extensively for weight loss and weight control in the
past several decades. It is unclear whether reduction in
body weight due to restrictions in either carbohydrate or
fat results from changes in appetite or appetite-related
hormones. Appetite is a complex phenomenon influenced
by both behavioral and biological characteristics. A vari-
ety of peptides synthesized and released from the
gastrointestinal tract are important regulators of appetite.
For example, ghrelin is secreted from the stomach and
functions as an appetite signal that increases hunger,
stimulates food intake and decreases fat utilization in
adipose tissue [1e3]. In contrast, peptide YY is released
from the distal small intestine and colon after meals, and
reduces appetite by increasing satiety [4,5]. Weight loss
increases appetite stimulating hormones such as ghrelin
and decreases satiety hormones such as PYY [6e8].
Measurement of these appetite-related hormones
may provide novel and objective insights into the
effects of dietary changes on biological markers of
appetite [9].

Low-carbohydrate diets have been effective for weight
loss and weight management [10e14]. Previous studies of
low-carbohydrate diets provide some evidence that these
diets may reduce appetite measured by self-report
[15e19], while a few small studies (N < 50) have shown
the opposite [20e22]. A recent meta-analysis on the topic
concluded that ketogenic low-carbohydrate diets reduce
appetite slightly from baseline measures, but comparison
with a non-ketogenic diet as control group was not
possible due to the small number of studies with such
control groups which met inclusion criteria [23]. The
mechanisms of potential reduction in appetite are unclear
but may involve appetite-related hormones. To date, data
on the effects of carbohydrate restriction on appetite-
related hormones are scarce, limited to a few small,
short-term studies [24,25]. The purpose of this study is to
examine whether macronutrient composition of weight
loss diets affects appetite and its regulation as reflected in
levels of these appetite hormones, and to what degree
these effects are independent of weight loss itself. There-
fore, we examined the effects of a 12-month low-
carbohydrate diet compared to a low-fat diet on both
appetite-related hormones and self-reported change in
appetite using data from a parallel, randomized, controlled
trial among 148 obese adults.

Methods

Study participants

Obese adults were recruited by newspaper and television
advertisements, mass mailings and e-mailings in the
Greater New Orleans Area. Participants were eligible if
they had a body mass index of 30e45 kg/m2 and were
22e75 years of age. Individuals who were pregnant or
who had type-2 diabetes, cardiovascular disease or
chronic renal disease at baseline were not enrolled in the
study. All procedures were approved by the Institutional
Review Board of Tulane University Health Sciences
Center and all participants provided written informed
consent.

Study protocol

The study design has been described in detail elsewhere
[26]. In brief, this trial was designed to examine the effects
of a low-carbohydrate diet on body weight and cardio-
vascular risk factors. One hundred and forty-eight partic-
ipants were randomly assigned to follow either a low-
carbohydrate diet which restricted intake of digestible
carbohydrate (total carbohydrate minus total fiber) to
<40 g/day (NZ 75), or a low-fat diet which restricted total
and saturated fat intake to <30% and <7%of daily energy
(N Z 73), respectively [27,28]. Participants attended indi-
vidual dietary counseling sessions weekly for the first
month, followed by small group sessions every other week
for 5 months, and monthly sessions for the remaining 6
months. During counseling sessions, participants met with
a study dietitian, obtained optional recipes, and received
supportive counseling. The same behavioral curriculum,
including information on dietary fiber (recommended
intake of 25 g/d) and types of dietary fats, was provided to
both groups and was not altered over the course of the
intervention. These common instructions emphasized the
benefits of monounsaturated fats and recommend limiting
or eliminating trans fats. Participants were advised to
maintain their baseline levels of physical activity, which
was assessed using validated measures at each follow-up
visit.

A detailed medical history, and information on medi-
cation use and lifestyle risk factors was obtained at base-
line by trained study personnel [26]. Body weight and
other measures were obtained at baseline and each follow-
up visit using standardized methods [26]. Two 24-h di-
etary recalls were obtained from each participant by a
certified study dietitian at baseline and at each of follow-
up examination. One recall was collected on a week day
and the other on a weekend day. For the purposes of
quality control, 5% of recalls were recorded for review.
Dietary nutrient intakes were calculated using the food
composition tables included in the Nutrition Data System
for Research software [29].

Measurement of outcome variables

Blood samples were collected at baseline and during clinic
visits at 3, 6 and 12 months of intervention. Appetite-
related hormones, peptide YY and ghrelin, were measured
in the Biomarker Core Laboratory of the Irving Institute for
Clinical and Translational Research at Columbia University
Medical Center. Peptide YY was measured using radio-
immunoassay methods and commercially available re-
agents (Millipore, Billerica, MA).The inter-assay
coefficients of variation was 7.1% for peptide YY. Ghrelin
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was measured using radioimmunoassay methods and
commercially available reagent kits (Linco Research, St.
Charles, MO). The inter-assay coefficient of variation was
17.8% for ghrelin. At each follow-up visit, participants
were also asked to report whether they experienced a
change in appetite (Yes or No).
Statistical analysis

Baseline characteristics including appetite-related hor-
mones were normally distributed, expressed as Mean (SD)
or N (%) by assigned dietary groups, and were compared
between groups using t tests or chi-square tests. Data on
dietary composition were presented as means (SDs) and
compared using t tests at baseline and each follow-up
visit. To examine the change in appetite-related hor-
mones, we used a random-effects linear model which
included a random intercept and random slope to adjust
for within participant correlation among the repeated
measurements, an indicator variable for time (3, 6, and 12
months), diet group, an interaction term for diet group by
time, and baseline level of the corresponding appetite
hormone. This modeling technique allows missing data
under the assumption of missing-at-random. To test the
robustness of our conclusions in the presence of missing
data, we performed sensitivity analyses using multiple
imputation techniques, including additional covariates
(age, sex, race, marital status, education, and employment
status) in the model [30]. To assess self-reported change
in appetite (binary), we used generalized estimating
equations (GEE) models with logit link function to account
Table 1 Baseline characteristics of trial participants.

Charateristicsa Low-fat diet

Age, year 47.8 (10.4)
Female 65 (89)
Race/Ethnicity
White 33 (45)
Black 36 (49)
Others 4 (5)

Weight, kg 97.9 (13.5)
Body mass index, kg/m2 35.6 (4.5)
Waist circumference, cm 111.0 (10.7)
LDL cholesterol, mg/dL 122.7 (38.6)
HDL cholesterol, mg/dL 56.5 (12.8)
Plasma glucose, mg/dL 93.4 (9.2)
Anti-hypertensive medication use 24 (32.9)
Lipid-lowering medication use 9 (12.3)
Physical activity, MET-hour/weekb 19.6 (35.5)
Total ghrelin, pg/mL 814.9 (298.3
Total peptide YY, pg/mL 113.9 (22.5)

HDL: high-density lipoprotein; LDL: low-density lipoprotein; MET: metab
a All data were expressed as N (%) or Mean (SD) when appropriate.
b Physical activitywas calculated as the sumof hours perweekofmoderate

by the activity’s individual metabolic equivalent value.
for the correlation of repeated measurements within in-
dividuals. To separate the effects of macronutrient
composition from the effects of weight loss itself on
changes in appetite-related hormones, we performed a
mediation analysis [31,32]. This type of statistical analysis
estimates the effect of the macronutrient composition of
the diet with the appetite measures. As a second step, the
effect of the weight loss on the appetite measures is
estimated. In the third and final step, the effect of weight
loss on appetite measures is subtracted from the effect of
macronutrient composition of diet on appetite measures
[33]. In this way, it is possible to tease out the effect of
macronutrient composition of diet on appetite measures,
removing the effect of weight loss itself. We plotted in-
dividual level data to further examine the relationship
between carbohydrate intake, appetite hormones and
weight loss. All analyses were conducted using the
intention-to-treat principle. All P values were two-sided
and statistical significance was defined as P < 0.05. We
used SAS (version 9.3; SAS Institute Inc, Cary, North Car-
olina) for all analyses.
Results

Of this study sample, mean age was 46.8 (SD 10.2) years,
11.5% were men, and 51% were African-Americans. At 3,
6, and 12 months, 93%, 88%, and 82% of participants in
the low-fat group and 92%, 83%, and 79% of participants
in the low-carbohydrate group, respectively, completed
assessments. Demographic characteristics, cardiovascular
risk factors, and appetite-related hormones at baseline
(N Z 73) Low-carbohydrate diet (N Z 75)

45.8 (9.9)
66 (88)

34 (45)
40 (53)
1 (1)

96.3 (12.7)
35.2 (3.8)

108.4 (9.3)
122.5 (34.6)
53.8 (13.3)
94.5 (10.9)
21 (28.0)
12 (16.0)

16.3 (26.0)
) 830.6 (261.2)

114.8 (29.5)

olic equivalent.

to vigorous activities (walking, sports, dance and conditioning)multiplied



Table 2 Daily dietary composition in low-fat and low-carbohydrate diet groups over the course of the study.a

Baseline 3 month 6 month 12 month

LFD LCD LFD LCD LFD LCD LFD LCD

Energy, kcal 2034 (702) 1998 (740) 1418 (468) 1258 (409) b 1481 (483) 1324 (537) 1527 (522) 1448 (610)
Carbohydrate, g 242 (100) 242 (92) 193 (75) 97 (45)b 202 (79) 93 (46)b 198 (78) 127 (69)b

Total Fiber, g 16.7 (6.6) 18.5 (8.7) 16.9 (8.9) 16.2 (8.9) 16.4 (8.1) 15.1 (7.5) 15.6 (7.7) 15.1 (8.7)
Protein, % kcal 17.6 (5.2) 17.3 (5.0) 19.0 (5.7) 25.6 (7.7b 18.3 (5.0) 26.3 (5.6)b 18.6 (5.8) 23.6 (7.4)b

Fat, % kcal 34.7 (6.6) 32.5 (7.2) 27.5 (8.8) 42.7 (10.0) b 27.9 (7.3) 43.4 (11.8) b 29.8 (8.8) 40.7 (10.6) b

SFA, % kcal 11.6 (2.9) 10.5 (3.4)y 8.1 (3.0) 13.6 (4.2)b 8.4 (2.9) 13.4 (4.5)b 9.0 (3.2) 13.4 (4.8)b

MUFA, % kcal 12.7 (3.0) 12.0 (3.1) 10.3 (4.2) 16.3 (4.4)b 10.3 (3.1) 16.3 (4.9)b 11.3 (3.7) 15.3 (4.7)b

PUFA, % kcal 7.5 (2.7) 7.3 (2.7) 6.7 (3.1) 9.1 (3.1)b 6.7 (2.2) 9.8 (4.3)b 6.9 (3.5) 8.6 (3.3) b

LCD: low-carbohydrate diet; LFD: low-fat diet; MUFA: monounsaturated fatty acid; PUFA: polyunsaturated fatty acid; SFA: saturated fatty acid.
a Data were expressed as Mean (SD).
b P < 0.05, for the difference between the two groups at time point.
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are shown in Table 1. As previously reported, on average,
participants in the low-fat group lost 1.5 kg and those in
the low-carbohydrate group lost 5.3 kg at 12 months
[26].

Data on daily dietary composition for participants who
remained on each diet and also provided 24-h dietary
recalls is presented in Table 2. Baseline data showed no
significant differences in total energy, carbohydrate, fat, or
protein intakes between the two groups. The intake of
carbohydrate was significantly lower and intakes of pro-
tein or fats (total, saturated, and unsaturated fats) were
significantly higher in the low-carbohydrate group
compared to the low-fat group at 12 months.

Predicted mean differences (95% CIs) in changes in total
ghrelin and total peptide YY from baseline are shown by
assigned dietary group in Table 3. At 12 months, peptide
YY levels decreased in both the low-fat and low-
carbohydrate groups, but to a lesser extent in the low-
carbohydrate group than seen in the low-fat group
(mean difference in change at 12 months, 9.4 pg/mL [95%
CI, 0.6 to 18.2 pg/mL]; P Z 0.036). Mean differences in
changes in ghrelin between the two groups were not
statistically significant throughout the study. Self-reported
changes in appetite were not different between the groups
(data not shown).

Mediation analysis showed that 99.6% of the difference
in peptide YY was explained by the difference in
Table 3 Predicted mean difference in changes in appetite hormones from

Low-fat diet (N Z 73) Low-carbohydrate d

Total ghrelin (pg/mL)
3 month 18.8 (�21.8, 59.4) 29.8 (�10.0, 69.7)
6 month 4.2 (�31.6, 40.0) 10.9 (�24.3, 46.2)
12 month �24.9 (�64.4, 14.6) �26.9 (�66.2, 12.5)
Total peptide YY (pg/mL)
3 month �8.4 (�14.2, �2.5) �3.8 (�9.5, 1.9)
6 month �20.3 (�24.8, �15.8) �14.1 (�18.5, �9.7)
12 month �44.2 (�50.4, �38.0) �34.8 (�41.0, �28.6
a The predicted mean difference in changes in appetite hormones are fro

as mean (95% confidence interval).
b P values for the difference between the two groups at each time poin
macronutrient content of the two diets, not weight loss.
We also examined differences in changes in appetite-
related hormones among Black and White participants
separately and found similar trends (Appendix Tables 1
and 2). Results of sensitivity analyses accounting for
missing data with imputation were consistent with those
presented in our primary analyses.

The Appendix Figs. 1e4 show relationships between
macronutrient composition, energy intake, weight loss
and appetite hormones by randomly assigned diet group.
Decrease in carbohydrate intake (% daily energy intake)
was significantly associated with weight loss throughout
the study (Appendix Fig. 1).
Discussion

In this 12-month randomized controlled trial, a low-
carbohydrate diet reduced peptide YY, a satiety signal,
less than a low-fat diet. These findings suggest that satiety
may be better preserved on a low-carbohydrate diet, as
compared to a low fat diet. While our study did not
identify differences in change in self-reported appetite
between the diet groups using a single question assess-
ment, we have previously reported that a low-
carbohydrate diet did reduce overall body weight more
than a low-fat diet [26]. Notably, approximately 99% of
baseline by assigned dietary group.a

iet (N Z 75) Mean difference in changes P valueb

11.0 (�45.9, 68.0) 0.70
6.7 (�43.6, 57.0) 0.79
�2.0 (�57.8, 53.8) 0.94

5.0 (�3.6, 12.7) 0.27
6.8 (�0.1, 12.5) 0.055

) 9.4 (0.6, 18.2) 0.036

m the random effects models (including diet and time) and expressed

t.
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dietary effects on peptide YY are explained by differences
in the macronutrient content of the diet, not weight loss.
Our study is the largest randomized controlled trial of a
low-carbohydrate diet for weight loss to examine changes
in appetite-related hormones, and the first to do so in
comparison with a low-fat diet which is more commonly
recommended for weight loss and improving heart disease
risk factors.

A few small studies have examined the effects of low-
carbohydrate diets on appetite-related hormones. Data
from 9 obese diabetic patients observed during 7 days of a
typical Western diet followed by 14 days of a low-
carbohydrate diet (21 g of carbohydrates per day),
showed a marginal increase (p Z 0.044) in levels of
ghrelin on the low-carbohydrate diet [24]. In a random-
ized, two-period, cross-over study among 18 obese men
and women who consumed both a low-fat (<20% of en-
ergy from fat) and a low-carbohydrate (<15% of energy
from carbohydrate) diet for 1 week each, there were no
significant differences between the diet groups in changes
in fasting peptide YY [25]. Both of these trials had very
small sample sizes and relatively short follow-up periods
[24,25]. In contrast, our trial included 148 men and
women who did not have diabetes and tested dietary ef-
fects on appetite-related hormones over 12 months of
follow-up.

Other studies have attempted to differentiate the effects
of each dietary macronutrient on appetite. For example,
data from the Optional Macronutrient Intake Trial to Pre-
vent Heart Disease (OMNI-Heart) examined the effects of 3
diets, each rich in a different macronutrient, but did not
test a typical low-carbohydrate diet for weight loss [34]. In
OMNI-Heart, participants were fed diets which were
designed to maintain their current weight [34]. In contrast,
our trial tested the effects of a typical low-carbohydrate
diet for weight loss which limits intake of carbohydrates
to less than 40 g per day, without setting specific energy
goals for consumption of protein and fats. We compared
the low-carbohydrate diet to a widely recommended low-
fat diet which restricted intake of total fat to <30% of
energy and saturated fat to <7% of energy. In doing so, we
identify the effects of dietary patterns which are
commonly used for weight loss on appetite-related hor-
mones in a diverse population.

Differential patterns in appetite-related hormones may
account for the difference in weight loss and maintenance
we observed between the two diets. Weight loss is
accompanied by a variety of compensatory physiological
changes, including adaptations in appetite-related hor-
mones [6,7]. Thus, our study findings that at 12 months a
low-carbohydrate diet better preserved levels of peptide
YY, a satiety hormone, as compared to a low-fat diet,
suggests a more favorable physiologic milieu for weight
loss.

Our conclusions are subject to some limitations. We
assessed appetite in a single question and lack details on
a variety of aspects such as hunger and satiety. Ghrelin
and peptide YY, but not other appetite-related hormones,
were assessed. This clinical trial was not powered to test
appetite-related hormones. However, there is excellent
statistical power to detect the effects of low-
carbohydrate and low-fat dietary interventions on
appetite-related hormones, and statistically significant
comparisons were detected. Self-reported dietary infor-
mation may be subject to recall issues; however, we
collected dietary data within 24 h of intake. Dietitians
were not blinded to the study hypothesis. To avoid po-
tential differences in dietary counseling due to this, we
used specific and detailed scripts for all counseling ses-
sions and trained staff to deliver the scripts without
deviation. Dietary sessions for both groups were inter-
mittently observed for consistency by an independent
registered dietitian who was not a regular part of the
study staff, and all outcome assessors were blinded to
the diet group assignment.

There are also several strengths in the present study
that lend confidence to these findings. This study includes
both appetite-related hormones and a self-reported mea-
surement for appetite. All data were collected by trained
and certified staff using rigorous quality control protocols.
Also, a substantial proportion of black participants, a group
underrepresented in previous trials, were included in the
study, which makes the examination of race differences
possible. Finally, the completion rate was approximately
80% in both intervention groups.

In summary, this 12-month randomized controlled trial
suggests that a low-carbohydrate diet may preserve satiety
more than a low-fat diet when undertaken for the purpose
of weight loss. Limited evidence from previous studies
suggests that low-carbohydrate diets, which tend to be
high in both fat and protein, may reduce appetite [23]. The
differential patterns noted for appetite-related hormones
in our study may in part account for such a potential effect
on appetite.
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Appendix
Appendix Figure 1 Correlation between carbohydrate intake decrease and weight change.
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Appendix Figure 2 Correlation between carbohydrate intake decrease and change in appetite-related hormones.
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Appendix Figure 3 Correlation between carbohydrate intake decrease and reduction in energy intake.
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Appendix Figure 4 Correlation between change in appetite-related hormones and weight change.

486 T. Hu et al.



Appendix Table 1 Predicted mean difference in changes in appetite hormones from baseline by assigned dietary group among whites.a

Low-fat diet (N Z 73) Low-carbohydrate diet (N Z 75) Net changes P valueb

Total ghrelin (pg/mL)
3 month 31.0 (�42.1, 104.1) 31.8 (�41.0, 104.6) 0.8 (�102.5, 104.1) 0.98
6 month 24.4 (�40.4, 89.3) 21.9 (�42.6, 86.4) �2.5 (�94.2, 89.1) 0.96
12 month 11.4 (�65.5, 88.3) 2.1 (�74.8, 79.0) �9.3 (�118.2, 99.6) 0.86

Total peptide YY (pg/mL)
3 month �15.8 (�24.8, �6.8) 0.7 (�8.3, 9.8) 16.5 (3.8, 29.3) 0.012
6 month �29.3 (�37.3, �21.3) �13.0 (�21.0, �5.0) 16.3 (4.9, 27.7) 0.006
12 month �56.4 (�68.9, �43.9) �40.5 (�53.1, �27.9) 15.9 (�1.8, 33.6) 0.078
a The predicted mean difference in changes in appetite hormones are from the random effects models (including diet and time) and expressed

as mean (95% confidence interval).
b P values for the difference between the two groups at each time point.

Appendix Table 2 Predicted mean difference in changes in appetite hormones from baseline by assigned dietary group among blacks.a

Low-fat diet (N Z 73) Low-carbohydrate diet (N Z 75) Net changes P valueb

Total ghrelin (pg/mL)
3 month 5.5 (�38.1, 49.1) 31.5 (�9.4, 72.4) 26.0 (�33.8, 85.8) 0.39
6 month �11.5 (�50.3, 27.2) 5.0 (�31.8, 41.8) 16.5 (�37.0, 70.0) 0.54
12 month �45.6 (�93.2, 2.0) �48.0 (�94.4, �1.6) �2.4 (�68.9, 64.0) 0.94

Total peptide YY (pg/mL)
3 month �5.9 (�13.7, 1.9) �7.7 (�15.0, �0.4) �1.8 (�12.5, 8.9) 0.74
6 month �16.7 (�22.2, �11.2) �14.8 (�20.0, �9.7) 1.8 (�5.7, 9.4) 0.63
12 month �38.2 (�44.7, �31.6) �29.1 (�35.5, �22.7) 9.1 (�0.2, 18.3) 0.055
a The predicted mean changes in appetite hormones are from the random effects models (including diet and time) and expressed as mean (95%

confidence interval).
b P values for the difference between the two groups at each time point.
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