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Abstract

The purpose of this study was to determine the effects of dietary protein intake and eating
frequency on perceived appetite, satiety, and hormonal responses in overweight/obese men.
Thirteen men (age 51 + 4 years; BMI 31.3 + 0.8 kg/m?2) consumed eucaloric diets containing
normal protein (79 * 2 g protein/day; 14% of energy intake as protein) or higher protein (138 £ 3 ¢
protein/day; 25% of energy intake as protein) equally divided among three eating occasions (3-
EO; every 4 h) or six eating occasions (6-EO; every 2 h) on four separate days in randomized
order. Hunger, fullness, plasma glucose, and hormonal responses were assessed throughout 11 h.
No protein x eating frequency interactions were observed for any of the outcomes. Independent of
eating frequency, higher protein led to greater daily fullness (P < 0.05) and peptide YY (PYY)
concentrations (P < 0.05). In contrast, higher protein led to greater daily ghrelin concentrations (P
< 0.05) vs. normal protein. Protein quantity did not influence daily hunger, glucose, or insulin
concentrations. Independent of dietary protein, 6-EO led to lower daily fullness (P < 0.05) and
PYY concentrations (P < 0.05). The 6-EO also led to lower glucose (P < 0.05) and insulin
concentrations (P < 0.05) vs. 3-EO. Although the hunger-related perceived sensations and
hormonal responses were conflicting, the fullness-related responses were consistently greater with
higher protein intake but lower with increased eating frequency. Collectively, these data suggest
that higher protein intake promotes satiety and challenge the concept that increasing the number of
eating occasions enhances satiety in overweight and obese men.

INTRODUCTION

Overweight and obesity continues to be a major medical and public health concern affecting
the lives of over 144 million (66%) US adults (1). Based on prevalence trends from the
National Health and Nutrition Examination Studies, it is estimated that within 30 years,
nearly all American adults will be overweight or obese if successful, long-term prevention
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and/or treatment strategies to combat this epidemic are not implemented (2). This public
health concern has prompted numerous diets proposing “optimal weight loss” mediated by
decreased appetite and food intake. Two of the more popular dietary approaches promoting
better weight management include higher protein intake and greater eating frequency (3).

Accumulating evidence suggests that diets containing higher dietary protein (ranging from
1.1to 1.6 g protein/kg/day) lead to greater reductions in total energy intake, body weight,
and fat mass while preserving lean body mass, compared to diets containing 0.8 g/kg/day
(the recommended dietary allowance; RDA) (4-8). One key factor in the efficacy of these
diets involves the improvement in appetite control. Single, higher protein meals generally
reduce postprandial hunger (9) and increase postprandial satiety (9-12). They do so by
reportedly altering hormones associated with appetite regulation such as ghrelin (9) and
peptide YY (PYY) (13). Limited data exist as to whether these alterations continue when
individuals consume higher protein meals throughout the course of an entire day.
Accordingly, the primary aim of this study was to explore the effects of higher protein
intake on perceived appetite and hormonal responses throughout the day in overweight and
obese men.

Although there is strong scientific support for the incorporation of additional dietary protein
for improved appetite control and weight management, the influence of eating frequency on
these outcomes is highly conflicting. The majority of studies have focused on whether
greater eating frequency leads to increased daily energy expenditure (see Review by Bellisle
et al. (14)) yet most have found little, if any, impact on these outcomes (14-16). Researchers
are now beginning to focus their attention on the other side of the energy balance equation
by examining the impact of eating frequency on appetite control and food intake. In some
(15,17) but not all (16,18,19) studies, greater eating frequency has led to reduced hunger,
increased satiety, and decreased food intake (15-19). The discrepant findings may stem from
the wide range of eating frequencies that have been arbitrarily defined as frequent eating
when consisting of 4-17 eating occasions/day and infrequent eating when consisting of one
to three meals/day.

Although the overall message in the mainstream media proposes an “eat six times a day”
strategy for better appetite control and food intake regulation, very little, if any, scientific
evidence exists to evaluate the efficacy of this approach. Thus, a second aim of this study
was to compare the effects of eating three times/day, which has been the standard dietary
pattern in the past, vs. six times/day on these outcomes. This study design also permitted
investigation of a possible synergistic effect of higher protein intake and greater eating
frequency on perceived appetite and hormonal responses throughout the day.

METHODS AND PROCEDURES

Subjects
Potential participants were recruited through newspaper advertisements. Eligibility was
based on the following criteria: (i) men age >21 years; (ii) BMI 25.0-34.9 kg/mZ; (iii)
percent body fat >25% assessed through skinfold measurements; (iv) not dieting and no
weight loss or gain (=4.5 kg) within the past 6 months; (v) nonsmoking; (vi) nondiabetic;
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(vii) clinically normal blood profiles (normal liver and kidney function; fasting blood
glucose <110 mg/dl); (viii) consistent habitual activity patterns over the past 3 months; and
(ix) habitual dietary pattern of consuming three meals/day for the past 3 months. Twenty-
five men were screened; 21 gave informed consent; 16 began and 13 completed all study
procedures. Reasons for the three dropouts were military duty, relocation, and nonstudy
compliance. Participants signed an informed consent form approved by the Purdue
University Biomedical Institutional Review Board and received monetary compensation for
completing all study procedures. Clinical testing occurred between January 2008 and July
2008. Subject characteristics for the completed participants are displayed in Table 1.

Experimental design

This study incorporated a randomized, crossover design consisting of four 11-h trials. On
separate days, the participants consumed eucaloric diets containing either normal protein (79
+ 2 g protein/day; 0.8 g/kg/day) or higher protein (138 + 3 g protein/day; 1.4 g/kg/day)
equally divided among three eating occasions (3-EO; provided every 4 h) or six eating
occasions (6-EO; provided every 2 h) in a randomized order. Pre- and postprandial hunger,
satiety, plasma glucose, and hormonal responses (plasma insulin, ghrelin, and PYY) were
assessed throughout each 11-h trial.

Specific testing day procedures

On the evening prior to each trial, participants were provided with a standardized normal
protein dinner to be consumed at home between 5 and 7 pm. The participants then fasted
until their arrival at the laboratory between 7 and 8 am the following morning. Upon arrival,
the participants were placed in a supine position on a bed, and a catheter was inserted in an
antecubetal vein of the nondominant arm and kept patent for the remainder of the testing
period by saline drip. For the next 30 min, the participants acclimated to the room and were
familiarized with the testing day procedures. At time 0, a baseline (fasting) blood sample
was taken, questionnaires were completed, and the first eating occasion was provided to the
participants. Over the remaining 11 h, blood sampling and questionnaires were repeated
every 20 min. The remaining eating occasions were provided to the participants at set times
and in specific quantities according to the treatment random ization. For each eating
occasion, the participants were required to consume all foods and water provided to them
within 15 min. No additional food or drink was provided to the participants. During the
testing period, participants remained in a semi-supine position and were permitted to watch
television, read, or use computers. At the end of the 11 h, the catheter was removed and the
participants were permitted to leave the laboratory. There were 1-2 weeks between each of
the four trials.

Eating occasions

The characteristics of the diets are shown in Table 2. The participants were fed according to
their daily energy needs. Due to the reduced activity of the volunteers during the 11-h
testing days, daily energy need was estimated as resting energy expenditure x 1.0 activity
factor using the Harris Benedict equation for men (20). For the 3-EO pattern, energy intake
was equally divided among all 3-EO provided every 4 h with 280 ml of water provided with
each eating occasion. Thus, each meal in the 3-EO pattern contained one-third of the
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participant’s daily energy needs. During the 6-EO pattern, energy intake was equally divided
among all 6-EO provided every 2 h with 140 ml of water provided with each eating
occasion. Thus, each meal in the 6-EQ pattern contained one-sixth of the participant’s daily
energy needs. Regardless of eating frequency, the normal protein diet contained 14% protein
(~0.8 g protein/kg/day), 60% carbohydrate, and 26% fat; the higher protein diet contained
25% protein (~1.4 g protein/kg/day), 49% carbohydrate, and 26% fat. The additional dietary
protein in the higher protein diet was primarily from lean pork and egg products (25% and
15% of total protein intake, respectively), whereas the normal protein diet was void of all
striated tissue and eggs.

Appetite questionnaires

Questionnaires assessing perceived hunger and satiety (fullness) were completed every 20
min throughout each trial using a 100-mm visual analog scale presented in paper form. The
visual analog scale had end anchors ranging from “not at all” to “extremely” and included
validated appetite questions such as, “How strong is your feeling of ...right now?”(21).

Hhormonal responses

Blood samples were drawn into tubes containing EDTA (ethylenediaminetetraacetic acid)
every 20 min throughout each of the 11-h trials. Samples were centrifuged at -4 °C for 15
min; the plasma was separated and stored in microcentrifuge tubes at —80 °C for future
analyses. Protease inhibitors (Pefabloc SC, Roche Applied Science, Indianapolis, IN) were
added to reduce protein degradation. Plasma active ghrelin and total PY'Y were measured
with 2-plex Milliplex assay kits and Luminex technologies (Millipore/LINCO Research, St
Charles, MO).

Data and statistical analysis

To assess perceived appetite (hunger), satiety (fullness), glucose, and hormonal responses,
total 11-h area under the curve (AUC) was calculated from the fasting (baseline) time point
and the 31 postprandial time points for each outcome. We further divided the testing day
into three segments: period I: time 0-240 min; period I1: time 240-480 min; and period Il1:
time 480-620 min and calculated individual AUCs for each outcome with these periods.
With all AUC measurements, the trapezoidal rule was utilized (22). Additionally, pre- and
postmeal appetitive and hormonal peak responses were also identified for each eating
occasion. A two-factor, repeated measures analysis of variance was utilized to identify main
effects of dietary protein, eating frequency, and interactions on all study outcomes. Data are
expressed as mean = s.e.m. P < 0.05 was considered statistically significant. The sample size
(n = 13) provided >80% observed power to detect main effect differences among dietary
protein and eating frequency treatments perceived hunger, satiety, and PY'Y concentrations.
Analyses were conducted using the Statistical Package for the Social Sciences (SPSS;
version 16.0; SPSS, Chicago, IL).
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As shown in Figures 1-3, the line graphs illustrate the appetitive and hormonal responses
completed every 20 min throughout the 11-h testing day, whereas the bar graphs depict the
AUC analyses for periods I, 11, and 111 of each testing day.

Perceived appetite

Perceived hunger gradually declined throughout each of the 11-h testing days and exhibited
eating-occasion oscillations with larger fluctuations observed following the 3-EO vs. 6-EO
(Figure 1a). No protein x eating frequency interactions or main effects of dietary protein and
eating frequency were observed for total (11 h) perceived hunger AUC (Table 3). When
examining the data according to specific time periods across the day (i.e., periods I, II, 111),
no main effects or interactions for perceived appetite were detected (Figure 1a). Although
the overall hunger responses were not different between protein and eating frequency
treatments, the average premeal hunger peak prior to each eating occasion was greater in 3-
EO (54 + 6 mm) vs. 6-EO (47 £ 6 mm; P < 0.01) with no difference with respect to dietary
protein.

Perceived satiety

Glucose

Perceived fullness gradually increased throughout each of the 11-h testing days and
exhibited eating-occasion oscillations with larger fluctuations observed following the 3-EO
vs. 6-EO (Figure 1b). No protein x eating frequency interactions were observed for total (11
h) fullness AUC. Subsequently, main effects of dietary protein (P < 0.05) and eating
frequency (P < 0.05) were observed for total (11 h) fullness AUC (Table 3). With both
eating frequency patterns combined, the higher protein diet led to a 6% increase in 11-h
fullness AUC vs. normal protein (P < 0.05) (Table 3). Alternately, when combining the
higher protein and normal protein diets, the 6-EO pattern led to a 10% reduction in 11-h
fullness AUC vs. 3-EO pattern (P < 0.05) (Table 3). Similar main effects and post hoc
comparison were also observed when examining the data according to specific time periods
across the day (i.e., periods I, I1, I11) (Figure 1b). Additionally, the average postmeal fullness
peak was greater in higher protein (87 £ 3.5 mm) vs. normal protein (83 = 4 mm; P < 0.01)
but smaller in 6-EO (79 £ 5 mm) vs. 3-EO (90 = 3 mm; P < 0.01).

Eating-relating oscillations in plasma glucose concentrations were observed following each
eating occasion with larger fluctuations observed following the 3-EO vs. 6-EO (Figure 2a).
No protein x eating frequency interactions were observed for total (11 h) glucose AUC.
With respect to main effects, although no difference in total (11 h) glucose AUC was
observed between normal protein vs. higher protein, a main effect of eating frequency (P <
0.05) was identified (Table 3). Independent of dietary protein, 6-EO led to a 4% reduction in
11-h glucose AUC vs. 3-EO (Table 3). When separating the 11-h testing day into periods,
the main effect of eating frequency was only observed during the middle segment (period I1)
(Figure 2a).
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Eating-relating oscillations in plasma insulin concentrations were observed following each
eating occasion, with larger fluctuations observed following the 3-EO vs. 6-EO (Figure 2b).
No protein x eating frequency interactions were observed for total (11 h) insulin AUC.
Although no difference in total (11 h) insulin AUC was observed between normal protein vs.
higher protein, a main effect of eating frequency (P < 0.05) was identified (Table 3).
Independent of dietary protein, 6-EO led to 20% reduction in 11-h insulin vs. 3-EO (Table
3). Main effect of eating frequency was observed during periods I, I1, and 11 (all, P < 0.05)
(Figure 2b). There was no effect of dietary protein within any of the time periods (Figure
2b).

Active ghrelin

Total PYY

Eating-relating oscillations in plasma ghrelin concentrations were observed within 3-EO but
not 6-EO (Figure 3a). No protein x eating frequency interactions were observed for total 11-
h ghrelin AUC. Although no difference in total (11 h) ghrelin AUC was observed between
3-EO vs. 6-EO, a main effect of dietary protein (P < 0.05) was identified (Table 3). With
both eating frequencies combined, higher protein diet led to 44% increase in 11-h ghrelin
AUC vs. normal protein diet (P < 0.05) (Table 3). When separating the 11-h testing day into
periods, the main effect of dietary protein was observed during periods II-111 (P < 0.05)
(Figure 3a). The average premeal ghrelin peak was greater in higher protein (35.2 + 4.4
pg/ml) vs. normal protein (25.4 + 4.0 pg/ml; P < 0.05) treatments with no differences
occurring between eating frequency patterns.

Gradual eating-relating oscillations in plasma PY'Y concentrations were observed following
each eating occasion with larger fluctuations observed following the 3-EO vs. 6-EO (Figure
3b). No protein x eating frequency interactions were observed for total (11 h) PYY AUC.
Main effects of dietary protein (P < 0.05) and eating frequency (P < 0.05) were observed for
total (11 h) PYY AUC (Table 3). With both eating frequency patterns combined, higher
protein diet led to a 20% increase in 11-h PY'Y AUC vs. normal protein (P < 0.05) (Table 3).
Alternately, when combining the higher protein and normal protein diets, 6-EO led to a 9%
reduction in 11-h PYY AUC vs. 3-EO (P < 0.05) (Table 3). Similar main effects in PYY
were observed when examined according to specific time periods across the day (i.e.,
periods I, 11, I11) (Figure 3b). The average postmeal PY'Y peak was greater in higher protein
(60.8 + 6.1 pg/ml) vs. normal protein (50.8 + 6 pg/ml; P < 0.001) but not different between
eating frequency treatments.

DISCUSSION

We sought to provide scientific evidence regarding the effects of higher protein intake and
greater eating frequency on perceived appetite and hormonal responses in overweight and
obese men. Dietary protein and eating frequency were shown to have no effect on perceived
hunger and led to inconsistent and/or conflicting glucose, insulin, and ghrelin responses.
However, both of these dietary factors significantly altered satiety. Whereas higher protein
intake increased daily perceived fullness, frequent eating led to reductions in daily perceived
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fullness. These findings were further supported by the elevated PY'Y concentrations
observed with higher vs. normal protein intake and by the reduced PY'Y concentrations
observed with frequent vs. infrequent eating. These data strengthen the current literature
indicating that increased dietary protein leads to increased satiety, refute the long-standing
assumption that increased eating frequency has beneficial effects, and suggest that
overweight and obese men might achieve better appetite control by consuming three higher
protein meals per day.

There is convincing evidence that higher protein consumption at single meals and during
longer-term dietary interventions leads to increased perceived satiety (6). Many of the
studies confirming these findings focused on single meals with large amounts and
proportions of dietary protein (i.e., 80-100% of the meal) (5,6). Several recent tightly-
controlled respiratory chamber studies have tracked appetitive sensations while
administering higher protein diets (~30% of intake as dietary protein) over an entire day of
eating. In two specific studies, participants consumed breakfast, lunch, and dinner meals
containing either 10% or 30% of total energy intake as dietary protein. The 30% protein
diets led to reduced overall hunger and greater overall satiety compared to the 10% protein
diets (P < 0.05) (23,24). Our current study further supports the satiating properties of dietary
protein when consumed at this quantity but shows very little, if any, influence on hunger.

One potential mechanism contributing to the reported satiety-enhancing and hunger-
suppressing properties of dietary protein may involve hormonal responses to specific
macronutrients (9). Several researchers report that meals and/or diets containing increased
dietary protein lead to initial and sustained increases in postprandial PY'Y concentrations
along with reductions in postprandial ghrelin concentrations (9,13,25). In our current study,
overall PYY concentrations were greater following the higher vs. normal protein diet, a
finding that is consistent with the current literature. However, the higher ghrelin
concentrations following the higher vs. normal protein diet are not consistent with the
perceived hunger responses in this study nor the ghrelin responses observed in our previous
study (9). The disparate findings between our two studies may be attributable to the gender
and/or energy state differences of the participants. In our previous study, overweight and
obese women consumed an energy restriction, weight loss diet, whereas the current study
was performed in overweight and obese men who consumed a eucaloric diet. Further
research is needed to identify whether gender and energy state differences in appetite control
exist with respect to how dietary protein is perceived and which mechanisms are altered.

Although many of the protein studies incorporate similar quantities of protein, the eating
frequency studies have a myriad of experimental design approaches making it challenging to
develop an overall conclusion regarding the influence of eating frequency on appetite
control and food intake. For example, of the studies that compare frequent eating occasions
(i.e., >3 occasions), several only include part of the day by comparing the influence of a
single breakfast meal vs. dividing the energy intake into 5-EO consumed every hour over the
course of the morning (18). Thus, it is difficult to ascertain whether the differences in
appetite control would be maintained throughout an entire day. Of those that monitor
appetitive responses and food intake throughout an entire day (10-24 h), several incorporate
eating frequencies beyond what could practically be followed in daily living (i.e., eating
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frequency of 12-17 eating occasions/day, eating every 30-40 min) (26,27). The experimental
designs of these studies limit the ability to develop feasible recommendations for better
weight management. Regardless of these varying experimental designs, very little, if any
differences have been observed with perceived hunger or satiety, hormonal responses, or
subsequent food intake when comparing single (or few) vs. multiple eating occasions.
Besides the current study, only one other study has examined the effect of providing 6-EO
(eating every 2 h) vs. 2-EO (eating every 8 h). The study indirectly accessed appetite control
by incorporating an ad libitum feeding regiment throughout the evening (15). No difference
in evening and/or daily energy intake was observed between the 6-EO vs. 2-EO (15). Over
the past 10 years, many adult Americans have transitioned from the typical “three-meals/
day” dietary pattern to eating more frequently throughout the day—eating ~4.3 times/day
(26). Based on the current and previous evidence-based studies, the overall findings suggest
that eating beyond the typical three meals/day pattern does not lead to better appetite control
in overweight and obese individuals.

Although appetite control, as assessed through perceived hunger, satiety, PYY, and ghrelin
responses, was negatively altered with greater eating frequency, frequent eating led to
reduced glucose and insulin responses throughout the day. These findings suggest that
overweight and obese adults who typically exhibit a higher risk for type 2 diabetes and
metabolic syndrome, may experience improved glycemic control, potentially reducing the
risk for diabetes, cardiovascular disease, and additional weight gain when smaller, more
frequent meals are consumed (28).

The current study did not include any acclimation days to the different eating patterns or
protein intakes. Thus, it is unclear as to whether any habitualization to these treatments
would have led to differential responses. Additionally, this was an acute study with only
four testing days and no follow-up or documentation regarding any changes in subsequent
daily energy intake. Although these findings are a relevant step to identify the influence of
these dietary factors, further research involving a long-term intervention is necessary to
confirm the present findings, document changes in chronic food intake, and to identify the
long-term implications for appetite control, energy regulation, and body weight.

In summary, the findings that higher protein intake and lower eating frequency
independently promote daily perceived satiety in conjunction with comparable differences in
the satiety hormone PY'Y suggest that overweight and obese men might achieve better
appetite control by consuming three higher protein meals per day.
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Perceived appetite and satiety throughout the 11-h testing days following the dietary protein
and eating frequency treatments. *Main effects; P < 0.05. Period I: time 0-240 min; period

I1: time 240-480 min; period I11; time 480-620 min.
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Plasma glucose and insulin responses throughout the 11-h testing days following the dietary
protein and meal frequency treatments. *Main effects; P < 0.05. Period I: time 0-240 min;
period I1: time 240-480 min; period I11: time 480-620 min.
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Figure 3.
Plasma active ghrelin and total PY'Y responses throughout the 11-h testing days following

the dietary protein and meal frequency treatments. *Main effects; P < 0.05. Period I: time
0-240 min; period II: time 240-480 min; period I11: time 480-620 min.
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Table 1
Subject characteristics of 13 overweight and obese men

Subject characteristics Mean +s.e.m.

Age (year) 51+4

Height (cm) 178 +2

Weight (kg) 99.6 £2.4

BMI (kg/m?) 31.3+0.8

Body fat (%) 31+3

Fasting glucose (mg/dl) 97+1

Fasting insulin (pmol/l) 75+ 16

Habitual meal pattern (# meals/day) 29+0.3

Data expressed as mean = s.e.m.
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Table 2
Dietary characteristics of the test day diets

Normal protein testing day Higher protein testing day
3 Eating occasions (3- 6 Eating occasions (6- 3 Eating occasions (3- 6 Eating occasions (6-
EQO) EQO) EO) EO)
Average Average Average Average

eating eating eating eating
Dietary characteristics ~ occasion ~ Total (sum)  occasion  Total (sum)  occasion  Total (sum)  occasion  Total (sum)
Energy 710+30° 2,130+80° 352+15° 2,110+90° 728+28  2,180+80° 360+15° 2,160 + 90°
content (kcal)
PRO (g) 26+12 79+ 2b 13+0° 78+ 2b 46 + 19 139 + 4¢ 23+ 12 137 + 4¢
CHO (9) 109 + 62 331+ 150 55 + 3¢ 327150 91+ 44 272+13° 45+ 2f 270+ 13¢
Fat (9) 21+12 63+ 2P 10£0° 62+3P 21+18 64 + 3P 11+1°¢ 63+3P

Data presented as mean * s.e.m. Different letters denote significance across rows; significance P < 0.05; repeated measures ANOVA within and
between treatments. Eating occasion columns include the average for each of the eating occasions consumed during the testing day. Total (sum)
columns include the sum of all of the eating occasions consumed during the testing day.

CHO, carbohydrate; PRO, protein.
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Table 3
Total area under the curve (AUC) assessments for the appetitive and hormonal responses
following each study treatment in 13 overweight and obese men
QOutcomes NP; 3-EO NP; 6-EO HP; 3-EO HP; 6-EO
Perceived sensations
Hunger (x10% (mm-620 min)) 153+3.6 178+7.1 135+27 16.2+3.9
Fullness (<10 (mm-620 min)® 429+37 386+36 450+30 41035
Plasma glucose (x10° (mg/dl620 miny)P  68-4%27:9 6764343 691+264 648+232
Hormonal responses
Insulin (x10° (pmol/1-620 min))" 24847 20538 2504560 191%36
Ghrelin (x10° (pg/ml-620 min)™ 133+£25 146+32 199+30 203%3.1
351433 325+38 426+36 385%35

PYY (x10° (pg/ml-620 min))2P

Data expressed as mean + s.e.m.

NP, normal protein; PYY, peptide YY; 3-EO, 3 eating occasions; 6-EO, 6 eating occasions.

aMain effect of protein; P < 0.05.

bMain effect of eating occasion; P < 0.05.
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