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Abstract

Objective—Determine whether prolonged consumption of high or low protein diets modifies
the thermogenic response to a standard meal.

Methods—Twenty-four healthy individuals were randomized to overfeeding diets containing
low (5%, n=8), normal (15%, n=9), or high (25%, n=7) protein for 56 days while inpatient. The
thermic effect of food (TEF) was measured over 4 hours by indirect calorimetry following a
standard meal (20% of energy, 20% protein) or a meal that matched the study diet (“study meal”).

Results—As expected, the TEF following the study meal (i.e. either low, normal or high
protein content) was significantly associated with dietary protein (£=0.007), and the TEF was
significantly increased in the high protein diet (15.4%) versus the normal protein (5.6%) and low
protein diets (6.4%) (P=0.05 and P=0.03, respectively). However, returning to a standard meal
(20% protein) after 42 days of overfeeding the study diets, the TEF response did not differ from
baseline between groups or within subjects regardless of the prolonged intake of the habitual study
diet (HP: P=0.32, LP: P=0.11, NP: P=0.79).

Conclusion—TEF is related to acute dietary protein intake but not altered by prolonged intake

of high energy diets with high or low protein content.
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Introduction

Dietary interventions high in protein have increased in popularity for weight loss due to their
reported effects to increase satiety, decrease food intake, and increase energy expenditure (1,
2, 3, 4). High protein diets have also been demonstrated to induce adaptive thermogenesis
(i.e., a compensatory increase or decrease in energy expenditure in response to changes in
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body weight to oppose the maintenance of the new body weight (5)). This higher level of
energy expenditure could be a mechanism that supports the long-term maintenance of
weight loss with high protein diets (5). Adaptive thermogenesis with overfeeding high
protein diets has been explained by increases in basal metabolic rate (6) and also increased
physical activity (7). However, it is not known whether high protein diets can cause long
lasting adaptive changes in the thermic effect of food (TEF) such that TEF in response to a
standard meal remains increased after finishing the diet.

In this single-blind, randomized controlled trial, the metabolic implications of over-
consuming a low (5%), normal (15%), or high (25%) protein diet on TEF were assessed over
56 days of controlled feeding. This study allows for assessments of TEF in four conditions:
in response to a standard meal at 1) baseline (Day 0) and 2) following 42 days of
overfeeding; and in response to the study meal (low, normal or high protein) on 3) day 1 and
4) day 56 of consumption of the assigned diet. The aim of this study was to evaluate the
acute and prolonged change of TEF in response to dietary protein intake during overfeeding.
We hypothesized that six weeks of overfeeding a high protein diet could nutritionally
program the body to maintain an elevated metabolic cost for digestion, i.e. an elevated TEF.
We tested our hypothesis by measuring the resting metabolic rate (VO,, VCO») and
respiratory quotient (RQ) before and after standard and study meal ingestion.

Methods

Design

Subjects

This is a planned analysis of the PROOF (Protein Overfeeding) Study; a previously
described single-blind, randomized controlled trial (6). Briefly, subjects were randomized to
over-consume a low (5%), normal (15%) or high protein (25%) diet 40% above basal energy
requirements for 56 days while residing on a metabolic ward. This trial is registered as
NCT00565149 on clinicaltrials.gov.

This study was approved and monitored by the Pennington Biomedical Institutional Review
Board and subjects provided consent prior to study participation. Twenty eight subjects were
enrolled in this trial and twenty four completed all TEF testing.

Body composition

Body composition was assessed by dual x-ray absorptiometry (Hologics QDR 4500A whole
body scanner) and analyzed using QDR software version 11.1 (Hologics).

Thermic Effect of Food (TEF) Testing

TEF was assessed in response to two meal challenges: a standard meal and a study meal
(specific to each of the study diets of overfed low, normal or high protein). TEF response to
a standard meal (20% protein and approximately 20% of baseline total daily energy
expenditure, or TDEE) was measured before and after 42 days of overfeeding by metabolic
cart (DeltaTrac 11™, Datex-Ohmeda, Helsinki, Finland) with the participant laying supine.
TEF response to a meal specific of the study diet (either low, normal, or high protein; with
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carbohydrate constant and approximately 40% of TDEE) was measured on the first and last
day of the overfeeding protocol, Days 1 and 56 respectively, by metabolic chamber with
activity restricted to sedentary behaviors (8). Diet foods, compositions, and energy content
are detailed in Table 1 and in-depth descriptions of the study diets have been previously
reported (6). Following a 30 minute rest, a fasting 30 minute resting metabolic rate (RMR)
test was performed. Subjects ingested a meal over the next 30 minutes and then 30-minute
metabolic rate assessments were performed +30, +90, +150, and +210 minutes from meal
administration. Energy expenditure (EE) was calculated for each minute from VO, and
VCOy, using Weir's equation (9). The first 10 minutes of each RMR test as well as minutes
with coughing, sneezing, etc. were excluded. TEF was calculated as the change in
postprandial energy expenditure from baseline (fasting) multiplied by the test length (kcal/
4hr) and as a percentage of energy intake, i.e. calories of test meal. While physical activity is
restricted for TEF measured by metabolic cart, activity in the metabolic chamber assumed
usual sedentary behavior. Individual activity data (% activity) recorded by the metabolic
chamber was incorporated into the statistical analyses as a covariate.

Statistical Analysis

Results

Subjects

Analyses were completed using SAS/STAT® software, Version 9.4 of the SAS System for
Windows (Cary, NC, USA). Tests were performed with significance level ¢=0.05, and
findings considered significant when P<a. Linear mixed effects models for repeated
measures were used to determine whether differences in %TEF existed between diet groups
at specific study visits or within diet groups over time. Comparisons were made using two-
sample t-tests of the least squares means (LSM) to investigate between-group differences at
end-of-study and within-group changes from baseline to end-of-study. The relationship
between protein intake (grams) and %TEF was evaluated using the &7 statistic from a simple
linear regression model. Fixed effects included when modelling %TEF following study
meals were diet group, study visit, timing of the postprandial hood, and activity. Random
subject effects were used to account for within-subject correlations between repeated
measures within and across study visits. For the standard meal models, only diet group,
study visit, and the random subject effect were included. Least squares means of %TEF
adjusted for all other model covariates were obtained from the models for all diet groups at
each study visit.

This cohort, aged 18 to 35 years old (mean 24+0.9), was comprised of 15 male and 9 female
participants who self-identified as Caucasian (n=6), black (n=16) and other (n=2).
Population characteristics as well as TEF responses at enrollment and following 42 and 56
days of overfeeding are detailed in Supplemental Table 1.

TEF Increases with a High Protein Diet

At the start of the study, the acute TEF response to the study diets was significantly
associated with grams of protein consumed, r=0.53, £P=0.007, Figure 1, and after 56 days of
the study diet TEF remained elevated in response to the high protein test meal (15.4+3.1%)
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versus the normal (5.6+2.8%, £=0.03)and low protein test meals (6.4+2.9%, £=0.05),
Supplemental Table 1 and Figure 1 inset. TEF on the last day of the study diet (Day 56) was
not different compared to the first day of the study diet, Day 1 (High Protein Day 1: High
Protein Day 56 P=0.16, Normal Protein Day 1: Normal Protein Day 56 P=0.53, Low Protein
Day 1: Low Protein Day 56 P=0.85, Supplemental Table 1).

No evidence of metabolic adaptation in TEF with overfeeding

The TEF in response to a standard meal (20% energy requirement, 20% protein) was not
different between groups at Day 0 (P=0.80) or after 42 days of consuming diets with
different amounts of protein, and was not significantly different from Day 0 (HP: P=0.32,
NP: P=0.79, LP: P=0.11). Individual data is shown in Figure 2.

Discussion

The aim of this study was to extend the finding that higher protein intake increases
thermogenesis and evaluate whether an increase in thermic effect of food would persist
following prolonged overfeeding of a high protein diet. As expected, we observed that the
TEF was increased in response to a high protein diet and was correlated with protein intake.
However, we saw no evidence that prolonged intake of a diet which was either high or low in
protein could increase or decrease, respectively, the thermogenic response to a standard
meal. Therefore, we conclude that the TEF is primarily regulated by acute factors, such as
protein and energy intake, and is not a physiological response that can be permanently
adapted or modified by prolonged changes in the habitual diet.

Another interesting observation was the high inter-individual variability of TEF responses
among participants. While consuming the same food and living in the same controlled
environment, TEF responses varied across a 10% range. A review of literature supports these
findings, as TEF has been shown to be variable among individuals of different ages, races,
weights, and metabolic health (8, 10). Additionally, protein prescriptions were based on
percent of energy, not grams per day of body weight, thus inter-individual variability may
also be attributed to differential protein balance. Despite this variability, we were able to
observe a diet effect which contributes to the strength of our findings. Future directions
could include a comparison of acute TEF response following prolonged change in dietary
protein with energy intake clamped to differentiate between prolonged overfeeding, variable
macronutrient intake, and effects of body composition changes.

While utilization of data from the highly controlled, well-reviewed PROOF study is a
strength, leveraging data to answer a research question for which the study was not
intentionally designed introduces the limitations of small sample size, significant changes in
fat and fat free mass post overfeeding, and TEF assessments by two different indirect
calorimetric instruments (bedside and whole room) with variable meal sizes, however we
ensured in our analyses to only compare within and not between methodologies to account
for this difference.

The protein-induced effect on metabolism is well known. Based upon the physiology of
macronutrient digestion, dietary protein costs more of its usable energy to metabolize
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compared to fat and carbohydrates, 20-30% versus 5-10% and 0-3% respectively (11).
However, contrary to our hypothesis, this elevation of TEF is not a learned or adaptive
response to a prolonged diet. We observed upon immediately returning to a normal protein
(20%) diet after six weeks of high protein overfeeding, the TEF showed no positive
carryover effects of overfeeding or consuming a high protein diet. Although our study
population was in positive energy balance, with additional studies perhaps this finding could
be translated to individuals losing weight or maintaining weight loss with high protein diets.
Our findings indicate that continual compliance with a dietary program, in this case with a
high protein diet, is essential in order to take advantage of the beneficial increase in
metabolism.

In summary, TEF when consuming a high protein diet was elevated in direct relation to

protein intake when compared to a normal or low protein diet. This elevation is an acute
response and there was no carry over thermogenesis observed following prolonged high
protein consumption.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What is already known about this subject?

. Most individuals have a metabolic adaptation in response to
overfeeding.

. Metabolic adaptation is hypothesized to be one mechanism protecting
against weight gain.

. Dietary protein exerts well known effects on energy metabolism,
including thermogenesis, but it is not known whether these effects are
transient or long lasting.
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What does this study add?

. This is a highly controlled, overfeeding study with dual measures of
thermic effect of food by bedside and whole room indirect calorimetry
in response to standard meal challenges and meals with low, normal
and high protein content.

. The results add to the body of literature supporting the ability of dietary
protein to exert acute effects on thermogenesis.

. This study shows no carry-over of the acute thermogenic effects of
dietary protein following extended high protein consumption. In other
words, the increased TEF is due to the content of each meal, not
habitual protein intake.
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Thermic effect of food (% of energy intake) in response to an overfed meal of low, normal or
high protein (compositions in Table 1) on Day 1, correlated with grams of protein/day; r=
0.53, p=0.007 (O= Low protein diet, @= Normal protein diet, X = High protein diet) and

Day 56 (inset).
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Figure 2.
Thermic effect of food (% of energy intake) is not different in response to the same standard

meal at baseline and after six weeks of overfeeding a low, normal or high protein diet; gray
lines indicate individual participants, black lines are mean change within respective groups.
Fixed effects included when modelling percent TEF were diet group, study visit, and the
random subject effect were included.
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