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ABSTRACT
Background: Weight loss has been associated with adaptations in energy expenditure. Identifying factors that

counteract these adaptations are important for long-term weight loss and weight maintenance.

Objective: The aim of this study was to investigate whether increased protein/carbohydrate ratio would reduce adaptive

thermogenesis (AT) and the expected positive energy balance (EB) during weight maintenance after weight loss in

participants with prediabetes in the postobese state.

Methods: In 38 participants, the effects of 2 diets differing in protein/carbohydrate ratio on energy expenditure and

respiratory quotient (RQ) were assessed during 48-h respiration chamber measurements ∼34 mo after weight loss.

Participants consumed a high-protein (HP) diet (n = 20; 13 women/7 men; age: 64.0 ± 6.2 y; BMI: 28.9 ± 4.0 kg/m 2)

with 25:45:30% or a moderate-protein (MP) diet (n = 18; 9 women/9 men; age: 65.1 ± 5.8 y; BMI: 29.0 ± 3.8 kg/m 2)

with 15:55:30% of energy from protein:carbohydrate:fat. Predicted resting energy expenditure (REEp) was calculated

based on fat-free mass and fat mass. AT was assessed by subtracting measured resting energy expenditure (REE)

from REEp. The main outcomes included differences in components of energy expenditure, substrate oxidation, and AT

between groups.

Results: EB (MP = 0.2 ± 0.9 MJ/d; HP = −0.5 ± 0.9 MJ/d) and RQ (MP = 0.84 ± 0.02; HP = 0.82 ± 0.02) were

reduced and REE (MP: 7.3 ± 0.2 MJ/d compared with HP: 7.8 ± 0.2 MJ/d) was increased in the HP group compared with

the MP group (P < 0.05). REE was not different from REEp in the HP group, whereas REE was lower than REEp in the

MP group (P < 0.05). Furthermore, EB was positively related to AT (rs = 0.74; P < 0.001) and RQ (rs = 0.47; P < 0.01)

in the whole group of participants.

Conclusions: In conclusion, an HP diet compared with an MP diet led to a negative EB and counteracted AT ∼34

mo after weight loss, in participants with prediabetes in the postobese state. These results indicate the relevance of

compliance to an increased protein/carbohydrate ratio for long-term weight maintenance after weight loss. The trial was

registered at clinicaltrials.gov as NCT01777893. J Nutr 2020;150:458–463.
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Introduction

The increasing prevalence of obesity is a major problem in
our modern world and has been associated with numerous
comorbidities such as type 2 diabetes and cardiovascular
diseases. The most straightforward remedy for obesity is weight
loss, but the success of long-term weight-loss maintenance is
poor (1). An important factor that prevents long-term weight-
loss maintenance may be metabolic adaptation, also called
adaptive thermogenesis (AT). AT leads to a reduction in energy
expenditure greater than that predicted based on reductions in
fat-free mass (FFM) and/or fat mass (FM) (2). Adaptations in
energy expenditure have been reported lasting for multiple years
after a weight-loss period, but may even persist permanently (3–
6).

Therefore, reducing AT in the postobese condition after
weight loss may be pivotal for long-term weight-loss mainte-
nance and several factors have been shown to reduce AT. These
factors include cold-induced brown adipose tissue activation
(7), physical activity (8), capsaicinoids (9–14) and tea catechins
(15–17). Another factor that may reduce AT after weight loss is
high protein (HP) intake (18–21). An HP diet has been shown
to increase FFM, diet-induced energy expenditure (DEE), resting
energy expenditure (REE), and total energy expenditure (TEE)
(22, 23). After energy restriction, an HP intake supported by a
concomitant increase in physical activity was able to preserve
REE despite a reduction in FM and FFM (24). Furthermore,
a 12-wk HP diet (30% of energy from protein) was able
to maintain sleeping metabolic rate (SMR), DEE, and TEE
compared to a low-protein diet (5% of energy from protein)
in weight-stable individuals (25). However, it remains unclear
whether HP intake after weight loss is able to counteract AT.

In the present study, we investigated the effects of a
controlled HP diet compared with a moderate protein (MP)
diet on components of energy expenditure, energy balance (EB),
and AT at the end of the PREVIEW study intervention in a
fully controlled respiratory chamber assessment. The PREVIEW
study, the PREVention of diabetes through lifestyle Intervention
and population studies in Europe and around the World (FP7-
KBBE-2012, no. 312,057) consisted of a 3-y weight loss and
weight maintenance intervention in 4 intervention groups,
differing in dietary [high-protein, low-glycemic index (HP)
compared with moderate-protein, moderate-glycemic index
(MP)] and physical activity guidelines (26). The primary
endpoint of the PREVIEW study was the incidence of type 2
diabetes over 3 y analyzed by diet and subsequently according
to physical activity and the combination of diet and physical
activity. Secondary outcomes included changes in body weight,
body composition, and insulin resistance. The main outcomes
of the current study included differences in components of
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energy expenditure, substrate oxidation, and AT between the
2 diet groups. We hypothesized that a controlled HP diet would
counteract AT and increase energy expenditure.

Methods
The Medical Ethical Committee of Maastricht University approved the
study (clinicaltrials.gov identifier NCT01777893), and all subjects gave
written informed consent.

Participants
Based on voluntary willingness to participate, 40 individuals (20 from
the HP group and 20 from MP the group) were recruited from the
PREVIEW population at Maastricht University in the Netherlands, of
whom 2 dropped out because of lack of time (Supplemental Figure 1).
For the general PREVIEW study, participants underwent screening that
included anthropometric measurements as described in Fogelholm et
al (26). The PREVIEW intervention study is a multicenter randomized
controlled trial aimed at finding an effective lifestyle intervention to
prevent the development of type 2 diabetes mellitus in individuals with
prediabetes as defined by the American Diabetes Association criteria
(27): fasting plasma glucose 5.6–6.9 mmol/L and/or 7.8–11.0 mmol/L
at 2 h after an oral-glucose-tolerance test of 75 g glucose, with a fasting
plasma glucose concentration <7.0 mmol/L.

Study design
The PREVIEW intervention consisted of 2 phases: an 8-wk weight-
loss period using a low energy diet, followed by a 34-mo weight
maintenance period with instructions to follow the guidelines of 1 of
the 4 intervention groups: an MP, moderate-glycemic index (GI) diet or
an HP, low-GI diet, combined with either moderate-intensity or high-
intensity physical activity. Close to the last clinical investigation day of
the weight maintenance period, participants stayed in the respiration
chamber for 48 h. The 38 participants that underwent the respiration
chamber measurements lost a mean of 11.1 ± 3.6 kg (11.9 ± 2.5%)
during the weight-loss period and the minimum weight-loss percentage
was 8.1%. The mean body weight at the time of the respiration
chamber measurements was 5.5 ± 6.2 kg lower compared to baseline,
corresponding with a BMI of 28.9 ± 3.9 kg/m2. There were no
differences between groups regarding the changes in body weight during
the PREVIEW intervention.

Respiration chamber
Subjects arrived at the Metabolic Research Unit Maastricht research
facilities in the morning having fasted from 22:00 the night before.
The respiration chamber session started at 09:30 and stopped
2 d later at 09:30. The respiration chamber is an airtight cham-
ber of 14 m3 furnished with a bed, chair, desk with computer,
TV, telephone, intercom, sink, and toilet. The climate inside the
chamber is controlled. O2 consumption and CO2 production were
continuously measured by open-circuit ventilated indirect calorimetry
(28). The room was ventilated with fresh air at a rate of 70–
80 L/min. Flow was measured using electronically modified dry
gasmeters (G6, gasmeterfabriek Schlumberger). The concentrations
of O2 and CO2 were measured with dual pairs of infrared CO2
analyzers (ABB/Hartman&Braun Uras) and paramagnetic O2 analyzers
(Servomex 4100, and ABB/Hartman&Braun Magnos) (28). During
each 15-min period, 6 samples of outgoing air, 1 sample of fresh air,
zero gas and calibration gas were measured. The gas samples to be
measured were selected by a computer that also stored and processed
the data (28). Physical activity was continuously measured by use of
an ActiSleep+ (ActiGraph LLC) accelerometer worn on the hip and
expressed as counts-per-minute (CPM). Subjects had fixed bedtimes
between 23:30 and 07:30. In the daytime, they were not allowed to sleep
or to perform exercise. Meals were offered at stated times (breakfast:
09:00, lunch: 13:00, dinner: 17:45), and subjects were instructed to
finish these within 30 min.
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Dietary intervention
During the weight maintenance period, dietary intervention groups
comprised an MP group with 15/55/30% of energy from pro-
tein/carbohydrate/fat and a moderate dietary GI (≥56), and an HP
group with 25/45/30% of energy from protein/carbohydrate/fat, with a
low dietary GI (≤50). Both diets were consumed ad libitum with respect
to energy, but with the instruction to maintain the achieved body weight.
Additional weight loss was allowed. More detailed information on the
weight-loss period, dietary guidelines, and of the intervention groups
has been reported before (26, 29).

In the respiration chamber, participants received an MP or HP
diet, corresponding with their dietary intervention instructions during
the PREVIEW study. The basis of the meals was the same between
groups, combined with either carbohydrate-rich or protein-rich food
items to keep menus comparable. Originally in the PREVIEW study,
subjects were randomly allocated to the HP or MP diet groups by
stratification on sex, age, and BMI. Protein was completely exchanged
with carbohydrate, resulting in the relative fat content being similar
in the 2 groups. The diets consisted of commercially available food
items and were provided individually in EB. Individual daily energy
requirements were calculated as the basal metabolic rate using the FFM
and FM (30) multiplied by a physical activity level of 1.35 (25). Daily
energy intake was divided over 3 meals, with breakfast containing
20%, and lunch and dinner 40% each. During all measurements in
the respiration chamber, the meals within each condition had the same
macronutrient composition. Water consumption was allowed ad libitum
between the meals; no other foods or beverages were available.

Energy expenditure and respiratory quotient
TEE and the separate components of energy expenditure, SMR, DEE,
and activity-induced energy expenditure (AEE) were calculated during
the 48-h stay in the respiration chamber. O2 consumption and CO2
production were used to calculate TEE according to the formula
of Weir (31). SMR was expressed as the lowest mean TEE during
3 consecutive hours between 00:00 and 07:00. The mean accelerometer
CPM corresponding with the SMR was assumed to represent the
inactive state. Simple linear regression analysis based on the relation
between TEE and the corresponding accelerometer CPM was used to
calculate REE (32). DEE was determined by subtracting SMR from
REE. AEE was calculated by subtracting REE from TEE (33). Energy
expended for thermoregulation was neglected, because subjects were
staying in the respiration chamber in the thermoneutral condition.
EB was determined as the difference between energy intake and TEE.
Predicted resting energy expenditure (REEp) was calculated as basal
metabolic rate based on the FFM and FM (30) and diet-induced
thermogenesis calculated as 9.7% of the energy intake for the MP
group and 11.2% for the HP group, based on median values for the
thermogenic effect of separate nutrients (carbohydrate 10% EI, fat
1.5% EI, protein 25% EI) (34). AT was calculated by subtracting REE
from REEp. Respiratory quotient (RQ) was calculated by dividing CO2
production by O2 consumption as a measure of substrate oxidation. The
amounts of carbohydrate and fat oxidized were calculated from CO2
production, O2 consumption, and protein oxidation with the formulas
of Carpenter (35). Carbohydrate and fat balances were determined as
the difference between intake and oxidation.

Biomarker of protein intake
Nitrogen excretion, measured from 24-h urine collections during the
respiration chamber measurements, was used as an estimate of protein
intake. Urine was collected in 2-L urine bottles containing 10 mL of
diluted hydrochloric acid (4 mmol/L) to prevent nitrogen loss through
evaporation. The total volume of the 24-h urine was recorded. Urine
was gently mixed, and samples were taken and frozen at −20◦C until
analysis. Nitrogen concentrations were measured with an elemental
analyzer (CHN-O-Rapid, Heraeus, in the Netherlands, and Integra
COBAS 400 plus, Roche Diagnostics GmbH, in the USA). Total nitrogen
output was calculated as 24-h urinary nitrogen plus 10% to account
for normal losses via feces and other miscellaneous losses. Nitrogen
excretion was multiplied by 6.25 to determine protein oxidation.

Protein balance was determined as the difference between intake and
oxidation.

Body weight and body composition
Body weight and composition were determined with subjects in the
fasted state before entering the respiration chamber. Body weight
was measured using a calibrated scale (Life Measurement Inc.). Body
composition was determined based on body density measured via air-
displacement plethysmography with the BodPod system (BOD POD,
Life Measurement Inc.), with use of Siri’s equation for body density (36).
Height was measured using a wall-mounted stadiometer to the nearest
0.1 cm (Seca, model 222).

Statistical analysis
Statistical analyses were performed using the Statistical Package for
the Social Sciences (SPSS, IBM Corp.) and GraphPad Prism (GraphPad
Prism version 7.00 for Windows, GraphPad Software). Data are
presented as mean (SD). Normality of the parameters was assessed
using the Shapiro-Wilk test and outliers were detected with the use
of box plots in SPSS. Sample size calculation showed that at least
16 participants per group were needed to show an interaction effect
of dietary intervention and time on 24-h DEE in this parallel study.
For the calculations we used an α of 0.05, a β of 0.10, and effect
size of 0.4, based on a respiration chamber study by Westerterp et al.
(33). In the whole group, protein oxidation, BMI, and AEE were not
normally distributed. In the HP group, protein oxidation, fat oxidation,
BMI, FFM, body-fat percentage, TEE, and AEE were not normally
distributed. For these reasons, nonparametric tests were used for the
analyses. Differences in subject characteristics, nitrogen excretion, body
weight and body composition, energy expenditure and its components,
and substrate oxidation between the diet groups were assessed using the
Mann-Whitney U test. Differences in slopes and y-intercepts of the FFM
and REE/REEp regression lines between the groups were assessed with
linear regression analysis using GraphPad Prism. For the purpose of
physiological comparativeness, intercepts of these regression lines were
reported for the mean FFM. To assess the y-intercepts, the mean FFM
was subtracted from the individual FFM values. Associations between
EB and other parameters were investigated using Spearman correlation
analysis.

Results
Macronutrient intake, oxidation, and balance in the 2
groups

The different macronutrient composition of the diets resulted
in differences in protein and carbohydrate balance between the
groups (Figure 1). Protein intake and oxidation were higher
in the HP group and the protein balance was more positive
compared to the MP group (P < 0.01). Carbohydrate intake
and oxidation were lower and the carbohydrate balance was less
positive in the HP group compared to the MP group (P < 0.05).
There was a trend for a lower fat balance in the HP group
compared to the MP group (P = 0.077).

Anthropometric variables, energy expenditure, and RQ

Anthropometric variables, energy expenditure, and RQ were
assessed for the MP and HP groups (Table 1, Figure 2). There
were no significant differences in BMI, FM, FFM, body-fat
percentage, energy intake, or energy expenditure between the
groups. EB was significantly lower in the HP group compared
to the MP group (P = 0.015). The negative EB in the HP
group was also significantly different from zero (P = 0.020).
To determine AT, REE of the 2 groups and the predicted REE as
functions of FFM were compared (Figure 3). For both groups,
the slopes of the measured REE regression were not significantly
different from the predicted regression (REEp). The intercept of
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FIGURE 1 Macronutrient balances (MJ/d) assessed in participants
with prediabetes in the postobese state during 48-h respiration
chamber measurements. Participants received an MP (n = 18) or HP
(n = 20) diet. Differences between groups were assessed by means
of Mann-Whitney U tests. ∗Different from MP, P < 0.05; ∗∗Different
from MP, P < 0.01. HP, high protein; MP, moderate protein.

the MP regression line, however, was significantly lower than the
intercept of the predicted regression line (REE: 7.3 ± 0.2 MJ/d
compared with REEp: 7.8 ± 0.1 MJ/d; P = 0.006). The intercept
of the HP regression line was not significantly different from the
intercept of the REEp regression line (REE: 7.8 ± 0.2 MJ/d com-
pared with REEp: 8.0 ± 0.1 MJ/d; P = 0.332). The intercepts
between the MP and HP regression lines were significantly dif-
ferent (MP: 7.3 ± 0.2 MJ/d compared with HP: 7.8 ± 0.2 MJ/d;
P = 0.030). The mean RQ was lower in the HP group compared
to the MP group (P = 0.004). In the whole group of participants,
EB was not related to any of the anthropometric variables, but
was inversely associated with DEE (rs = −0.40; P = 0.014) and
positively associated with AT (rs = 0.74; P < 0.001) (Figure 4)
and RQ (rs = 0.47; P = 0.003) (Figure 5).

Discussion

Measurements of energy expenditure showed that a 48-h HP
diet compared with an MP diet induced a negative EB and
increased REE. The HP diet was able to counteract AT during
weight maintenance after weight loss, whereas the MP diet

TABLE 1 Anthropometric variables, energy expenditure, and
respiratory quotient in the MP and HP groups1

MP (n = 18) HP (n = 20) P value

Sex, f/m 9/9 13/7
Age, y 65.1 ± 5.8 64.0 ± 6.2 0.553
BMI, kg/m2 29.0 ± 3.8 28.9 ± 4.0 0.942
Fat-free mass, kg 52.5 ± 10.9 50.8 ± 11.3 0.553
Fat mass, kg 33.9 ± 7.7 34.8 ± 8.8 0.740
Body fat, % 39.3 ± 7.4 40.7 ± 7.7 0.593
Calculated EI, MJ/d 9.4 ± 1.7 9.3 ± 1.6 0.573
EB, MJ/d 0.2 ± 0.9 − 0.5 ± 0.9 0.015
RQ 0.84 ± 0.02 0.82 ± 0.02 0.004
Activity, CPM 133.3 ± 34.1 155.0 ± 36.6 0.087

1Values are means ± SDs. Differences between groups were assessed by means of
Mann-Whitney U tests. CPM, counts-per-minute; EB, energy balance; EI, energy
intake; HP, high protein; MP, moderate protein; RQ, respiratory quotient.

FIGURE 2 Energy expenditure assessed in participants with
prediabetes in the postobese state during 48-h respiration chamber
measurements. Participants received an MP (n = 18) or HP (n = 20)
diet. SDs are shown for SMR + DEE + AEE. There were no significant
differences between the groups. Differences between groups were
assessed by means of Mann-Whitney U tests; there were none.
AEE, activity-induced energy expenditure; DEE, diet-induced energy
expenditure; HP, high protein; MP, moderate protein; SMR, sleeping
metabolic rate.

was not. In addition, AT was positively associated with EB,
indicating its potential to reduce weight regain after weight loss
and prevent weight cycling. This study shows that these effects
are robust enough to hold up with a parallel study design, in
overweight prediabetic participants, in the postobese state.

Although HP diets have been previously shown to acutely
increase fat oxidation (37), the reduced RQ in the HP group is
likely the result of the negative EB, because a negative balance

FIGURE 3 REE as a function of FFM balance assessed in
participants with prediabetes in the postobese state during
48-h respiration chamber measurements. Participants received
an MP (n = 18) or HP (n = 20) diet. The intercept of the HP
regression line was not significantly different from the intercept of
the REEp regression line (REE: 7.8 ± 0.2 MJ/d compared with REEp:
8.0 ± 0.1 MJ/d; P = 0.332). The intercepts between the MP and
HP regression lines were significantly different (MP: 7.3 ± 0.2 MJ/d
compared with HP: 7.8 ± 0.2 MJ/d; P = 0.030). The slopes were not
different between any of the regression lines. Differences in slopes
and y-intercepts of the FFM and REE/REEp regression lines between
the groups were assessed with linear regression analysis using
GraphPad Prism. FFM, fat-free mass; HP, high protein; MP, moderate
protein; REE, resting energy expenditure; REEp, predicted resting
energy expenditure.
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FIGURE 4 Scatter plot of adaptive thermogenesis and EB assessed
in participants with prediabetes in the postobese state during
48-h respiration chamber measurements. Participants received an MP
(n = 18) or HP (n = 20) diet. EB was positively associated with adaptive
thermogenesis (rs = 0.74; P < 0.001). Associations were investigated
using Spearman correlation analysis. EB, energy balance; HP, high
protein; MP, moderate protein.

results in increased fat oxidation (38, 39). Long-term negative
EB leads to weight loss. This underlines the impact of increasing
the protein/carbohydrate ratio to prevent AT and combat
overweight/obesity by supporting body weight maintenance. HP
diets are able to affect EB via increased satiety and increased
thermogenesis and have favorable effects on body composition
(22). The lower EB in the HP group compared to the MP group
can be explained by reduced AT in the HP group.

The observed AT was 0.5 MJ/d in the MP group. These
numbers are in line with results that have been described before
(4, 40, 41), indicating that AT remains present even up to 34 mo
after an 8-wk weight loss period during which participants lost
11.9% of their body weight on average. The HP diet was able
to increase REE relative to the MP diet and the REE in the HP
group was equal to the REEp. These results suggest that the HP
diet was able to completely abolish the effect of the AT.

In long-term interventions it has been shown that up to
90% of weight-reduced individuals return to their previous
body weight (1, 42) and weight cycling has been associated
with increased mortality (43). AT has been suggested to play

FIGURE 5 Scatter plot of respiratory quotient and EB assessed
in participants with prediabetes in the postobese state during
48-h respiration chamber measurements. Participants received an MP
(n = 18) or HP (n = 20) diet. EB was positively associated with
RQ (rs = 0.47; P = 0.003). Associations were investigated using
Spearman correlation analysis. EB, energy balance; HP, high protein;
MP, moderate protein.

an important role in this process (44). Previous research has
identified factors that are able to counteract AT including cold-
induced brown adipose tissue activation (7), physical activity
(8), capsaicinoids (9–14), and tea catechins (15–17). However,
many of these factors affect AT by directly increasing energy
expenditure. The counteracting effects of HP intake on AT may
partly be explained by the higher thermogenic cost of protein.
Because we incorporated a higher diet-induced thermogenesis
for the HP group [HP: 11.2% compared with MP: 9.7% (34)]
in the calculations to predict energy expenditure, the increases
in REE of the HP diet compared with the MP diet exceeded the
increased thermic effect of protein. The effects of protein intake
on REE as a function of FFM may be mediated via upregulation
of uncoupling proteins (UCP) (45), which in turn would support
increased energy expenditure (46). Corroborating this cascade
and in accordance with our results, a short-term study in rats
showed that protein intake led to higher night-time energy
expenditure, lower RQ, and higher mRNA expression values for
UCP2 and UCP3 (47). Moreover, night-time energy expenditure
was positively correlated with UCP mRNA expression.

In the current study, the effects of differences in protein
intake on EB and AT were assessed once at the end of the
PREVIEW intervention period.

In conclusion, an HP diet compared with an MP diet led to a
negative EB and counteracted AT ∼34 mo after weight loss, in
participants with prediabetes being in the postobese state. These
results indicate the relevance of compliance to an increased
protein/carbohydrate ratio for long-term weight maintenance
after weight loss.
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