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Background: Generally, food intake occurs in a three-meal per 24 h fashion with in-
between meal snacking. As such, most humans spend more than ∼ 12–16 h per day
in the postprandial state. It may be reasoned from an evolutionary point of view, that the
human body is physiologically habituated to less frequent meals. Metabolic flexibility
(i.e., reciprocal changes in carbohydrate and fatty acid oxidation) is a characteristic
of metabolic health and is reduced by semi-continuous feeding. The effects of time-
restricted feeding (TRF) on metabolic parameters and physical performance in humans
are equivocal.

Methods: To investigate the effect of TRF on metabolism and physical performance
in free-living healthy lean individuals, we compared the effects of eucaloric feeding
provided by a single meal (22/2) vs. three meals per day in a randomized crossover
study. We included 13 participants of which 11 (5 males/6 females) completed the
study: age 31.0 ± 1.7 years, BMI 24.0 ± 0.6 kg/m2 and fat mass (%) 24.0 ± 0.6
(mean ± SEM). Participants consumed all the calories needed for a stable weight in
either three meals (breakfast, lunch and dinner) or one meal per day between 17:00 and
19:00 for 11 days per study period.

Results: Eucaloric meal reduction to a single meal per day lowered total body mass (3
meals/day –0.5 ± 0.3 vs. 1 meal/day –1.4 ± 0.3 kg, p = 0.03), fat mass (3 meals/day
–0.1 ± 0.2 vs. 1 meal/day –0.7 ± 0.2, p = 0.049) and increased exercise fatty acid
oxidation (p < 0.001) without impairment of aerobic capacity or strength (p > 0.05).
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Furthermore, we found lower plasma glucose concentrations during the second half of
the day during the one meal per day intervention (p < 0.05).

Conclusion: A single meal per day in the evening lowers body weight and adapts
metabolic flexibility during exercise via increased fat oxidation whereas physical
performance was not affected.

Keywords: time restricted eating, time restricted feeding, physical performance, postprandial metabolism, bile
acids, human, glucose, energy expentidure

INTRODUCTION

Most humans spend more than 12–16 h per day in the
postprandial state. Generally, food intake occurs in a three meal
per 24 h fashion with in-between meal snacking (Kant, 2018; Paoli
et al., 2019). After meal ingestion, plasma insulin concentrations
rise and subsequently increase glucose uptake and -oxidation in
peripheral tissues (Thiebaud et al., 1982). Furthermore, insulin
activates lipoprotein lipase which promotes the storage of dietary
fat in adipose tissue (Lafontan and Langin, 2009). Lowering of
plasma insulin concentrations during fasting (e.g., overnight)
permits lipolysis, a shift from glucose to fat oxidation resulting
in a state of physiological insulin resistance if the fasting is
continued (Lafontan and Langin, 2009; Soeters et al., 2012).

Several postprandial signals (e.g., plasma bile acids, fibroblast
growth factor 19 (FGF19), lipids) are still increased in the
systemic circulation 4–5 h after meal ingestion (Schrezenmeir
et al., 1993; Van Nierop et al., 2019; Meessen et al., 2020). From
an evolutionary point of view it may be reasoned that the human
body is habituated to a lower meal frequency (Meiselman, 2000).
Metabolic flexibility (i.e., reciprocal changes in carbohydrate-
and fatty acid oxidation) is a characteristic of metabolic health.
Continuous/frequent food intake on the other hand may result in
reduced metabolic flexibility, obesity and type 2 diabetes mellitus
(T2DM) (Smith et al., 2018). These lifestyle-related diseases are
associated with modern eating habits and a sedentary lifestyle
(Kopp, 2019). Nutritional- and exercise interventions should be
the first in prevention- or treatment strategies because of the
biological rationale, low cost and non-pharmacological approach
(Manson et al., 2004).

The most used strategies of intermittent fasting can be
clustered into three groups: alternate day fasting, whole- day
fasting and time-restricted feeding (TRF). Alternate day fasting
incorporates alternating ad libitum feeding days and fasting days
(accompanied with 1 small meal), whilst the whole-day fasting

Abbreviations: ALT, Alanine amino transferase; AST, Aspartate amino
transferase; BMC, Bone mineral content; BMD, Bone mineral density; BMI,
Body mass index; CGM, Continuous glucose monitoring system; CPM, Counts
per minute; CV, Coefficient of Variance; DXA, Dual-energy X-ray absorptiometry;
FFM, Fat free mass; FGF19, Fibroblast growth factor 19; FXR, Farnesoid X
receptor; HDL-C, High-density lipoprotein cholesterol; LDL-C, Low-density
lipoprotein cholesterol; HOMA-IR, Homeostatic model assessment for insulin
resistance; MMT, Mixed meal test; MVPA, Moderate-to-vigorous physical activity;
REE, Resting energy expenditure; RPM, Revolutions per minute; RQ, Respiratory
quotient; TGR5, Takeda G protein coupled 5 receptor; TRF, Time-restricted
feeding; TGs, Triglycerides; T, Time point; T2DM, Type 2 diabetes mellitus;
VCO2, Carbon dioxide volume; VO2, Oxygen volume; VO2max , Maximal oxygen
uptake.

strategy involves 1 or 2 days of complete fasting per week plus
and ad libitum feeding on the residual days (Tinsley and La
Bounty, 2015). TRF encompasses many different strategies, but
is mainly the combination of a limited feeding time-window and
“prolonged” fasting (Patterson and Sears, 2017; McAllister et al.,
2020). As a result of the wide range of TRF protocols in studies
(due to variation in meal timing, duration of fasting time, with
or without caloric restriction), the effects of TRF on metabolic
parameters and physical performance are scarce and equivocal
(Moon et al., 2020; Pellegrini et al., 2020). Some metabolic studies
show that TRF may improve whole-body insulin sensitivity
whereas other studies reported no effect on glucose metabolism
or even reported impaired glucose tolerance (Halberg et al.,
2005; Carlson et al., 2007; Soeters et al., 2009; Cienfuegos et al.,
2020; Jones et al., 2020). Interestingly TRF (16/8) decreased
fat mass without affecting strength in resistance-trained males
(Moro et al., 2016).

Therefore, we investigated the physiological effects of
eucaloric TRF (22/2, one meal per day in the evening) for 11 days
on metabolic health and physical performance in free-living
healthy lean individuals compared to normal food intake (three
meals per day) in a crossover design.

MATERIALS AND METHODS

Participants
We initially included 13 healthy individuals and inclusion criteria
were a body mass index (BMI) between 20 and 30 kg/m2,
and/or fat mass between 12 and 30% and some training
experience. Exclusion criteria were a history of cardiovascular
disease, diabetes mellitus (type 1 or type 2), eating disorders,
mental disorders, other diseases which may affect metabolism,
cholecystectomy, smoking and already on an intermittent fasting
pattern (self-reported). Participants were not allowed to consume
alcohol or smoke tobacco during the study. We did not control
this study for sex. The study was approved by the Ethics
Committee at Norwegian School of Sport Sciences (Application
#56-190618). Oral and written informed consent were obtained
according to the Declaration of Helsinki (2013). The study was
not prospectively registered in a trial registry.

Study Design and Intervention
The study was conducted from September 2018 until December
2018 at the Norwegian School of Sports Sciences in Oslo, Norway.
The study had a randomized crossover design with two study
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periods of 11 days of TRF. Participants consumed all the calories
needed for a stable weight in either three meals per day (3
meals/day, breakfast, lunch and dinner) or one meal per day (1
meal/day, between 17:00 and 19:00). A 2-week wash-out period
was included between the study periods. During both study
periods, participants were allowed to consume unlimited water,
coffee or tea (without sugar/honey). Only artificial sweeteners
were allowed. To maintain a stable weight during the intervention
periods, the daily energy need was determined based on gender,
age, weight, height and activity pattern with the Norwegian
Health Information AS (Beregning av kaloribehov—NHI.no,
2021). Participants individually designed to diet to reach the
energy requirement. Energy requirement was calculated from
body composition determined with DXA according to Mifflins
formula (Mifflin) with correction for activity factor (PAL) (Shetty
et al., 1988). Participants used the App from Lifesum (Lifesum
AB, v6.3.10, Stockholm, Sweden) for registration and calculation
of energy in the daily food intake. Dietary data were reported to
test leaders for day 5, 8, and 11. Macronutrient intake was not
controlled. Participants practiced all physical performance tests.
The investigators were aware of the dietary intervention. We have
tested reliability for VO2max in elite athletes with a coefficient
of variance (CV) of 1.8%. We have tested reliability for jumping
height for trained males and students with experience with jump
training from sport, and again have CV as low as 2–3%. We
have not tested reliability for maximal fat oxidation. We have not
tested CV for maximal isokinetic strength but the variation has
been reported to 8% (Duarte et al., 2018).

Assessment of Metabolic Health
Body Composition
Body composition was measured before (day 1) and at day 11
of each study period in fasted condition (no liquids or solid
food) at the morning (07:00–11:00) with dual-energy X-ray
absorptiometry (DXA) (Prodigy Advance PA + 302147, Lunar,
San Francisco, CA, United States) including total body mass, fat
mass, fat free mass (FFM) and lean body mass [FFM minus bone
mineral content (BMC)]. We have measured body composition
(DXA.) twice before a 7 days fasting study. The CV for FFM (kg)
was 0.98% (n = 13) and for body fat (kg) was 1.16%.

Continuous Glucose Monitoring
Participants carried a Dexcom G4 R©PLATINUM Continuous
Glucose Monitoring (CGM) System (Dexcom, Inc., San Diego,
United States) for continuous measurement of subcutaneous
glucose concentrations from days 5 to 11. We calculated the
mean glucose level per hour and used these values for the
statistical analysis.

Resting Energy Expenditure
At day 11, after an overnight fast, participants arrived at the
research facility in the morning (between 07:00 and 10:00).
Resting energy expenditure (REE) was measured by indirect
calorimetry (Oxycon Pro, Jager Instr; Hoechberg, Germany)
with breath by breath software (LABManager 5.3.0.4) in a
supine position for 15 min using a mask (V2 Mask, Hans
Rudolph Inc., Shawnee, Kansas, United States). Oxygen volume

(VO2) (mL/min), carbon dioxide volume (VCO2) (mL/min) were
measured. Respiratory quotient (RQ) and REE (kcal/day) were
calculated as follows: RQ = (VCO2)/(VO2) and REE = (3.941 ∗
VO2 (L/min) + (1.11 ∗ VCO2 (L/min) × 1,440 min (modified
Weir Equation) (Weir and de, 1949).

Mixed Meal Test
At day 12, mixed meal tests (MMT) were performed in the
morning to assess the effects of meal reduction on postprandial
plasma glucose, insulin, bile acid and FGF19 responses.
After an overnight fast, participants entered the research
facility and a cannula was placed into an antecubital vein for
blood withdrawal. We used Nutridrink Compact (Nutricia,
Zoetermeer, The Netherlands, macronutrient composition:
49% carbohydrates, 35% fat and 16% protein) as liquid mixed
meal. Participants consumed 25% of their measured REE.
Venous blood was sampled at time point (T) 0 (fasting) and
at T30, T60, T90, T120, T150, T180, and T240 min after meal
ingestion. Blood samples were collected in EDTA or serum tubes
(Greiner Bio-One, Kremsmunster, Austria). Serum tubes were
kept at room temperature for 30 min. The EDTA tubes were
directly stored on ice, centrifuged (10 min; 4◦C; 2,500 g) and
stored at –80◦ until laboratory analysis. Homeostatic Model
Assessment for Insulin Resistance (HOMA-IR) was used to
quantify insulin resistance [calculated as (fasting plasma glucose
∗ fasting plasma insulin)/135)]. We calculated the Matsuda
index to express changes in whole-body insulin sensitivity
(Matsuda and DeFronzo, 1999). Plasma glucose concentrations
assessed during the MMT were measured with a blood glucose
meter (HemoCue R©Glucose 201 + System). Serum insulin
concentrations were analyzed with Immulite 2000 (Siemens,
Healthcare Diagnostics, Breda, The Netherlands). Plasma total
bile acid and FGF19 levels were measured with an enzymatic
method (Diazyme Laboratories, Inc., Poway, California,
United States) and in-house developed ELISA, respectively
(Schaap et al., 2009). Plasma cholesterol, low-density lipoprotein
cholesterol (LDL-C), high-density lipoprotein cholesterol
(HDL-C), triglycerides (TGs), alanine amino transferase (ALT)
and aspartate amino transferase (ALT) were measured at Fürst
Laboratory, Oslo, Norway (Advia Centaur XPT, Siemens Medical
Solutions Diagnostics, Tokyo, Japan with analytical coefficient of
variation of 2.3% for ALT and 3.3% for AST).

Assessment of Physical Performance
Participants did not exercise the day before the physical
performance tests and tests were performed after
an overnight fast.

Physical Activity
Participants carried an accelerometer (ActiGraph GT1M;
Actigraph, Pensacola, United States) at the hip during both
intervention periods from days 5 to 11. Participants were only
allowed to remove the accelerometer during water activities
or sleep. Data from the Actigraph were analyzed with ActiLife
version 6.13.3 (ActiLife software, ActiGraph, LLC, Pensacola,
Florida, United States). We included data for analyses when
more than 400 min for at least 3 days were registered (in total for
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FIGURE 1 | Protocols physical performance. In a randomized crossover design, 11 healthy participants consumed all the calories needed for a stable weight in
either three meals per day (3 meals/day, breakfast, lunch and dinner) or one meal per day (1 meal/day, between 17:00 and 19:00) for 11 days. (A) Protocol cycle
tests including the fat oxidation (% of VO2max), Wingate and VO2max tests. (B) Protocol for maximal isokinetic strength, (C) protocol for maximal isometric strength
and (D) protocol for maximal jumping height.

8 participants). The data analyses procedure obtained from the
ActiGraph has been published in detail elsewhere (Hansen et al.,
2012). In short, the accelerometer detects vertical acceleration
in units named counts and collects data at a rate of 30 times/s.
Counts per minute (CPM) is a quantity of total physical activity
and was calculated as the total number of counts for the valid
period divided by the total wearing time. CPM thresholds of
different intensities (matches the energy costs of the given
intensity) were applied to the dataset (sedentary activity < 100
CPM, low-intensity 100-2019 CPM, and moderate-to-vigorous
physical activity (MVPA) is ≥ 2020 CPM) (Hansen et al., 2012).

Cycle Tests: Fat Oxidation, Wingate and Maximal
Oxygen Uptake Tests
At day 10, the cycle tests were performed on an ergometer
bike (Excalibur Sport with Pedal Force Measurement, Lode,
Groningen, The Netherlands). Heart rate was measured with

the Polar RS800CX watch (Polar Electro Oy, Kempele, Finland).
Again VO2 (mL/min) and VCO2 (mL/min) were measured with
indirect calorimetry, but during the cycle tests a mouthpiece and
nose clip were used (2,700 series, Hans Rudolph Inc., Shawnee,
Kansas, United States).

Before the start of the study periods, participants conducted
an incremental test to assess the relationship between load (watt)
and oxygen uptake (VO2) in order to calculate the loads for
the fat oxidation and maximal oxygen uptake (VO2max) test
(Dahl et al., 2020).

First, the fat oxidation test was conducted (Figure 1A).
Oxygen uptake was measured during the entire test (21 min)
and metabolic data from the last min of the 6 loads (30, 40,
50, 60, 70, and 80% of VO2max) was used in the calculations of
maximal fat oxidation (Andersson Hall et al., 2016). Fat oxidation
(gram/min) was assessed with the formula 1.67 ∗VO2 (L/min)
–1.67∗VCO2 (L/min) and carbohydrate oxidation (gram/min)
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with VCO2
∗4.55 – VO2

∗3.21 (L/min) (Frayn, 1983). The Frayn
equation assumes that protein oxidation is neglible in healthy
persons. Since our study involved only healthy participants, we
did not include protein oxidation in our analyses. During each
stage, plasma lactate was determined. Lactate concentrations
were obtained via bedside measurements (Safe-T-Pro Plus, Accu-
Check, Roche, Basel, Switzerland) drawing the blood into a 20
µl sodium heparin glass tube (Plastic capillsaries end-to-end,
EKF Diagnostic, Barleben, Germany) and then analyzed (Biosen
C-Line, EKF Diagnostic, Barleben, Germany). Before testing,
the Biosen C-Line was calibrated using a standardized lactate.
Perceived exhaustion was scored with the BORG scale (Borg,
1982).

Second, to assess maximal anaerobic power production (watt)
in 10 s, the modified Wingate test was performed (Sollie
et al., 2018; Correia et al., 2021). The Wingate test was
perform on a Lode ergometer bike (Lode Exacalibur Sport,
Gronnigen, NL) with a torque factor of 0.8. Maximal power
during the 10 s test is reported. Prior to the 10 s of cycling
at maximal power, there was a 30 s countdown during which
participants were instructed to increase the revolutions per
minute (RPM) to approximately 115. Then, participants were
asked to give maximum output for 10 s. The resistance of the
bike ergometer was automatically increased based on the power
of the participants. The participants were encouraged to perform
maximal at the Wingate tests. The 10-s modified Wingate test
in relatively easy to complete for the participants as no major
exhaustion develops.

After 3 min of rest, the VO2max test was performed (Rustad
et al., 2016; Sollie et al., 2018; Correia et al., 2021). The load was
increased with 25 watt every minute until voluntary exhaustion
or RPM < 60. Capillary blood samples were drawn for the
measurement of lactate and rate of perceived exertion was rated
on the BORG scale (Borg, 1982).

Strength
The assessment of strength was performed at days 1 and
10. Maximal isokinetic strength (power) in knee extensors
(quadriceps femoris) and knee flexors (hamstrings) was tested in
the dominant leg at three different velocities in dynamometer (60,
120, and 180◦/s) (Equipment - Humac dynamometer, NORM,
Computer Sports Medicine Incorporated (CSMi), Stoughton,
MA, United States) (Figure 1B; Habets et al., 2018). Participants
performed two sets of three repetitions on every velocity, from
which only the best set of repetitions was used for analysis.

Maximal isometric strength was tested at 60◦ angle
during 3 s. After trying out the movement, participants
performed three attempts from which we used the best one for
analysis (Figure 1C).

Jumping height (in centimeters) was measured by performing
a countermovement jump on a force platform (Hur Labs
Oy, Tampere, Finland) with usage of Force Platform Software
Suite (Figure 1D). After a 10-min warming-up on an exercise
bike, participants started from a standing position, initiated
a downward movement, which was immediately followed by
an upward movement leading to the jump. The participants
were asked to position their hands on the hips in a position

TABLE 1 | Effect of meal frequency pattern on metabolic parameters.

DXA (N = 11)

Difference 3 meals/day 1 meal/day

Total body weight (kg) –0.5 ± 0.3 –1.4 ± 0.3*

Fat mass (kg) –0.1 ± 0.2 –0.7 ± 0.2*

Lean mass (kg) –0.3 ± 0.3 –0.7 ± 0.3

Fat-free mass (kg) –0.3 ± 0.3 –0.7 ± 0.3

Bone mineral density (g/cm2) 0.003 ± 0.01 –0.005 ± 0.01

Resting energy expenditure (N = 11) 3 meals/day 1 meal/day

REE (kcal/day) 1,919 ± 146 1,778 ± 86

RQ 0.84 ± 0.02 0.82 ± 0.01

Plasma lipids and transaminases (N = 11) 3 meals/day 1 meal/day

Triglycerides (mM) 0.7 ± 0.1 0.6 ± 0.0

Cholesterol (mM) 4.2 ± 0.3 4.5 ± 0.2

HDL-C (mM) 1.6 ± 0.2 1.6 ± 0.1

LDL-C (mM) 2.4 ± 0.2 2.8 ± 0.2*

Triglycerides/HDL-C ratio 0.5 ± 0.1 0.4 ± 0.03

AST (U/L) 24.1 ± 1 29 ± 2

ALT (U/L) 28 ± 3 33 ± 5

*p ≤ 0.05 assessed with a paired t-test when data was normally distributed or
otherwise the Wilcoxon sign-ranked test.
DXA, dual-energy X-ray absorptiometry; N, number of participants included in
statistical analysis and displayed in table; REE, resting energy expenditure; RQ,
respiratory quotient; HDL-C, high density lipoprotein cholesterol; LDL-C, low
density lipoprotein cholesterol; AST, aspartate aminotransferase; ALT, alanine
aminotransferase. Data is presented as mean ± standard error of mean (SEM).

comfortable for jumping. Three jumps were performed, from
which we used the best attempt for analysis (Tangen et al., 2020).

Power Calculation
This study was designed as an observational study to investigate
the effects of TRF on metabolic health and physical performance.
The statistical power calculation was based on the plasma fasting
glucose results from a crossover study after a 40 h fast in healthy
participants (Van Nierop et al., 2019). It pointed out that at
least 10 participants needed to finish the study, to have 80%
power (α = 0.05, paired, two-sided test) to detect a 0.5 mmol/L
difference in fasting glucose concentrations (standard deviation
of differences 0.63 mmol/L).

Statistical Analyses
The distribution of data was analyzed with the Shapiro-Wilk test.
Comparisons between the intervention periods (1 meal/day vs.
3 meals/day) were made with a paired T-test when data was
normally distributed or otherwise the Wilcoxon sign-ranked test
was used. Differences between study periods (1 meal/day vs. 3
meals/day) in combination with pre- (day 1) and post- (day
2) measurements within the intervention period were analyzed
with the two-way repeated measurements ANOVA (Strength).
We also used the two-way repeated measures ANOVA for
the analyses of the CGM data and the MMT data (glucose
insulin, total bile acids and FGF19). The Bonferroni correction
was applied for multiple comparisons. Data were presented as
mean ± standard error of mean (SEM). Statistical analyses were
executed and graphs created with GraphPad Prism (GraphPad
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FIGURE 2 | Results of the continuous glucose monitoring data from both intervention periods. In a randomized crossover design, 11 healthy participants consumed
all the calories needed for a stable weight in either three meals per day (3 meals/day, breakfast, lunch and dinner) or one meal per day (1 meal/day, between 17:00
and 19:00) for 11 days. Subcutaneous glucose concentrations were measured from day 5 to day 1,111. (A) Displays the mean of the overall glucose concentrations
per hour from day 5 until day 11, whereas, (B) displays the glucose concentrations measured at day 9 (N = 9). Data are presented as mean ± SEM. **p < 0.01
assessed with two-way repeated measures ANOVA, N = number of participants included in statistical analyses and displayed in graphs.

Software Inc., La Jolla, California, United States). P-values≤ 0.05
were considered statistically significant.

RESULTS

Participant Characteristics
We included 13 participants of which 11 (5 males/6 females)
completed the study: age 31.0 ± 1.7 years, BMI 24.0 ± 0.6 kg/m2

and fat mass (%) 24.0 ± 0.6. One participant withdrew because
of (unrelated) health problems whereas another participant was
unable to schedule the study visits. The (self-reported) caloric
intake did not differ between the three meal and one meal
period at day 5 (3 meals/day 2,391 ± 211 vs. 1 meal/day
2,342 ± 233 kcal/day, p > 0.05), day 8 (3 meals/day 2,421 ± 208
vs. 1 meal/day 2,245 ± 305 kcal/day, p > 0.05) and day 11 (3
meals/day 2,404 ± 248 vs. 1 meal/day 2,307 ± 289 kcal/day,
p > 0.05).

Metabolic Health
The 1 meal/day pattern decreased total body mass (p = 0.03) and
fat mass (p = 0.049) relative to baseline (Table 1). There were
no intervention-related differences in lean mass, FFM or bone
mineral density (BMD) (Table 1).

First, we investigated the effects of meal frequency on the
overall mean glucose concentrations per day, which were similar
in both groups (Figure 2A). Moreover, we did not find differences
in the per hour glucose concentrations (day 9, Figure 2B).
However, glucose concentrations were lower between 12:00 and
24:00 h in the 1 meal/day pattern (meal frequency∗hours: p–
0.009, Figure 2B).

The 1 meal/day pattern did not affect fasted REE or RQ
compared to 3 meals/day measurements (Table 1). Fasted and

postprandial glucose and insulin concentrations were unchanged
(Figures 3A,B). We did not find changes in HOMA-IR (3
meals/day 1.3 ± 0.2 vs. 1 meal/day 1.1 ± 0.1, p > 0.05)
or whole-body insulin sensitivity (Matsuda index 3 meals/day
13.3 ± 0.8 vs. 1 meal/day 13.9 ± 1.6, p > 0.05). Furthermore,
fasted and postprandial bile acid and FGF19 concentrations
were unaltered by the reduced meal frequency (Figures 3C,D).
Fasting plasma LDL-C concentrations were increased after the 1
meal/day pattern (p = 0.02) whereas the other lipids, AST and
ALT concentrations were unchanged (Table 1).

Physical Performance
We did not detect any difference between sedentary-, low-,
or MVPA intensity or total worn time (Table 2). The 1
meal/day pattern increased fat oxidation (p = 0.0002) and
decreased glucose oxidation (p = 0.001) during the fat oxidation
test (Figures 4A,B). In line with the increased fat oxidation,
we found a decreased RQ (p < 0.001, Figure 4C). We did
not detect differences in energy expenditure, plasma lactate
concentrations, heart rate (BPM) or perceived exhaustion (Borg
scale) (Figures 4D–G), nor in the relative contribution of
substrate oxidation to energy expenditure (Figure 4H) between
the two dietary interventions. Maximal power production did not
differ between treatments (Table 2). No differences were observed
during maximal oxygen uptake with respect to VO2 (mL/min),
power (watt), lactate concentrations or perceived exhaustion
(Table 2). We did not find a significant effect on jump height,
isokinetic and isometric strength (Table 2).

DISCUSSION

This randomized crossover nutritional intervention study
showed that intended eucaloric meal frequency reduction to
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FIGURE 3 | Postprandial glucose, insulin, total bile acids and fibroblast growth factor-19 responses. Participants underwent a mixed meal test after 12 days of either
three meals per day (3 meals/day, breakfast, lunch and dinner) or one meal per day (1 meal/day, between 17:00 and 19:00). Postprandial responses of (A) glucose
(N = 7), (B) insulin (N = 10), (C) total bile acids (N = 10) and (D) fibroblast growth factor 19 (N = 10) were unaffected by the reduced meal frequency (two-way
repeated measures ANOVA, all p > 0.05). Data are presented as mean ± SEM. TBA, total bile acids; FGF19, fibroblast growth factor 19; N, number of participants
included in statistical analyses and displayed in graphs.

one meal per day in the evening, lowered body- and fat mass
and increased fatty acid oxidation during exercise, without
impairment of aerobic capacity or strength. Furthermore, we
found decreased plasma glucose concentrations during the
second half of the day.

The loss of body- and fat mass after TRF (with different
protocols i.e., 4- and 6-h TRF regimens and 16/8) have been
reported previously (Moro et al., 2016; Cienfuegos et al., 2020).
This may be the result of enhanced fat utilization throughout the
day caused by lower insulin concentrations (Knapik et al., 1988;
Tinsley and La Bounty, 2015). This hypothesis is supported by the
observation of increased fat oxidation during exercise after the
one meal per day period. Although we did not detect significant
differences in caloric intake between the intervention periods, it
was plausible that there was a caloric deficit of ∼110 kcal/day
(1,210 kcal in 11 days) during the one meal per day intervention.
Nevertheless, this caloric deficit cannot explain the total loss in
body mass (–1.4 kg) and/or fat mass (–0.7 kg) at day 11, since
∼1,210 kcal account for approximately 140 gram fat. Therefore,
these findings suggest that a 22 h fast in combination with the
preserved daily physical activity and unchanged resting energy
expenditure, caused a larger negative energy balance compared
to the three meal per day pattern. This is supported by our

finding of decreased plasma glucose concentrations throughout
the day. However, we did not measure 24 h calorimetry, the
golden standard for metabolic flexibility. It could be possible that
the participants changed the macronutrient composition of their
meals to maintain isocaloric intake during the one meal per day
period. Moreover, we cannot exclude the beneficial role of ketone
bodies nor the changes in the gut microbiome (Jamshed et al.,
2019; Currenti et al., 2021a,b). Furthermore, we did not observe
a decrease in lean mass during the one meal period reduction
intervention, which may suggest that there was no increased
net protein catabolism (e.g., decreased protein intake or use of
amino acids for gluconeogenesis). However, it is possible that
participants ate more during the 3 meals/day condition—which
was undetected by the dietary records due to limitations of this
method—to account for a notable portion of the body mass and
fat mass difference.

Both bile acids and FGF19 concentrations are still increased
4–5 h after food intake (Van Nierop et al., 2019; Meessen
et al., 2020). So, from an evolutionary point of view, these
prolonged postprandial signals suggest that humans are well
prepared for periods with limited food availability. Bile acids are
released after food intake and with a function as postprandial
signaling molecules within tissues of the enterohepatic cycle by
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TABLE 2 | Effect of 1 meal-per-day pattern on physical performance.

Physical activity (N = 8) 3 meals/day 1 meal/day

Sedentary (min) 480 ± 22 486 ± 34

Low intensity (min) 223 ± 22 234 ± 24

Total MVPA (min) 59 ± 12 62 ± 8

Total time worn (min) 761 ± 43 782 ± 52

VO2 max (N = 11) 3 meals/day 1 meal/day

Total VO2 (ml/min) 3,414 ± 248 3,359 ± 225

VO2 (ml/min/kg) 47 ± 3 46 ± 2

watt maximal (watt) 286 ± 18 282 ± 16

Perceived exhaustion (Borg scale) 19 ± 0.5 19 ± 04

Lactate (mM) 10.3 ± 0.5 8.9 ± 1.0

Strength (N = 11) 3 meals/day 1 meal/day

Pre Post Pre Post

Jump height by velocity (cm) 29.5 ± 2.7 30.4 ± 2.7 29.5 ± 2.7 30.1 ± 2.7

Maximal isokinetic strength 60◦/s (Nm) 190 ± 18 182 ± 18 183 ± 18 181 ± 17

Maximal isokinetic strength 120◦/s (Nm) 147 ± 15 147 ± 15 148 ± 15 144 ± 14

Maximal isokinetic strength 180◦/s (Nm) 120 ± 12 120 ± 12 119 ± 13 116 ± 12

Maximal isometric strength with 60◦ (Nm) 247 ± 17 244 ± 18 240 ± 20 237 ± 17

Wingate (max. watt) x 842 ± 55 x 835 ± 49

VO2, oxygen volume; N, number of participants included in statistical analyses and displayed in graphs; x, not assessed. Physical activity and VO2 were assessed with a
paired T-test when data was normally distributed or otherwise the Wilcoxon sign-ranked test. Strength was assessed with the two-way repeated measurements. Data is
presented as mean ± standard error of mean (SEM).

activation of the intestinal and hepatic bile acid receptors such
as farnesoid X receptor (FXR). FXR activation results in the
production of FGF19 in the ileum, and FGF19 reaches the liver
via the portal vein where it exerts unique (e.g., stimulation of
fatty acid oxidation) and insulin-like actions (e.g., inhibition of
gluconeogenesis, stimulation of glycogen synthesis (Kir et al.,
2011; Potthoff et al., 2011). We did not observe changes in fasted-
or postprandial bile acid and FGF19 concentrations. This may
be explained by the fact that the duration of the overnight fast
before the MMT was identical for both interventions, so we
may have missed acute effects of TRF on bile acid- and FGF19
levels. Alternatively, skipping two meals may have not changed
intestinal transit time or gallbladder kinetics, both important
factors that determinate plasma bile acid concentrations (Sips
et al., 2018; Meessen et al., 2020).

Increased cholesterol and LDL-C levels are associated
with cardiovascular disease (CVD) (Levine et al., 1995). We
detected a small increase in LDL-C during the one meal
period, whereas the other lipid profiles were unchanged.
A previous study reported that one meal per day resulted in
increased total cholesterol, HDL-C and LDL-C concentrations,
whereas TGs were decreased (Stote et al., 2007). They
could not link their findings to dietary fat intake since they
controlled food intake. In our study, participants consumed
all the calories needed to maintain a stable weight within
2 h. This may have caused a higher hepatic lipid load,
which in turn inhibited LDL-C receptor expression and
subsequently resulted in elevated plasma LDL-C concentrations
(Mustad et al., 1997). Moreover, prolonged fasting in
our study could have decreased LDL catabolism in the
liver to save as a nutrient reservoir to peripheral tissues

(Saävendahl and Underwood, 1999). Importantly, mean plasma
glucose concentrations through the day was in the one-daily meal
condition, which may an health benefit. This will be particular
important if the same will be the case in dysglycaemic and
patients with diabetes.

We did not observe impaired physical performance as a result
of the reduced meal frequency. Other studies investigating the
effects of TRF on physical performance produced conflicting
data. Recently, Correia et al. (2020) and Zouhal et al. (2020)
reviewed the effects of exercise training and fasting and showed
that TRF studies predominantly report no changes or impairment
of aerobic, anaerobic and strength performance. Only a few
studies showed modest improvements in VO2max and strength
(Tinsley and La Bounty, 2015; Bouguerra et al., 2017). Most
of these studies were conducted during the Ramadan, where
(unlimited) food intake between dusk and dawn is an important
confounder. These kind of endurance performances are likely
to be affected by the one meal per day pattern because the
active muscle primarily oxidize endogenous carbohydrates (e.g.,
a rate-limiting step in performance), while fasting depletes these
glycogen stores (Soeters et al., 2012; Hawley and Leckey, 2015).

In our study, participants were allowed to ingest their food
between 17:00 and 19:00 during the one meal pattern. It is
possible that our results would have been different when they
were allowed to eat only in the morning, e.g., between 08:00
and 10:00. Early morning TRF increases insulin sensitivity and
improves β-cell function and mid-day TRF reduces body weight
and fasting glucose and insulin concentrations (Moro et al.,
2016; Jones et al., 2020). Conversely, TRF in the afternoon
or evening even induced glucose intolerance (Carlson et al.,
2007). In the present study, the meal test did not reveal any
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FIGURE 4 | Results of the fat oxidation tests from both intervention periods. In a randomized crossover design, 11 healthy participants consumed all the calories
needed for a stable weight in either three meals per day (3 meals/day, breakfast, lunch, and dinner) or one meal per day (1 meal/day, between 17:00 and 19:00) for
11 days. The fat oxidation tests were performed at day 10 of both intervention periods. Results (N = 11) of (A) fat oxidation, (B) carbohydrate oxidation, (C) RQ, (D)
energy expenditure, (E) lactate, (F) heart rate, (G) Borg scale and (H) relative contribution of fat- and glucose oxidation to energy expenditure. Data are presented as
mean ± SEM. **p < 0.01, ***p ≤ 0.001 assessed with two-way repeated measures ANOVA (N = 11). RQ, respiratory quotient; BPM, beats per minute; VO2max ,
maximal oxygen uptake volume. N, number of participants included in statistical analyses and displayed in graphs.
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differences in glucose, insulin, FGF19 or bile acids between the
interventions. These data show that the human body can cope
with one daily large meal providing all the required energy,
without deteriorating metabolic regulation.

A recent review has suggested that lean mass and is
generally maintained during TRF including Ramadan period
(Keenan et al., 2020) supporting the data in the present
study. Importantly, the participants in the present study were
not competitive athletes and LBM may be easier to maintain
compared to athletes. However, Moro et al. (2020) implemented
TRF on elite cyclists and found a small reduction in body fat
and maintained LBM. Importantly, Moro showed that power
output per kg body weight increased. Brady et al. (2021) also
reported reduction in body mass by TRF but did not reduced
endurance performance.

The most important limitation of our study is that the
study was conducted in free-living healthy individuals. Data
on food intake was obtained with food diaries completed
by the participants. Nonetheless, our results showed that the
participants were most likely compliant to the one meal per
day pattern since the glucose sensor showed lower glucose
concentrations throughout the day. It is a strong point that
we carefully characterized strength, maximal power, and aerobic
capacity under controlled conditions and with state-of-the
art methodologies.

In summary, we found that one meal per day in the
evening lowers body weight and adapts metabolic flexibility
during exercise via increased fat oxidation, whereas the physical
performance and the postprandial responses to liquid mixed
meals were unaffected. Future studies should investigate the effect
of TRF in participants with reduced metabolic flexibility (e.g.,
patients with obesity, metabolic syndrome or type 2 diabetes
mellitus). Moreover, the timing of the one meal consumption in
early morning may yield larger effects.
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