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After-Effects of Time-Restricted Feeding on
Whole-Body Metabolism and Gene Expression in
Four Different Peripheral Tissues
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Objective: Epidemiological studies show that shift workers are at in-
creased risk for type 2 diabetes. As modern societies increasingly require
shift work, it seems crucial to determine whether there are long-lasting
health effects of rotational shifts.

Methods: This study examined the after-effects of 4 weeks of time-
restricted feeding (TRF) during the light period (= light-fed) in rats, an ani-
mal model for shift work. This study also included a TRF-dark (= dark-fed)
control group. The aligned and misaligned feeding times of light and dark
feeding are associated with poor and good health outcomes, respectively.
Several physiological measures were monitored continuously; blood, liver,

Study Importance

What is already known?

» Time-restricted feeding (TRF) is an of-
ten-used animal model for shift work,
but studies on potential after-effects of
shift work using this feeding paradigm
are scarce.

What does this study add?
» We show that following a 4-week TRF

brown adipose tissue, and soleus and gastrocnemius muscle were col-
lected following 11 days of ad libitum (AL) feeding after ending the TRF.
Results: In the dark-fed animals, the day/night differences in food intake,
activity, and respiratory exchange ratio were still enhanced at the end of
the experiment. Light-fed animals displayed the smallest day/night dif-
ferences for these measures, as well as for body temperature. In both
the light- and dark-fed animals, rhythms in plasma glucose, nonesterified
fatty acids, and gene expression had not fully recovered after 11 days of
AL feeding. Importantly, the effects on gene expression were both tissue
and gene dependent.

Conclusions: Our data indicate that rotational shift workers may have an
increased risk of long-lasting disturbed rhythms in several physiological
measures after a period of shift work. Clearly, such disturbances may
harm their health.

Obesity (2020) 28, S68-S80.

protocol, several physiological meas-
ures, including feeding behavior, meta-
bolic substrate preference (respiratory
exchange ratio), and blood metabolites
show after-effects for more than 1 week.
In four metabolically important tissues,
circadian clock-related and glucose/
lipid-related metabolic gene expression
had not fully recovered; the soleus and
gastrocnemius muscles were most af-
fected, and liver and brown adipose tis-
sue were affected to a lesser extent.

Introduction

Virtually all living species have evolved an internal timing system to
anticipate predictable daily changes in the environment, such as the
light/dark (L/D) cycle and food availability. This internal timing system
optimizes many physiological processes through the timed orchestra-
tion of cellular processes important for metabolism and other cellular
functions.

On a molecular level, this circadian clock consists of a transcriptional
translational feedback loop with both a positive and a negative arm to
ensure molecular oscillations with a period of ~24 hours. At its core,
the molecular clock consists of various clock genes, including brain
and muscle aryl hydrocarbon receptor nuclear translocator—like fac-
tor 1 (Bmall); period 1 (Perl), period 2 (Per2), and period 3 (Per3);
cryptochrome 1 (Cryl) and cryptochrome 2 (Cry2); nuclear receptor
subfamily 1, group D a (Reverba) and nuclear receptor subfamily 1,
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group D B (Reverbp); retinoic acid receptor—related orphan receptor o
(RORa) and retinoic acid receptor—related orphan receptor § (RORp);
and several other auxiliary genes that facilitate fine-tuning the period,
phase, and flexibility of the clock (1-6).

As the biological clock plays a major role in energy metabolism, includ-
ing lipid and glucose metabolism, disturbance of this clock could have
detrimental effects on energy balance. Indeed, an increasing amount of
evidence from both human and animal studies indicates that disturbed
biological rhythms, (i.e., circadian disruption resulting from, e.g., shift
work and [social] jet lag) can cause imbalances in energy metabolism
and possibly even lead to metabolic disorders such as type 2 diabe-
tes mellitus (T2DM). Epidemiological studies, for example, indicate
that shift workers are at an increased risk of developing T2DM (7-10).
Although the mechanisms that link shift work and/or circadian disrup-
tion to T2DM remain largely unknown, one suspected contributing
factor is the erratic eating patterns of shift workers, who regularly eat
during nighttime, the natural inactive and fasting period of humans (11).

Time-restricted feeding (TRF) during the light period is an animal
model for shift work, particularly for the erratic eating patterns (12).
In TRF, access to food is restricted to a specific time window during
the day/night cycle. Food access is usually restricted to several hours
during the light period (= inactive phase of nocturnal rodents such as
rats and mice; TRF thus results in a misalignment between the feeding
activity of animals and the natural timing of their sleep/wake behav-
ior) or during the dark period (= active phase of nocturnal rodents;
TREF thus strengthens the alignment between feeding behavior and the
natural timing of their sleep/wake behavior). TRF in general is often
associated with metabolic health improvement and longevity in nema-
todes, fruit flies, and mammals, including rodents (13). However, TRF
during the inactive period is associated with unhealthiness, including
adiposity, T2DM, and cardiovascular disease (13,14). Indeed, a wide
variety of metabolic (whole-body) measures, as well as peripheral
clock-gene expression, is deregulated when TRF is timed during the
regular sleep period (15-19). Moreover, the specific effects of TRF
appear to be tissue dependent (18,20). However, very little is known
about possible after-effects of TRF (i.e., how animals recover from
the TRF regimen when being reverted to ad libitum [AL] feeding con-
ditions again). An important part of our modern society participates
in shift work, but usually not in a continuous fashion, which could
result in continuously disturbed circadian clocks and disease develop-
ment. Unfortunately, studies on the long-lasting effects of shift work
either in humans or using animal models such as TRF are lacking.
Therefore, the aim of this study was to determine whether TRF (either
aligned or misaligned with the natural sleep/wake cycle) has long-last-
ing effects on physiology. To characterize any possible after-effects
of shift work, we subjected rats to TRF for 4 weeks, during either
the light or dark period, after which animals could recover from this
shift-work condition during 11 days of AL feeding conditions. Several
physiological measures (including food intake, body temperature,
respiratory exchange ratio [RER], and locomotor activity) were mea-
sured throughout the entire duration of the experiment. Eleven days
after returning to the AL feeding condition, animals were sacrificed,
and blood metabolites and clock-gene and metabolic-gene expression
in liver, brown adipose tissue (BAT), and soleus and gastrocnemius
muscles were measured. We hypothesized that light-fed animals,
(i.e., TRF misaligned with the regular sleep/wake cycle) would show
long-lasting negative effects on health outcomes, whereas dark-fed
animals (i.e., TRF aligned with the regular sleep/wake cycle) would
show long-lasting positive effects on health outcomes.

Obesity

Methods

Animals and housing

A total of 72 ~8-week-old male Wistar rats weighing 240 to 280 g on
arrival (Wistar WU rats; Charles River, Den Bosch, The Netherlands)
were used for the experiments. All animals were individually housed
under a controlled 12-hour/12-hour L/D cycle (lights on at Zeitgeber
Time [ZT]0 and lights off at ZT12) and ate only pelleted chow (Teklad
Global Diets; Envigo, Horst, The Netherlands). All experiments were
approved by the Dutch government and performed in accordance
with the guidelines on animal experimentation from the Netherlands
Institute for Neuroscience.

Experimental design

After acclimatization and 1 to 2 weeks of AL baseline feeding con-
ditions, the TRF conditions started, during which animals were ran-
domly distributed over three groups: AL-fed, dark-fed, and light-fed
(Figure 1A). Dark-fed animals could only eat between ZT13 and
ZT23, and light-fed animals could only eat between ZT1 and ZT11.
Tap water was provided AL for all groups. After 4 weeks (28 days) of
TREF, the final experimental condition started, the Revert condition,
during which all animals could eat AL again. After 11 (10.5-11.5)
days of the Revert condition, animals were sacrificed at ZT0, ZT6,
ZT12, or ZT18, and liver, BAT, and soleus and gastrocnemius mus-
cle tissues were snap-frozen in liquid nitrogen and stored at —80 °C.
Trunk blood was also collected and centrifuged at 4,000 rpm, and
plasma was stored at —20 °C.

Body temperature

A subset of 20 animals underwent surgery, during which a temperature
logger (DST nano-T; STAR:ODDI, Gardabaer, Iceland) was implanted
to sample body temperature every 15 minutes for the entire duration of
the experiments. Thus, temperature data were collected during all three
experimental conditions.

Metabolic cages

Another subset of 16 animals was placed in metabolic cages (TSE
Systems, Inc., Midland, Michigan) for the entire duration of the ex-
periments to measure physiological parameters, including locomotor
activity, RER, and food consumption. Food and water were replaced
twice a week for these animals.

EchoMRI analysis

Twenty-seven animals were weighed weekly and had their relative fat
and lean mass percentages measured in the EchoMRI (EchoMRI LLC,
Houston, Texas), a body composition—analyzing device suitable for tis-
sue measurements, throughout the experiment. At the end of the exper-
iment, the remaining left lateral liver lobe and the entire gastrocnemius
muscle of the left leg were taken out entirely in a subset of animals,
weighed, and scanned in the EchoMRI.

Blood metabolites

Blood glucose was measured in plasma using blood-glucose
test strips (FreeStyle-lite; Abbott Diabetes Care, Witney, United
Kingdom). Plasma insulin and corticosterone were measured using
a radioimmunoassay (Millipore, Burlington, Massachusetts). Plasma
nonesterified fatty acid (NEFA) levels were measured as described
previously (21).
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Figure 1 Experimental design and basic physiological measures of the rats. (A) Experimental design. During the experiment, there
were three different phases: (1) the baseline phase, during which all animals had ad libitum (AL) access to food; (2) the time-
restricted feeding (TRF) phase, during which the dark- and light-fed groups had limited access to food; and (3) the Revert phase,
during which all animals had AL access to food again and thus could recover from the TRF phase. During the TRF phase, the
light- and dark-fed animals had access to chow pellets for 10 hours during either the light period (Zeitgeber Time [ZT]1-ZT11) or
the dark period (ZT13-ZT23), respectively. (B) Body weight during the experiment. Animals were weighed weekly, as well as on
the day of sacrifice. (C) Body weight gain during the experiment. (D,E) Body composition of the animals during the experiments.
Relative (D) fat and (E) lean body mass steadily increased and decreased, respectively, during the course of the experiments.
Relative (F) fat and (G) lean tissue mass of the liver and gastrocnemius muscle of the rats after sacrifice. ¥Significant post
hoc difference between dark-fed and light-fed animals. *Significant post hoc difference between Al-fed and light-fed animals.
*P value < 0.05 after Tukey post hoc test. **P value < 0.01 after Tukey post hoc test. (B-E) n = 9 per experimental group. (F,G) For
the liver composition, n =19, n = 15, and n = 15 for the AL, dark-fed, and light-fed animals, respectively. For the gastrocnemius
muscle measures, n = 15, n = 11, and n = 11 for the AL, dark-fed, and light-fed animals, respectively. ns, nonsignificant.
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RNA isolation, complementary DNA synthesis,
and quantitative polymerase chain reaction

Methods to perform RNA isolation, complementary DNA synthe-
sis, and quantitative polymerase chain reaction were as described
previously (18,22). Primer sequences used are listed in Supporting
Information Table S3.

Statistics

Rhythmicity of the physiological parameters RER and body tempera-
ture was determined using SigmaPlot version 14.0 (Systat Software,
San Jose, California), as this software package can account for with-
in-individual (repeated) measurements (RMs). Data were fitted to the
following cosine regression: y = a + b x cos(2n(x — ¢) / 24), in which
a is the mean level, b is the amplitude, and c is the acrophase of the
rhythm.

Rhythmicity of gene expression and plasma metabolites was deter-
mined using the JTK_Cycle version 3.0 script (Hughes Lab, St. Louis,
Missouri) for nonparametric cosine regression, as this software pack-
age is best suited for independent sampling. Graphs were plotted using
GraphPad Prism version 7 (GraphPad Software, San Diego, California).
All other statistics (i.e., the ANOVAs, including their respective post
hoc tests) were executed by using GraphPad Prism version 7.

Results
Body weight

Body weight continuously increased for all three experimental groups
throughout the experiment (Figure 1B; P < 0.0001, P < 0.0001, and
P = 0.0112 for the main effects of Time, Group, and the interaction
Time x Group, respectively; two-way ANOVA). However, the animals
grew at different rates, especially in the first week of TRF, during which
the AL group grew the most, and the light-fed group grew the least
(Figure 1C; P <0.0001, P =0.0088, and P < 0.0001 for the main effects
of Time, Group, and the interaction Time x Group, respectively; two-
way ANOVA).

Body composition

Throughout the experiment, the relative fat mass continuously in-
creased, whereas relative lean mass decreased (Figures 1D-1E; main
effect of Time [P < 0.0001] for both lean and fat mass). No significant
effects of group or Time x Group were found for either whole-body lean
or whole-body fat mass measures.

Tissue composition

After sacrifice, a liver lobe and the entire gastrocnemius muscle were
taken out, weighed, and measured to determine relative fat and lean
mass (Figures 1F-G). Muscle lean and fat mass did not differ among
the three experimental groups, nor did liver fat or lean mass (P > 0.5;
one-way ANOVA).

Food intake

In the baseline (i.e., AL) experimental phase, the three experimen-
tal groups displayed a highly similar pattern of daily feeding behav-
ior, with most food intake during the dark period and two distinct
peaks: one at the beginning and one at the end of the dark period
(Figure 2A).

During the TRF phase, this bimodal eating behavior persisted for the
light- and dark-fed groups, with the obvious difference that light- and
dark-fed animals could only eat during the light and dark periods,
respectively (Figure 2B).

During the Revert phase, the three experimental groups still displayed
different feeding patterns, with the dark-fed animals having the largest
L/D difference and the light-fed animals having the smallest L/D differ-
ence (Figures 2C and 2Q).

Locomotor activity

During the baseline phase, all animals were more active during the dark
period as compared with the light period (Figure 2D; P < 0.0001 for all
three groups; RM two-way ANOVA with Sidak post hoc tests). During
the TRF phase, this L/D difference in activity was lost for the light-fed
animals (Figure 2E and Supporting Information Figure S1; P = 0.5790).
During the Revert phase, all animals were again most active during the
dark period as compared with the light period (Figure 2F; P < 0.0006
for all three groups), but dark-fed animals had the most distinct L/D
difference in activity, and the light-fed animals had the smallest L/D
difference in activity (Figure 2R).

RER findings

During the baseline phase, the experimental groups showed a highly
similar daily rhythm in RER, with the peak in RER during the dark
period at around ZT19 (Figure 2G; P < 0.005 for all groups; cosine
regression and RM two-way ANOVA with Sidak post hoc tests).

In the TRF phase, both the dark-fed and light-fed group showed an
increased amplitude in RER as compared with the AL group, together
with shifted acrophases to ZT21 and ZT9, respectively (Figure 2H).
Moreover, 24-hour mean RER was lower in the dark-fed and light-fed
groups (Figure 20).

During the Revert phase, the acrophases of the dark- and light-fed
animals quickly returned to values similar to that of the AL-fed ani-
mals (Figure 2I and Supporting Information Figure S2C). However,
the light-fed animals persisted in having the peak in RER significantly
earlier during the dark period as compared with the AL-fed and dark-
fed groups (P = 0.0228 and P = 0.0275, respectively; Figure 2I and
Supporting Information Figure S2C). Additionally, a significant main
effect of Group and a significant ZT x Group interaction was found for
the Revert phase (P = 0.0491 and P = 0.0015, respectively; Figure 2I),
with dark-fed animals having an overall lower RER as compared with
AL-fed animals. When comparing the RER in the light period among
the three different groups, dark-fed animals showed significantly
lower RER compared with AL-fed animals and showed a trend toward
lowered RER as compared with light-fed animals (P = 0.0139 and
P = 0.0664, respectively; Figure 2S). Although the 24-hour RER also
showed a significant difference among the groups (P = 0.046) during
the Revert phase, post hoc tests only showed a trend for lowered RER in
the dark-fed group as compared with both AL-fed and light-fed animals
(P =0.071 and P = 0.087 respectively; Figure 20).

Body temperature

During the baseline phase, all animals had higher subcutaneous body
temperature during the dark period as compared with the light period
(Figure 2J; P < 0.0001 for all three groups; RM two-way ANOVA with
Sidak post hoc tests).
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Figure 2 Metabolic parameters (food intake, activity, respiratory exchange ratio [RER], and body temperature) during the
three different experimental phases. Analysis of the (A-C) daily food intake, (D-F) locomotor activity, (G-I) RER, and (J-L)
subcutaneous body temperature of the animals during each of the three experimental phases. Graphs at the left, middle,
and right are the 24-hour traces of the baseline, time-restricted feeding (TRF), and Revert phases, respectively, averaged
per experimental group. (M-P) Average 24-hour values of the metabolic parameters for the three experimental groups. (Q-T)
Difference within the metabolic parameters between light and dark period (L/D) for the ad libitum (AL), dark-fed, and light-fed
animals in the Revert phase. All food intake, activity, and RER values are averages of the last 2 days of each experimental
phase; body temperature values are averages of the last 3 days of each experimental phase. Locomotor activity is presented
as arbitrary units (AU). ***P < 0.0001, **P < 0.001, **P < 0.01, and *P < 0.05 after Tukey post hoc test. Shaded areas
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and light-fed animals, respectively. L/D, light/dark; ns, nonsignificant; ZT, Zeitgeber Time.
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During the TRF phase, this L/D difference in body temperature was
lost for the light-fed animals (Figure 2K and Supporting Information
Figure S3; P =0.3285). However, cosinor analysis indicated that during
the TRF phase, the body temperature was still significantly rhythmic
for light-fed animals, but the amplitude of the rhythm was drastically
reduced, and the acrophase was phase-advanced by ~6 hours to ZT12
(Supporting Information Figures S2E-S2F).

During the Revert phase, light-fed animals persisted in having higher
body temperature during the light period when compared with AL-fed
animals (Figure 2T; P = 0.0247; two-way ANOVA using Tukey post
hoc tests). In line with this finding, cosinor analysis indicated that
11 days after the reversion to AL feeding, the peak in body temperature
was still phase-advanced for the light-fed group, compared with both
AL-fed and dark-fed animals (Supporting Information Figure S2F).

Supporting Information Figures S4-S5 depict the same metabolic mea-
sures (food intake, locomotor activity, RER, and body temperature) as
Figures 2A-2T but are organized in a within-group manner instead of in
a between-group manner (used in Figures 2A-2T).

Plasma metabolites

Although two-way ANOVA showed that plasma levels of glucose, in-
sulin, NEFAs, and corticosterone all showed an effect of ZT, significant
rhythms were only found for glucose (AL-fed), NEFAs (dark-fed and
light-fed), and corticosterone (dark-fed) (Figure 3, Table 1), and trends
for rhythmicity for the AL-fed group were observed for NEFAs and
corticosterone.

Gene expression profiles

Liver. Several clock and metabolic genes in the liver of light-fed
animals had not yet fully recovered their normal daily rhythm, (i.e.,
they differed significantly from the AL control group, after 11 days of
AL feeding in the Revert phase) (Figures 4-5, Supporting Information
Figure S6, Table 2, and Supporting Information Table S1). Compared
with the AL feeding condition, light-fed animals showed a 3-hour shift
in the acrophase for Cry2, Perl, Per2, and albumin D-site-binding
protein (Dbp). Gene expression of the dark-fed group showed a gain
of rhythm for circadian locomotor output cycles kaput (Clock) and
a 3-hour shift in the Per2 acrophase as compared with the AL-fed
control group. Compared with AL feeding, fatty acid synthase, lipin,
and pyruvate dehydrogenase kinase 4 (Pdk4) showed a loss of rhythm,
whereas peroxisome proliferator—activated receptor y coactivator 1 o
(Pgcla) showed a gain of rhythm in the light-fed group. Nocturnin
(Noct), glucose transporter 2, and carnitine palmitoyltransferase la
(Cptla) showed 3-hour shifts for the light-fed group, whereas for the
dark-fed groups, 3-hour shifts were observed for fatty acid synthase,
glucokinase, phosphoglycerate kinase, and Cpt!a.

BAT findings. Gene expression profiles of the molecular-clock
components in BAT of dark-fed and light-fed animals had largely
recovered toward the normal rhythm of the AL-fed animals. Compared
with the AL group, dark-fed animals showed a 3-hour shift in the
acrophase for Per2 only (Figure 4 and Table 2). In the light-fed group,
no differences as compared with the AL group were found in the clock
genes. Of the metabolic genes tested, a loss of rhythm was observed for
carnitine palmitoyltransferase 1b (Cptib) (dark-fed & light-fed), Noct
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Figure 3 After-effects of 4 weeks of time-restricted feeding (TRF) on daily profiles of plasma metabolite levels.
Plasma levels of (A) glucose, (B) insulin, (C) nonesterified fatty acids (NEFA), and (D) corticosterone in the rats
11 days after the reversion to AL feeding conditions. Shaded areas represent the dark period. N = 4 x 6 per time

point and experimental group. ZT, Zeitgeber Time.
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TABLE 1 After-effects of 4 weeks of TRF on plasma metabolites 11 days after return to AL feeding

Two-way ANOVA (P value)

JTK_Cycle (acrophase in ZT)

JTK_Cycle (P value)

Plasma metabolite ZT TRF ZT x TRF AlL-fed Dark-fed Light-fed AL-fed Dark-fed Light-fed
Glucose 0.022 0.697 0.673 15 NR NR 0.036 0.321 0.769
Insulin 0.026 0.774 0.580 NR NR NR 0.379 0.176 0.423
NEFA 0.000 0.0826  0.010 NR 9 6 0.083 0.002 0.008
Corticosterone 0.001 0.576 0.196 NR 12 NR 0.056 0.007 0.718

Rhythmic analysis of the data presented in Figure 3 was performed by JTK_Cycle. The acrophases (in ZT) are only given for metabolites that are significantly rhythmic (P < 0.05).

0.000 = P < 0.0001. Significant P values (P < 0.05) are formatted in bold.

AL, ad libitum; NEFA, nonesterified fatty acid; NR, not significantly rhythmic; TRF, time-restricted feeding; ZT, Zeitgeber Time.

(light-fed), and peroxisome proliferator—activated receptor o (Pgcla)
(dark-fed & light-fed), whereas a gain of rhythm was observed for Pdk4
(dark-fed), peroxisome proliferator—activated receptor y coactivator 1
B (Pgclb) and uncoupling protein 3 (Ucp3) (dark-fed & light-fed).
Compared with AL feeding, 3-hour shifts in the acrophase were found
for Noct (dark-fed) and Pgcla (light-fed).

Soleus. Daily clock-gene expression rhythms in the soleus muscle
were not fully recovered yet in either TRF group. In the light-fed group,
only Bmall and Cry2 had an expression pattern similar to AL conditions.
Expression of Clock was not rhythmic anymore and 3-hour shifts in the
acrophase were found for Cryl, Perl, Per2, Reverba, and Dbp (Figure 4
and Table 2). In the dark-fed group, Cry2 showed a loss of its rhythmic
expression, and 3-hour shifts were observed in the acrophase for Clock,
Per2, and Reverba. Additionally, in the dark-fed animals, the overall
daily mean expression level of Clock was higher as compared with the AL
group, and the overall daily mean expression level of Bmall was higher
as compared with the light-fed animals (two-way ANOVA with Tukey
post hoc tests; Supporting Information Table S2). Of the metabolic genes
tested, a loss of thythm was observed for Cptla (dark-fed), Pgcla (dark-
fed & light-fed), and Pgclb (light-fed), whereas a gain of rhythm was
observed for Hexokinase 11, Sarcolipin, and sterol regulatory element—
binding transcription factor 1c (SrebfIc) (dark-fed). Compared with AL
feeding, 3-hour shifts were found for Pdk4 (light-fed) and Pgclb (dark-
fed), and a 6-hour shift was found for Cpt/a (light-fed).

Gastrocnemius. In addition, in the gastrocnemius muscle, several
of the clock genes in the TRF groups had not yet completely recovered
their daily rhythm to that of AL feeding (Figure 4 and Table 2). In the
dark-fed group, Cry2 had lost its rhythmic expression. In the light-
fed group both Clock and Cry2 had lost their rhythmic expression.
Additionally, compared with the AL feeding conditions, the light-fed
group displayed 3-hour shifts in the acrophase for Cryl, Perl, and
Dbp. Of the metabolic genes tested, a gain of rhythm was observed for
Noct (light-fed & dark-fed) and Srebfic (dark-fed), whereas rhythmic
expression of Pdk4 was lost in the light-fed group. Compared with AL
feeding, 3-hour shifts were observed for trehalase 2/Bub2/cell division
cycle 16 domain family member 1 (Tbcldl), Pgcla, and the myogenic
differentiation gene (MyoD) in the dark-fed group.

Discussion

We characterized in rats the after-effects of TRF on a molecular as well
as systemic level in four different metabolically important peripheral

tissues (liver, BAT, and soleus and gastrocnemius muscle). Eleven days
after returning to AL feeding, TRF animals still differed from AL an-
imals in several metabolic parameters. RER levels were lower during
a part of the light period in the dark-fed group as compared with both
the light- and AL-fed animals. Furthermore, in both the dark- and light-
fed groups, the daily rhythm in plasma glucose levels was abolished,
whereas plasma levels of NEFAs became rhythmic. In addition, at the
molecular level, the effects of TRF persisted until 11 days after return-
ing to the AL feeding condition. Importantly, these after-effects of TRF
on the molecular clock and metabolic gene expression were both tissue
and gene dependent.

Physiological measures and their relation and
meaning

At the end of the Revert phase, feeding behavior, activity, body tem-
perature, and RER had not yet fully recovered to AL feeding condi-
tions (Figures 2C, 2F, 21, and 2L), indicating persisting changes in the
daily rhythms of these measures. RER, for example, was lower in dark-
fed animals during the light period (Figures 20 and 2S), whereas in the
light-fed animals, a phase advance in body temperature and RER per-
sisted (Supporting Information Figures S2C and S2F). Most of these
persisting effects were found in the dark-fed group and confirmed an
increased day/night difference in these measures. Although body com-
position was mostly not significantly different among the three groups,
dark-fed animals displayed the highest fat mass and lowest lean body
mass throughout the TRF phase (Figures 1D-1E). It was only during
the fourth week of TRF that lean body mass significantly differed be-
tween the dark-fed and light-fed animals, but this effect was abolished
after 1 week of the Revert phase. Tissue fat/lean composition of the
liver and gastrocnemius did not differ after 11 days of Revert feed-
ing (Figures 1F-1G). However, because we only performed a single
measurement on these measures at the very end of the experiment, we
were unable to determine if the changes in whole-body composition
observed during the TRF phase were caused by the liver and gastrocne-
mius muscle or by changes in other tissues, such as the adipose depots.

Taken together, our results imply that the after-effects of the TRF reg-
imen on these metabolic measures were most pronounced in the dark-
fed animals and can be thought of as beneficial for health, as decreased
RER (indicative of increased lipid substrate usage), increased lean body
mass, and strengthened biological rhythms are associated with health
benefits (20,23). Although mostly not significant, in the light-fed ani-
mals, the day/night amplitude during the Revert phase was reduced
for food intake, activity, and body temperature (Figures 2Q-2T).
As reduced biological rhythms are associated with disease, the
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Figure 4 After-effects of 4 weeks of time-restricted feeding (TRF) on expression profiles of clock genes and the clock-
controlled gene albumin D-site-binding protein (Dbp) in liver, brown adipose tissue (BAT), and soleus and gastrocnemius
tissues in rats 11 days after the reversion to ad libitum (AL) feeding conditions. Shaded areas represent the dark period.
N = 4 x 6 per time point and experimental group. *Difference in rhythmicity compared with AL feeding conditions (gain/loss
of rhythm). ®Difference in the acrophase compared with AL feeding conditions. Bmal7, brain and muscle aryl hydrocarbon
receptor nuclear translocator-like factor 1; Clock, circadian locomotor output cycles kaput; Cry, cryptochrome; Dbp, aloumin
D-site-binding protein; Reverba, nuclear receptor subfamily 1, group D «; ZT, Zeitgeber Time.
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Figure 5 After-effects of 4 weeks of time-restricted feeding (TRF) on expression profiles of metabolic genes in liver, brown
adipose tissue (BAT), and soleus and gastrocnemius tissues in rats 11 days after the reversion to ad libitum (AL) feeding
conditions. Shaded areas represent the dark period. N = 4 x 6 per time point and experimental group. *Difference in
rhythmicity compared with AL feeding conditions (gain/loss of rhythm). SDifference in the acrophase compared with AL
feeding conditions. Fas, fatty acid synthase; Glut, glucose transporter; Pgc, peroxisome proliferator—activated receptor
y coactivator; Pdk, pyruvate dehydrogenase kinase; Srebf, sterol regulatory element-binding protein; Tbc1d1, trehalase
2/Bub2/cell division cycle 16 domain family member 1; Ucp, uncoupling protein; ZT, Zeitgeber Time.
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after-effects of light-period feeding could indicate metabolic health
complications or at least increased vulnerability (13,24).

Furthermore, our continuous metabolic cage and body temperature mea-
surements showed that the changes in RER amplitude were established
more quickly than the amplitude changes in body temperature in the light-
fed animals (Supporting Information Figures S1B and S1E). Additionally,
the change in the RER acrophase in the light-fed animals was established
more quickly after the transition from AL feeding to TRF compared with
the transition from TRF back to AL feeding. In fact, 11 days after return-
ing to AL feeding, this acrophase still had not fully recovered (Supporting
Information Figure S2C). Taken together, our results indicate that align-
ment of the TRF protocol with the natural sleep/wake cycle has long-
lasting effects on health that can be considered as beneficial, whereas
misalignment of the TRF protocol with the natural sleep/wake cycle has
long-lasting effects that eventually could lead to metabolic health com-
plications. Moreover, the alterations from AL feeding to the TRF phase
were established more quickly than those back from the TRF phase to AL
feeding in the Revert phase, which could mean that constantly changing
work shifts, as frequently occurs in, for example, nurses, does not allow
for a full recovery of physiological rhythms during free days.

Last, it should be noted that locomotor activity, RER, and body tem-
perature all strongly depend on food intake; therefore, the persisting
effects on these measures of whole-body metabolism could be the result
of the incomplete recovery of the feeding behavior.

Clock-gene expression

Only Bmall expression had fully recovered in all four tissues tested,
whereas the rhythmic expression of Clock, Cry2, Perl, Per2 and
Dbp had still not fully recovered in 3 out of the 4 tissues investigated.
The tissue-dependent effects are clearly demonstrated by the finding
that in soleus muscle, 10 out of the 16 expression rhythms investigated
were still changed, whereas in liver, gastrocnemius muscle, and BAT
respectively, six, five, and one expression pattern(s) had not yet recov-
ered completely. Thus, of the four peripheral tissues tested here, BAT
appears to have recovered most quickly from the TRF phase, as only
Per2 still showed a 3-hour shift in the dark-fed groups. Previously, we
showed that after 5 weeks of light-period TRF, clock-gene expression
rhythms in BAT had shifted by several hours (6-9 hours) for most of
the clock genes tested, whereas the liver showed completely antiphasic
rhythms. In the soleus and gastrocnemius muscles, the daily rhythms
in clock-gene expression were completely abolished, with the excep-
tion of Reverba in gastrocnemius muscle (25-28). Therefore, a possible
explanation for the quick recovery of BAT rhythms is that during TRF
conditions, the BAT clock is least affected, and recovery of the BAT
clock thus takes less time. Another explanation could be that the dif-
ferent tissues respond differently to the TRF-induced changes of feed-
ing behavior and locomotor activity. It has been suggested that feeding
affects mostly the liver clock and locomotor activity, especially the
muscle clock (22,29-34). Therefore, experiments that can specifically
manipulate activity behavior, without affecting feeding rhythms, should
be performed to better understand the separate influences of feeding
and activity on the peripheral clocks. Examples of such experiments
could be time-restricted access to a running wheel, with or without
manipulating feeding behavior at the same time.

Metabolic gene expression
An important output of peripheral clocks is the expressional (mRNA/
protein/posttranslational) regulation of (glucose/lipid) metabolic

After-Effects of Time-Restricted Feeding de Goede et al.

processes to anticipate the time-of-day—dependent alterations in sub-
strate preferences. Our finding of after-effects in metabolic gene ex-
pression in the four tested tissues are thus in line with the after-effects
both in the peripheral clocks and in the physiological measures. Similar
to the clock genes, the metabolic genes are affected in both a tissue-
and gene-dependent manner, likely depending on both the alterations
of the peripheral clock and the specific needs regarding substrate use
within the tissues. For example, Pdk4, which acts like a switch between
glucose and lipid metabolism, showed after-effects in all four tissues,
whereas transcription factor Srebflc, important for both glucose and
lipid metabolism, was only altered in the two skeletal muscles. In ad-
dition, differences were found between the two muscle types, as, for
example, metabolic regulator Noct became rhythmic only in the gastroc-
nemius muscle, whereas Tbcldl (important for glucose transporter 4
translocation) was shifted by 3 hours for dark-fed animals in gastrocne-
mius muscle, but was not significantly rhythmic in any group in soleus
muscle. A consequence of the differential effects on metabolic gene ex-
pression among these four tissues is a disturbed balance between sub-
strate demand (mainly muscles, but also BAT for thermogenesis) and
substrate supply (liver, white adipose tissue). Our results on liver and
gastrocnemius fat and lean composition at the end of the experiment
do not reflect such changes of metabolic substrates (Figures 1F-1G),
but the results on whole-body fat and lean mass composition do in-
dicate such changes. As lipid and glucose substrate demand is
highly dependent on the time of day, long-lasting alterations in both
the molecular clock (which is an important regulator of these time-
dependent changes in metabolism) and metabolic genes themselves
could lead to inefficient metabolism and ultimately metabolic diseases.

Other studies on the long-term effects of shift work
Although many groups have studied the effects of shift work on me-
tabolism in both humans and rodents, the after-effects of shift work
have been studied only rarely. We could find only one study on the
molecular clock, in which after several weeks of shift work, animals
were allowed to recover from the shift-work protocol. In this study,
rats were subjected to forced activity in the sleep period for 5 days
a week, instead of food restriction (i.e., food was available AL) (35).
After 4 weeks, the shift-work paradigm was ended, and animals could
recover for 3, 5, or 7 days, after which they were sacrificed at four dif-
ferent time points along the L/D cycle to measure liver gene expres-
sion. The authors reported that several clock and metabolic genes did
not fully recover to control conditions within 7 days of the recovery
period. Similar to our results, they found that hepatic expression of
Bmall was restored at the end of the 7-day recovery period, whereas
Per2 was not. Unfortunately, this study did not provide data on other
tissues or on metabolic phenotypes other than food intake and activity
(which quickly and fully returned to control conditions). In another
study, using a slightly different experimental setup, mice could eat a
diet rich in fat and were placed on a 5-day dark-period TRF regimen
followed by 2 days of AL feeding (i.e., similar to some human inter-
mittent fasting protocols), which protected them from the weight gain
seen in animals that could eat AL (36). Although this study did not
characterize possible alterations in the molecular clock, the results are
in line with the current ones, as they imply that it is not strictly nec-
essary to adhere to TRF on a daily basis to reap its beneficial effects.

Clinical relevance
Epidemiological studies have found that rotating night-shift work in-
creased the risk of T2DM (7,9). Moreover, experimental studies have
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found that simulation of shift work as well as circadian misalignment
by itself can impair glucose metabolism and insulin sensitivity (37-41).
It is therefore essential to characterize whether and (if yes) how quickly
disturbed rhythms that result from shift work can recover. Our results
indicate that (partial) recovery from long-lasting TRF conditions is pos-
sible at the whole-body, systemic, and molecular-clock levels. Although
not all measures reported here had fully recovered after 11 days, most
of them recovered within a few days. It should be stressed that these
persisting deviations from AL conditions are not unhealthy per se. TRF
during the active period is often associated with metabolic health im-
provements, whereas TRF during the inactive phase is associated with
negative effects on health outcomes (13,14). It is therefore expected
that the after-effects in the dark-fed group are beneficial, whereas the
after-effects in the light-fed group are mainly harmful for metabolic
health. Although studies in humans have indicated that shift work alters
rhythms in both core body temperature and gene expression in blood
cells, no studies have been performed yet on the recovery of such alter-
ations (42,43). Therefore, studies in humans are necessary to determine
how quickly disturbed rhythms in physiology and clock-gene expres-
sion recover after shift work.

Conclusion

Our data show that following 4 weeks of simulated shift work by day-
time TRE, persisting metabolic changes (food intake, activity, RER,
plasma glucose, and NEFAs) can still be found, even 11 days after
return to AL feeding. Additionally, the molecular clocks in the liver,
BAT, and soleus and gastrocnemius muscles had not yet completely
recovered from the TRF conditions. Importantly, these persisting ef-
fects of the TRF protocol were both tissue and clock gene dependent,
with BAT displaying the most and soleus muscle displaying the least
recovery. As the specific outputs of the molecular clock govern a wide
variety of metabolic processes, including many lipid and glucose met-
abolic pathways, these differences in recovery could have implications
for the synchrony between the metabolic supply and demands of the
different tissues. This persisting desynchrony between different meta-
bolic tissues is probably an important risk factor for the development of
metabolic disorders, including (pre)diabetes.

Therefore, optimized protocols for shift workers should be designed in
which the amount of shift days and nonworking/resting days are bal-
anced in such a way that the detrimental effects of shift work on meta-
bolic health are minimized.

Contrasting, persisting effects in the dark-fed TRF group (food intake,
activity, RER, and both clock-gene and metabolic-gene expression in
the four different tissues) likely reflect positive effects on health, as
they often included strengthened rhythms or increased lipid oxidation.
The persistence of these positive effects could mean that when par-
taking in TRF as a lifestyle program to improve health, TRF should
be timed in the active period, but it is not strictly necessary to adhere
to the TRF regimen every single day, which probably would make
it easier for participants to successfully comply with such a lifestyle
program.O
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