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Abstract

In humans, exercise-induced thermogenesis is a markedly variable component
of total energy expenditure, which had been acutely affected worldwide by
COVID-19 pandemic-related lockdowns. We hypothesized that dietary macronu-
trient composition may affect metabolic adaptation/fuel selection in response to
an acute decrease in voluntary activity. Using mice fed short-term high-fat diet
(HFD) compared to low-fat diet (LFD)-fed mice, we evaluated whole-body fuel
utilization by metabolic cages before and 3 days after omitting a voluntary run-
ning wheel in the cage. Short-term (24-48 h) HFD was sufficient to increase en-
ergy intake, fat oxidation, and decrease carbohydrate oxidation. Running wheel
omission did not change energy intake, but resulted in a significant 50% decrease
in total activity and a ~20% in energy expenditure in the active phase (night-time),
compared to the period with wheel, irrespective of the dietary composition, re-
sulting in significant weight gain. Yet, while in LFD wheel omission significantly
decreased active phase fat oxidation, thereby trending to increase respiratory ex-
change ratio (RER), in HFD it diminished active phase carbohydrate oxidation.
In conclusion, acute decrease in voluntary activity resulted in positive energy
balance in mice on both diets, and decreased oxidation of the minor energy (ma-
cronutrient) fuel source, demonstrating that dietary macronutrient composition
determines fuel utilization choices under conditions of acute changes in ener-

getic demand.
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1 | INTRODUCTION O'Donovan et al., 2010; Piercy et al., 2018; Singh et al.,
2020). Physical activity promotes weight loss, lowers gly-
cated hemoglobin and blood pressure, and improves lipid
disorders (Gerstein, 2013; Knowler et al., 2002), effects

which are mainly mediated by a reduction in the degree

Regular physical activity has beneficial effects on multiple
aspects of health, and is recommended, by various health
organizations, for the general population (Chung, 2020;
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of insulin resistance (Myers et al., 2019). Moreover, when
voluntary running wheel freely allowed, it protected
C57BL/6J mice from high-fat diet (HFD)-induced expres-
sion of pro-inflammatory cytokines, chemokines, and
liver macrophage infiltration (Gehrke et al., 2019).

How voluntary energy expenditure (VEE) interacts
with dietary energy sources through oxidation (mainly
lipid and carbohydrate) is a field of active research
(Purdom et al., 2018). In mice, exercise, particularly after
feeding, minimized increases in body and adipose tissue
weights induced by HFD (Sasaki et al., 2014). In humans
increased fat oxidation was induced by aerobic physical ac-
tivity during short-term HFD, even a single high-fat meal
(Gregory et al., 2011; Hansen et al., 2007). Longer adapta-
tion to HFD in a 7 weeks study resulted in increased fat
oxidation during aerobic exercise in untrained male par-
ticipants, attributed to utilization of plasma triglycerides
(Helge et al., 2001). Taken together, HFD increases reli-
ance on fat oxidation, and decreases carbohydrate oxida-
tion during submaximal exercise, demonstrating a close
link between dietary composition and skeletal muscle fuel
selection during exercise (Howard & Margolis, 2020).

The recurrent lockdowns that characterize the current
COVID-19 pandemic greatly impacted lifestyle patterns,
with many reporting negative effects on eating and physi-
cal activity, resulting in weight gain (Ferrante et al., 2020;
Robinson et al., 2021; Zachary et al., 2020). Interestingly,
in contrast to the well-studied beneficial effects of initi-
ating physical activity on fuel selection and weight regu-
lation, much less is known about the metabolic response
to acute reduction in VEE, as occurs during lockdowns,
and how it interacts with dietary composition. Using mice
and metabolic cages, we assessed whole-body fuel utiliza-
tion and fuel oxidation selection before and after omitting
a voluntary running wheel. We hypothesized that dietary
energy source may shape the metabolic adaptation to
acute decrease in VEE.

2 | MATERIALS AND METHODS

2.1 | Animals

The study was approved in advance by Ben-Gurion
University Institutional Animal Care and Use Committee
(IL-28-06-2017), and was conducted according to the Israeli
Animal Welfare Act following the guidelines of the Guide
for Care and Use of Laboratory Animals (National Research
Council 1996). Five-week-old male C57BL/6J mice (Envigo
Laboratories, Rehovot, Israel) were housed, 2 mice/cage in a
room with constant temperature (23 + 3°C) and relative hu-
midity, water and food ad-libitum, and with a 12/12 h light/
dark cycle (inactive/active phase, respectively). Mice were fed

New & noteworthy

Acute decrease in voluntary activity resulted in
positive energy balance in mice on both low- and
high-fat diets (LFD, HFD, respectively). Yet, di-
etary macronutrient composition determined
fuel selection adaptation: mice on LFD decreased
fat oxidation during the active phase of the day,
while those on HFD reduced carbohydrate oxida-
tion. Thus, acute decrease in voluntary activity
decreased oxidation of the minor calorie macro-
nutrient source in either diet.

low-fat diet (LFD) containing 10% energy from fat (D124507,
Research Diets, Inc., New Brunswick, USA) for a 2 week
period, after which they were transferred to Promethion
High-Definition Behavioral Phenotyping System (Sable
Instruments, Inc., Las Vegas, NV, USA). Mice were divided
randomly into two groups: a control group that continued
to consume LFD, and a group fed with HFD containing
60% energy from fat (D12492, Research Diets, Inc.). The
two diets’ composition was identical, apart for corn starch
(506 and 0 g/Kg) and Lard (20 and 245 g/Kg) for LFD and
HFD, respectively. Twenty-four hours acclimation period
with a free access to food and water and standard 12/12 h
light/dark cycle were followed by 72 h sampling duration,
after which free-running wheel device was omitted from the
cages, and metabolic recording continued for an additional
72 h (Figure 1la). Data acquisition and instrument control
were performed using MetaScreen software version 2.2.18.0,
and the obtained raw data were processed using ExpeData
version 1.8.6. Measurement of respiratory gases (3 min inter-
val) was performed by the GA-3 gas analyzer (Sable Systems,
Inc., Las Vegas, NV, USA) using a pull-mode, negative-
pressure system. FR-8 (Sable Systems, Inc.) controlled and
measured the air flow with a rate of 2000 mL/min. Animal
positions as well as ambulatory and voluntary activities were
monitored simultaneously by calorimetry data collection
using the XYZ beam arrays with a beam spacing of 0.25 cm
and with or without running wheel in the cage.

2.2 | Metabolic calculations

RER (respiratory exchange rate), total carbohydrate,
and fat oxidation (g/h) were computed from Vg, (L/h)
to Vg, (L/h) using stoichiometric equations, with the
assumption that protein oxidation during exercise
was negligible, as follows: Respiratory exchange rate
(RER) = V(,/Vo, (O'Hara et al., 2017); Carbohydrate
oxidation g/h = 4.585 X Vg, — 3.23 X V,; Fat oxidation
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FIGURE 1 Acute HFD induces a shift in whole-body fuel utilization. (a) Scheme of study protocol. (b,c) Energy intake and (d,e) Energy
expenditure of LFD and HFD mice during active (night) and inactive (day) phases. (b and d) Are hourly averages of energy intake/energy
expenditure in each 4-h interval, and (c and d) are hourly averages of energy intake/energy expenditure per 12 h of active/inactive phases.
(f) Hourly average RER of LFD and HFD mice during 12 h of active/inactive phases. Hourly averages of carbohydrate (g) and fatty acid (h)
oxidation every 4 h in LFD and HFD mice. Data represent the mean + SEM from eight mice per group. */**p < 0.05/0.01 within the dietary

groups, bar + */**p < 0.05/0.01 between the dietary groups

g/h=1.69 XV, —1.69 XV, (O'Haraetal.,2017). Energy
intake was calculated, in Kcal/h, as Food intake X calo-
ries per gram. Energy expenditure (EE) was calculated as
Vo, X (3.815 + 1.232 X RER). Body weight was measured
before introducing the running wheel, when taking it out
of the metabolic cages, and at the end of the study. Given
the short duration of the intervention and small differ-
ences in body weight between the groups, measurements
were not adjusted to body weight.

2.3 | Statistical analysis

Analyses were performed by using GraphPad Prism
9.1.0. Statistical significance was examined using:

non-parametric unpaired Mann-Whitney U test between
mice's groups LFD versus HFD, and non-parametric
paired Wilcoxon test between groups with wheel versus
without wheel; and active phase (night) versus inactive
phase (day). A p <0.05 was considered to be a statistically
significant difference. All data shown are mean + SEM.

3 | RESULTS

3.1 | Rapid metabolic adaptation to HFD

Seven-week-old C57BL/6J mice were placed individually
in metabolic cages after a 2-week adaptation to LFD and
4 days adaptation to metabolic cages, and then fed either
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LFD or HFD (Figure 1a). The initial 3 days of dietary in-
tervention were in the presence of a free-running wheel,
to allow mice to run ad-libitum, after which the wheel was
taken out of the cage, and metabolic cage recordings con-
tinued for an additional 3 d period (Figure 1a).

Mice on either diet exhibited a significant diurnal
(day-night/inactive-active phase, respectively) difference
in Energy Intake (EI, Figure 1b,c), Energy Expenditure
(EE, Figure 1d,e), and in the respiratory exchange ratio
(RER, Figure 1f). Yet, mice switched to HFD, compared
to mice continuously fed LFD, displayed a significant in-
crease in EI and in EE, in both the active and inactive
phases of the day. Interestingly, the magnitude of this
increment was grater in EI compared with EE in both
day phases. In addition, within 24-48 h of initiating
HFD (i.e., day 2), a significant shift in fuel utilization
was observed: respiratory exchange rate (RER) signifi-
cantly declined by HFD during both active and non-
active phases (Figure 1f), and the inactive-active phase
difference significantly diminished compared to LFD
mice. This is consistent with lower metabolic flexibility
and a greater relative reliance on fat oxidation through-
out the day. Indeed, short-term HFD-induced marked
change in calculated carbohydrate and fat oxidation
rates (Figure 1gh, respectively): Mice on LFD relied
more on fat oxidation during inactive (day, sleep) phase
and on carbohydrate oxidation during the active (night,
feeding) phase. In contrast, HFD induced a marked re-
liance on fat oxidation for energy production, and the
inactive-active difference in fuel selection was markedly
attenuated compared to mice on LFD.
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3.2 | Running wheel omission equally
diminishes active phase (night-time)
activity in LFD and HFD mice

During the first 3d on either LFD or HFD, the metabolic
cages included a free-running wheel. Mice on either diet
mainly utilized the wheel during the active phase of the
day (night), increasing the wheel running distance by
>fivefold compared to the day/inactive phase, reaching
~550 m/12 h (Figure 2a,b). Omitting the wheel from the
metabolic cages in subsequent 3 d of measurement simi-
larly affected mice on both diets, as both LFD (Figure 2c,e)
and HFD (Figure 2d,f) mice decreased total activity dur-
ing the active phase (night) by ~50%.

3.3 | Effect of dietary composition on the
metabolic adaptation to acute decrease in
voluntary activity

We next determined how the acute decline in active
phase (night-time) voluntary activity induced by running
wheel omission affected energy intake, expenditure, and
fuel utilization in mice on either LFD or HFD. The trend
for increased EI in HFD compared to LFD mice (Figure
1b,c) was still evident in the active phase regardless of
the presence of the wheel (Figure 3a). Interestingly, mice
on either diet did not, on average, acutely decrease their
active phase EI upon wheel omission, despite the acute
decline in total activity. Yet, EE during the active phase
significantly declined after wheel omission compared to
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FIGURE 3 Effect of running wheel
omission on energy intake and energy
expenditure during the active day phase.
Hourly average of energy intake (a) and
energy expenditure (b) in the active phase
(night) in LFD and HFD mice with (black
circles) or without (white circles) the
presence of running- wheel. (c) Three-day
change in body weight with (black circles)
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FIGURE 4 Effect of acute decrease
in voluntary activity on fuel utilization in
LFD and HFD mice. Hourly average RER
(a), fatty acid (b), and carbohydrate (c)
oxidation during active phase (night) in
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EE when running wheel was present, regardless of the
diet (Figure 3b). There was a comparable positive en-
ergy balance in both groups caused by wheel omission,
with active phase energy balance increasing by 1.15 and
0.76 Kcal/12 h for LFD and HFD mice, respectively,
p = 0.819. Correspondingly, wheel omission significantly
increased 3 d weight gain in both LFD and HFD mice
compared to weight gain in the preceding, 3 d with wheel,
period (Figure 3c). Thus, acute decline in voluntary activ-
ity during the active phase decreased active phase EE but
not EI resulting in positive energy balance and increased

o
- e
. §ﬁ
LFD HFD

weight gain during the active phase of the day, irrespec-
tive of dietary macronutrient composition.

We next evaluated how an acute decline in voluntary
activity during the active phase of the day, as modeled
by wheel omission, affected fuel utilization. Active phase
RER trended to increase in mice on LFD, and exhibited a
minor decline in mice on HFD (Figure 4a). Interestingly,
this trend to increase RER in the LFD mice in response to
wheel omission could be attributed to a significantly de-
creased fat oxidation during the active phase of the day
(Figure 4b), without significantly affecting carbohydrate

HFD

Active phase (night) carbohydrate oxidation
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oxidation (Figure 4c). In HFD mice an acute decrease in
voluntary activity during the active phase of the day di-
minished significantly carbohydrate oxidation (Figure
4c¢), with no significant effect on fat oxidation (Figure 4b).
Thus, in mice on either diet, utilization of the minor di-
etary fuel source was diminished by acute decrease in vol-
untary activity during the active phase.

4 | DISCUSSION

In the current study we evaluated changes in fuel oxida-
tion selection when omitting free-running wheel in mice
fed either LFD or HFD. When running wheel was freely
used, mice on HFD for >24 h significantly increased both
EI and EE in the active (night) and inactive (day) phases,
and switched to energy utilization predominated by fat
oxidation. Following running wheel omission, mice on
either LFD or HFD similarly decreased total activity dur-
ing the active phase by ~50%, but did not acutely decrease
their active phase EI, resulting in positive energy balance
and significantly increased weight gain. Change in fuel
utilization depended on dietary composition: wheel omis-
sion in LFD mice significantly decreased active phase fat
oxidation, while it diminished active phase carbohydrate
oxidation in HFD. Thus, dietary composition determined
fuel selection, with acute decrease in VEE reducing oxida-
tion of the minor dietary energy source.

Consistent with our results, previous studies demon-
strated that short and longer-term HFD increases both EI
and EE, with augmented fat oxidation and consequently
reduced RER (Brown et al., 1985; Burke et al., 2021; Che
et al., 2021; Gregory et al., 2011; Hansen et al., 2007; Helge
et al., 2001; Sasaki et al., 2014). This is driven by increased
utilization of intramuscular and plasma triglyceride/non-
esterified fatty acids stores (Helge et al., 2001; Howard &
Margolis, 2020). These observations were confirmed in
mouse models (Brown et al., 1985; Sasaki et al., 2014) as
well as in human studies (Burke et al., 2021; Che et al.,
2021; Gregory et al., 2011; Hansen et al., 2007; Helge et al.,
2001). Yet, the wheel-omission-mediated fuel oxidation
changes are beyond merely reflecting the diet, since both
diets, though to different proportions, include both carbo-
hydrates and fat, and it is the wheel omission that decreased
fuel oxidation specifically of the minor nutritional source,
which had been utilized under conditions of greater energy
demand. In support of the effect of dietary composition on
fuel selection for oxidation, a recent report demonstrated
that supplementing moderately HFD with monosaccha-
rides (fructose and glucose), resulted in higher mean RER
during the active phase (Bouwman et al., 2020).

In contrast to the established documentation of macro-
nutrient utilization during exercise, we did not find reports

evaluating the metabolic effects of acute reduction in VEE.
Our finding that on either diet wheel omission resulted in
positive energy balance and weight gain may model acute
reduction in physical activity, as occurred worldwide during
recurrent lockdowns in the COVID-19 pandemic. Indeed,
studies that evaluated lifestyle changes during lockdowns
demonstrated negative effects on eating and physical activity,
resulting in weight gain in the general population (Ferrante
et al., 2020; Micheletti Cremasco et al., 2021; Robinson et al.,
2021; Zachary et al., 2020), and specifically in youths (Jia
et al., 2021) and adolescents (Androutsos et al., 2021). These
detrimental effects reinforce the value of interventions like
online structured physical activity programs to restore VEE
(Constantini et al., 2021).

Our study has several limitations. First, we evaluated
the mice following wheel omission for 3 d only. Thus, we
cannot exclude the possibility that with longer time EI
would have declined, making energy balance less posi-
tive or even neutral. However, a recent survey reporting
that reduced physical activity is a risk factor for weight
gain during self-quarantine (Zachary et al., 2020) may
serve as an indirect support to our findings, as it suggests
that a longer period of reduction in VEE does not signifi-
cantly reduce the positive energy balance. Moreover, we
did not evaluate switching HFD-fed-mice back to LFD,
or re-introducing the running wheel. Possibly, switch-
ing HFD-fed-mice back to LFD may result in gradual
change to the oxidation pattern as seen in LFD-fed-mice,
and re-introducing the running wheel may increase EE,
moderating or reversing the positive energy balance. Fat
and carbohydrate oxidation were not adjusted to effec-
tive body weight given the short duration of the interven-
tion and modest weight differences between the groups.
Furthermore, wheel omission decreased fat or carbohy-
drate oxidation, depending on the diet, despite positive
energy balance and weight gain in both groups, rendering
minor changes in effective body weight an unlikely expla-
nation. We did not perform measurements of energy ex-
cretion (fecal caloric content). Thus, we cannot rule-out
the possibility that excretion of macronutrients could be
acutely altered and contributed to changes in the overall
energy balance. In this study we did not assess biochemi-
cal parameters such as plasma triglycerides, high-density
lipoprotein, or HOMA-IR. It would be interesting to follow
such parameters as part of a longer-term study. Finally,
the extrapolation of our results into the lifestyle changes
seen during lockdowns in the COVID-19 pandemic in hu-
mans should obviously be taken with caution: Additional
factors that may directly or indirectly affect energy bal-
ance were reported during lockdowns, including inade-
quate sleep, increased consumption of sugar-sweetened
beverages, alcoholic beverages, increased consumption of
snacks, “emotional” eating, and increased social isolation
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(Al-Musharaf, 2020; Ferrante et al., 2020; Robinson et al.,
2021; Sanchez et al., 2021; Zachary et al., 2020).

In conclusion, in the presence of a running wheel, mice
whose diet was changed from LFD to HFD increased both
EIand EE. Acute decrease in voluntary activity resulted in
mice on either LFD or HFD in a comparable decrease in
total activity during the active phase by ~50%, but did not
acutely decrease their active phase EI, resulting in posi-
tive energy balance and weight gain. In addition, wheel
omission decreased oxidation of the minor energy (mac-
ronutrient) fuel source, demonstrating that dietary mac-
ronutrient composition determines fuel selection under
conditions of acute changes in energetic demand.
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