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Abstract: This review summarizes the effects of different types of intermittent fasting (IF) on hu-
man cardiometabolic health, with a focus on energy metabolism. First, we discuss the coordinated
metabolic adaptations (energy expenditure, hormonal changes and macronutrient oxidation) occur-
ring during a 72 h fast. We then discuss studies investigating the effects of IF on cardiometabolic
health, energy expenditure and substrate oxidation. Finally, we discuss how IF may be optimized
by combining it with exercise. In general, IF regimens improve body composition, ectopic fat, and
classic cardiometabolic risk factors, as compared to unrestricted eating, especially in metabolically
unhealthy participants. However, it is still unclear whether IF provides additional cardiometabolic
benefits as compared to continuous daily caloric restriction (CR). Most studies found no additional
benefits, yet some preliminary data suggest that IF regimens may provide cardiometabolic benefits in
the absence of weight loss. Finally, although IF and continuous daily CR appear to induce similar
changes in energy expenditure, IF regimens may differentially affect substrate oxidation, increasing
protein and fat oxidation. Future tightly controlled studies are needed to unravel the underlying
mechanisms of IF and its role in cardiometabolic health and energy metabolism.

Keywords: cardiovascular health; metabolic rate; energy expenditure; fat oxidation; alternate-day
fasting; twice-weekly fasting; 5:2 diet; modified periodic fasting; fasting-mimicking diet; time-
restricted eating; Ramadan; exercise

1. Introduction

Caloric restriction (CR), a sustained reduction in energy intake while maintaining
optimal nutrition, is probably the most effective non-pharmacological intervention to
extend healthspan [1,2]. However, prescribing continuous daily CR results in poor long-
term adherence [3], which can be attributed to biological (e.g., increased appetite), behav-
ioral (e.g., social events), psychosocial (e.g., elevated food reward), and environmental
(e.g., availability of high-caloric palatable foods) factors [1–3]. Over the past decade or so,
intermittent fasting (IF) has emerged as a promising alternative to continuous/traditional
CR [4]. In simple terms, IF consists of alternating fasting and unrestricted eating periods,
which may facilitate adherence [5]. As shown in Figure 1, IF can be categorized into six
different approaches: religious fasting, alternative-day fasting (ADF), alternative-day mod-
ified fasting (ADMF), twice-weekly fasting usually called the “5:2 diet”, modified periodic
fasting usually called “fasting-mimicking diet”, and time-restricted eating (TRE). Religious
fasting integrates a myriad of modalities, among which Ramadan is probably the most
extended form. While doing Ramadan, Muslims abstain from all forms of food and drink
during the daylight hours, thus concentrating all food and liquid intake during the night [6].
ADF consists of alternating 24-h fast periods with the unrestricted intake of food during the
subsequent 24 h, repeating that for multiple days or weeks. Similarly, the ADMF modality
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severely limits food intake (usually to 25% of habitual energy needs or ~500 kcal/day) dur-
ing 24-h periods, followed by unrestricted access to food for 24 h. Whereas ADF and ADMF
usually alternate fasting and fed days in 48-h cycles, the twice-weekly fasting modality
limits food intake for two days a week (consecutive or non-consecutive) with complete
fasts or with severely restricted energy intake during these days. The modified periodic
fasting consists of consuming a plant-based, very-low-caloric diet during 5 consecutive
days followed by at least 10 days of unrestricted eating. Lastly, TRE consists of restricting
the daily energy intake to a pre-determined eating window (generally ≤10 h), fasting for
the rest of the day (14 h or more).
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Figure 1. Different types of intermittent fasting. The green and red shading within the battery symbols illustrate the energy intake during the eating and fasting periods, with 
one battery symbol representing 100% of energy needs. The alternative-day modified fasting, twice-weekly fasting, and modified periodic fasting approaches do not typically 
restrict food intake to a specific time during the fasting days; therefore, the reduced food intake during these days can be consumed within a single meal (darker blue areas) or 
various meals (lighter blue areas). The blue areas within the circles indicate the eating window. The areas shaded in red in the calendar tables indicate fasting periods, while 
the green areas indicate eating periods. * Fast days in the twice-weekly fasting may be consecutive or not. 

Figure 1. Different types of intermittent fasting. The green and red shading within the battery
symbols illustrate the energy intake during the eating and fasting periods, with one battery symbol
representing 100% of energy needs. The alternative-day modified fasting, twice-weekly fasting, and
modified periodic fasting approaches do not typically restrict food intake to a specific time during
the fasting days; therefore, the reduced food intake during these days can be consumed within
a single meal (darker blue areas) or various meals (lighter blue areas). The blue areas within the
circles indicate the eating window. The areas shaded in red in the calendar tables indicate fasting
periods, while the green areas indicate eating periods. * Fast days in the twice-weekly fasting may be
consecutive or not.

Adherence to IF effectively decreases energy intake, producing weight loss in most
studies [7]. Moreover, recent studies suggest that IF improves cardiometabolic health even
with no reduction in energy intake [8], challenging the dogma that CR is a prerequisite for
IF to induce health benefits. In this review, we will summarize the existing evidence in
relation to the effects of different types of IF on human cardiometabolic health. We will
emphasize how IF impacts energy metabolism, as this is likely mediating, at least in part,
the cardiometabolic health benefits of IF.

2. Acute Effect of Fasting on Energy Metabolism

Sustained periods of food scarcity were highly common over the course of human evo-
lution [9,10]. Accordingly, humans have developed numerous behavioral and physiological
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adaptations that allow them to survive in a food-deprived/fasted state. Contemporary
scientific investigation of human starvation began in the late nineteenth and early twentieth
centuries [9,11–14]. We focus our analysis on the coordinated metabolic responses of adults
to short-term fasting (i.e., 0–72 h), as it is applicable to all IF regimens.

Figure 2 illustrates the dynamic changes of circulating energy substrates and hormones
during a 72 h fast, whereas the changes of whole-body substrate utilization and metabolic
provenance of energy are illustrated in Figure 3. After a meal consumption, an abrupt
increase in blood glucose concentration is detected within ~15 min peaking 30–60 min after
the start of the meal [15]. In response to this, beta cells of the pancreatic islets secrete insulin
resulting in a drastic increase in systemic insulin (~400–500 pmol/L), while alpha cells
decrease the secretion of glucagon. Circulating cortisol and catecholamines concentrations
also increase after a meal in response to a macronutrient-dependent stimulation [16,17]. The
elevated insulin concentration acts on adipose tissue to inhibit the release of glycerol and
free fatty acids (FFA), whose circulating concentration is reduced to ≤0.1 mol/L. This in
turn stops the production of ketones that become undetectable in blood [15]. Hepatic glyco-
gen metabolism switches from breakdown (glycogenolysis) to synthesis (glycogenesis) and
muscle metabolism from fatty acids and amino acids oxidation to glucose oxidation and
glycogen storage. Consequently, carbohydrate utilization represents 70–75% of energy ex-
penditure after consuming a meal. This finely tuned response results in a decrease in blood
glucose concentration to < 7.8 mmol/L two hours after a meal [15]. In contrast to the rapid
absorption of glucose or amino acids after the meal, the absorption of dietary triglycerides
is much slower. The peak in plasma triglycerides concentration (1.5–2 mmol/L) occurs
3–5 h after the meal. Unlike carbohydrate or protein, ingested triglycerides have no or very
little influence on their own oxidation and are primarily directed towards deposition in the
adipose tissue [18,19]. Food intake induces a 5–15% increase in energy expenditure over a
3–5-h period, known as the thermic effect of food (TEF). TEF is mainly related to the energy
cost of digestion, absorption, and storage of the ingested nutrients, although a facultative
component of TEF also exists mostly associated with hormonal and autonomic nervous
changes [20,21].
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is low, typically around 60 pmol/L, although it widely varies between individuals [15]. 
Blood glucose homeostasis (4.0–5.5 mmol/L) is now maintained by counter-regulatory 
hormones such as glucagon (20–25 pmol/L), cortisol (138–690 nmol/L), epinephrine (< 328 
pmol/L) and norepinephrine (709–4019 pmol/L), all slightly elevated [15,22]. In this state, 
carbohydrate oxidation typically represents ~35% of energy expenditure, whereas lipid 
oxidation is the major contributor to energy expenditure (~45%) [15,23,24]. The remaining 
~20% of energy expenditure is covered by protein oxidation, facilitated by proteolysis. 
Some of the amino acids released (branched-chain amino acids) are oxidized in the muscle 
and their amino groups are transferred to pyruvate to produce alanine. Both alanine and 
glycerol are taken up by the liver as substrates for gluconeogenesis. Simultaneously, low 
insulin levels and circulating catecholamines promote lipolysis with the release of FFA 
and glycerol from adipose tissue. The concentrations of blood FFA, glycerol and triglyc-
erides are typically ~0.5 mmol/L, ~0.15 mmol/L and ~1 mmol/L after an overnight fast [15]. 
At this time, ketone bodies, 3-hydroxybutyrate and acetoacetate, are also produced in the 
liver and secreted into the circulation, although their concentration remains low, usually, 
≤0.5 mmol/L for both ketones combined [15]. 

Beyond the 12 h fasting state, blood glucose and insulin concentration continue to 
slowly decline, whereas catabolic hormones, FFA, glycerol, and ketones concentrations 

Figure 2. Dynamic changes of blood energy substrates (Panel (A)) and blood hormones (Panel (B))
during a 72 h fasting period after consuming a meal following an overnight fast.

Five or six hours after the meal, the postabsorptive state is set, slowly drifting energy
metabolism to a state of overnight fasting (~12 h). At that time, blood insulin concentration
is low, typically around 60 pmol/L, although it widely varies between individuals [15].
Blood glucose homeostasis (4.0–5.5 mmol/L) is now maintained by counter-regulatory
hormones such as glucagon (20–25 pmol/L), cortisol (138–690 nmol/L), epinephrine
(<328 pmol/L) and norepinephrine (709–4019 pmol/L), all slightly elevated [15,22]. In this
state, carbohydrate oxidation typically represents ~35% of energy expenditure, whereas
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lipid oxidation is the major contributor to energy expenditure (~45%) [15,23,24]. The remain-
ing ~20% of energy expenditure is covered by protein oxidation, facilitated by proteolysis.
Some of the amino acids released (branched-chain amino acids) are oxidized in the muscle
and their amino groups are transferred to pyruvate to produce alanine. Both alanine and
glycerol are taken up by the liver as substrates for gluconeogenesis. Simultaneously, low
insulin levels and circulating catecholamines promote lipolysis with the release of FFA and
glycerol from adipose tissue. The concentrations of blood FFA, glycerol and triglycerides
are typically ~0.5 mmol/L, ~0.15 mmol/L and ~1 mmol/L after an overnight fast [15].
At this time, ketone bodies, 3-hydroxybutyrate and acetoacetate, are also produced in the
liver and secreted into the circulation, although their concentration remains low, usually,
≤0.5 mmol/L for both ketones combined [15].
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Figure 3. Dynamic changes of whole-body substrate utilization (Panel (A)) and metabolic provenance
of energy (Panel (B)) during a 72-h fasting period after consuming a meal following an overnight fast.

Beyond the 12 h fasting state, blood glucose and insulin concentration continue to
slowly decline, whereas catabolic hormones, FFA, glycerol, and ketones concentrations
continue to rise [15,25]. Liver glycogen content decreases drastically within 24 h, and
its contribution to energy expenditure becomes almost nil after ~36 h of fasting [26]. As
glycogenolysis is reduced, increased gluconeogenesis is triggered to avoid a severe de-
crease in systemic glucose that would seriously impair brain and other glucose-requiring
systems (e.g., erythrocytes) functions [14]. A progressive switch from glycogenolysis to
gluconeogenesis is necessary to produce glucose within the first 24 h of fasting [15,26],
the time at which gluconeogenesis accounts for ~64% of total glucose production [26]. In
parallel, lipolysis is steadily increased, and lipid oxidation becomes the major contributor
to energy expenditure. Moreover, the high influx of FFA to the liver in the context of
low circulating insulin sharply increases ketogenesis, which is reflected in a continuously
increasing circulating concentration of ketones [14,15,25]. Finally, it is worth noting that en-
ergy expenditure decreases ~10% after 36–48 h of fasting [27,28] mainly due to the absence
of TEF and a low sympathetic tone.

During the first 24–48 h of fasting the main gluconeogenesis precursors are lactate
(~50%) and proteolysis (~40%), while the contribution of glycerol is minimal (~10%) [29].
At this pace, with the brain requiring 100–120 g of glucose per day, the body’s stores
of protein would be rapidly depleted. Unlike fat stores, body proteins are functionally
important, and their progressive depletion leads to major complications and potentially
death. Therefore, a series of metabolic adaptations that lead to the sparing of muscle protein
kick in from 48–72 h of fasting onwards [14,15,25]. Blood ketones concentration is similar
to FFA (~1.5 mmol/L) after 72 h of fasting and the brain begins to use significant amounts
of ketones as a fuel source, reducing the need for glucose production [14,15]. In addition,
there is a further decrease in metabolic rate beyond the absence of TEF, which is partially
underlined by decreased circulating leptin and thyroid hormones [11,15,25].
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The metabolic switch from glycogenolysis to gluconeogenesis, fat oxidation and
ketogenesis (see Figure 3) seems to be one of the main drivers of the metabolic health
benefits provided by IF [30]. TRE extends overnight fasting to 14–20 h, which means
that this metabolic switch has just occurred by the end of the fasting period. A slightly
more pronounced switch from glycogenolysis to gluconeogenesis occurs with ADMF and
twice-weekly fasting since both regimens are characterized by two 14–18 h fasting periods
interspersed with short eating windows. ADF is characterized by a further extension of
fasting to 24–36 h, implying that liver glycogen content is practically depleted, and the
metabolic switch was completely achieved. As discussed in Section 5, exercise may advance
the occurrence of the metabolic switch [30–32]. Future IF studies should employ new
technology such as continuous glucose, FFA and ketone monitoring to better understand
the role of the metabolic switch in improvements of metabolic health. As for any other
physiological stimuli, the acute metabolic response to fasting is likely to be modified
over time after prolonged adaptation to IF and may eventually alter its impact on health
and metabolism.

3. Impact of IF on Cardiometabolic Health

IF has recently received a lot of attention within the scientific community, as well
as among the media and the lay public. Nevertheless, most of the published articles
studying the effects of IF on human cardiometabolic health are preliminary studies often
with methodological limitations. In this section, we summarize the available evidence for
the chronic (≥2 weeks) effects of IF regimens on body weight and composition, ectopic fat,
and accepted cardiometabolic risk factors.

3.1. Body Weight and Composition

A meta-analysis including 85 studies (4176 adults aged 16–80 years) has shown that
Ramadan induces a small reduction in body weight (~−1.0 kg) [33]. This is in line with
two other meta-analyses showing that, in the short term (i.e., ≤3 months), IF regimens
cause a moderate decrease in body weight of ~−3.0 kg compared to ad libitum eat-
ing control groups [34,35]. More specific meta-analyses investigating a particular type
of IF have shown that both ADF and TRE triggered body weight loss (~−4.3 kg and
~−0.9 kg, respectively) and fat mass loss (~−4.9 kg and ~−1.6 kg, respectively) compared
to ad libitum eating [36,37]. A reduction in fat-free mass was also observed after ADF
(~−1.4 kg) [36]. Interestingly, a secondary analysis of a meta-analysis suggested that TRE
might be more effective in reducing body weight in metabolically unhealthy participants
than in their metabolically healthy counterparts [37].

Whereas both IF and continuous daily CR seem to be effective in reducing body
weight and fat mass, how fat-free mass is affected by these two interventions is still a
matter of debate [30,38]. According to several meta-analyses, both IF and CR interven-
tions produced similar changes in body weight, fat mass, fat-free mass and waist circum-
ference [7,34,35,39–41], provided that the adherence to interventions is similar [7,40,41].
However, a recently published study, imposing a relatively tightly matched degree of
energy restriction, has reported that ADF induced lower fat and greater fat-free mass loss
(~−0.74 kg and ~−0.75 kg, respectively) than an isocaloric continuous daily CR (~−1.75 kg
and ~−0.03 kg, respectively) during 3 weeks in 12 lean healthy adults [42]. Further re-
search with a larger sample size and implementing isocaloric interventions in people with
overweight/obesity is needed to unravel the effects of IF regimens on body composition,
as compared to continuous daily CR.

3.2. Ectopic Fat

Beyond the total amount of body fat, its distribution plays a key role in the pathogen-
esis of cardiometabolic diseases. Ectopic fat depositions, defined as the accumulation of
triglycerides within cells (or sometimes around) of non-adipose tissues (liver, skeletal mus-
cle, beta cells . . . ) are at the center of metabolic health derangements [43]. Only two studies
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have investigated the effect of IF on ectopic fat assessed by magnetic resonance imaging
and/or spectroscopy. Trepanowski et al. [44] observed a ~0.4 kg reduction in visceral fat
mass after 6 and 12 months of AMDF, as compared to a non-food restricted control group.
However, this change was comparable to a continuous daily CR group. Likewise, Holmer
et al. [45] found that 12 weeks of twice-weekly fasting or low-carbohydrate high-fat diet
were superior to the standard of care intervention in reducing hepatic steatosis (~−6.1%
and ~−7.2%, respectively) in patients with non-alcoholic fatty liver disease (NAFLD),
without differences between the twice-weekly fasting and low-carbohydrate high-fat diets.
Studies estimating visceral fat mass by dual X-ray absorptiometry have shown conflict-
ing results, with some studies reporting reductions of visceral fat by ADF and 8 h TRE
and others showing no differences between ADF, ADMF, 4 h TRE, 6 h TRE, 8 h TRE, and
standard nutrition regimen control groups [42,46–48]. The cumulative evidence is still
very preliminary and future research is warranted to better understand the effects of IF on
different ectopic fat depots (e.g., visceral fat, liver fat, intramuscular fat, pancreatic fat) and
how it compares to the effects of matched continuous daily CR.

3.3. Cardiometabolic Risk Factors

A recent meta-analysis including 91 studies has shown that Ramadan produces a small
but significant reduction in serum triglycerides, total cholesterol, low-density lipoprotein
cholesterol (LDL-C), diastolic blood pressure, and an increase in high-density lipopro-
tein cholesterol (HDL-C) [49]. Two other meta-analyses have shown that IF regimens
reduced total cholesterol and systolic blood pressure compared to unrestricted eating, al-
though the clinical relevance of the magnitude of these reductions may be debatable [34,40].
Meta-analyses considering only ADF and TRE studies were also conducted. On the one
hand, ADF reduced total cholesterol, LDL-C, triglycerides, and blood pressure, but did
not modify HDL-C, fasting glucose or insulin sensitivity [36]. On the other hand, TRE
decreased systolic blood pressure, triglycerides, and fasting glucose, but not diastolic blood
pressure, LDL-C and HDL-C, which might be dependent on the baseline metabolic health
status of study participants [37,50]. When compared to continuous daily CR, IF regimens
were equally effective in improving plasma glucose, glycated hemoglobin, triglycerides,
total cholesterol, LDL-C, HDL-C, systolic and diastolic blood pressure, or C-reactive pro-
tein [34,40]. Nevertheless, one study conducted in our lab found that eucaloric (i.e., energy
intake equals energy needs, and thus in absence of weight loss) early TRE impressively
improved blood pressure while still improving oxidative stress, insulin sensitivity, and β

cell responsiveness in men with prediabetes [8]. Overall, different modalities of IF were
shown to improve the cardiometabolic risk profiles of human adults. Future larger studies
will probably elucidate whether IF has weight-loss independent effects on cardiometabolic
risk factors, how it compares to continuous daily CR, and whether different IF modalities
exert different beneficial effects.

The majority of IF studies have measured only fasting biomarkers of cardiometabolic
risk. However, assessing energy metabolism during the post-prandial state is key for
understanding the effect of an intervention on the overall cardiometabolic risk as humans
in modern societies spend most of the day in a postprandial state [51]. Indeed, post-
prandial glycemia, insulinemia and lipidemia are all implicated in the etiology of chronic
cardiometabolic diseases [52,53]. Importantly, Antoni et al. [54] showed that twice-weekly
fasting was superior to continuous daily CR in reducing postprandial triglycerides follow-
ing matched weight loss of 5%. Similarly, Templeman et al. [42] have recently reported that
3 weeks of ADF producing a ~25% energy deficit reduced postprandial triglycerides in
lean healthy adults, whereas an increase was observed by continuous daily CR producing
the same energy deficit. However, no significant differences were detected in postprandial
glucose, insulin, FFA and glycerol in both studies [42,54]. Similar results were observed
between 2-week interventions of either a twice-weekly fasting or continuous daily CR in
normal-weight, young adults [55]. Lastly, a 4-day crossover study carried out in our lab
found that eucaloric (i.e., energy intake equals energy needs, and thus in absence of weight
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loss) 6 h early TRE decreased mean 24 h and nocturnal glucose levels [56]. In the same vein,
Parr et al. [57] conducted a 5-days crossover study in isocaloric conditions, showing that
early TRE reduced nocturnal glucose concentrations. In contrast, another 7-day crossover
study found no effect of early TRE and late TRE in the mean 24 h glucose levels [58].
Similarly, 10 h and 8 h self-selected TRE did not improve mean glucose levels [59,60] after
12 weeks of intervention. Therefore, it appears that only early TRE improves glycemic con-
trol, although further studies assessing postprandial metabolism and including continuous
glucose monitoring are needed to confirm this hypothesis.

3.4. Impact of IF on Cardiometabolic Health: Conclusion and Gaps

Overall, IF regimens seem to improve body composition, ectopic fat, and classic
cardiometabolic risk factors compared to ad libitum eating control groups. However, IF
does not seem to provide additional benefits when compared to continuous daily CR,
suggesting that if a net energy deficit is achieved, it becomes the main driver of the
cardiometabolic health benefits. Therefore, energy balance needs to be matched and tightly
controlled (e.g., food being provided and/or energy intake being objectively measured
by methods such as the intake-balance method using doubly-labeled water) to allow a
proper comparison of both interventions and really isolate the effects of fasting and energy
restriction on cardiometabolic health, which was performed only in a few studies [8,42].
However, preliminary studies suggest that IF might be beneficial in the absence of weight
loss [8]. Consequently, IF may be useful to enhance cardiometabolic health of weight stable
individuals, for instance, after a weight loss intervention.

The underlying mechanisms of fasting are thought to be mediated, at least in part,
by the metabolic switch from carbohydrate utilization to fat and ketones oxidation that
happens during fasting (see Figure 3) [30]. The capacity to rapidly adjust substrate oxidation
to substrate availability and energy demand, known as metabolic flexibility, is considered
central in the prevention of ectopic fat accumulation, which in turn induces peripheral
insulin resistance [61,62]. Therefore, future studies need to be designed to test whether IF
regimens improve metabolic flexibility leading to a greater loss (or less accumulation) of
ectopic fat depots, thus enhancing biomarkers of cardiometabolic risk. However, a potential
side effect of the metabolic switch associated with IF regimens may be elevated proteolysis
to supply gluconeogenesis during the fasting periods, causing excessive fat-free mass loss
which is known to impair physical function and cardiometabolic health and favor weight
regain and increased fatness [42,63,64]. It is therefore important to determine whether
fat-free mass loss differs between IF regimens and continuous daily CR. Lastly, future
IF studies should employ wearable technologies such as continuous glucose, FFA and
ketone monitoring, accelerometers to assess physical activity and sleep, skin temperature
sensors, and smartphone apps to assess dietary intake. Such data will provide a better
understanding of the effects of IF on cardiometabolic health.

4. Effects of IF on Energy Metabolism: Energy Expenditure and Substrate Oxidation

Energy metabolism (i.e., energy expenditure and the substrates oxidized to sustain
energy expenditure) is crucially linked to cardiometabolic health. For instance, a low energy
expenditure, adjusted for body size and composition, and a reduced-fat oxidation rate
predict future weight gain [65–67]. Likewise, changes in energy expenditure and substrate
oxidation in response to perturbations of energy intake were shown to be determinants
of weight gain, and weight loss during controlled dietary interventions or in free-living
conditions [68,69]. As discussed in Section 2, fasting acutely impacts energy metabolism.
Therefore, it is plausible that adaptations in energy metabolism are part of the underlying
mechanisms by which IF exerts benefits on cardiometabolic health. In this section, we
summarize the existing evidence on the effects of different modalities of IF on energy
expenditure and substrate oxidation.
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4.1. Ramadan

Despite the numerous studies conducted during Ramadan, only three have docu-
mented its impact on energy expenditure and/or substrate oxidation (Table 1) [70–73].
These studies have reported no changes in resting metabolic rate (RMR) after Ramadan [71–73].
Nonetheless, Lessan et al. [72] found that RMR, but not total daily energy expenditure
(TDEE) assessed by doubly-labeled water, was significantly decreased during the 3 last
weeks of the 4-week Ramadan period. Regarding substrate oxidation, one study observed
similar fasting respiratory exchange ratio (RER) values before and after Ramadan [73],
whereas Lessan et al. [72] detected a significant reduction in fasting RER (from 0.88 to 0.80)
after Ramadan.

4.2. Alternate-Day Fasting (ADF)

A total of seven studies have assessed the effects of ADF on energy expenditure
and/or substrate oxidation (Table 2) [42,74–78]. Studies analyzing the effects of ADF on
RMR have yielded inconsistent results. In general, short ADF interventions (≤8 weeks)
do not seem to affect RMR [42,74,76,78]. Only one 2-week ADF intervention study has
shown a reduction in RMR even in the absence of body mass loss [77]. Two studies have
compared the changes in RMR induced by ADF and continuous daily CR. Templeman
et al. [42] found no differences between both interventions, whereas Catenacci et al. [74]
detected that RMR (adjusted for changes in fat-free mass and fat mass) decreased after
8-week of continuous daily CR (~−111 kcal/day), but not after ADF (~−16 kcal/day). On
the other hand, fasting substrate oxidation seems not to be affected by short-term ADF
interventions [42,75,77]. However, Heilbronn et al. [76] observed that substrate oxidation
during the fed days was comparable to baseline values, but fasting carbohydrate oxidation
was decreased and fat oxidation increased during the fasting days. Lastly, Templeman
et al. [42] observed greater postprandial fat oxidation in two ADF groups (with and without
CR) compared to continuous daily CR after 3 weeks of intervention. Clearly, the currently
available evidence is limited and further, properly powered, long-term, controlled clinical
research is needed to really understand the effects of ADF on energy expenditure and
substrate oxidation.

4.3. Alternate-Day Modified Fasting (ADMF)

We identified three studies in which energy expenditure and/or substrate oxidation
were measured in response to ADMF (Table 2) [79–81]. All of them found no significant
impact of ADMF on RMR or adjusted 24 h energy expenditure, adjusted activity energy
expenditure, and adjusted sleeping energy expenditure between ADMF and continuous
daily CR. Moreover, Coutinho et al. [80] observed similar fasting substrate oxidation
between ADMF and continuous daily CR after 12 weeks of intervention.

4.4. Twice-Weekly Fasting

Three studies comparing the effects of twice-weekly fasting versus continuous daily
CR reported no significant differences on RMR and/or RER in adults with overweight or
obesity [54,82] or in healthy individuals with normal weight (Table 2) [55]. The concordance
between the results of studies investigating ADF and the twice-weekly fasting can be partly
attributed to the similarity in study designs as well as the matching of energy deficit
and weight loss in both ADMF and twice-weekly fasting interventions. No studies have
compared the effects of ADMF or twice-weekly fasting versus ad libitum eating on energy
expenditure and/or substrate oxidation.



Nutrients 2022, 14, 489 9 of 23

Table 1. Chronic effects of Ramadan on energy expenditure and substrate oxidation.

Study Population Design and Intervention Assessment No Change Increase Decrease

[71] Normal weight
n = 16 (0 M/16 F)

4-week Observational
(1) Ramadan

15 h period
Metabolic chamber

RMR and nigh EE
Day and evening protein ox. Fat ox. from 2 p.m.–11 p.m.

RER and CHO ox. from
11 a.m.–11 p.m.

EE from 11 a.m.–5 p.m.

[73] (1) Healthy n = 7 (7 M/0 F)
(2) TD2M n = 5 (3 M/2 F)

3-week Observational
(1) Ramadan
(2) Ramadan

Overnight fasting Metabolic
cart RMR and RER

[72]
Healthy normal/overweight
n = 29 (13 M/16 F) for RMR
n = 10 (5 M/5 F) for TDEE

4-week Observational
(1) Ramadan

Overnight fasting
Metabolic cart (Quark,

Cosmed)
Doubly-labeled water

during 14 days

RMR and adjusted RMR *
TDEE RER

No change indicates no significant difference to pre-intervention values; increase indicates significantly higher than pre-intervention values; and decrease indicates significantly lower
than pre-intervention values. * RMR results adjusted for sex, age, weight, and the number of hours since suhoor. Metabolic cart brands and models are provided when they are available.
Abbreviations: EE, energy expenditure; RER, respiratory exchange ratio; RMR, resting energy expenditure; TDEE, total daily energy expenditure; TD2M, type 2 diabetes mellitus.

Table 2. Acute and chronic effects of alternative-day fasting, alternative-day modified fasting, and twice-weekly fasting on energy expenditure and
substrate oxidation.

Study Population Design Fasting Regimen Eating Regimen Assessment No Change Increase Decrease

Acute alternative-day fasting

[27]
Healthy normal
weight/obesity

n = 14 (14 M/0 F)

48 h Cross-over
(a) Control

(b) ADF
(2) 48 h fasting (1) 100% Energy needs Metabolic

chamber AEE 24 h EE and SEE
24 h RER

[83]
Healthy normal
weight/obesity

n = 64 (51 M/13 F)

36 h Cross-over
(a) Control

(b) ADF
(2) 36 h fasting (1) 100% Energy needs Metabolic

chamber SEE 24 h Fat ox.

24 h EE
24 h RER and

sleep RER
24 h CHO ox.

24 h Protein ox.

Chronic alternative-day fasting

[75]
Healthy

normal/overweight
n = 8 (8 M/0 F)

2-week Single-arm
(1) ADF

20 h fasting every
other day

(From 10 p.m. to
6 p.m.)

Ad libitum
Overnight fasting

Metabolic cart
(Oxycon Pro, Jaeger)

RER

[76]
Healthy

normal/overweight
n = 16 (8 M/8 F)

22-day Single-arm
(1) ADF

24 h fasting every
other day Ad libitum

Overnight fasting
Metabolic cart

(DeltaTrac,
SensorMedics)

RMR and adjusted
RMR * in fed and

fast days
RER, CHO and Fat

ox. In fed day

Fat ox. In fast day RER and CHO ox. In
fast day
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Table 2. Cont.

Study Population Design Fasting Regimen Eating Regimen Assessment No Change Increase Decrease

[77]
Healthy

normal/overweight
n = 8 (8 M/0 F)

2-week Cross-over
(a) Control

(b) ADF

(2) 20 h fasting every
other day

(From 10 p.m. to
6 p.m.)

1 and (2) 100% Energy
needs

Overnight fasting
Metabolic cart

RER, CHO and Fat
ox. RMR

[74]
Obesity

(1) n = 12 (3 M/9 F)
(2) n = 13 (3 M/10 F)

8-week RCT
(1) CR

(2) ADF

(2) 24 h fasting every
other day

(1) Prescribed CR
−400 kcal/day. Measure

28% CR
(2) 100% Energy

needs + ad libitum
access to 5–7 snacks

(200 kcal/serve) during
eating days. Measure

47% CR

Overnight fasting
Metabolic cart

(TrueOne 2400, Parvo
Medics)

RMR and adjusted
RMR *

[78]

Healthy
normal/overweight

(1) n = 29 (12 M/17 F)
(2) n = 28 (11 M/17 F)

4-week RCT
(1) Control

(2) ADF

(2) 24 h fasting every
other day

(1) Ad libitum. Measured
8% CR

(2) Ad libitum. Measured
37% CR

Overnight fasting
Metabolic cart

(MetaMax 3b, Cortex)
RMR

[78]

Healthy
normal/overweight

(1) n = 60 (24 M/36 F)
(2) n = 30 (14 M/16 F)

Observational
(1) Control

(2) ADF performed
>24 weeks

(2) 24 h fasting every
other day

(1) Ad libitum. Measured
0% CR

(2) Ad libitum. Measured
29% CR

Overnight fasting
Metabolic cart

(MetaMax 3b, Cortex)
RMR

[42]

Healthy
normal/overweight
(1) n = 12 (5 M/7 F)
(2) n = 12 (3 M/9 F)
(3) n = 12 (7 M/5 F)

3-week RCT
(1) CR

(2) ADF without CR
(3) ADF + CR

2 and (3) 24 h fasting
every other day

(1) Daily 25% CR
(2) 200% Energy needs in

fed days, 0% net CR
(3) 150% Energy needs in

fed days, 25% net CR

Overnight fasting and
3-h postprandial period

Metabolic cart

RMR and adjusted
RMR ¥

Fasting CHO, Fat
and Protein ox.

Postprandial CHO
and Protein ox.

Postprandial Fat ox.
in both ADF groups

vs. CR

Chronic alternative-day modified fasting

[81]

Overweight/obesity
(1) n = 10 (0 M/10 F)
(2) n = 10 (0 M/10 F)
(3) n = 10 (0 M/10 F)

4-week Cross-over
(a) CR

(b) Bread ADMF
(c) ADMF

(2) Ad libitum bread,
coffee and tea

(3) 50% CR

(1) Daily 50% CR
(2) 100% Energy needs
(3) 100% Energy needs

Metabolic
chamber

Adjusted 24 h EE ¥

and AEE
Adjusted SEE ¥ in

CR vs. ADMF

Adjusted SEE ¥ in
ADMF vs. bread

ADMF

[80]
Obesity

(1) n = 14 (4 M/10 F)
(2) n = 14 (2 M/12 F)

12-week RCT
(1) CR

(2) ADMF

(2) EI of 660 and
550 kcal/day for men

and women,
respectively, on

3 non-consecutive
days/week

(1) Daily 25% CR
(2) 100% Energy needs

Overnight fasting
Metabolic cart

(Vmax Encore 29N, Care
Fusion)

RMR and adjusted
RMR α

RER

[79]
Overweight/obesity
(1) n = 18 (0 M/18 F)
(2) n = 12 (0 M/12 F)

RCT ≥ 5% WL within
12 weeks

(1) CR
(2) ADMF

(2) 75% CR every other
day

(1) Daily 25% CR
(2) Ad libitum

Overnight fasting
Metabolic cart

(GEMNutrition)
RMR
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Table 2. Cont.

Study Population Design Fasting Regimen Eating Regimen Assessment No Change Increase Decrease

Chronic twice-weekly fasting (2-WF)

[54]
Overweight/obesity
(1) n = 12 (6 M/6 F)
(2) n = 15 (7 M/8 F)

RCT
5% WL target

(1) CR
(2) 2-WF

(2) 75% CR on
two consecutive

days/week

(1) Daily 33% CR
(2) Ad libitum

Overnight fasting
Metabolic cart Φ

(ISGEM319,
GEMNutrition)

RMR and adjusted
RMR £

RER

[82]

Adults with central
obesity

(1) n = 22 (6 M/16 F)
(2) n = 21 (6 M/15 F)

4-week RCT
(1) CR

(2) 2-WF

(2) EI of 600 kcal on
two consecutive

days/week

(1) Daily 500 kcal CR
(2) Energy-controlled
diet to target the same

weekly energy deficit as
the CR

Overnight fasting
Metabolic cart

(FitMate, Cosmed)
RMR

[55]
Healthy normal weight

(1) n = 8 (4 M/4 F)
(2) n = 8 (4 M/4 F)

2-week RCT
(1) CR

(2) 2-WF

(2) 70% CR on two
non-consecutive

days/week

(1) Daily 20% CR
(2) 100% Energy needs

Overnight fasting
Metabolic cart

(Quark CPFT, Cosmed)

RMR
RER

No change indicates no significant difference to pre-intervention or control group values; increase indicates significantly higher than pre-intervention or control group values; and
decrease indicates significantly lower than pre-intervention or control group values. * RMR results adjusted for fat-free mass and fat mass; ¥ RMR, 24 h EE or SEE results adjusted for
body weight or fat-free mass; α RMR results adjusted for fat-free mass; £ RMR results adjusted for metabolically active mass (fat-free mass + 18 kg); Φ Sample size n = 10 and n = 13
for CR and twice-weekly fasting (2-WF), respectively. Metabolic cart brands and models are provided when they are available. Abbreviations: ADF, alternate-day fasting; ADMF,
alternative-day fasting modified fasting; AEE, activity energy expenditure; CR daily calorie restriction; EE, energy expenditure; RER, respiratory exchange ratio; RMR, resting energy
expenditure; SEE, sleeping energy expenditure; WL, weight loss.
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4.5. Time-Restricted Eating (TRE)

TRE is the most studied IF modality when it comes to energy metabolism. This is due
not only to the increased popularity of TRE over the past few years, probably fueled by the
potential to be widely applicable in clinical settings but also to older studies investigating
topics such as breakfast skipping and meal frequency, extending nocturnal fasting and
confining all daily eating events to a 4–10 h window. A detailed description of the studies
investigating the acute (i.e., ≤72 h) and chronic effects of TRE on energy expenditure and
substrate oxidation is provided in Table 3.

We identified eight studies in which energy expenditure was measured in response
to acute TRE [84–91]. TRE can be categorized based on when the eating window occurs,
that is early TRE (eating earlier in the day), midday TRE (eating in the middle of the
day) and late TRE (eating later in the day). It is hypothesized that early TRE may be the
most effective schedule to enhance cardiometabolic health since it aligns with metabolism
circadian rhythms [8,92]. However, mixed findings between early, midday and late TRE
were observed when it comes to energy expenditure. Overall, TRE, independently of the
time of the eating window, does not seem to acutely affect energy expenditure [84–88,91,93].
The study of Nas et al. [90] was the only one that reported that both 6 h early and 6 h
late TRE led to a small but significant increase 24 h energy expenditure (91 kcal/day
and 41 kcal/day, respectively) as compared to an isocaloric 12 h control schedule. Three
other studies have found an increase in RMR [85], sleeping metabolic rate [84] or night
energy expenditure [91], but not in 24 h energy expenditure as compared to isocaloric
control conditions.

A total of seven studies reported substrate oxidation in response to acute TRE [84–90],
providing mixed findings. In general, TRE, regardless of the time of the eating window, does
not appear to acutely affect 24 h substrate oxidation [84–88,93]. However, Nas et al. [90]
have shown that 6 h late TRE decreased 24 h carbohydrate oxidation and increased 24 h
fat oxidation in comparison to 12 h control. No differences were observed between 6 h
early TRE and 12 h control, which might contrast with the hypothesis that early TRE is the
most effective schedule [8,92]. Nonetheless, it is important to highlight that the duration
of the intervention was only 24 h and that there were no significant differences between
6 h early and 6 h late TRE. Lastly, Munsters and Saris [85] noted an increase in protein
oxidation in response to 9 h early TRE versus a 13 h eating window (14 meals per day)
without differences in carbohydrate or fat oxidation.

Although the acute response to TRE provides valuable knowledge, longer studies are
needed to really understand the influence of TRE on energy expenditure and substrate
oxidation. We identified 10 studies that have measured energy expenditure in response
to TRE interventions ranging from 4 days to 13 weeks [48,94–102]. Overall, the length of
the eating window and the circadian timing of food intake did not impact 24 h energy
expenditure or RMR, which is consistent with findings from acute TRE studies. Only a few
studies have assessed the substrate oxidation response to chronic TRE. Ogata et al. [101]
found no significant differences in 24 h substrate oxidation between 5:30 h late TRE and
11 h control. Similarly, fasting RER was not altered by a 12-week 8 h late TRE compared to
three ad libitum meals per day (~16 h of eating window) [48]. However, we observed an
increased 24 h protein oxidation and decreased 24 h nonprotein RER, especially at nighttime,
during a 6 h early TRE intervention, which is indicative of elevated fat oxidation [102].
Therefore, it appears that the circadian timing of the eating window may affect substrate
oxidation, although long-term and well-powered trials are needed to test this hypothesis.
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Table 3. Acute and chronic effects of time-restricted eating on energy expenditure and substrate oxidation.

Study Population Design and Intervention Assessment No Change Increase Decrease

Acute time-restricted eating

[88] Healthy normal/overweight
n = 13 (2 M/11 F)

48 h Cross-over
(a) 13 h Control

(7:30 a.m.–8:30 p.m., 7 meals/day,
100% energy needs)

(b) 6 h TRE (12 p.m.–6 p.m.,
2 meals/day, 100% energy needs)

Metabolic chamber
24 h EE

24 h RER
Fat ox. from 6 p.m.–9 p.m.

Fat ox. from 9 a.m.–12 p.m.
CHO ox. from 6 p.m.–9 p.m. CHO ox. from 9 a.m.–12 p.m.

[91] Overweight/Obesity
n = 10 (0 M/10 F)

48 h Cross-over
(a) 10 h Control (9 a.m.–7 p.m.,

6 meals/day,1000 kcal/day)
(b) 8 h TRE (11 a.m.–7 p.m.,

2 meals/day, 1000 kcal/day)

Metabolic chamber 24 h EE Night EE

[87] Healthy normal weight
n = 14 (0 M/14 F)

36 h Cross-over
(a) 8:30 h TRE (8 a.m.–4:30 p.m.,

3 meals/day, 100% energy needs)
(b) 8:30 h TRE (8 a.m.–4:30 p.m.,

2 meals/day, 100% energy needs)

Metabolic chamber
24 h EE, SMR, TEF and AEE

24 h Fat, 24 h CHO and 24 h protein
balance

24 h Fat ox. in 3 meals/day vs.
2 meals/day

24 h and night RER in
3 meals/day vs. 2 meals/day

24 h CHO ox. in 3 meals/day vs.
2 meals/day

[85] Healthy normal weight
n = 12 (12 M/0 F)

36 h Cross-over
(a) 13 h Control (8 a.m.–9 p.m.,

14 meals/day, 100% energy needs)
(b) 9 h TRE (8 a.m.–5 p.m.,

3 meals/day, 100% energy needs)

Metabolic chamber 24 h EE, SMR, TEF and AEE
24 h RER, 24 h CHO and 24 h Fat ox.

RMR
24 h Protein ox.

[84] Healthy normal/overweight
n = 8 (8 M/0 F)

24 h Cross-over
(a) 11 h Control (8 a.m.–7 p.m.,

3 meals/day, 100% energy needs)
(b) 7 h TRE (12 p.m.–7 p.m.,

2 meals/day, 100% energy needs)

Metabolic chamber
24 h EE, RMR and TEF

24 h RER, 24 h CHO, 24 h Fat and
24 h Protein ox.

SMR
Morning Fat ox.

Sleeping CHO ox.

Morning CHO ox.
Sleeping Fat ox.

[86] Healthy normal/overweight
n = 15 (7 M/8 F)

24 h Cross-over
(a) 12:30 h Control

(9 a.m.–9:30 p.m., 6 meals/day,
100% energy needs)

(b) 10 h TRE (9 a.m.–7 p.m.,
3 meals/day, 100% energy needs)

Metabolic chamber 24 h EE
24 h RER and 24 h Fat ox.

[90] Healthy normal/overweight
n = 17 (8 M/9 F)

24 h Cross-over
(a) 12 h control (7 a.m.–7 p.m.,

3 meals/day, 100% energy needs)
(b) 6 h TRE (7 a.m.–1 p.m.,

2 meals/day, 100% energy needs)
(c) 6 h TRE (1 p.m.–7 p.m.,

2 meals/day, 100% energy needs)

Metabolic chamber Φ

24 h Protein ox. and balance in both
6 h TRE

No significant differences between
both 6 h TRE

24 h EE in both 6 h TRE
24 h Fat ox. and 24 h CHO

balance in 1 p.m.–7 p.m. TRE
24 h RER, 24 h CHO ox. and Fat

balance in 1 p.m.–7 p.m. TRE

[89] Healthy normal weight
n = 12 (2 M/10 F)

72 h Cross-over
(a) 13 h Control (8 a.m.–9 p.m.,

4 meals/day, 100% energy needs)
(b) 10 h TRE (8 a.m.–6 p.m.,

4 meals/day, 100% energy needs)

Overnight fasting and
4-h postprandial

period
Douglas bags

RMR and RER RER 30 and 60 min after a meal
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Table 3. Cont.

Study Population Design and Intervention Assessment No Change Increase Decrease

Chronic time-restricted eating

[94] Healthy normal/overweight
n = 8 (8 M/0 F)

2-week Cross-over
(a) 10 h Control (9 a.m.–7 p.m.,

6 meals/day, 100% energy needs)
(b) 8 h TRE (11 a.m.–7 p.m.,

2 meals/day, 100% energy needs)

Metabolic chamber 24 h EE and RMR Night EE Day EE

[96] Healthy normal/overweight
n = 10 (10 M/0 F)

7-day Cross-over
(a) 13 h Control

(7:30 a.m.–8:30 p.m., 7 meals/day,
100% energy needs)

(b) 6 h TRE (12 p.m.–6 p.m.,
2 meals/day, 100% energy needs)

Metabolic chamber
Doubly-labeled water

during 7 days
24 h EE, TDEE, RMR, TEF and AEE

[95] Overweight/Obesity
n = 14 (0 M/14 F)

4-week RCT
(1) 13:30 h CR (7:30 a.m.–9 p.m.,
3–5 meals/day, 1000 kcal/day)

(2) 6 h TRE (12 p.m.–6 p.m.,
2 meals/day, 1000 kcal/day)

Metabolic chamber 24 h EE, SEE and TEF

[97]
Healthy normal/overweight

(1) n = 16 (6 M/10 F)
(2) n = 17 (6 M/11 F)

6-week RCT
(1) Control (Ad libitum energy

intake starting within 2 h of
waking)

(2) TRE (Ad libitum energy intake
starting after 12 p.m.)

Overnight fasting and
2-h postprandial

period
Metabolic cart

RMR TEF

[98] T2DM
n = 54 (29 M/25 F)

12-week Cross-over
(a) CR (6 meals/day, measured

−380 kcal/day)
(b) 10 h TRE + CR (6 a.m.–4 p.m.,

measured −420 kcal/day)

Overnight fasting
Metabolic cart α

(VMAX,
SensorMedics)

RMR

[99]

(1) Normal weight n = 9 (4 M/5 F)
(2) Overweight/obesity n = 10 (3

M/7 F)
(3) Normal weight n = 9 (5 M/4 F)

(4) Overweight/obesity n = 9 (4
M/5 F)

7-day Cross-over
(a) Control (Ad libitum energy

intake starting within 2 h of
waking)

(b) TRE (Ad libitum with
breakfast skipping)

Overnight fasting and
2-h postprandial

period
Douglas bag

RMR and 2 h TEF

[100]
Obesity

(1) n = 16 (6 M/10 F)
(2) n = 17 (6 M/11 F)

6-week RCT
(1) Control (Ad libitum energy

intake starting within 2 h of
waking)

(2) TRE (Ad libitum energy intake
starting after 12 p.m.)

Overnight fasting and
2-h postprandial

period
Metabolic cart

RMR and TEF

[101] Healthy normal/overweight
n = 9 (9 M/0 F)

6-day Cross-over
(a) 11 h Control (7 a.m.–6 p.m.,

3 meals/day, 100% energy needs)
(b) 5:30 h TRE (12:30 p.m.–6 p.m.,
2 meals/day, 100% energy needs)

Metabolic chamber
24 h EE and 7 h SEE

24 h RER, 24 h CHO, 24 h Fat
and 24 h Protein ox.

TEF
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Table 3. Cont.

Study Population Design and Intervention Assessment No Change Increase Decrease

[102] Overweight/Obesity
n = 10 (6 M/4 F)

4-day Cross-over
(a) 12 h control (8 a.m.–8 p.m.,

3 meals/day, 100% energy needs)
(b) 6 h TRE (8 a.m.–2 p.m.,

3 meals/day, 100% energy needs)

Metabolic chamber 24 h EE and RMR
Day RER

Day EE and TEF
24 h Protein ox.

Nigh EE and sleep EE
24 h RER, night, rest and sleep

RER

[48]
Overweight/Obesity
(1) n = 25 (15 M/10 F)
(2) n = 25 (13 M/12 F)

13-week RCT
(1) ~16 h Control (6–10 a.m. to

5–10 p.m., 3 meals/day, ad
libitum)

(2) 8 h TRE (12 p.m.–8 p.m., ad
libitum)

Overnight fasting
Metabolic cart

(TrueOne 2400, Parvo
Medics)

Doubly-labeled water
during 7 days

RMR, RER and TDEE

No change indicates no significant difference to pre-intervention or control group values; increase indicates significantly higher than pre-intervention or control group values; and
decrease indicates significantly lower than pre-intervention or control group values. Φ Sample size n = 15; α Sample size n = 52. Metabolic cart brands and models are provided
when they are available. Abbreviations: AEE, activity energy expenditure; CR daily calorie restriction; EE, energy expenditure; RER, respiratory exchange ratio; RMR, resting energy
expenditure; SEE, sleeping energy expenditure; TEF, thermic effect of food; TRE, time-restricted eating.
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5. Optimizing IF by Combining It with Exercise
5.1. Metabolic Switching: The Role of Endurance Exercise

As previously mentioned, the metabolic switches from glycogenolysis to gluconeogen-
esis and from carbohydrate to fat oxidation and ketogenesis (see Figure 3) are thought to
be key factors promoting some of the health benefits of IF [30]. Importantly, this metabolic
switch largely depends on the state of hepatic glycogen content and, to a lesser extent, on
muscle glycogen content. In sedentary conditions, the liver glycogen content severely de-
creases within 24 h of fasting and it is almost depleted after 36–48 h [15,26]. However, liver
glycogen content is substantially depleted within 90–120 min of moderate- to high-intensity
exercise if it is not compensated by ingesting carbohydrates [31]. Therefore, exercise ap-
pears to be an effective strategy to advance, and perhaps potentiate, the metabolic switch
from glycogenolysis to gluconeogenesis, fat oxidation and ketogenesis [30–32].

To the best of our knowledge, there are no studies explicitly investigating the combined
effects of IF and exercise on energy expenditure and substrate oxidation assessed by whole-
room indirect calorimetry. However, several studies have been conducted to investigate
the effects of exercise on 24 h energy metabolism under energy balance conditions. Some
of these studies concluded that a short session (≤1 h) of moderate- or vigorous-intensity
exercise performed in the postprandial state does not influence 24 h fat oxidation [103]. In
contrast, Schrauwen et al. [104] reported that high-intensity interval exercise until exhaus-
tion (i.e., glycogen-depleting exercise) performed 2 h after eating increased fat oxidation
in the subsequent 24 h. Therefore, the intensity of exercise and the resulting glycogen
depletion seem to be key factors in modulating 24 h fat oxidation. On the other hand, 24 h
fat oxidation was consistently shown to be increased when moderate-intensity exercise
(60–100 min) is performed before breakfast, i.e., in a fasted state [105–107]. Although the
circadian regulation of energy metabolism cannot be disregarded, the combined effect
of an overnight fast and exercise on glycogen depletion and the release of FFAs seem
to be the underlying mechanism [105–107]. Therefore, glycogen-depleting exercise per-
formed during the fasting periods of IF regimes may be the most efficacious combination
to boost the metabolic switch from glycogenolysis to gluconeogenesis, fat oxidation and
ketogenesis [30–32,104,105].

A potential side effect of ADF and TRE is a behavioral compensatory decrease in
low- to moderate-intensity physical activity [42,97,100]. Indeed, the energy expended via
physical activity is the most fluctuating component of energy expenditure and hence has
the greatest potential to undermine an imposed energy deficit. Consequently, performing
structured endurance exercise and/or physical activity may be an effective strategy to
avoid an IF-induced reduction in total daily energy expenditure.

5.2. Optimizing IF by Combining It with Resistance Exercise

Based on the existence of non-caloric deprived periods, some have hypothesized that
IF regimens may decrease fat mass while retaining larger amounts of fat-free mass, as
compared with continuous CR [30,38]. In contrast, some studies have reported greater
fat-free mass loss with IF regimens than with continuous daily CR [42,63,108], which can
be attributed to increased proteolysis to supply substrates for gluconeogenesis during
fasting periods (see Figure 3). Fat-free mass loss is known to impair physical function-
ality, cardiometabolic health and may be a risk factor for weight regain and increased
fatness [42,63,64]. This side effect of IF may be counteracted, at least in part, by exercise, in
particular, resistance training since it is known to increase skeletal muscle mass [109,110].

Indeed, a recent systematic review and meta-analysis including eight studies and
221 participants, have shown that IF regimens combined with resistance exercise reduced fat
mass (~−1.3 kg) with preservation of fat-free mass compared to non-CR control diets [111].
Therefore, more longer-term, and high-quality studies are needed to examine whether
resistance exercise can mitigate the fat-free mass loss associated with each type of IF.
Moreover, these effects may be dependent on the time at which exercise is performed (i.e.,
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fasting versus eating periods), hence it is important to further clarify the most effective and
feasible exercise timing in the context of IF.

6. Perspectives of the Usefulness of IF on Cardiometabolic Health: Gaps and Future
Directions

Energy expenditure is decreased in parallel to weight loss, which is in part, but not
completely due to the loss of metabolically active tissues. A further reduction in energy
expenditure beyond what can be predicted by changes in body weight and composition (i.e.,
metabolic adaptation or adaptive thermogenesis) has been consistently documented [112].
Metabolic adaptation is believed to progressively counteract further weight loss and con-
tribute to weight regain [112]. Therefore, preventing metabolic adaptation will likely
contribute to a more pronounced and sustainable weight loss. Whether reducing body
weight by IF instead of continuous CR prevents metabolic adaptation is still unknown.
Some preliminary studies suggest that there are no differences in the change in RMR
between the two intervention modes. Nonetheless, not all studies have reported these
findings [74,77], and well-controlled studies are needed to determine whether the decreases
in the different components of energy expenditure are comparable between IF regimens
and continuous daily CR.

Although TRE does not seem to impact 24 h energy expenditure when compared
to larger eating windows (≥12 h) [113], the few studies performed using room indirect
calorimetry suggest that IF regimens may affect substrate oxidation, increasing protein
and fat oxidation. In normal conditions, carbohydrate and protein oxidation are closely
regulated to match their intake, whereas the gap between energy intake and expenditure
is buffered by fat balance [114,115]. Furthermore, a reduced-fat oxidation rate in energy
balance conditions or in response to acute overfeeding is predictive of long-term weight
gain and is thought to determine ectopic fat accumulation [61,66,68]. Therefore, increasing
fat oxidation by TRE with or without exercise might prevent weight gain and ectopic
fat deposition. Long-term and well-powered trials are needed to ascertain whether IF
regimens increase fat oxidation and if this ultimately leads to better weight management
and metabolic health than continuous daily CR.

The cardiometabolic health benefits of IF regimens may be optimized, and its un-
desirable effects attenuated, by combining it with exercise [111]. For instance, adding
exercise training to an IF approach may advance by several hours, and probably rein-
force, the metabolic switch from glycogenolysis to gluconeogenesis, fat oxidation and
ketogenesis [30–32]. Studies suggest that moderate- to high-intensity exercise for ≥60 min
performed in the fasted state may be the most effective combination to induce this metabolic
switch [30–32,104,105]. Moreover, implementing structured endurance exercise may be
an effective strategy to avoid the reduction in low- to moderate-intensity activity energy
expenditure observed with IF regimens [42,97,100]. Another undesirable effect of IF is
the potential loss of fat-free mass, which might be even more worrisome than in contin-
uous daily CR [42,63]. This undesirable effect is likely counteracted, at least in part, by
resistance exercise.

The study of IF in humans is still in its infancy. To date, pioneer studies have
shown that IF regimens slightly decrease body weight and fat mass and improve car-
diometabolic risk factors compared to unrestricted eating, especially in metabolic un-
healthy study participants [33–37,49,50]. According to the current evidence, IF regimens
and continuous daily CR seem to be equally effective to enhance body composition and
cardiometabolic health [34,40], which is partly explained by the similar adherence to both
interventions [7,40,41]. However, one crossover study (5 weeks for each intervention) in
our lab found that eucaloric (i.e., energy intake equals energy needs, and thus in absence
of weight loss) early TRE improved appetite regulation, blood pressure, oxidative stress,
insulin sensitivity, and β cell responsiveness in men with prediabetes [8]. These obser-
vations suggest that IF regimens may improve cardiometabolic health independently of
weight loss. Little is known about the effects of IF regimens on ectopic fat accumulation
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and postprandial metabolism, two important determinants of metabolic health. The few
studies conducted reported no differences between IF regimens and continuous daily CR
except for the reduction in postprandial triglycerides, which seems to be enhanced in
IF regimens [42,54]. Together, preliminary evidence from human trials suggests that the
cardiometabolic health benefits of IF are mediated, at least in part, by the mentioned adap-
tations in energy metabolism. Nonetheless, properly powered, long-term well-controlled
clinical research is still needed to unravel the underlying mechanisms of IF and its role on
energy metabolism including energy expenditure and fat oxidation.

Author Contributions: Conceptualization, M.D.-M., G.S.-D. and E.R.; writing—original draft prepa-
ration, M.D.-M. and G.S.-D.; writing—review and editing, M.D.-M., G.S.-D. and E.R. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was supported by the Spanish Ministry of Universities (FPU18/03357), Fulbright
Spain and Junta de Andalucía, a postdoctoral grant from the Fundación Alfonso Martín Escudero,
a Nutrition Obesity Research Center (NORC) grant P30DK072476 and the Louisiana Clinical and
Translational Science Center (U54 GM104940).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: This study is part of a Ph.D. Thesis conducted in the Biomedicine Doctoral
Studies of the University of Granada, Spain. We are grateful to Ursula White for her assistance with
the English language and the valuable feedback provided.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Flanagan, E.W.; Most, J.; Mey, J.T.; Redman, L.M. Calorie Restriction and Aging in Humans. Annu. Rev. Nutr. 2020, 40, 105–133.

[CrossRef] [PubMed]
2. Redman, L.M.; Ravussin, E. Caloric restriction in humans: Impact on physiological, psychological, and behavioral outcomes.

Antioxid. Redox Signal. 2011, 14, 275–287. [CrossRef] [PubMed]
3. MacLean, P.S.; Wing, R.R.; Davidson, T.; Epstein, L.; Goodpaster, B.; Hall, K.D.; Levin, B.E.; Perri, M.G.; Rolls, B.J.; Rosenbaum, M.;

et al. NIH working group report: Innovative research to improve maintenance of weight loss. Obesity 2015, 23, 7–15. [CrossRef]
[PubMed]

4. Hoddy, K.K.; Marlatt, K.L.; Çetinkaya, H.; Ravussin, E. Intermittent Fasting and Metabolic Health: From Religious Fast to
Time-Restricted Feeding. Obesity 2020, 28 (Suppl. S1), S29–S37. [CrossRef]

5. O’Connor, S.G.; Boyd, P.; Bailey, C.P.; Shams-White, M.M.; Agurs-Collins, T.; Hall, K.; Reedy, J.; Sauter, E.R.; Czajkowski, S.M.
Perspective: Time-Restricted Eating Compared with Caloric Restriction: Potential Facilitators and Barriers of Long-Term Weight
Loss Maintenance. Adv. Nutr. 2021, 12, 325–333. [CrossRef]

6. Alghafli, Z.; Hatch, T.G.; Rose, A.H.; Abo-Zena, M.M.; Marks, L.D.; Dollahite, D.C. A Qualitative Study of Ramadan: A Month of
Fasting, Family, and Faith. Religions 2019, 10, 123. [CrossRef]

7. Enríquez Guerrero, A.; San Mauro Martín, I.; Garicano Vilar, E.; Camina Martín, M.A. Effectiveness of an intermittent fasting diet
versus continuous energy restriction on anthropometric measurements, body composition and lipid profile in overweight and
obese adults: A meta-analysis. Eur. J. Clin. Nutr. 2021, 75, 1024–1039. [CrossRef]

8. Sutton, E.F.; Beyl, R.; Early, K.S.; Cefalu, W.T.; Ravussin, E.; Peterson, C.M. Early Time-Restricted Feeding Improves In-
sulin Sensitivity, Blood Pressure, and Oxidative Stress Even without Weight Loss in Men with Prediabetes. Cell Metab. 2018,
27, 1212–1221.e3. [CrossRef]

9. Prentice, A.M. Starvation in humans: Evolutionary background and contemporary implications. Mech. Ageing Dev. 2005,
126, 976–981. [CrossRef]

10. Mattson, M.P. An Evolutionary Perspective on Why Food Overconsumption Impairs Cognition. Trends Cogn. Sci. 2019,
23, 200–212. [CrossRef]

11. McCue, M.D. Comparative Physiology of Fasting, Starvation, and Food Limitation; Springer: Berlin/Heidelberg, Germany, 2012.
12. Keys, A.; Brožek, J.; Henschel, A.; Mickelsen, O.; Taylor, H.L. The Biology of Human Starvation; University of Minnesota Press:

Minneapolis, MN, USA, 1950.
13. Longo, V.D.; Mattson, M.P. Fasting: Molecular mechanisms and clinical applications. Cell Metab. 2014, 19, 181–192. [CrossRef]

[PubMed]
14. Cahill, G.F., Jr. Fuel metabolism in starvation. Annu. Rev. Nutr. 2006, 26, 1–22. [CrossRef] [PubMed]
15. Frayn, K.N. Metabolic Regulation: A Human Perspective, 3rd ed.; Wiley-Blackwell Pub.: Chichester, UK, 2010.

http://doi.org/10.1146/annurev-nutr-122319-034601
http://www.ncbi.nlm.nih.gov/pubmed/32559388
http://doi.org/10.1089/ars.2010.3253
http://www.ncbi.nlm.nih.gov/pubmed/20518700
http://doi.org/10.1002/oby.20967
http://www.ncbi.nlm.nih.gov/pubmed/25469998
http://doi.org/10.1002/oby.22829
http://doi.org/10.1093/advances/nmaa168
http://doi.org/10.3390/rel10020123
http://doi.org/10.1038/s41430-020-00821-1
http://doi.org/10.1016/j.cmet.2018.04.010
http://doi.org/10.1016/j.mad.2005.03.018
http://doi.org/10.1016/j.tics.2019.01.003
http://doi.org/10.1016/j.cmet.2013.12.008
http://www.ncbi.nlm.nih.gov/pubmed/24440038
http://doi.org/10.1146/annurev.nutr.26.061505.111258
http://www.ncbi.nlm.nih.gov/pubmed/16848698


Nutrients 2022, 14, 489 19 of 23

16. Stimson, R.H.; Mohd-Shukri, N.A.; Bolton, J.L.; Andrew, R.; Reynolds, R.M.; Walker, B.R. The postprandial rise in plasma cortisol
in men is mediated by macronutrient-specific stimulation of adrenal and extra-adrenal cortisol production. J. Clin. Endocrinol.
Metab. 2014, 99, 160–168. [CrossRef]

17. Knoll, E.; Müller, F.W.; Ratge, D.; Bauersfeld, W.; Wisser, H. Influence of food intake on concentrations of plasma catecholamines
and cortisol. J. Clin. Chem. Clin. Biochem. Z. Klin. Chem. Klin. Biochem. 1984, 22, 597–602. [CrossRef] [PubMed]

18. Schutz, Y.; Flatt, J.P.; Jéquier, E. Failure of dietary fat intake to promote fat oxidation: A factor favoring the development of obesity.
Am. J. Clin. Nutr. 1989, 50, 307–314. [CrossRef] [PubMed]

19. Flatt, J.P.; Ravussin, E.; Acheson, K.J.; Jéquier, E. Effects of dietary fat on postprandial substrate oxidation and on carbohydrate
and fat balances. J. Clin. Investig. 1985, 76, 1019–1024. [CrossRef]

20. Westerterp, K.R. Diet induced thermogenesis. Nutr. Metab. 2004, 1, 5. [CrossRef]
21. Acheson, K.J.; Ravussin, E.; Wahren, J.; Jéquier, E. Thermic effect of glucose in man. Obligatory and facultative thermogenesis. J.

Clin. Investig. 1984, 74, 1572–1580. [CrossRef]
22. Kratz, A.; Ferraro, M.; Sluss, P.M.; Lewandrowski, K.B. Normal Reference Laboratory Values. N. Engl. J. Med. 2004, 351, 1548–1563.

[CrossRef]
23. Galgani, J.; Ravussin, E. Energy metabolism, fuel selection and body weight regulation. Int. J. Obes. 2008,

32 (Suppl. S7), S109–S119. [CrossRef]
24. Bobbioni-Harsch, E.; Habicht, F.; Lehmann, T.; James, R.W.; Rohner-Jeanrenaud, F.; Golay, A. Energy expenditure and substrates

oxidative patterns, after glucose, fat or mixed load in normal weight subjects. Eur. J. Clin. Nutr. 1997, 51, 370–374. [CrossRef]
[PubMed]

25. Laurens, C.; Grundler, F.; Damiot, A.; Chery, I.; Le Maho, A.-L.; Zahariev, A.; Le Maho, Y.; Bergouignan, A.; Gauquelin-Koch, G.;
Simon, C.; et al. Is muscle and protein loss relevant in long-term fasting in healthy men? A prospective trial on physiological
adaptations. J. Cachexia Sarcopenia Muscle 2021, 12, 1690–1703. [CrossRef] [PubMed]

26. Rothman, D.L.; Magnusson, I.; Katz, L.D.; Shulman, R.G.; Shulman, G.I. Quantitation of hepatic glycogenolysis and gluconeogen-
esis in fasting humans with 13C NMR. Science 1991, 254, 573–576. [CrossRef] [PubMed]

27. Weyer, C.; Vozarova, B.; Ravussin, E.; Tataranni, P.A. Changes in energy metabolism in response to 48 h of overfeeding and
fasting in Caucasians and Pima Indians. Int. J. Obes. Relat. Metab. Disord. J. Int. Assoc. Study Obes. 2001, 25, 593–600. [CrossRef]
[PubMed]

28. Thearle, M.S.; Pannacciulli, N.; Bonfiglio, S.; Pacak, K.; Krakoff, J. Extent and determinants of thermogenic responses to 24 hours
of fasting, energy balance, and five different overfeeding diets in humans. J. Clin. Endocrinol. Metab. 2013, 98, 2791–2799.
[CrossRef] [PubMed]

29. Garber, A.J.; Menzel, P.H.; Boden, G.; Owen, O.E. Hepatic ketogenesis and gluconeogenesis in humans. J. Clin. Investig. 1974,
54, 981–989. [CrossRef]

30. Anton, S.D.; Moehl, K.; Donahoo, W.T.; Marosi, K.; Lee, S.A.; Mainous, A.G., 3rd; Leeuwenburgh, C.; Mattson, M.P. Flipping the
Metabolic Switch: Understanding and Applying the Health Benefits of Fasting. Obesity 2018, 26, 254–268. [CrossRef]

31. Gonzalez, J.T.; Fuchs, C.J.; Betts, J.A.; van Loon, L.J. Liver glycogen metabolism during and after prolonged endurance-type
exercise. Am. J. Physiol. Endocrinol. Metab. 2016, 311, E543–E553. [CrossRef] [PubMed]

32. Pinckaers, P.J.; Churchward-Venne, T.A.; Bailey, D.; van Loon, L.J. Ketone Bodies and Exercise Performance: The Next Magic
Bullet or Merely Hype? Sports Med. 2017, 47, 383–391. [CrossRef]

33. Jahrami, H.A.; Alsibai, J.; Clark, C.C.T.; Faris, M.e.A.-I.E. A systematic review, meta-analysis, and meta-regression of the impact
of diurnal intermittent fasting during Ramadan on body weight in healthy subjects aged 16 years and above. Eur. J. Nutr. 2020,
59, 2291–2316. [CrossRef]

34. Allaf, M.; Elghazaly, H.; Mohamed, O.G.; Fareen, M.F.K.; Zaman, S.; Salmasi, A.M.; Tsilidis, K.; Dehghan, A. Intermittent fasting
for the prevention of cardiovascular disease. Cochrane Database Syst. Rev. 2021, 1, CD013496. [CrossRef] [PubMed]

35. Harris, L.; McGarty, A.; Hutchison, L.; Ells, L.; Hankey, C. Short-term intermittent energy restriction interventions for weight
management: A systematic review and meta-analysis. Obes. Rev. 2018, 19, 1–13. [CrossRef] [PubMed]

36. Cui, Y.; Cai, T.; Zhou, Z.; Mu, Y.; Lu, Y.; Gao, Z.; Wu, J.; Zhang, Y. Health Effects of Alternate-Day Fasting in Adults: A Systematic
Review and Meta-Analysis. Front. Nutr. 2020, 7, 586036. [CrossRef] [PubMed]

37. Moon, S.; Kang, J.; Kim, S.H.; Chung, H.S.; Kim, Y.J.; Yu, J.M.; Cho, S.T.; Oh, C.M.; Kim, T. Beneficial Effects of Time-Restricted
Eating on Metabolic Diseases: A Systemic Review and Meta-Analysis. Nutrients 2020, 12, 1267. [CrossRef]

38. Alhamdan, B.A.; Garcia-Alvarez, A.; Alzahrnai, A.H.; Karanxha, J.; Stretchberry, D.R.; Contrera, K.J.; Utria, A.F.; Cheskin, L.J.
Alternate-day versus daily energy restriction diets: Which is more effective for weight loss? A systematic review and meta-analysis.
Obes. Sci. Pract. 2016, 2, 293–302. [CrossRef]

39. Cho, Y.; Hong, N.; Kim, K.W.; Cho, S.J.; Lee, M.; Lee, Y.H.; Lee, Y.H.; Kang, E.S.; Cha, B.S.; Lee, B.W. The Effectiveness of
Intermittent Fasting to Reduce Body Mass Index and Glucose Metabolism: A Systematic Review and Meta-Analysis. J. Clin. Med.
2019, 8, 1645. [CrossRef]

40. Cioffi, I.; Evangelista, A.; Ponzo, V.; Ciccone, G.; Soldati, L.; Santarpia, L.; Contaldo, F.; Pasanisi, F.; Ghigo, E.; Bo, S. Intermittent
versus continuous energy restriction on weight loss and cardiometabolic outcomes: A systematic review and meta-analysis of
randomized controlled trials. J. Transl. Med. 2018, 16, 371. [CrossRef]

http://doi.org/10.1210/jc.2013-2307
http://doi.org/10.1515/cclm.1984.22.9.597
http://www.ncbi.nlm.nih.gov/pubmed/6491621
http://doi.org/10.1093/ajcn/50.2.307
http://www.ncbi.nlm.nih.gov/pubmed/2756918
http://doi.org/10.1172/JCI112054
http://doi.org/10.1186/1743-7075-1-5
http://doi.org/10.1172/JCI111573
http://doi.org/10.1056/NEJMcpc049016
http://doi.org/10.1038/ijo.2008.246
http://doi.org/10.1038/sj.ejcn.1600413
http://www.ncbi.nlm.nih.gov/pubmed/9192194
http://doi.org/10.1002/jcsm.12766
http://www.ncbi.nlm.nih.gov/pubmed/34668663
http://doi.org/10.1126/science.1948033
http://www.ncbi.nlm.nih.gov/pubmed/1948033
http://doi.org/10.1038/sj.ijo.0801610
http://www.ncbi.nlm.nih.gov/pubmed/11360139
http://doi.org/10.1210/jc.2013-1289
http://www.ncbi.nlm.nih.gov/pubmed/23666976
http://doi.org/10.1172/JCI107839
http://doi.org/10.1002/oby.22065
http://doi.org/10.1152/ajpendo.00232.2016
http://www.ncbi.nlm.nih.gov/pubmed/27436612
http://doi.org/10.1007/s40279-016-0577-y
http://doi.org/10.1007/s00394-020-02216-1
http://doi.org/10.1002/14651858.CD013496
http://www.ncbi.nlm.nih.gov/pubmed/33512717
http://doi.org/10.1111/obr.12593
http://www.ncbi.nlm.nih.gov/pubmed/28975722
http://doi.org/10.3389/fnut.2020.586036
http://www.ncbi.nlm.nih.gov/pubmed/33330587
http://doi.org/10.3390/nu12051267
http://doi.org/10.1002/osp4.52
http://doi.org/10.3390/jcm8101645
http://doi.org/10.1186/s12967-018-1748-4


Nutrients 2022, 14, 489 20 of 23

41. Headland, M.; Clifton, P.M.; Carter, S.; Keogh, J.B. Weight-Loss Outcomes: A Systematic Review and Meta-Analysis of Intermittent
Energy Restriction Trials Lasting a Minimum of 6 Months. Nutrients 2016, 8, 354. [CrossRef]

42. Templeman, I.; Smith, H.A.; Chowdhury, E.; Chen, Y.C.; Carroll, H.; Johnson-Bonson, D.; Hengist, A.; Smith, R.; Creighton, J.;
Clayton, D.; et al. A randomized controlled trial to isolate the effects of fasting and energy restriction on weight loss and metabolic
health in lean adults. Sci. Transl. Med. 2021, 13, eabd8034. [CrossRef]

43. Neeland, I.J.; Ross, R.; Després, J.P.; Matsuzawa, Y.; Yamashita, S.; Shai, I.; Seidell, J.; Magni, P.; Santos, R.D.; Arsenault, B.; et al.
Visceral and ectopic fat, atherosclerosis, and cardiometabolic disease: A position statement. Lancet Diabetes Endocrinol. 2019,
7, 715–725. [CrossRef]

44. Trepanowski, J.F.; Kroeger, C.M.; Barnosky, A.; Klempel, M.C.; Bhutani, S.; Hoddy, K.K.; Gabel, K.; Freels, S.; Rigdon, J.; Rood, J.;
et al. Effect of Alternate-Day Fasting on Weight Loss, Weight Maintenance, and Cardioprotection among Metabolically Healthy
Obese Adults: A Randomized Clinical Trial. JAMA Intern. Med. 2017, 177, 930–938. [CrossRef] [PubMed]

45. Holmer, M.; Lindqvist, C.; Petersson, S.; Moshtaghi-Svensson, J.; Tillander, V.; Brismar, T.B.; Hagström, H.; Stål, P. Treatment of
NAFLD with intermittent calorie restriction or low-carb high-fat diet—A randomised controlled trial. JHEP Rep. Innov. Hepatol.
2021, 3, 100256. [CrossRef] [PubMed]

46. Kalam, F.; Gabel, K.; Cienfuegos, S.; Ezpeleta, M.; Wiseman, E.; Varady, K.A. Alternate Day Fasting Combined with a Low
Carbohydrate Diet: Effect on Sleep Quality, Duration, Insomnia Severity and Risk of Obstructive Sleep Apnea in Adults with
Obesity. Nutrients 2021, 13, 211. [CrossRef]

47. Cienfuegos, S.; Gabel, K.; Kalam, F.; Ezpeleta, M.; Wiseman, E.; Pavlou, V.; Lin, S.; Oliveira, M.L.; Varady, K.A. Effects of 4- and
6-h Time-Restricted Feeding on Weight and Cardiometabolic Health: A Randomized Controlled Trial in Adults with Obesity. Cell
Metab. 2020, 32, 366–378.e3. [CrossRef] [PubMed]

48. Lowe, D.A.; Wu, N.; Rohdin-Bibby, L.; Moore, A.H.; Kelly, N.; Liu, Y.E.; Philip, E.; Vittinghoff, E.; Heymsfield, S.B.; Olgin, J.E.;
et al. Effects of Time-Restricted Eating on Weight Loss and Other Metabolic Parameters in Women and Men With Overweight
and Obesity: The TREAT Randomized Clinical Trial. JAMA Intern. Med. 2020, 180, 1491–1499. [CrossRef]

49. Jahrami, H.A.; Faris, M.E.; Janahi, A.I.; Janahi, M.I.; Abdelrahim, D.N.; Madkour, M.I.; Sater, M.S.; Hassan, A.B.; Bahammam, A.S.
Does four-week consecutive, dawn-to-sunset intermittent fasting during Ramadan affect cardiometabolic risk factors in healthy
adults? A systematic review, meta-analysis, and meta-regression. Nutr. Metab. Cardiovasc. Dis. 2021, 31, 2273–2301. [CrossRef]

50. Pureza, I.; Macena, M.L.; da Silva Junior, A.E.; Praxedes, D.R.S.; Vasconcelos, L.G.L.; Bueno, N.B. Effect of early time-restricted
feeding on the metabolic profile of adults with excess weight: A systematic review with meta-analysis. Clin. Nutr. 2021,
40, 1788–1799. [CrossRef]

51. Gill, S.; Panda, S. A Smartphone App Reveals Erratic Diurnal Eating Patterns in Humans that Can Be Modulated for Health
Benefits. Cell Metab. 2015, 22, 789–798. [CrossRef]

52. Blaak, E.E.; Antoine, J.M.; Benton, D.; Björck, I.; Bozzetto, L.; Brouns, F.; Diamant, M.; Dye, L.; Hulshof, T.; Holst, J.J.; et al. Impact
of postprandial glycaemia on health and prevention of disease. Obes. Rev. 2012, 13, 923–984. [CrossRef]

53. Nordestgaard, B.G.; Benn, M.; Schnohr, P.; Tybjaerg-Hansen, A. Nonfasting triglycerides and risk of myocardial infarction,
ischemic heart disease, and death in men and women. JAMA 2007, 298, 299–308. [CrossRef]

54. Antoni, R.; Johnston, K.L.; Collins, A.L.; Robertson, M.D. Intermittent v. continuous energy restriction: Differential effects on
postprandial glucose and lipid metabolism following matched weight loss in overweight/obese participants. Br. J. Nutr. 2018,
119, 507–516. [CrossRef] [PubMed]

55. Gao, Y.; Tsintzas, K.; Macdonald, I.A.; Cordon, S.M.; Taylor, M.A. Effects of intermittent (5:2) or continuous energy restriction on
basal and postprandial metabolism: A randomised study in normal-weight, young participants. Eur. J. Clin. Nutr. 2022, 76, 65–73.
[CrossRef] [PubMed]

56. Jamshed, H.; Beyl, R.A.; Della Manna, D.L.; Yang, E.S.; Ravussin, E.; Peterson, C.M. Early Time-Restricted Feeding Improves
24-Hour Glucose Levels and Affects Markers of the Circadian Clock, Aging, and Autophagy in Humans. Nutrients 2019, 11, 1234.
[CrossRef] [PubMed]

57. Parr, E.B.; Devlin, B.L.; Radford, B.E.; Hawley, J.A. A Delayed Morning and Earlier Evening Time-Restricted Feeding Protocol
for Improving Glycemic Control and Dietary Adherence in Men with Overweight/Obesity: A Randomized Controlled Trial.
Nutrients 2020, 12, 505. [CrossRef]

58. Hutchison, A.T.; Regmi, P.; Manoogian, E.N.C.; Fleischer, J.G.; Wittert, G.A.; Panda, S.; Heilbronn, L.K. Time-Restricted Feeding
Improves Glucose Tolerance in Men at Risk for Type 2 Diabetes: A Randomized Crossover Trial. Obesity 2019, 27, 724–732.
[CrossRef]

59. Wilkinson, M.J.; Manoogian, E.N.C.; Zadourian, A.; Lo, H.; Fakhouri, S.; Shoghi, A.; Wang, X.; Fleischer, J.G.; Navlakha, S.;
Panda, S.; et al. Ten-Hour Time-Restricted Eating Reduces Weight, Blood Pressure, and Atherogenic Lipids in Patients with
Metabolic Syndrome. Cell Metab. 2020, 31, 92–104.e5. [CrossRef]

60. Chow, L.S.; Manoogian, E.N.C.; Alvear, A.; Fleischer, J.G.; Thor, H.; Dietsche, K.; Wang, Q.; Hodges, J.S.; Esch, N.; Malaeb, S.; et al.
Time-Restricted Eating Effects on Body Composition and Metabolic Measures in Humans who are Overweight: A Feasibility
Study. Obesity 2020, 28, 860–869. [CrossRef]

61. Galgani, J.E.; Moro, C.; Ravussin, E. Metabolic flexibility and insulin resistance. Am. J. Physiol. Endocrinol. Metab. 2008,
295, E1009–E1017. [CrossRef] [PubMed]

62. Goodpaster, B.H.; Sparks, L.M. Metabolic Flexibility in Health and Disease. Cell Metab. 2017, 25, 1027–1036. [CrossRef]

http://doi.org/10.3390/nu8060354
http://doi.org/10.1126/scitranslmed.abd8034
http://doi.org/10.1016/S2213-8587(19)30084-1
http://doi.org/10.1001/jamainternmed.2017.0936
http://www.ncbi.nlm.nih.gov/pubmed/28459931
http://doi.org/10.1016/j.jhepr.2021.100256
http://www.ncbi.nlm.nih.gov/pubmed/33898960
http://doi.org/10.3390/nu13010211
http://doi.org/10.1016/j.cmet.2020.06.018
http://www.ncbi.nlm.nih.gov/pubmed/32673591
http://doi.org/10.1001/jamainternmed.2020.4153
http://doi.org/10.1016/j.numecd.2021.05.002
http://doi.org/10.1016/j.clnu.2020.10.031
http://doi.org/10.1016/j.cmet.2015.09.005
http://doi.org/10.1111/j.1467-789X.2012.01011.x
http://doi.org/10.1001/jama.298.3.299
http://doi.org/10.1017/S0007114517003890
http://www.ncbi.nlm.nih.gov/pubmed/29508693
http://doi.org/10.1038/s41430-021-00909-2
http://www.ncbi.nlm.nih.gov/pubmed/34040199
http://doi.org/10.3390/nu11061234
http://www.ncbi.nlm.nih.gov/pubmed/31151228
http://doi.org/10.3390/nu12020505
http://doi.org/10.1002/oby.22449
http://doi.org/10.1016/j.cmet.2019.11.004
http://doi.org/10.1002/oby.22756
http://doi.org/10.1152/ajpendo.90558.2008
http://www.ncbi.nlm.nih.gov/pubmed/18765680
http://doi.org/10.1016/j.cmet.2017.04.015


Nutrients 2022, 14, 489 21 of 23

63. Roman, Y.M.; Dominguez, M.C.; Easow, T.M.; Pasupuleti, V.; White, C.M.; Hernandez, A.V. Effects of intermittent versus
continuous dieting on weight and body composition in obese and overweight people: A systematic review and meta-analysis of
randomized controlled trials. Int. J. Obes. 2019, 43, 2017–2027. [CrossRef]

64. Dulloo, A.G.; Jacquet, J.; Miles-Chan, J.L.; Schutz, Y. Passive and active roles of fat-free mass in the control of energy intake and
body composition regulation. Eur. J. Clin. Nutr. 2017, 71, 353–357. [CrossRef] [PubMed]

65. Ravussin, E.; Lillioja, S.; Knowler, W.C.; Christin, L.; Freymond, D.; Abbott, W.G.H.; Boyce, V.; Howard, B.V.; Bogardus, C.
Reduced Rate of Energy Expenditure as a Risk Factor for Body-Weight Gain. N. Engl. J. Med. 1988, 318, 467–472. [CrossRef]
[PubMed]

66. Zurlo, F.; Lillioja, S.; Esposito-Del Puente, A.; Nyomba, B.L.; Raz, I.; Saad, M.F.; Swinburn, B.A.; Knowler, W.C.; Bogardus, C.;
Ravussin, E. Low ratio of fat to carbohydrate oxidation as predictor of weight gain: Study of 24-h RQ. Am. J. Physiol. 1990, 259,
E650–E657. [CrossRef] [PubMed]

67. Piaggi, P.; Thearle, M.S.; Bogardus, C.; Krakoff, J. Lower energy expenditure predicts long-term increases in weight and fat mass.
J. Clin. Endocrinol. Metab. 2013, 98, E703–E707. [CrossRef]

68. Schlögl, M.; Piaggi, P.; Pannacciuli, N.; Bonfiglio, S.M.; Krakoff, J.; Thearle, M.S. Energy Expenditure Responses to Fasting and
Overfeeding Identify Phenotypes Associated with Weight Change. Diabetes 2015, 64, 3680–3689. [CrossRef]

69. Reinhardt, M.; Thearle, M.S.; Ibrahim, M.; Hohenadel, M.G.; Bogardus, C.; Krakoff, J.; Votruba, S.B. A Human Thrifty Phenotype
Associated with Less Weight Loss during Caloric Restriction. Diabetes 2015, 64, 2859–2867. [CrossRef]

70. Alsubheen, S.A.; Ismail, M.; Baker, A.; Blair, J.; Adebayo, A.; Kelly, L.; Chandurkar, V.; Cheema, S.; Joanisse, D.R.; Basset, F.A.
The effects of diurnal Ramadan fasting on energy expenditure and substrate oxidation in healthy men. Br. J. Nutr. 2017,
118, 1023–1030. [CrossRef]

71. el Ati, J.; Beji, C.; Danguir, J. Increased fat oxidation during Ramadan fasting in healthy women: An adaptative mechanism for
body-weight maintenance. Am. J. Clin. Nutr. 1995, 62, 302–307. [CrossRef]

72. Lessan, N.; Saadane, I.; Alkaf, B.; Hambly, C.; Buckley, A.J.; Finer, N.; Speakman, J.R.; Barakat, M.T. The effects of Ramadan
fasting on activity and energy expenditure. Am. J. Clin. Nutr. 2018, 107, 54–61. [CrossRef]

73. Alharbi, T.J.; Wong, J.; Markovic, T.; Yue, D.; Wu, T.; Brooks, B.; Hetherington, J.; Seimon, R.; Gibson, A.A.; Toth, K.; et al. Brief
report: Ramadan as a model of intermittent fasting: Effects on body composition, metabolic parameters, gut hormones and
appetite in adults with and without type 2 diabetes mellitus. Obes. Med. 2017, 6, 15–17. [CrossRef]

74. Catenacci, V.A.; Pan, Z.; Ostendorf, D.; Brannon, S.; Gozansky, W.S.; Mattson, M.P.; Martin, B.; MacLean, P.S.; Melanson, E.L.;
Troy Donahoo, W. A randomized pilot study comparing zero-calorie alternate-day fasting to daily caloric restriction in adults
with obesity. Obesity 2016, 24, 1874–1883. [CrossRef] [PubMed]

75. Halberg, N.; Henriksen, M.; Söderhamn, N.; Stallknecht, B.; Ploug, T.; Schjerling, P.; Dela, F. Effect of intermittent fasting and
refeeding on insulin action in healthy men. J. Appl. Physiol. 2005, 99, 2128–2136. [CrossRef] [PubMed]

76. Heilbronn, L.K.; Smith, S.R.; Martin, C.K.; Anton, S.D.; Ravussin, E. Alternate-day fasting in nonobese subjects: Effects on body
weight, body composition, and energy metabolism. Am. J. Clin. Nutr. 2005, 81, 69–73. [CrossRef] [PubMed]

77. Soeters, M.R.; Lammers, N.M.; Dubbelhuis, P.F.; Ackermans, M.; Jonkers-Schuitema, C.F.; Fliers, E.; Sauerwein, H.P.; Aerts, J.M.;
Serlie, M.J. Intermittent fasting does not affect whole-body glucose, lipid, or protein metabolism. Am. J. Clin. Nutr. 2009,
90, 1244–1251. [CrossRef] [PubMed]

78. Stekovic, S.; Hofer, S.J.; Tripolt, N.; Aon, M.A.; Royer, P.; Pein, L.; Stadler, J.T.; Pendl, T.; Prietl, B.; Url, J.; et al. Alternate Day
Fasting Improves Physiological and Molecular Markers of Aging in Healthy, Non-obese Humans. Cell Metab. 2020, 31, 878–881.
[CrossRef] [PubMed]

79. Beaulieu, K.; Casanova, N.; Oustric, P.; Turicchi, J.; Gibbons, C.; Hopkins, M.; Varady, K.; Blundell, J.; Finlayson, G. Matched
Weight Loss through Intermittent or Continuous Energy Restriction Does Not Lead to Compensatory Increases in Appetite and
Eating Behavior in a Randomized Controlled Trial in Women with Overweight and Obesity. J. Nutr. 2020, 150, 623–633. [CrossRef]
[PubMed]

80. Coutinho, S.R.; Halset, E.H.; Gåsbakk, S.; Rehfeld, J.F.; Kulseng, B.; Truby, H.; Martins, C. Compensatory mechanisms activated
with intermittent energy restriction: A randomized control trial. Clin. Nutr. 2018, 37, 815–823. [CrossRef]

81. De Groot, L.C.; van Es, A.J.; van Raaij, J.M.; Vogt, J.E.; Hautvast, J.G. Adaptation of energy metabolism of overweight women to
alternating and continuous low energy intake. Am. J. Clin. Nutr. 1989, 50, 1314–1323. [CrossRef]

82. Pinto, A.M.; Bordoli, C.; Buckner, L.P.; Kim, C.; Kaplan, P.C.; Del Arenal, I.M.; Jeffcock, E.J.; Hall, W.L. Intermittent energy
restriction is comparable to continuous energy restriction for cardiometabolic health in adults with central obesity: A randomized
controlled trial; the Met-IER study. Clin. Nutr. 2020, 39, 1753–1763. [CrossRef]

83. Vinales, K.L.; Schlögl, M.; Piaggi, P.; Hohenadel, M.; Graham, A.; Bonfiglio, S.; Krakoff, J.; Thearle, M.S. The Consistency in
Macronutrient Oxidation and the Role for Epinephrine in the Response to Fasting and Overfeeding. J. Clin. Endocrinol. Metab.
2017, 102, 279–289. [CrossRef]

84. Kobayashi, F.; Ogata, H.; Omi, N.; Nagasaka, S.; Yamaguchi, S.; Hibi, M.; Tokuyama, K. Effect of breakfast skipping on diurnal
variation of energy metabolism and blood glucose. Obes. Res. Clin. Pract. 2014, 8, e201–e298. [CrossRef] [PubMed]

85. Munsters, M.J.; Saris, W.H. Effects of meal frequency on metabolic profiles and substrate partitioning in lean healthy males. PLoS
ONE 2012, 7, e38632. [CrossRef] [PubMed]

http://doi.org/10.1038/s41366-018-0204-0
http://doi.org/10.1038/ejcn.2016.256
http://www.ncbi.nlm.nih.gov/pubmed/27966570
http://doi.org/10.1056/NEJM198802253180802
http://www.ncbi.nlm.nih.gov/pubmed/3340128
http://doi.org/10.1152/ajpendo.1990.259.5.E650
http://www.ncbi.nlm.nih.gov/pubmed/2240203
http://doi.org/10.1210/jc.2012-3529
http://doi.org/10.2337/db15-0382
http://doi.org/10.2337/db14-1881
http://doi.org/10.1017/S0007114517003221
http://doi.org/10.1093/ajcn/62.2.302
http://doi.org/10.1093/ajcn/nqx016
http://doi.org/10.1016/j.obmed.2017.03.002
http://doi.org/10.1002/oby.21581
http://www.ncbi.nlm.nih.gov/pubmed/27569118
http://doi.org/10.1152/japplphysiol.00683.2005
http://www.ncbi.nlm.nih.gov/pubmed/16051710
http://doi.org/10.1093/ajcn/81.1.69
http://www.ncbi.nlm.nih.gov/pubmed/15640462
http://doi.org/10.3945/ajcn.2008.27327
http://www.ncbi.nlm.nih.gov/pubmed/19776143
http://doi.org/10.1016/j.cmet.2020.02.011
http://www.ncbi.nlm.nih.gov/pubmed/32268118
http://doi.org/10.1093/jn/nxz296
http://www.ncbi.nlm.nih.gov/pubmed/31825067
http://doi.org/10.1016/j.clnu.2017.04.002
http://doi.org/10.1093/ajcn/50.6.1314
http://doi.org/10.1016/j.clnu.2019.07.014
http://doi.org/10.1210/jc.2016-3006
http://doi.org/10.1016/j.orcp.2013.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24847666
http://doi.org/10.1371/journal.pone.0038632
http://www.ncbi.nlm.nih.gov/pubmed/22719910


Nutrients 2022, 14, 489 22 of 23

86. Ohkawara, K.; Cornier, M.A.; Kohrt, W.M.; Melanson, E.L. Effects of increased meal frequency on fat oxidation and perceived
hunger. Obesity 2013, 21, 336–343. [CrossRef] [PubMed]

87. Smeets, A.J.; Westerterp-Plantenga, M.S. Acute effects on metabolism and appetite profile of one meal difference in the lower
range of meal frequency. Br. J. Nutr. 2008, 99, 1316–1321. [CrossRef]

88. Verboeket-van de Venne, W.P.; Westerterp, K.R. Influence of the feeding frequency on nutrient utilization in man: Consequences
for energy metabolism. Eur. J. Clin. Nutr. 1991, 45, 161–169.

89. Nakamura, K.; Tajiri, E.; Hatamoto, Y.; Ando, T.; Shimoda, S.; Yoshimura, E. Eating Dinner Early Improves 24-h Blood Glucose
Levels and Boosts Lipid Metabolism after Breakfast the Next Day: A Randomized Cross-Over Trial. Nutrients 2021, 13, 2424.
[CrossRef]

90. Nas, A.; Mirza, N.; Hägele, F.; Kahlhöfer, J.; Keller, J.; Rising, R.; Kufer, T.A.; Bosy-Westphal, A. Impact of breakfast skipping
compared with dinner skipping on regulation of energy balance and metabolic risk. Am. J. Clin. Nutr. 2017, 105, 1351–1361.
[CrossRef]

91. Taylor, M.A.; Garrow, J.S. Compared with nibbling, neither gorging nor a morning fast affect short-term energy balance in obese
patients in a chamber calorimeter. Int. J. Obes. Relat. Metab. Disord. J. Int. Assoc. Study Obes. 2001, 25, 519–528. [CrossRef]

92. Poggiogalle, E.; Jamshed, H.; Peterson, C.M. Circadian regulation of glucose, lipid, and energy metabolism in humans. Metab.
Clin. Exp. 2018, 84, 11–27. [CrossRef]

93. Clayton, D.J.; Stensel, D.J.; James, L.J. Effect of breakfast omission on subjective appetite, metabolism, acylated ghrelin and
GLP-17-36 during rest and exercise. Nutrition 2016, 32, 179–185. [CrossRef]

94. Dallosso, H.M.; Murgatroyd, P.R.; James, W.P. Feeding frequency and energy balance in adult males. Hum. Nutr. Clin. Nutr. 1982,
36C, 25–39. [PubMed]

95. Verboeket-van de Venne, W.P.; Westerterp, K.R. Frequency of feeding, weight reduction and energy metabolism. Int. J. Obes. Relat.
Metab. Disord. J. Int. Assoc. Study Obes. 1993, 17, 31–36.

96. Verboeket-van de Venne, W.P.; Westerterp, K.R.; Kester, A.D. Effect of the pattern of food intake on human energy metabolism. Br.
J. Nutr. 1993, 70, 103–115. [CrossRef] [PubMed]

97. Betts, J.A.; Richardson, J.D.; Chowdhury, E.A.; Holman, G.D.; Tsintzas, K.; Thompson, D. The causal role of breakfast in energy
balance and health: A randomized controlled trial in lean adults. Am. J. Clin. Nutr. 2014, 100, 539–547. [CrossRef] [PubMed]

98. Kahleova, H.; Belinova, L.; Malinska, H.; Oliyarnyk, O.; Trnovska, J.; Skop, V.; Kazdova, L.; Dezortova, M.; Hajek, M.; Tura, A.;
et al. Eating two larger meals a day (breakfast and lunch) is more effective than six smaller meals in a reduced-energy regimen for
patients with type 2 diabetes: A randomised crossover study. Diabetologia 2014, 57, 1552–1560. [CrossRef]

99. Reeves, S.; Huber, J.W.; Halsey, L.G.; Villegas-Montes, M.; Elgumati, J.; Smith, T. A cross-over experiment to investigate possible
mechanisms for lower BMIs in people who habitually eat breakfast. Eur. J. Clin. Nutr. 2015, 69, 632–637. [CrossRef]

100. Chowdhury, E.A.; Richardson, J.D.; Holman, G.D.; Tsintzas, K.; Thompson, D.; Betts, J.A. The causal role of breakfast in energy
balance and health: A randomized controlled trial in obese adults. Am. J. Clin. Nutr. 2016, 103, 747–756. [CrossRef]

101. Ogata, H.; Kayaba, M.; Tanaka, Y.; Yajima, K.; Iwayama, K.; Ando, A.; Park, I.; Kiyono, K.; Omi, N.; Satoh, M.; et al. Effect of
skipping breakfast for 6 days on energy metabolism and diurnal rhythm of blood glucose in young healthy Japanese males. Am.
J. Clin. Nutr. 2019, 110, 41–52. [CrossRef]

102. Ravussin, E.; Beyl, R.A.; Poggiogalle, E.; Hsia, D.S.; Peterson, C.M. Early Time-Restricted Feeding Reduces Appetite and Increases
Fat Oxidation But Does Not Affect Energy Expenditure in Humans. Obesity 2019, 27, 1244–1254. [CrossRef]

103. Melanson, E.L.; MacLean, P.S.; Hill, J.O. Exercise improves fat metabolism in muscle but does not increase 24-h fat oxidation.
Exerc. Sport Sci. Rev. 2009, 37, 93–101. [CrossRef]

104. Schrauwen, P.; van Marken Lichtenbelt, W.D.; Saris, W.H.; Westerterp, K.R. Role of glycogen-lowering exercise in the change of
fat oxidation in response to a high-fat diet. Am. J. Physiol. 1997, 273, E623–E629. [CrossRef] [PubMed]

105. Iwayam, K.; Ogawa, A.; Tanaka, Y.; Yajima, K.; Park, I.; Ando, A.; Ogata, H.; Kayaba, M.; Zhang, S.; Tanji, F.; et al. Effects
of exercise before breakfast on plasma free fatty acid profile and 24-h fat oxidation. Metab. Open 2020, 8, 100067. [CrossRef]
[PubMed]

106. Iwayama, K.; Kawabuchi, R.; Park, I.; Kurihara, R.; Kobayashi, M.; Hibi, M.; Oishi, S.; Yasunaga, K.; Ogata, H.; Nabekura, Y.; et al.
Transient energy deficit induced by exercise increases 24-h fat oxidation in young trained men. J. Appl. Physiol. 2015, 118, 80–85.
[CrossRef] [PubMed]

107. Iwayama, K.; Kurihara, R.; Nabekura, Y.; Kawabuchi, R.; Park, I.; Kobayashi, M.; Ogata, H.; Kayaba, M.; Satoh, M.; Tokuyama, K.
Exercise Increases 24-h Fat Oxidation Only When It Is Performed Before Breakfast. EBioMedicine 2015, 2, 2003–2009. [CrossRef]

108. Lees, M.J.; Hodson, N.; Moore, D.R. A muscle-centric view of time-restricted feeding for older adults. Curr. Opin. Clin. Nutr.
Metab. Care 2021, 24, 521–527. [CrossRef]

109. Damas, F.; Phillips, S.; Vechin, F.C.; Ugrinowitsch, C. A review of resistance training-induced changes in skeletal muscle protein
synthesis and their contribution to hypertrophy. Sports Med. 2015, 45, 801–807. [CrossRef]

110. Mesinovic, J.; Jansons, P.; Zengin, A.; de Courten, B.; Rodriguez, A.J.; Daly, R.M.; Ebeling, P.R.; Scott, D. Exercise attenuates
bone mineral density loss during diet-induced weight loss in adults with overweight and obesity: A systematic review and
meta-analysis. J. Sport Health Sci. 2021, 10, 550–559. [CrossRef]

111. Ashtary-Larky, D.; Bagheri, R.; Tinsley, G.M.; Asbaghi, O.; Paoli, A.; Moro, T. Effects of intermittent fasting combined with
resistance training on body composition: A systematic review and meta-analysis. Physiol. Behav. 2021, 237, 113453. [CrossRef]

http://doi.org/10.1002/oby.20032
http://www.ncbi.nlm.nih.gov/pubmed/23404961
http://doi.org/10.1017/S0007114507877646
http://doi.org/10.3390/nu13072424
http://doi.org/10.3945/ajcn.116.151332
http://doi.org/10.1038/sj.ijo.0801572
http://doi.org/10.1016/j.metabol.2017.11.017
http://doi.org/10.1016/j.nut.2015.06.013
http://www.ncbi.nlm.nih.gov/pubmed/7076516
http://doi.org/10.1079/BJN19930108
http://www.ncbi.nlm.nih.gov/pubmed/8399092
http://doi.org/10.3945/ajcn.114.083402
http://www.ncbi.nlm.nih.gov/pubmed/24898233
http://doi.org/10.1007/s00125-014-3253-5
http://doi.org/10.1038/ejcn.2014.269
http://doi.org/10.3945/ajcn.115.122044
http://doi.org/10.1093/ajcn/nqy346
http://doi.org/10.1002/oby.22518
http://doi.org/10.1097/JES.0b013e31819c2f0b
http://doi.org/10.1152/ajpendo.1997.273.3.E623
http://www.ncbi.nlm.nih.gov/pubmed/9316454
http://doi.org/10.1016/j.metop.2020.100067
http://www.ncbi.nlm.nih.gov/pubmed/33294835
http://doi.org/10.1152/japplphysiol.00697.2014
http://www.ncbi.nlm.nih.gov/pubmed/25554797
http://doi.org/10.1016/j.ebiom.2015.10.029
http://doi.org/10.1097/MCO.0000000000000789
http://doi.org/10.1007/s40279-015-0320-0
http://doi.org/10.1016/j.jshs.2021.05.001
http://doi.org/10.1016/j.physbeh.2021.113453


Nutrients 2022, 14, 489 23 of 23

112. Ravussin, E.; Smith, S.R.; Ferrante, A.W., Jr. Physiology of Energy Expenditure in the Weight-Reduced State. Obesity 2021,
29 (Suppl. S1), S31–S38. [CrossRef]

113. Bellisle, F.; McDevitt, R.; Prentice, A.M. Meal frequency and energy balance. Br. J. Nutr. 1997, 77 (Suppl. S1), S57–S70. [CrossRef]
114. Flatt, J.P. Integration of the overall response to exercise. Int. J. Obes. Relat. Metab. Disord. J. Int. Assoc. Study Obes. 1995,

19 (Suppl. S4), S31–S40.
115. Abbott, W.G.; Howard, B.V.; Christin, L.; Freymond, D.; Lillioja, S.; Boyce, V.L.; Anderson, T.E.; Bogardus, C.; Ravussin, E.

Short-term energy balance: Relationship with protein, carbohydrate, and fat balances. Am. J. Physiol. 1988, 255, E332–E337.
[CrossRef] [PubMed]

http://doi.org/10.1002/oby.23095
http://doi.org/10.1079/BJN19970104
http://doi.org/10.1152/ajpendo.1988.255.3.E332
http://www.ncbi.nlm.nih.gov/pubmed/3421330

	Introduction 
	Acute Effect of Fasting on Energy Metabolism 
	Impact of IF on Cardiometabolic Health 
	Body Weight and Composition 
	Ectopic Fat 
	Cardiometabolic Risk Factors 
	Impact of IF on Cardiometabolic Health: Conclusion and Gaps 

	Effects of IF on Energy Metabolism: Energy Expenditure and Substrate Oxidation 
	Ramadan 
	Alternate-Day Fasting (ADF) 
	Alternate-Day Modified Fasting (ADMF) 
	Twice-Weekly Fasting 
	Time-Restricted Eating (TRE) 

	Optimizing IF by Combining It with Exercise 
	Metabolic Switching: The Role of Endurance Exercise 
	Optimizing IF by Combining It with Resistance Exercise 

	Perspectives of the Usefulness of IF on Cardiometabolic Health: Gaps and Future Directions 
	References

