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Abstract

One of the emergent nutritional strategies for improving multiple features of cardiometabolic diseases is the practice of
intermittent fasting (IF), which consists of alternating periods of eating and fasting. IF can reduce circulating glucose and
insulin levels, fat mass, and the risk of developing age-related pathologies. IF appears to upregulate evolution-conserved
adaptive cellular responses, such as stress-response pathways, autophagy, and mitochondrial function. IF was also observed
to modulate the circadian rthythms of hormones like insulin or leptin, among others, which levels change in conditions of
food abundance and deficit. However, some contradictory results regarding the duration of the interventions and the anterior
metabolic status of the participants suggest that more and longer studies are needed in order to draw conclusions. This review
summarizes the current knowledge regarding the role of IF in the modulation of mechanisms involved in type 2 diabetes,

as well as the risks.
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Key points

- IF is an emergent nutritional strategy for improving multiple features
of cardiometabolic and age-related pathologies, due to weight and
insulin resistance reduction.

- IF upregulates evolution-conserved adaptive cellular responses, such
as stress-response pathways, autophagy, and mitochondrial function

- IF regulates the circadian rhythms of hormones like insulin or leptin,
among others.

- Too long interventions, severe energy restriction, and the anterior
metabolic status of the participants may conduce to the opposite
effects.
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Introduction

Several behavioural and physiological adaptations were
developed through evolution to enable animals to survive
to periods of food absence/scarcity [48]. The source of
energy preferentially utilized and the metabolic activity of
the organism are influenced by the changes in the rhythms
of caloric intake and feeding [5]. Some organisms have the
capacity to become dormant when food is not available for
extended time periods; for example, stationary phase of
yeasts, Dauer state of nematodes, and hibernation in ground
squirrels and some bears [48]. In mammals, organs like the
liver and the adipose tissue function as energy depots in
times of food availability, informing the body about energy
reserves and enabling metabolic activity during varying
times of fasting/starvation [48]. In turn, chronic overfeed-
ing promotes the development of obesity, the major risk
factor for ectopic fat accumulation, insulin resistance, and
type 2 diabetes (T2DM) [57]. Dietary interventions limit-
ing energy intake such as intermittent fasting (IF) could be
used to prevent such excessive accumulation. Their health
benefits to treat metabolic diseases appear to be proportional
to the length of the fasting period, although some contradic-
tory results have been raised [57]. Interestingly, the ben-
efits of energy-restrictive strategies appear to involve other
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mechanisms than energy restriction per se, although the
modulation of such mechanisms may have opposing effects
upon excessive periods of food restriction [3].

IF is defined as the practice of alternating periods of
fasting and eating through several different approaches that
may include or not energy restriction. It has emerged as a
promising therapeutic strategy for improving multiple car-
diometabolic endpoints in rodent models of disease, includ-
ing ectopic fat accumulation, insulin resistance, and diabetes
[67]. Available evidence in humans suggests that the ben-
efits of IF are mostly related to energy restriction, leading to
weight loss and reduced free radical production [20]. How-
ever, current studies suggest that IF can also elicit evolu-
tionarily conserved, adaptive cellular responses that affects
several organs and their crosstalk. Such mechanisms have
positive contributions to energy metabolism and glucose
regulation, reducing circulating insulin, fat mass, and the
risk of developing age-related pathologies [20, 43, 67, 68].

Hormones like insulin, glucagon, cortisol, leptin, thy-
roid hormones, or growth hormone have circadian rhythms,
which adjust metabolic activity and energy expenditure to
food abundance or deficit, providing the needed glucose lev-
els and energy to the organism [12, 48]. During the diurnal
period, glucose is the primary source of energy for most tis-
sues, being stimulated by insulin and used for glycolysis [8,
73]. In times of energy deficit, cells have systems to monitor
changes in adenosine triphosphate (ATP) levels. The energy
sensor adenosine monophosphate (AMP) activated protein
kinase (AMPK) monitor changes of ATP levels, leading to
an activation of ATP-producing pathways and/or a suppres-
sion of ATP-using pathways[8]. When active, AMPK shuts
down anabolic pathways, such as lipogenesis (inactivates
acetyl-CoA carboxylase) and transcriptional processes, and
promotes catabolic pathways [73]. In such conditions, the
activation of catabolic programs is capable of maintaining
NADH and ATP generation in most of the organs through
numerous alternative pathways, namely the oxidation of fatty
and amino acids, and the utilization of ketone bodies [8].
AMPK is thought to be involved in metformin mechanism
of action. In metabolic syndrome, activation of AMPK has
been observed to be a promising strategy to reduce the cel-
lular levels of non-esterified fatty acids, which are known to
induce insulin resistance. Such mechanisms are particularly
important in insulin-sensitive tissues, such as the skeletal
muscle, the liver, and the adipose tissue. Moreover, AMPK
activation is known to upregulate GLUT4 translocation to
cell membrane, which further improve glycaemic control [47]

During physiological fasting, the hepatocyte coordinates
peripheral responses to changes in nutrient fluxes and pro-
vides glucose through glycogenolysis and gluconeogenesis
and ketone bodies as fuel for peripheral organs [32]. Fatty
acids represent an alternative fuel source for the most meta-
bolically active organs including the muscle and liver (the
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brain consumes mostly glucose and ketone bodies) during
fasting periods [73].

Interestingly, insulin resistance is associated with reduced
AMPK activity [32], extending the time needed for this met-
abolic shift. Thus, patients with diabetes may take longer
to have this metabolic shift and to use fatty acids as energy
source, turning energy expenditure more difficult [25].

Bases and types of intermittent fasting

From an evolutionary perspective, fasting is a natural phe-
nomenon to which humans were regularly exposed, due to
periodic restriction or abstention from calorie-containing
foods or drinks. It has been associated with a beneficial role
for increased human health and longevity [22, 23, 25, 54].
However, sustaining daily caloric restriction is very difficult.
Although IF is an umbrella term used to describe different
forms of fasting, it is essentially a dietary regimen that includes
longer periods of intense energy restriction than the usual
overnight fast (75-100% reduced caloric intake on fasting
days), followed by ‘normal’ eating on non-fasting days [35].
Different protocols have been used to study the effects of IF,
namely periodic fasting (PF, fasting only 1 to 2 days per week),
alternate-day fasting (ADF, consuming no calories on fasting
days), alternate-day modified fasting (ADMF, consuming
less than 25% of baseline energy needs on fasting days), and
time-restricted fasting (TRF, restricting food intake to specific
time periods of the day), being non-caloric fluid intake (water,
coffee and tea) permitted in all of them[13, 28]. The pattern
of energy restriction and/or timing of food intake is altered,
so that individuals undergo frequent and repeated periods of
fasting [3, 23]. On eating days, patients are encouraged to eat
a diet low in refined carbohydrates, which decreases blood
glucose and insulin secretion, and an increased protein intake
may or may not be recommended to help increase satiety [4,
23]. Caloric intake during non-restricted times can range from
ad libitum, hypocaloric (15-30% of energy restriction), nor-
mocaloric, or hypercaloric (approximately 125% of energy
requirements) [51]. From all the distinct types of IF, inter-
mittent modified fasting comprised shorter periods of energy
restriction coupled with longer periods of habitual energy
intake may be more sustainable and promote better adherence
than continuous daily energy restriction (Fig. 1) [27].

Caloric restriction In caloric restriction (CR), fast includes
a daily 15 to 40% reduction of caloric intake without mal-
nutrition [22]. Protocols of CR may include a reduction in
the amount of daily consumed calories, provided in discrete
meals, or alternating days of food consumption ad libitum
(AL) with or without any food intake [49]. Recent evidence
indicates that the benefits of CR may not be solely related
to a reduction in calories. The period of food consumption
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Types of Caloric Restriction Time-Restricted Alternate-Day Other Regimens
Fasting Feeding (TRF) Fasting (ADF)
Daily reduction by 15 Daily food Fast 1 or 2 days per

to 40% of caloric
intake without
malnutrition

Description

consumption
restriction from 4 to
12-hour window

Many possible
approaches based on
religious beliefs

week, and allows for
5—-6 days per week of
ad-libitum food
consumption

Mechanisms

Reduction of adiposity/ improvement

of adipokines
Effects
uptake

Improvement in insulin secretion |\

Fig.1 Types of IF that can be followed using different regimens. IF
has been shown to regulate mitochondrial function, redox balance,
stress response, autophagy, and circadian rhythms, which have been
associated with positive impacts in metabolic disorders. IF has been
shown to reduce adiposity, improve adipokine secretion, reduce insu-

(either feeding duration or circadian time) may also be a
determinant for its impact on metabolic health, indepen-
dently of total caloric intake and quality of calories [16, 22].

Time-restricted feeding In time-restricted feeding (TRF),
there is a restriction of daily food consumption to a 4- to 12-h
window, followed by fasting for the remaining period [3, 22,
35]. Average fasting periods are usually 16 h and feeding peri-
ods occur during the other 8 h, generally early in the day after
waking up [28, 34, 67]. Unlike most of the IF protocols, it can
be practiced either with or without reducing calorie intake.
Thus, it allows ad libitum energy intake of normal diet and
do not limit food intake or alter dietary composition [34, 68].

Periodic fasting and alternate-day fasting Periodic fast-
ing and alternate-day fasting involve at least a ‘fast day’
per week, in which individuals consume 0-25% of baseline
energy needs during a 24-h period, alternated with days
where subjects are permitted to eat food AL [16, 69, 74].
This type of regimen may vary from 1 to 4 days of fasting
per week on alternate days of feeding. One of the most com-
mon regimens is the twice-weekly fasting, where partici-
pants are required to fast 1 or 2 days per week, and allows
AL food consumption for 5-6 days per week. The degree of

Higher Insulin Sensitivity and glucose

Decreased mitochondrial dysfunction/ Restored redox balance
Activation of adaptive cellular responses
Increased autophagic activity
Regulation of the circadian cycle

<

( Redox imbalance in lean models or
in extreme IF protocols
Different impact of IF in patients at
risk of T2DM development and
already with T2DM J

N\

lin resistance, and improve beta-cell viability. However, IF may have
the opposite effects in lean models or in more severe protocols. Also,
IF apparently more efficient in reducing weight and preventing type
2 diabetes risk factors, but may account for risks in patients already
with diabetes

fasting in ADF varies according to the specific protocol, with
some of them suggesting no food intake on fast days [8, 16].
When a 500-600-cal meal is consumed on the fasting day,
it shall be called a periodic fasting [32].

Other regimens Ramadan is an alternative type of IF with
religious motivations, which involves no CR [34]. The
Islamic ritual of fasting during the month of Ramadan is
a form of TRF, where food consumption is only permitted
during the night time [69]. The subjects refrain from eating
and drinking during the daytime, whereas food consumption
is allowed in the night time [34]. In opposition to other types
of IF, the hour of fasting cannot be chosen by the person,
but liquids are allowed, thus avoiding dehydration risk [51].

Mechanisms involved in IF-induced
modification of metabolic function

Mitochondrial function, redox state, and adaptive
cellular responses to stress

Mitochondrial dysfunction and impaired redox func-
tion are central for both insulin resistance and diabetic
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complications, but the mechanisms are still not completely
understood [29]. Excessive glucose flux increases the activ-
ity of the mitochondrial electron transport chain, leading
to reactive oxygen species (ROS) overproduction [29].
ROS overproduction is a common mechanism of all the
four metabolic pathways that have been implicated in the
deleterious effects of hyperglycaemia (increased activity
in the polyol pathway, increased production of advanced
glycation end-product (AGE) precursors, protein kinase-
C activation, and increased hexosamine pathway activity)
[24, 29]. Although reducing mitochondrial electron trans-
port chain activity may be beneficial in hyperglycaemia, it
could be deleterious when chronically maintained [29]. A IF
protocol of ADF (every-other-day fasting) during 1 month
was shown to reduce mitochondrial respiratory control and
ketogenesis in the rat’s liver, but not in the brain, showing
a tissue-specific effect towards energy saving [63]. On the
other hand, another ADF protocol also during 1 month in
young control rats showed increased hepatic mitochondrial
respiratory chain capacity, but higher carbonyl levels, similar
to what was observed in calorie-restricted Wistar rats [61,
63]. The authors also reported increased oxidative damage
in the brain of the same rats, which is in accordance with
previous findings in calorie-restricted rats [11]. Neverthe-
less, such results were obtained in young normal models and
thus the effects may not represent what would be expected in
a therapeutic perspective. Baylyak et al. (2021) have shown
that normal aging is associated with a decline in brain mito-
chondrial respiration and antioxidant enzyme levels. In such
aged models, every-other-day fasting reduced oxidative
stress markers and increased antioxidant enzyme levels, hav-
ing however a modest effect in improving respiratory control
[6]. Moderate dietary restriction was similarly observed to
improve redox state and oxidative stress markers in obese
patients and in the pancreas of diabetic mice [33, 75]. Such
mechanisms may be associated with the increased synaptic
plasticity and long-term potentiation, key events in learn-
ing and memory, observed after moderate caloric restric-
tion in middle-aged rats [6]. Thus, current data suggest that
the effects of IF in brain protection depends on the age, the
type of model/patient, and the level of energy restriction of
the IF protocol. In the liver, IF seems to increase metabolic
activity, which was observed to be enhanced in combination
with exercise [59].

Reduced oxidative damage and inflammation and
improved cellular protection after IF in animal models
have been associated with the activation of adaptive cel-
lular responses [51]. IF quickly increases AMP/ATP ratio,
stimulating the mitochondrial energy sensor AMPK [29].
Reduced nicotinamide adenosine dinucleotide (NAD) is also
subsequent to intracellular energy deficit, activating sirtuin-1
[29]. Sirt] has been excluded from having any involvement
in IF-induced modulation of cellular metabolism, while Sirt3
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was observed to mediate the effects of IF in synaptic plas-
ticity [7, 42]. However, a recent study revealed increased
Sirtl levels and activity in the liver and retinal endothe-
lial cells of diabetic db/db mice, being related to fasting-
induced improvement of retinal microvascular lesions [30].
Both AMPK and sirtuin pathways are known to increase
autophagy and PGC-1a activation, leading to a better protec-
tion to mitochondrial stress and a switch from an anabolic to
a catabolic activity [29]. Glucose, lipid, and protein synthe-
sis are inhibited, whereas fatty acid oxidation and glucose
uptake are stimulated in order to restore energy balance [29].
Interestingly, Liu et al. (2020) have shown that IF with 70%
caloric reduction strongly decreases long-term fatty acid lev-
els, but induces a higher elevation of their levels and insulin
resistance in the fasting days [40].

Modulation of autophagy

IF has also been shown to stimulate nutrient recycling
through increased autophagic function, thereby preserving
organelle quality (Fig. 2) [35, 41, 65]. Such activation is
impaired by insulin resistance and high-fat diet-induced met-
abolic syndrome [41, 65]. Papamichou et al. have shown that
IF enhance autophagy, while reducing AGE levels, increas-
ing adiponectin levels, and improving metabolic parame-
ters in individuals without diabetes [52]. Autophagy also
promotes beta-cell neogenesis during IF, since lysosomes
were observed to be required for fasting-induced insulin
granule degradation and beta-cell homeostasis. Moreover,
IF-induced autophagy was shown to inhibit delta-notch sig-
nalling in beta-cells, which also promotes neogenesis [18].
Similar findings were made by Liu et al. (2017), showing
that lysosomal activity is necessary for IF-induced Neurog-3
expression and beta-cell rescuing in high-fat diet-fed rats
[41]. Such evidences indicate that stimulation of lysosome
function is an integrative mechanism for achieving homeo-
stasis in beta-cells during fasting through better organelle
quality control [41].

Modulation of circadian rhythms

Over the past few years, there has been a growing interest in
the concept of chrononutrition, i.e. the interaction between
our circadian system and the timing of meal consumption
[3]. The synchronization between the time of fasting/feeding
and the circadian rhythm apparently involves the molecu-
lar mechanisms responsible for regulating meal patterns on
metabolic health [22]. This perpetual self-sustained rhythm
in several physiological functions leads to the expression of
clock-controlled genes and molecular ‘clocks’, such as the
anterior hypothalamus. Some of such clock genesregulate
enzymes/enzymatic systems and metabolic regulatory fac-
tors [3, 22]. Peripheral clocks are located in several tissues
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Fig.2 Mechanisms of IF-induced metabolic benefits in patients with
overweight/obesity and metabolic syndrome. Regulation of circadian
rhythms through central and peripheral clock genes may be involved
in the regulation of appetite and energy expenditure. On the other
hand, IF favours lipolysis and fatty acid oxidation in mitochondria,
which leads to increased expression of stress and antioxidant enzymes

vital to glucose and lipid metabolism, such as the liver, pan-
creas, skeletal muscle, and adipose tissue [3]. Although light
is the master regulator of the central clock, peripheral clocks
are responsive to other factors like food availability. Thus,
temporal food restriction can reset clock gene rhythms [66].
Such rhythms permit the coordination between environmen-
tal changes (daily light—dark cycle and cyclical food avail-
ability) with the regulation of endogenous processes, such as
energy balance [3]. Indeed, the perturbation of the circadian
rhythm is now considered a significant contributor to the
dysregulation of energy expenditure [39]. Consumption of
food misaligned with the phases of the endogenous circa-
dian cycle has been suggested as an important contributor to
obesity and associated metabolic diseases [3]. Accordingly,
it has been shown that the benefits of TRF beyond energy
restriction may encompass a change of the endogenous

as well as autophagy. However, long fasting periods may further
increase lipolysis and lead to impaired redox balance in the mito-
chondria, leading to increased circulating fatty acid levels and redox
imbalance. Such mechanisms may aggravate the metabolic status,
especially in patients with diabetes, which are also more susceptible
to IF-induced hypoglycaemia during longer fasting periods

circadian cycle (Fig. 2) [3]. The associated health benefits
and loss of fat mass were shown to be more associated with
changes of hepatic Sirtl, PPARalpha, and SREBPClc levels
in different periods of the day [60, 76]. Overnight fasting
leads to a nocturnal rise in plasma free fatty acids, ghrelin,
and growth hormone, as well as hepatic gluconeogenesis
[65]. Interestingly, subjects submitted to diurnal fasting dur-
ing Ramadan showed the opposite, namely decreased plasma
ghrelin, leptin, and melatonin levels after 28 days [2]. Ajab-
noor et al. suggested that loss of the circadian rhythm of
cortisol in shift-workers is associated with alterations in core
circadian clock [1]. Disruptions of the circadian rhythm in
humans were shown to decrease insulin sensitivity and it
has been shown that individuals with a misalignment of eat-
ing behaviour and sleep/wake-cycle had an increased risk
to develop metabolic disorders [1, 17]. In animal models
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of diet-induced obesity, ADF was shown to regulate hypo-
thalamic pathways of appetite, namely POMC and NPY,
which are known targets of ghrelin and other gut hormones,
and strongly regulators of feeding behaviour and circadian
clocks [26, 64]. Increased hypothalamic NPY levels have
been consistently observed in such models, suggesting that
IF increases the sensitivity to food intake and nutrient-sens-
ing efficiency.

Benefits and risks for metabolic syndrome
and type 2 diabetes

T2DM prevalence is rising worldwide and associated with
lifestyle changes [5, 41, 43]. It is characterized by hyper-
glycaemia as a consequence of insulin resistance and ina-
bility of pancreatic beta-cells to secrete adequate amounts
of insulin [5]. Insulin resistance is driven by overnutrition
and physical inactivity and promotes a compensatory effect
of islet cells to increase insulin secretion, which ultimately
leads to beta-cell exhaustion and hyperglycaemia. Chronic
hyperglycaemia sustainedly progresses to T2DM, due to
decreased beta-cell function and mass [44].

Since increased dietary intake and energetic imbalance
are known to be strong risk factors for insulin resistance
and T2DM, it seems obvious that restrictive interventions,
such as a limited energy intake, are promising approaches
for improving insulin sensitivity and reducing T2DM preva-
lence [5]. Although calorie restriction or complete fasting
may work in the short-term, their long-term clinical imple-
mentation is difficult to sustain because of hunger and irri-
tability [14, 22]. A growing number of studies with IF in
humans show that it can be a potential strategy to improve
metabolic parameters in obese and overweight subjects,
namely in reducing total fat mass, also protecting against
the adverse metabolic derangement of diabetes [20]. Several
studies have shown that IF influence a number of biomark-
ers such as insulin, cytokines, and the adipokines leptin and
adiponectin, although longer IF periods may have contradic-
tory effects [48].

In a recent study, IF prevented diabetes and reduced fat
percentage in rodent models of high-fat diet-induced obesity
[44]. However, despite rats maintained on an ADF diet for
1 month had improved glucose tolerance, but it was observed
to be impaired after 8 months. After such long period on
ADF, a lower body weight than rats fed ad libitum was
maintained, and the mechanism responsible for the appar-
ent glucose intolerance was not described [19]. Similar find-
ings were observed in another study using an ADF regimen
during 12 weeks in Wistar rats, causing hyperinsulinemia
and more fat mass [50]. Park et al. in 2016 tested the hypoth-
esis that the type of diet can determine distinct adaptations
of lipids and glucose metabolism in response to IF. They
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used two groups of rats subjected to IF with one meal a
day, a group with a high-fat diet and another one with a
high-protein diet [53]. They observed that ADF significantly
increased total and LDL cholesterol concentrations regard-
less of diet type [53]. Similar findings were also observed
in human populations, namely in obese adolescents during
Ramadan, which have shown a transient increase in total,
LDL, and HDL cholesterol [58].

Distinct results are obtained when comparing the effects
of IF in individuals with and without diabetes, even when
using similar IF protocols (Fig. 1) [4]. These studies
observed that such distinct effects may be related to the ini-
tial differences in body weight between the studies, the pres-
ence of hyperglycaemia, or due to yet unknown factors [4].
Further evaluation of the IF-induced mechanisms in humans
is needed to fully understand the possible health benefits
[28]. The most immediate risk with IF is the potential for
hypoglycaemia in patients who are on antidiabetic medica-
tions, specifically insulin (both postprandial and postabsorp-
tive) and sulfonylureas, being necessary to adjust medication
and fluid intake, controlling glucose levels [28].

Reduction of adiposity/improvement of adipokines

Obesity is frequently accompanied by the development of
health complications such as T2DM and non-alcoholic fatty
liver disease (NAFLD), so diet modifications may have a
huge impact in reducing such pathologies [5, 56]. Visceral
adiposity is determined by an increased waist circumference,
and is considered a major risk factor for chronic inflam-
matory and cardiometabolic diseases [37, 38, 47]. Besides
regulating metabolic homeostasis, adipose tissue is a known
major endocrine organ capable of secreting various signal-
ling and mediator proteins [47, 56]. Adipose tissue dysfunc-
tion in obesity hampers its capacity to buffer the postprandial
increase of non-esterified fatty acids (NEFA) and triacylg-
lycerol (TG), resulting in ectopic fat deposition, lipotoxicity,
and insulin resistance in non-adipose tissue organs, such as
the liver, skeletal muscle, and pancreas [5, 57]. Moreover,
dysfunctional adipose tissue triggers cardiometabolic dis-
eases through the dysregulated release of adipokines and
pro-inflammatory cytokines (interleukin-6 (IL-6) or inter-
leukin-1 (IL-1)), and leptin, as well as reduction of inter-
leukin-10 (IL-10) and adiponectin [21]. IF was shown to
decrease fat mass in plenty of studies, but also to remodel
adipose tissue metabolism in rodent models of high-fat diet-
induced obesity [45, 47, 77]. Increased expression of adi-
ponectin and browning markers, such as UCP-1 and beta3-
adrenoreceptor, and decreased expression of inflammatory
mediators were observed in the adipose tissue of overweight
mice following a ADF regimen during four weeks [45].
The main function of adiponectin is to promote fat
oxidation and improve insulin sensitivity, also increasing
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glucose uptake by skeletal muscles [25]. Adiponectin has
anti-inflammatory functions, being correlated with healthy
metabolic profile and reduced in visceral obesity [47]. Lep-
tin also promotes fat oxidation, besides its classical func-
tion of appetite suppression. Leptin levels are proportional
to fat mass, but they increase in obesity, leading to leptin
resistance, impaired appetite suppression, and continuous
weight gain [47]. Adiponectin has been shown to be modi-
fied by IF and calorie restriction regimens, either to increase
or decrease, depending on the type and amount of food con-
sumed [25]. Gnanou et al. have shown significantly lower
plasma adiponectin levels at the end of Ramadan fasting,
although they have found an improvement in insulin sensi-
tivity [25]. Such downregulation suggests that adiponectin
levels may be directly related to body weight and fat mass
changes in healthy adult subjects, reflecting their decrease
after an IF protocol [25]. Nevertheless, a recent meta-anal-
ysis reported that energy restriction may lead to adiponectin
raise, but this was not observed in all studies, suggesting that
different IF regimens and energy restriction have distinct
effects on adiponectin [71]. Regarding leptin, Lettieri-Bar-
bato et al. revealed that its levels were significantly reduced
after a 20% calorie reduction, accompanying a sustained loss
of adipose tissue mass [38]. Pinto et al. obtained similar
results, where reduced leptin levels reflected the compara-
ble reduction in fat mass in middle-aged individuals under
energy restriction [55]. Kroeger et al. also observed weight
loss and decreased adipokine levels, such as leptin and IL-6,
in individuals subjected to IF and associated such changes
with reduced coronary artery disease [37]. In normal-weight
animal models, Mattson et al. reported reduced circulating
leptin and insulin levels following an ADF regimen [48, 70,
72]. Such results suggest that reduced fat mass after IF is
associated with lower leptin levels, which may lead to lower
leptin resistance.

The liver has the capacity to channel free fatty acids
towards alternative metabolic pathways during fasting,
namely the ketogenic pathway [5, 14]. Excessive and/or dys-
functional visceral adipose tissue results in a greater amount
of fatty acids being delivered to the liver, promoting hepatic
insulin resistance, inflammation, and hypertriglyceridemia
[55]. Chung et al. found that TRF reduced the severity of
hepatic steatosis and improved insulin resistance, despite the
consumption of similar quantities of high-fat diet in female
mice [14]. Nevertheless, the real impact of IF regimens on
NAFLD is not known. Moreover, caloric restriction to ani-
mal models of high-fat or high-fructose feeding was shown
to decrease hepatic lipogenesis, while increasing lipid oxi-
dation markers, leading to lower steatosis and inflammation
[44].

Thus, IF elicits tissue-specific metabolic adaptations,
including adipose tissue remodelling (browning of white adi-
pose tissue, increased brown adipose tissue thermogenesis,

changes of adipokine secretion profile, improved lipid
metabolism, and decreased inflammation), decreased liver
fat content, and increased lean mass [46, 77].

Improvement in insulin sensitivity and glucose
uptake

Insulin resistance develops as a protective ‘antioxidant’
adaptive mechanism [12]. Baumeier et al. showed that food
intake restriction improves insulin sensitivity, presumably as
a consequence of lower ectopic fat accumulation in the liver
[5]. One of the premises of IF is that the repeated periods of
fatty acid oxidation promote insulin sensitivity through the
reduction of the ectopic lipid accumulation and their cyto-
solic intermediaries, which are triggers for insulin resistance
development [62]. Indeed, in high-fat diet-induced obese
mice, ADF during 4 weeks was shown to prevent insulin
and leptin resistance, also reducing fasting glycaemia [64].
However, Koves et al. proposed that increased free fatty acid
delivery to skeletal muscle conducts excessive and incom-
plete fatty acid oxidation, which triggers insulin resistance
[36]. More severe IF protocols repeatedly exposes the tis-
sues to high levels of fatty acid levels and oxidation in each
fast-refeed cycle [3]. Indeed, all the studies (in both rodents
and human subjects), reported impaired glucose tolerance,
have used ADF protocols. Interestingly, insights into the
time course of glycaemic changes were provided by stud-
ies in rodents, which found that despite an initial improve-
ment after 4 weeks, glucose tolerance then deteriorated
over time [10]. Based on these data, we can deduce that
the effects of ADF protocols on glucose metabolism could
lead to long-term harmful changes instead of beneficial
ones. In humans, there is evidence that IF is effective in the
short term (8 weeks to 6 months), but long-term studies are
scarce, so the effects of this type of protocol remain poorly
understood [3]. Together with the duration of the protocol,
the percentage of energy restriction may also contribute to
impaired glycaemic control. In a long-term study in patients
with type 2 diabetes, continuous energy restriction did not
show advantages in reducing weigh, fat mass and HbAlc in
relation to intermittent energy restriction [9]. Also, severe
energy restriction in young lean males was shown to impair
postprandial glycaemic control [15].

The role of glucose is not limited to merely generating
enough ATP (which is the case in conditions of glucose
abundance and low stress), but, importantly, it is responsi-
ble for the regulation of redox potential. Reduced glucose
availability restores the physiological cellular redox signal-
ling and leads to health improvements in animal models
and humans [12]. During IF, glucose levels and hepatic gly-
cogen reserves decrease, which triggers gluconeogenesis,
accompanied by a decrease in insulin secretion along with
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an increase in glucagon secretion [35]. In general, 12- to
24-h fasting results in a 20% or greater decrease in serum
glucose and depletion of hepatic glycogen. Consequently,
fatty acid—derived ketone bodies and free fatty acids are
used as energy sources in humans [53]. In a study aimed to
compare IF versus continuous energy intake in overweight
women, lower fluctuations of glucose and insulin levels were
observed, showing a higher switch towards activation of adi-
pose tissue lipolysis and fatty acid oxidation [31]. In some
previous studies, the effect of IF on blood glucose was not
significant, and there were different findings according to the
characteristics of participants [13]. A recent meta-analysis
confirmed an improvement of fasting blood glucose, insulin
resistance, and adipokine profile due to IF as compared with
a non-fasting control group [13]. In T2DM, TRF protocols
are more convenient and safer, since patients eat every day
and the fasting periods are not long enough to significantly
increase hypoglycaemia risk [51].

Improvement in insulin secretion

Obesity and insulin resistance are often characterized by
hyperinsulinemia, whereas in type 1 diabetes mellitus
(T1DM) and late-stage T2DM, an increase in apoptosis
and hypoinsulinemia are observed [47, 51]. IF was shown
to increase pancreatic beta-cell mass, insulin levels, and
glucose-stimulated insulin secretion [41]. In high-fat diet-
fed mice, IF decreases beta cell apoptosis as compared to
ad libitum high-fat feeding, and stimulates markers of beta-
cell regeneration [44]. Such effects have been suggested to
derive from reduced glucolipotoxicity in models of IF [72].
Also, Quiclet et al. found that IF is an effective and non-
invasive strategy to prevent pancreatic fat accumulation,
probably reducing pancreatic lipotoxicity and improving
beta-cell function [57]. Thus, several studies have shown
that improved insulin sensitivity and glucose tolerance fol-
lowing IF regimens are related to preserved beta-cell mass
and increased insulin 3 cell content in models of obesogenic
diet-induced diabetes [20, 51].

Karras et al. showed that 5 weeks of TRF improved beta-
cell responsiveness, insulin sensitivity, and appetite, irre-
spectively of weight loss in people with prediabetes [34].
Sutton et al. did a randomized study in men with prediabetes
where they proved that restricting food intake to the middle
of the day (TRF) reduced fasting glycaemia, insulinemia,
and insulin resistance [67]. However, restricting food intake
to the late afternoon or evening either produced mostly null
results or worsened postprandial glucose levels and beta-cell
responsiveness [67]. Altogether, available data suggest that
IF may be more effective at improving insulin sensitivity
and reducing insulin levels than at lowering glucose levels.
More, beta-cell responsiveness varies according to the time
TRF is applied. Nevertheless, assessing beta-cell function in
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humans is not easy and most of the studies in this topic have
been performed in rodent models.

Challenges and future challenges

The benefits of fasting may be mediated by highly conserved
nutrient-sensing pathways that control circadian rhythms of
appetite and energy expenditure, and stress-response path-
ways that upregulate cell defences like antioxidant enzymes.
During extended periods of food unavailability, organismal
metabolism switches from storage to mobilization through
production and utilization of fatty acid—derived ketones that
serve to preserve the brain and muscle function, as well as
by increasing nutrient recycling at the cellular level through
autophagy. Taking into account the increasing prevalence
of T2DM, it is of particular importance to develop preven-
tive strategies. Several studies have demonstrated that IF
improves insulin sensitivity and increases log-term glycae-
mic control in T2DM. However, some contradictory results
regarding the duration of the interventions and the ante-
rior metabolic status of the participants suggest that more
studies are needed and of longer duration in order to draw
conclusions. There is a growing evidence demonstrating
the benefits of IF over the short-to-medium term on adipos-
ity, insulin sensitivity, and glucose and lipid homeostasis.
However, long-term studies are also needed, which may yet
uncover the potential for adverse health consequences. Of
relevance is also the type of protocol used, since TRF or
moderate energy restriction has shown better results than
more severe protocols, which have been commonly associ-
ated with increased oxidative stress and fasting glycaemia.
This is particularly observed in lean models, where IF use
is questionable. Thus, the available evidences suggest that
moderate IF regimens may be useful in conditions of obe-
sity/overweight in order to prevent associated pathologies
like type 2 diabetes, but the use of severe protocols may
produce the opposite results.
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