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Abstract

Intermittent energy restriction (IER) has become the subject of
considerable scientific interest as a potential dietary approach for
weight-loss and improving cardiometabolic health. This approach
involves intermittent periods of total or partial energy restriction
(ER) alternated with non-restricted intake, and has been studied
in rodent and human populations.

This review aims to provide an overview of the IER literature to
date, with a specific focus on its effects on cardiometabolic health
indices in rodents and humans.

Current evidence from studies in rodents and humans suggests
that IER is capable of promoting weight-loss and/or favourably



influencing an array of cardiometabolic health indices, with equal
or greater efficacy than conventional continuous ER approaches.
Putative mechanisms include the effects of IER on adipose tissue
physiology, stress resistance and fat distribution within visceral
and intra-hepatic sites. However, a large proportion of this
mechanistic evidence is limited to indirect observations and/or
has come from rodent studies requiring translation into humans.
Furthermore, whilst there are some indications that total IER and
the array of partial IER protocols which have been developed
may elicit distinct biological effects, our knowledge around this is
limited as only a small number of rodent studies have directly
addressed this.

Ultimately, whilst much remains to be learned about IER,
including its mechanisms of action and long-term efficacy, the



positive findings to date serve to highlight promising avenues for
future research.

Keywords: “Intermittent Energy Restriction”, “Intermittent
Fasting”, “Weight-Loss”, “Cardiometabolic Health”.



Introduction

Both the developed and developing World are currently in the
midst of an obesity epidemic with its prevalence almost doubling
in the last twenty five years. ! Whilst obesity rates are beginning
to plateau, absolute levels remain high. In the UK, approximately
62% of adults were classified as overweight in 2012, and of these,
25% were obese. 2 Furthermore, national trends mask the
worrying growth of morbid obesity, which almost tripled from
0.9% in 1995 to 2.4% in 2012.2 The development of obesity is
considered to be a key contributor to an individual’s
cardiometabolic risk, i.e. risk of cardiovascular disease (CVD) and
Type 2 diabetes (T2DM) 3 which account for nearly 35% of deaths
in the UK.4



A sustained modest weight-loss of five to 10% body-weight is
associated with improvements in various indices of
cardiometabolic health including but not limited to insulin
sensitivity, vascular function, blood pressure and lipid levels.3
These beneficial effects of weight-loss can be partially explained
by accompanying reductions in adipose tissue mass and
dysfunction.’ There is however, some evidence to suggest that
energy restriction (ER) alone can confer metabolic changes which
are independent to those of weight-loss, by facilitating an acute
negative energy balance ¢ and/or by activating adaptive stress
response pathways.10

The most commonly employed dietary approach to weight-loss
involves varying degrees of continuous (daily) energy restriction
(CER). However, when confronted with an obesogenic



environment favouring sedentary lifestyles and passive
overeating, successful weight-loss and the necessary cognitive
eating-restraint required for CER becomes notoriously difficult to
both achieve and maintain. Accordingly, only 20% of dieters are
thought to be able to successfully sustain a 210% weight-loss for
more than 12 months.11

In recent years, intermittent energy restriction (IER) has become
the subject of considerable scientific interest as an alternative
approach to weight-loss and/or improving metabolic health, and
has been studied in rodent and human populations. Most rodent
trials 1230 and preliminary trials in non-obese humans 31-3¢ have
used total IER protocols in which energy intake is completely
restricted on alternate days. However, debate regarding the
maintainability of such an approach long-term led the authors of



one of these first-in-man trials to propose that the addition of one
small meal on a “fasting” day may improve the long-term
acceptability of [ER.33

Subsequent to this, weight-loss trials within human populations
35-52 a5 well as some rodent trials 22.27.53,54 have used an array of
IER protocols which permit a small energy load to be consumed
on the “fast” day, so that energy intake is partially but not
completely restricted. The number of ER-days per week and
degree of ER of these partial IER protocols has varied between
studies, but ultimately this approach entails intermittent periods
of very low energy intake, ranging between 15-50 % of energy
requirements. Individuals are then asked to consume an ad
libitum or euenergetic intake on non-restricted days.



For some, the IER approach may promote greater compliance
than daily CER as an individual need not restrict their intake
every day, and thus may potentially facilitate more sustainable
weight-loss and maintenance. Furthermore by repeatedly
inducing acute periods of negative energy-balance and
intermittent stress, the putative benefits of IER may extend
beyond that of weight-loss alone.

The purpose of this review is to provide an overview of the I[ER
literature to date, with a specific focus on its effects on
cardiometabolic health indices in rodent and human populations.
Potential mechanistic differences between IER and conventional
CER approaches will be discussed, as will the implications for
future research.



Intermittent Energy Restriction and Type 2 Diabetes Risk

Rodent Models: Interventional IER trials in animal populations
have exclusively used rodent models. Compared to ad libitum fed
controls, rodents maintained on IER (100% ER/alternate days)
for periods of 12 to 24 weeks typically exhibit lower post-
treatment levels of fasting glucose 14 16.17.29 and insulin.16.17. 29
Using this particular IER protocol, Jiang et al28 have also
demonstrated an increase in oral glucose tolerance and tissue
insulin sensitivity (measured using a hyperinsulinemic-
euglycemic clamp) after four weeks in healthy rats.

In one direct comparison of IER (100% ER/alternate days) and
CER (40% ER/day), fasting glucose and insulin levels of mice in
both groups were equally significantly lower than ad libitum fed



controls following 20 weeks.1> Perhaps unexpectedly, in the I[ER
group, this effect was noted in the absence of an overall reduction
in either total energy-intake or adiposity suggesting that the IER-
fed mice were not in fact in an energy deficit.

One study has tested the efficacy of [ER (100% ER/alternate
days) in preventing the development of high-fat diet-induced
insulin resistance (IR).>* In this study, rats received ad libitum
access to either standard (control) or high-fat chow. At four
weeks, rats in the high-fat group were then separated into two
groups: one half continued to receive daily access, whilst the
other half were fed on alternate days (i.e. underwent IER) for a
further six weeks. IER resulted in significant reductions in body-
weight and intra-abdominal adipose tissue, which by 10 weeks
were comparable to the control-fed animals. Despite this, skeletal



muscle glucose uptake and insulin tolerance were impaired
equally in both high-fat groups. Biopsies revealed significant
declines in the expression of glucose transporter 4 (GLUT-4)
within the skeletal muscle of both daily (-30%) and IER (-42%)
high-fat groups relative to controls. This presents a possible
mechanism for these observations, owed to the close relationship
between skeletal muscle GLUT-4 content and maximal insulin-
stimulated glucose transport capacity.>s

Humans: Preliminary Trials Using the Alternate Day Total
Fasting Approach: To date, four trials in non-obese (i.e. healthy
or overweight), glucose tolerant humans have assessed the
effects of IER (100% ER/alternate days) on glucose regulation.3!-
341n one non-controlled trial by Halberg et al 31, significant
improvements in whole-body glucose uptake, assessed using a



hyperinsulinaemic-euglycaemic clamp, were observed in men
after as little as two weeks of IER in the absence of changes in
body-weight. Conversely, Soeters et al 34, who used a balanced
cross-over study design, failed to note any effect of IER on whole-
body glucose disposal after two weeks in men, when compared to
two weeks on a standard euenergetic diet. No changes in fasting
levels of insulin and glucose have been found by IER trials which
have lasted between two to three weeks.31.33,34

A further non-controlled trial, which studied the effects of IER on
glucose and insulin responses to a mixed test meal, highlighted
the potential for gender disparities in postprandial glucose
tolerance.32 After three weeks, significant reductions in
postprandial insulin responses were observed in male subjects
(but no effect on glucose disposal), which is in contrast to the



deterioration in the metabolic clearance of glucose noted only
amongst female subjects. The lack of effect at the glucose disposal
level amongst males in this study may be explained by their
tendency for greater baseline glucose disposal rates, as has been
observed by others.5¢

Additionally, on closer examination of the study design, post-
treatment oral glucose tolerance was assessed following a total-
fast day (i.e. after 36 hours of fasting) whereas baseline glucose
tolerance was assessed after a standard 12-hour overnight fast.
Fasting-associated metabolic alterations could be responsible for
these apparent impairments in glucose tolerance (relative to
baseline). These include elevations in non-esterified fatty acid
(NEFA) mobilization (typically greater in women) and the
secretion of counter-regulatory hormones, which act to oppose



insulin action and impair glucose disposal.5? Previous works have
noted similar deteriorations in glucose tolerance in response to a
mixed test meal 58, intravenous and oral glucose loads 58, albeit
following longer fasting intervals of 72 to 96 hours.

Given the potential long-term health implication of undergoing
repeated cycles of exaggerated postprandial glucose responses,
for example on the cardiovascular system 9, further research is
clearly warranted. Furthermore, to evaluate the true chronic
treatment effect, future trials should ensure standardised periods
of fasting are used before performing clinical testing, and that
they incorporate a suitable control group.

Humans: Trials Using the Intermittent Very Low Energy
Approach: Studies which have used IER protocols that permit a



small energy load to be consumed on restricted days are
discussed next, with findings from randomized-controlled trials
(RCTs) summarized in Table 1. Within diabetic populations,
hyperglycaemia is considered the hallmark diagnostic marker of
metabolic abnormality and a major contributor to T2DM
associated macro- and micro- vascular complications.t! One
study by Ash et al 3¢ saw 51 overweight/obese male subjects with
T2DM assigned to one of three groups; (i) IER (four days 50% ER,
three days ad libitum intake /week), (ii) CER (30% ER/day, all
meals provided) and (iii) CER (30% ER/day, food self-selected by
the participant). After 12 weeks, all groups exhibited comparable
reductions in energy intake, anthropometrical measurements
and glycated haemoglobin (HbA;c), a long term marker of
glycaemic control.



Table 1: Summary of Randomized Controlled Trials in
Human Populations Looking at the Effects of IER on Indices
of Cardiometabolic Health

Please See Table 1 in Full PDF Version

Conversely, within non-diabetic populations, periods of IER (75-
85% ER on restricted days) do not typically affect fasting glucose
levels 37.41,45,48 or HbA . 4% 48; results of which can often be
replicated by short term CER studies.62-65 These findings are
unsurprising given that frank hyperglycaemia within the T2DM
diagnostic range is effectively a late-stage manifestation of IR,
which along with compensatory increases insulin secretion, can
precede the onset of T2DM by many years.%¢ 67 Findings from one
large scale prospective cohort study, Whitehall II, reveal a sharp



increase in the trajectory towards fasting hyperglycaemia which
is only detectable three years prior to diagnosis with T2DM.67
Consequently, it can be argued that changes in circulating insulin
concentrations, fasting (hepatic) insulin sensitivity and glucose
uptake/clearance are more sensitive markers of deteriorating
glucose control than fasting glycaemia in non-diabetics.68-70

In non-diabetic populations, three RCTs (Table 1) have used
homeostasis model assessment (HOMA), a validated tool which
can be used as an approximation of fasting hepatic insulin
sensitivity.”! One trial found no effect of IER (75% ER/alternate
days) on fasting insulin sensitivity in overweight/obese men and
women, either post-treatment or relative to ad libitum controls.*6
Conversely, two studies in overweight/obese women, which have
used IER protocols designed to deliver an average weekly energy



deficit of ~25% with two consecutive 75% ER days per week,
have demonstrated post-treatment improvements in both fasting
insulin and insulin sensitivity which have exceeded that of
energy-matched CER (25% ER/day) controls after three months
48 and six months.#1

Intermittent Energy Restriction and Cardiovascular Health

Rodent Models: A growing number of trials have examined the
effects of IER (100% ER/alternate days) on cardiovascular risk
factors in rodent models. Of these, several have reported post-
treatment reductions in total cholesterol 12 53, triglyceride 12 53
and increases in high density lipoprotein (HDL) cholesterol.2? In
studies using normotensive rats, three to six months of IER has
been observed to lower blood pressure 1619 and heart rate 16,1719,



with the magnitude of the change comparable to CER (40%
ER/day) rats.1? In accordance with these findings are
improvements in aortic endothelium-dependent and heart rate
variability (a marker of sympatho-vagal balance) in IER-fed
rats.’?

Chronic IER appears to attenuate the age-related decline in both
cardiac diastolic function3? and fibrosis 24 after 24 months.
Several trials have demonstrated that the cardiomyocytes of
rodents maintained on IER become more resilient to ischaemic
injury induced by occlusion of the left coronary artery 18 2129,
which translated into improved long-term survival following
such injury in one study.?! In addition, within these studies,
associations have been found between the cardiovascular
improvements and markers of oxidative stress 2439,



inflammatory responses 18.24.29,30 and increases in circulating
levels of adiponectin.2? Collectively, these reported changes in
biochemical and physiological cardiovascular risk factors would
be expected to suppress atherosclerotic development and
preserve cardiovascular health.

Humans: Preliminary Trials Using the Alternate Day Total
Fasting Approach: In non-obese humans, short-term two to
three week intervention periods of IER (total fast/alternate days)
do not appear to influence resting heart rate 3! or blood
pressure.33 One three-week IER study noted gender specific
treatment-effects, which may in part relate to baseline
differences and simple regression to the mean. In this study, post-
treatment elevations in HDL cholesterol levels were only noted in
female subjects. On the other hand, triglyceride levels were solely



reduced in male subjects who, at baseline, possessed higher
fasting levels than their female counter-parts.33

Humans: Trials Using the Intermittent Very Low Energy
Approach: In overweight and/or obese populations, the majority
of IER (60-85% ER/alternate days) trials spanning four to 12
weeks have consistently demonstrated global improvements in
cardiovascular risk markers, encompassing enhancements in
glucose metabolism (described above) and lipid profiles 37-40. 42,46,
49,50-52 relative to baseline, which collectively would be expected
to improve vascular function. Conversely, the effects of [ER on
blood pressure, which have been studied within predominantly
normo- to pre-hypertensive cohorts, have been inconsistent, with
some 38 40,46,45 hut not all studies 3751 reporting decreases in



systolic and diastolic blood pressure ranging from between - 3 to
-13% and -2 to -13% respectively.

Whilst the association between elevated LDL cholesterol levels
and cardiovascular disease are well established, lipoprotein
particles exist upon a continuum, varying in terms of
physiochemical properties and atherogenicity. Compared to
larger, more buoyant LDL particles, small dense LDL are
considered particularly atherogenic due to their enhanced ability
to penetrate into the sub-endothelial space and increased
susceptibility to oxidation.”3-75 Evidence from several controlled
(Table 1) and non-controlled studies suggests that periods of IER
(75% ER/alternate days), in addition to reducing LDL levels, are
also able to increase LDL particle size and induce favourable
shifts in the distribution of LDL towards larger, LDL subfractions



in overweight/obese subjects.42 46,51 These findings have also
been replicated by studies which have used combined fasting
(one day/week) and moderate ER (20% ER for remaining six
days/week) protocols.** 76

In contrast to LDL, the HDL cholesterol sub-fraction fulfils a vital
role in maintaining vascular health through its anti-oxidative,
anti-inflammatory, anti-thrombotic properties. It also transports
cholesterol from extra-hepatic sites, including the arterial wall, to
the liver for excretion via reverse cholesterol transport.”? Results
from IER (60-85% ER/alternate days) trials have thus far been
inconsistent, with some reporting decreases #?, and others
increases 37 39, but with the majority showing no effects on HDL
cholesterol levels.38 42,43, 45,49, 51, 52[nconsistencies may have
arisen due to the biphasic response of HDL documented by



studies of ER induced weight-loss, whereby levels typically
decrease during active weight-loss then either return to baseline
or (less commonly) rise following attainment of weight
stability.”® Complementary increases in HDL levels and particle
size have been shown when endurance exercise have been
combined with IER 42 46,47 however further discussion goes
beyond the scope of this review.

Two IER trials in overweight/obese men and women have looked
at markers of endothelial function 47-49, abnormalities of which
can be detected long before overt cardiovascular disease
develops.”? 12 weeks of IER (75% ER alternated with 125%
intake) led to a +5% increase in brachial artery flow mediated
dilatation (FMD), indicative of improved vascular health 47 (Table
1). Klempel et al 49 also noted an increase in brachial artery FMD



(of 2%) after eight weeks of a similar IER protocol, but only in
those consuming a low-fat background diet (25% of total energy
intake as fat on non-restricted days). In contrast, subjects who
consumed a high-fat diet (45% of total energy intake as fat on
non-restricted days) exhibited a -2% decrease. The inability of
IER to mitigate the negative effects of a high-fat diet upon
markers of vascular function, despite comparable improvements
in lipid profiles and weight-loss, suggests that individuals will
still need to employ healthy eating principles on non-restricted
days. It also highlights the need to exercise caution when
assessing individual risk factors in isolation, and the value of
markers such as FMD which represent the cumulative effects of
various determinants of vascular function.



Chronic Intermittent Energy Restriction and Possible
Adverse Effects

In contrast to the vast majority of studies are two rodent trials
which highlight the potential for negative effects when IER
(100% ER/alternate days) is used chronically. One eight-month
IER trial in obesity-prone rats reported an increase in the
production of reactive oxygen species (ROS), with no clear
mechanistic explanations.2¢ Another trial, this time over six
months, showed that IER-fed rats displayed marked reductions in
diastolic compliance and cardiac reserve due to observed
reductions in cardiomyocyte size and increased myocardial
fibrosis.23 No human trials to date have reported any adverse
effects on cardiovascular health during long-term IER.
Conversely, other acute studies in humans have yielded possible



mechanistic insights. Specifically, similar impairments in
ventricular diastolic function have been observed in healthy men
following short-term (three-day) very low energy diets
(VLEDs).80.81 Also noted by these studies were elevations in NEFA
mobilization and a resultant increase in myocardial triglyceride
content, which has been associated with ventricular dysfunction.
Whilst not fully understood, complex mechanisms involving
intermediates of NEFA metabolism and oxidative stress are
believed to be responsible for this lipotoxic effect on the
myocardium.8o. 81



Intermittent Energy Restriction: Acceptability and Effects on
Feeding Behaviour

Free-living humans are especially vulnerable to the effects of
obesogenic environmental and behavioural pressures, which
pose a significant barrier for the continued success of weight-loss
attempts. This is further compounded by elevations in metabolic
efficiency (whereby energy expenditure declines beyond that
predicted from the change in metabolic mass) and appetite which
accompany weight-loss, and may ultimately predispose to weight
re-gain.82 Moreover, changes in neural activity within brain
regions known to be involved in regulatory, emotional and
cognitive control of food intake have also been observed
following weight-loss.83



This poses the question of whether feelings of hunger and
negative mood states, particularly during restriction periods
could become self-limiting factors for the success of I[ER in the
long-term as either a weight-loss or maintenance strategy.
Persistent hunger and irritability noted in non-obese men and
women in earlier IER trials, where food was completely
restricted on alternate days, suggest that some individuals are
unlikely to be able to comply for extended periods of time.33
Compliance with IER protocols which allow some intake on
restricted days have been promisingly high.38 43,48 49,51, 52
Additionally, several studies have also demonstrated a lack of
compensatory hyperphagia 38 39 41, 48,5284 ypon resumption of
free-eating which, if were to occur, would be expected to limit the
efficacy of IER as a weight loss/maintenance strategy.



Subjective measures of hunger in these IER weight-loss trials
have been shown either to remain stable 37.52, or to decrease over
the study interval.8* When interpreting these findings, it should
be noted that assessment of appetite is highly variable between
individuals.85 Additionally, overweight/obese subjects entering
weight-loss trials are self-referring and so typically exhibit
greater levels of motivation and cognitive eating-restraint. This
may favourably influence their ability to resist hunger and hence
bias subjective measures of appetite.82 Furthermore, the effects
of weight-loss upon subjective appetite measures are most
frequently detected in pre-meal and post-absorptive states,
indeed, the use of visual analogue scales have only been validated
for this purpose.8s



To date, the longest weight-loss trial of IER, lasting six months,
demonstrated comparable weight loss amongst overweight /
obese women assigned to I[ER (two ~75% ER days per week) and
CER (25% ER/day) groups at all tested time points.*! Whilst this
suggests that IER is no easier to follow in the long-term, the
limited variety of foods permitted on restricted days in this
particular study (milk, fruits and vegetables) may have limited
the acceptability and long-term sustainability of this protocol. In
a later trial lasting three months, also in overweight/obese
women, a similar two-day IER protocol was used with the
addition of a <40g ER-day carbohydrate restriction. Subjects
were permitted to consume a greater variety of protein-rich lean
meats, fish and eggs which may have facilitated greater
acceptability and satiation.8¢ Consequently, compliance amongst



IER subjects was high and may well have contributed to its
observed superiority over CER in reducing fat-mass.*8

Increased sensations of appetite associated with weight-loss are
thought to relate in part to alterations in the neural and
endocrine responses to energy deficit, which occur in an attempt
to restore fat-mass by increasing energy intake.82 87 However,
little is known about the effects of I[ER on physiological regulators
of feeding behaviour and appetite. Two hormonal regulators
which have been studied are leptin and ghrelin, whose effects on
energy balance are in a large part mediated by the
hypothalamus.8” Leptin, a peptide hormone secreted by adipose
tissue, acts to reduce appetite.8” Circulating levels are
proportional to adiposity and so decline during weight-loss, thus
increasing appetite, however this reduction is believed to be



disproportionately greater than the change in fat-mass.82 As
expected, IER (60-85% ER on restricted days) weight-loss
interventions have all noted a decline in leptin levels 39 41,46-49,52,
comparable with energy-matched CER protocols after three
months %8 and six months.!

Conversely ghrelin, produced mainly by P/D1 cells lining the
fundus of the stomach, exerts appetite stimulating effects and so
levels are typically at their peak pre-meal and decrease post-
prandially.87 As weight-loss is associated with increased fasting
levels of ghrelin 8 and reduced suppression in response to a meal
in obese subjects 87, changes in circulating ghrelin levels have
been assessed in several IER studies. One three-week IER (100%
ER/alternate days) study in non-obese men and women noted no
changes in post-treatment levels of ghrelin when measured after



both 12 and 36 hours of fasting.33 Similarly another study, this
time in overweight/obese women, did not detect any changes in
fasting ghrelin after six months in subjects assigned to either IER
(two ~75% ER days per week) or CER (25% ER/day).#! Clearly,
homeostatic control of food intake is under the influence of
numerous peripheral mediators, of which ghrelin and leptin are
only two.82 [t would therefore be important for future research to
incorporate a more definitive assessment of gastrointestinal
physiology for example for the full effects of IER to be
determined. Future works should also seek to identify and assess
the effects of IER on hedonistic mechanisms in addition to merely
homeostatic factors, in order to gain a better insight into the
effects of IER on feeding behaviour.



Potential Mechanistic Differences between IER and CER

Studies in rodent models and humans show that IER may
improve a variety of traditional cardiometabolic risk markers. A
schematic representation summarizing these improvements, the
effects on clinical outcomes and proposed mechanisms, is
presented in Figure 1.
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Changes to Adipose Tissue Physiology:

Once considered an inert storage depot for excess energy,
adipose tissue has been clearly identified as playing an influential
role in cardiometabolic health.3 Adipose tissue functions not only
as an important buffer for fatty acids®® but also as a highly active
secretory organ, capable of influencing whole-body physiology
through the production of an array of bioactive adipokines. 91
Normal functioning of adipose tissue is often (but not
exclusively) impaired in obesity °! and can be characterized by
excessive hypertrophic adipocyte growth, elevated macrophage
infiltration, hypoxia and dysregulated lipid storage.92

One theory proposes that once the storage capacity of
subcutaneous adipose tissue (SAT) depots is exceeded under



conditions of energy excess, either as a result of impaired
expandability and/or excessive hypertrophic growth, fat
deposition within visceral depots and non-adipose tissues
including the liver, skeletal muscle and pancreas can ensue.?3
This can subsequently lead to the development of systemic IR
and a series of associated cardiometabolic disorders including
dyslipidaemia, dysglycaemia, hyperinsulinaemia and
hypertension.3 Expression of pro-inflammatory mediators
including interleukins 1 (IL-1), 6 (IL-6), tumour necrosis factor
alpha (TNF-a) and resistin, are also increased which can further
potentiate IR and promote atherosclerosis. Conversely, secretion
of adiponectin, a potent insulin-sensitizing, anti-atherosclerotic
mediator, is typically depressed.3 Thus, cardiometabolic risk may
not be due to the excess accumulation of adipose tissue per se but
rather as a consequence of its dysfunction.



Findings from rodent trials suggest that IER (50-100%
ER/alternate days) is capable of modulating adipose physiology,
independently of changes to fat-mass. For example, one study
which has compared three IER protocols (25%); 50% and 100 %
ER/alternate days) with ad libitum fed controls, found that at
four weeks, both the subcutaneous and visceral adipocytes of
male mice maintained on IER (50% and 100% ER/alternate day)
were some 35% to 50% smaller than those of controls.22 Body
weight was reduced in the IER (100% ER/alternate days) group,
whilst adipose tissue mass remained unchanged after all
interventions. Two conclusions were drawn by the authors of this
study. Firstly, that [ER (50% ER/alternate days) was capable of
altering adipose physiology even in the absence of an energy
deficit. Secondly, given there was no overall reduction in adipose
depot weight in IER (50% or 100 % ER/alternate days) fed mice,



this reduction in adipocyte cell size must reflect an increase in
adipocyte number (i.e. adipogenesis).

Weight-loss independent effects of IER have also been noted by
one human trial, studying IER (100% ER/alternate days) in non-
obese men.3! In this trial, a reduction in adipose tissue lipolysis,
which implies improved insulin sensitivity within adipose tissue,
was observed despite no overall change in fat-mass after two
weeks. After three weeks of IER however, a separate study noted
a reduction in fat-mass, which suggests that unlike in the rodent
studies mentioned previously, humans may be unable to fully
compensate for energy deficits incurred on fast days with
increasing durations. 33



In overweight or obese subjects, IER (60-85% ER/alternate days)
have been shown to produce an average weight loss of between -
5 and -8% body-weight in studies of four to 12 weeks duration
with the degree of weight-loss seemingly correlated to the length
of the intervention.37. 38 40, 45-47,49-52 Weijght-loss is accompanied
by reductions in whole-body adiposity 37,38 40,45-47,49-52 wajst
circumference3? 40.43,45 and favourable shifts in adipokine
expression encompassing lowered circulating levels of TNF-a 37,
IL-6 37, resistin 3% 4% and augmented adiponectin expression 39,
consistent with favourable modulations in adipose function. Also
noted by one study was a decline in C-reactive protein (CRP) 52,
potentially the most widely accepted of the inflammatory
markers and whose hepatic synthesis is induced by pro-
inflammatory cytokines.?*



Two RCTs in overweight/obese women have compared energy-
matched IER and CER protocols (Table 1). In the longer of the
studies, [ER (two ~75% ER days per week) demonstrated equal
efficacy to CER (25% ER/day) at reducing body-weight, adiposity
and CRP after 6 months, whereas a post-treatment increase in
adiponectin occurred only in the [ER group.*! In follow-up work
by the same group 48, subjects were assigned a similar two-day
IER protocol with the addition of a <40g ER-day carbohydrate
restriction. Compared to CER (25% ER/day), proportionally
more IER subjects tended to attain a >5% weight-loss after three
months, whereas body-fat losses in the IER group were
significantly greater. Accordingly, IER was found to be superior to
CER in terms of improving insulin sensitivity. Reductions in IL-6
were comparable between the groups, whereas neither
intervention had an effect on adiponectin or TNF-a.



Change in Energy Balance and Fat Mobilization

Dramatic improvements in metabolic control have been observed
in morbidly obese individuals undertaking VLEDs ¢-° with even
short periods of severe energy restriction significantly improving
both hepatic ? and whole-body 7 insulin sensitivity. It is of
particular interest to note that these metabolic improvements
appear to occur before that of significant weight-loss. 8.9

A recent review by Taylor 8 elucidates the role of the large
negative energy balance elicited by VLEDs, which is now
postulated to be the primary mechanism behind these metabolic
effects. According to the “Twin Cycle Hypothesis”, chronic energy
excess (in the presence of skeletal muscle IR) results in a
compensatory hyperinsulinaemia in an attempt to maintain



normoglycemia, however will also promote the accumulation of
intrahepatic lipid (IHCL) via the stimulation of de novo
lipogenesis. Hepatic IR ensues, increasing endogenous glucose
production, hence elevating plasma glucose levels and
stimulating further insulin secretion. Hepatic very low density
lipoprotein (VLDL) export is subsequently enhanced, which leads
to lipid deposition in extra-hepatic tissues. Within pancreatic 8
cells, excessive lipid deposition causes the metabolic inhibition of
postprandial insulin secretion which, above an individual
threshold, will herald the onset of hyperglycaemia. VLEDs are
hypothesised to disrupt this flow of lipid between the liver and
pancreas; within days of VLED commencement there is a rapid
fall in IHCL and within weeks, reductions in pancreatic-fat can be
detected with a corresponding return in normal (3-cell function.



Also noted during the early stages of weight-loss is a preferential
loss of visceral adipose tissue (VAT) over SAT, thought to relate
to its biological role as a short-term energy store.?> Findings from
one systematic review suggest that, owing to the greater severity
of ER, the percentage change in the VAT:SAT ratio is highest
during rapid weight-loss associated with VLEDs, however this
effect is thought to be transient.?> When compared to SAT, VAT
depots typically possess higher levels of basal lipolysis,
insensitivity to insulin action and macrophage infiltration, whilst
adiponectin expression is reduced.? As a result of the anatomical
proximity and portal drainage of VAT to the liver, VAT-derived
NEFA and pro-inflammatory adipokines are thought to act as a
further driver for hepatic IR.3 Consequently, an intervention
which is able to provide a sustained, preferential loss in VAT



would be expected to provide significant metabolic and clinical
benefits.

IER is effectively a regime consisting of short periods of very low
(or no) energy intake alternated with habitual intake, rather than
a continuous VLED. Previous reviews of the IER literature have
speculated that repeated acute periods of negative energy
balance experienced during IER may preferentially mobilize fat
within visceral and intra-hepatic sites, perhaps more so than CER,
owing to their acute sensitivities to ER.?% 97 Corroborative
evidence shall be discussed next.

Two studies, in rodents, have quantified changes in the
distribution of VAT and SAT. One study in male mice following a
four-week IER (85% ER/alternate days) showed that whilst total



adipose-mass remained unchanged, there was a redistribution of
adipose tissue from VAT to SAT, irrespective of high- or low-fat
background diet.>3 In addition, this favourable shift in fat
distribution corresponded to an elevation in plasma adiponectin
levels. Subsequently, a direct comparison by Varady et al 27,
between CER (25% ER/day) and three IER protocols (75%; 85%
and 100% ER/alternate days), showed an equal efficacy of all
four dietary regimes in promoting this redistribution and
increase in adiponectin expression in female mice, despite only
the CER group showing reduction in total fat-mass.

Studies in rodents have additionally described post-treatment
elevations in the rate of fatty acid oxidation within both the liver
and skeletal muscle of mice maintained on IER (100%
ER/alternate days).13 In a comparison of CER (40% ER/day) and



IER (100% ER/alternate days), the authors of this 20-week study
noted a doubling in the B-hydroxybutyrate levels (a marker of
mitochondrial fatty acid oxidation) in IER-fed mice which was not
present in the CER group.!> Both [ER and CER interventions led to
comparable reductions in fasting levels of glucose and insulin. Of
particular interest however, is that total energy intake and body
weights of IER-fed mice were comparable to ad libitum controls.
This suggests that, unlike mice in the CER group, elevated fatty
acid oxidation and improvements in glucose control of the IER-
fed mice occurred in the absence of an overall energy deficit.

In humans, acute (measured after one to two ER-days) 33.37.48 and
post-treatment 4148 increases in ketone bodies including 3-
hydroxybutyrate have been reported in individuals undergoing
IER (75-100% ER on restricted days). Also noted by two RCTs in



overweight/obese women are acute reductions in HOMA-IR
(reflective of hepatic insulin sensitivity) when measured after
only two days of 75% ER, which may have resulted from the
mobilization and subsequent oxidation of IHCL.*1. 48 [n both
studies, insulin sensitivity, which was measured after five
subsequent days of euenergetic intake, remained higher when
compared to subjects assigned to a CER (25% ER/day) protocol.
On the other hand Soeters et al 34, who used a balanced cross-
over design, failed to note any effect of two weeks of [ER (100%
ER/ alternate days) on hepatic insulin sensitivity (measured after
an overnight fast) when compared to two weeks of a standard
euenergetic diet. A particular strength of this study is its use of
both isotopically labelled glucose and the hyperinsulinemic-
euglycemic clamp technique, which is considered the gold
standard method for assessment of insulin sensitivity, and allows



for the differentiation between peripheral and hepatic insulin
sensitivity.?8 It should be noted however that this was a study of
eight lean, glucose tolerant men and thus presents a possible
limitation for these findings.

Studies utilizing stable isotope labelled tracers have also given an
insight into the alterations in VLDL-kinetics which occur in
response to acute ER. For instance, studies in healthy, lean
women have shown that an acute negative energy balance
induced by a one-day 3M] energy-deficit can lower fasting VLDL-
triglycerides by -26% (relative to one day of euenergetic intake),
which was subsequently attributed to a -21% reduction in
hepatic VLDL section and +12% increase in plasma clearance
rate.?® On the other hand, a separate study by the authors failed
to find any acute effects after a one-day 2M] energy-deficit,



suggesting greater degrees of ER are required to elicit acute
alterations in VLDL-metabolism in the absence of weight-loss.100

Combining these lines of evidence, it could be suggested that
recurrent periods of acute ER, through repeated stimulation of
fatty acid oxidation, could have the potential to attenuate IHCL
and VAT accumulation over a more chronic time scale. This
presents a possible explanation for the apparent superiority of
some [ER regimens (versus CER) in improving fasting insulin
sensitivity 4148, and for why metabolic improvements might
occur in absence of overall ER.25 Given the largely indirect nature
of the evidence however, direct quantification of changes in IHCL
and VAT/SAT distribution in response to IER are needed. Use of
stable isotope tracers would also be of particular value as they
would allow for in vivo assessments of post-treatment alterations



various aspects of hepatic metabolism including glucose
metabolism, fat oxidation and VLDL-kinetics which have been
shown to be altered by acute periods of ER.101

Increased Stress Resistance

ER is associated with increased median and maximal life span
across a variety of species and can confer protection against
chronic diseases including T2DM and CVD. 102,103 One proposed
mechanism thought to mediate these effects is an up-regulation
of cellular stress resistance in response to ER, which may occur
via a process called hormesis. Specifically, prolonged ER is
thought to function as a long-term, low-intensity stressor,
eliciting adaptive responses in cells and organisms, thus
conferring resistance to oxidative, metabolic and genotoxic



insults. 194 Several hormetic response pathways have been
identified involving enzymes (kinases and deacetylases including
Sirtuins), transcription factor- regulation the expression of
several major categories of proteins including chaperones,
antioxidant enzymes and growth factors. 104

Accumulating data suggests that IER may also activate hormesis,
and there has been some suggestion that it is the stress
associated with fasting, or the alternating periods of anabolism
and catabolism, rather than an overall ER is responsible.15. 105 JER
(100% ER / alternate days) in rodent studies has been shown to
up-regulate the expression of anti-oxidative 20105, anti-apoptotic
20,21 and pro-angiogenic 2! factors. Also noted by IER studies are
an increase in the expression levels of silent mating type
information regulation 2 homolog 1 (SIRT1), an NAD*-dependent



deacetylase.20 The expression of SIRT1, also increased by
prolonged ER in rodents, is linked to the up-regulation of cellular
stress resistance and improved outcomes in animal models of
metabolic, neurodegenerative and inflammatory diseases.106. 107
These findings have been suggestively accompanied by
improvements in resilience to disease progression in rodent
models of Type 1 diabetic nephropathy 29, survival following
induced ischaemic injury 2! and a reduction in oxidative stress.10

In non-obese humans, an increase in SIRT1 expression within
skeletal muscle has also been noted after two weeks of IER
(100% ER/alternate days). Stress resistance has not been
assessed however and so the biological relevance of this finding
is currently unknown.32 Several [ER trials (75-85% ER on
restricted days) in overweight/obese populations have reported



reductions in various markers of oxidative stress 3741, which in
one study was accompanied by a complementary increase in the
anti-oxidant uric acid.3” In a direct comparison of IER (75% ER
for two days / week) and CER, both ER strategies displayed equal
efficacy in reducing levels of fast-acting advanced oxidation
protein products (AOPP) after six months, which displayed a
tendency to occur earlier (i.e. at three months) in the I[ER group.*!
Levels of slow-acting (i.e. long term) AOPP tended to decrease in
the IER group and increase in the CER group which the authors
proposed may have resulted from IER-induced activation of
autophagy, a key homeostatic cellular process in which
dysfunctional or unnecessary cellular proteins are degraded and
recycled.#! On the other hand, a follow-up study using similar
IER/CER protocols demonstrated comparable reductions in
AOPP in both groups after three months.*8



Summary and Future Research Directions

Current evidence from studies in rodents and humans
demonstrates that IER (50-100% ER on restricted days) is
capable of promoting weight-loss and/or favourably influencing
an array of cardiometabolic health indices, with equal or greater
efficacy than CER. In rodents, this has been shown to translate
into improvements in clinical end-points such as disease
progression. Putative mechanisms include the effects of IER on
adipose physiology, stress resistance and acute ER-induced
mobilization of fat distributed within visceral and intra-hepatic
sites (Figure 1). However a large proportion of this mechanistic
evidence is limited to indirect observations and/or has come
from rodent studies requiring translation into humans.
Furthermore, relatively few studies human studies (Table 1) have



incorporated separate CER (standard treatment) or ad libitum
(no intervention) control groups. Further investigations, using
well designed RCTs, are clearly merited.

There is some indication that total IER and the array of partial
IER protocols which have been developed, may elicit distinct
biological effects to one another. The few rodent studies which
have directly addressed this have demonstrated equivalence
between total and the more severe partial IER strategies (50-
100% ER / alternate days) in modulating some aspects of
adipose physiology.27-38 96 In humans, the apparent superiority of
two-day IER 4548 but not alternate-day IER ¢ protocols over CER
in improving fasting insulin sensitivity could be related to the
greater length of the ER interval. Conversely, the extended fasting
periods associated with total IER (100% ER/alternate days)



protocols have been linked to worsening post-prandial glucose
control in women.32 It will thus be of interest to study and
directly compare the metabolic effects of IER protocols which
vary in frequency, duration and severity of ER periods.

Whilst initial findings are promising, the long-term efficacy,
safety, and whether these metabolic improvements can be
maintained during weight-stabilization, remain unknown. It will
also be important to determine the effects of [ER in other
populations, for example in individuals with more profound
metabolic derangements such as those with established T2DM,
the evidence for which is relatively sparse.3¢ Additionally, given
that several rodent and human IER (50-100% ER on restricted
days) trials have demonstrated metabolic improvements in the
absence of overall ER 15.22,27,31,53,105 gne can speculate that I[ER



may have potential applications within non-overweight
populations and as a maintenance strategy post-weight-loss.

Ultimately, while much remains to be known about IER, its
modes of actions and long-term efficacy, the positive findings to
date serve to highlight promising avenues for future research.
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