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Abstract

This review aims to summarize the effects of intermittent fasting on
markers of cardiometabolic health in humans. All forms of fasting reviewed
here—alternate-day fasting (ADF), the 5:2 diet, and time-restricted eating
(TRE)—produced mild to moderate weight loss (1–8% from baseline)
and consistent reductions in energy intake (10–30% from baseline). These
regimens may benefit cardiometabolic health by decreasing blood pressure,
insulin resistance, and oxidative stress. Low-density lipoprotein cholesterol
and triglyceride levels are also lowered, but findings are variable. Other
health benefits, such as improved appetite regulation and favorable changes
in the diversity of the gut microbiome, have also been demonstrated, but
evidence for these effects is limited. Intermittent fasting is generally safe
and does not result in energy level disturbances or increased disordered
eating behaviors. In summary, intermittent fasting is a safe diet therapy that
can produce clinically significant weight loss (>5%) and improve several
markers of metabolic health in individuals with obesity.
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INTRODUCTION

Intermittent fasting has emerged as one of the most popular diets for weight loss in recent years
(13, 14, 30, 65, 74, 78, 80, 96).The diet can be defined, in basic terms, as periods of eating alternated
with periods of not eating. One reason for the rapid rise in popularity of intermittent fasting
may be its sheer simplicity. This regimen does not require individuals to massively overhaul their
current eating patterns or switch out all foods in their pantries. Moreover, intermittent fasting
does not necessitate individuals to avoid food groups or specificmacronutrients, nor does it require
participants to vigilantly monitor calories day in, day out. These features can greatly increase the
tolerability of the diet and may be why these regimens have become so widely adopted.

Despite the growing popularity of intermittent fasting, only a handful of trials have ex-
amined the health benefits of these diets in humans. In general, these preliminary findings
indicate that fasting may help with weight management and metabolic disease reduction. Some of
the mechanisms by which intermittent fasting may improve metabolic health include reduced free
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radical production, augmented stress resistance, improved glucose regulation, and suppressed
inflammation (21, 30, 74, 78). More recently, it has been shown that fasting may upregulate
autophagy by decreasing the activity of the mammalian target of rapamycin (mTOR) protein
synthesis pathway (4, 25, 30). These cell responses play a critical role in removing damaged
molecules and recycling their components while reducing protein synthesis to conserve energy.

This review aims to summarize the effects of various fasting regimens—alternate-day fast-
ing (ADF), the 5:2 diet, and time-restricted eating (TRE)—on body weight and cardiometabolic
disease risk factors in human subjects. In addition, the emerging role of intermittent fasting in
modulating appetite, sleep, and the gut microbiome is discussed. Pertinent safety considerations
are also discussed. The review concludes with some practical advice for clinicians and individuals
by explaining how to implement these diets in everyday life.

Types of Intermittent Fasting

Intermittent fasting is an umbrella term for three different diets: ADF, the 5:2 diet, and TRE
(Figure 1). ADF typically involves a feast day alternated with a fast day. On the feast day, individ-
uals are permitted to eat ad libitum, with no restrictions on types or quantities of food consumed.
On fast days, participants can choose to consume only water, which is referred to as zero-calorie
ADF. Alternatively, individuals can consume ∼25% of their energy needs (500–800 kcal) on the
fast day, which is termed modified ADF. During modified ADF, the fast day meal can be eaten all
at once or spread throughout the day without impacting weight loss success (51). The 5:2 diet, on
the other hand, is a modified version of ADF that involves 5 feast days and 2 fast days per week.
Akin to ADF, individuals are permitted to eat ad libitum on the feast days. On fast days during
the 5:2 diet, ∼25% of energy needs (500–800 kcal) are typically consumed, and the fast days can
be placed on consecutive or nonconsecutive days during the week. TRE, in contrast, differs from
ADF and the 5:2 diet in that it requires individuals to fast for a short period of time every day.
More specifically, TRE involves confining the eating window to a specified number of hours per
day (usually 4 to 10 h), and fasting with zero-calorie beverages (e.g., water, black coffee, black tea,
calorie-free beverages) for the remaining hours of the day. During the eating window, individuals
do not need to count calories or monitor food intake in any way.

Methods: Human Trial Selection

The primary purpose of this review is to summarize the health benefits of intermittent fasting in
humans; no animal studies were included in our literature search.We conducted a Medline search
using the keywords “intermittent fasting,” “fasting,” “meal timing,” “meal frequency,” “intermit-
tent energy restriction,” “alternate day fasting,” “5:2 diet,” “time restricted eating,” “time restricted
feeding,” “clinical trial,” and “human.” Inclusion criteria for research articles were as follows:
(a) randomized controlled trials and nonrandomized trials, (b) adult male and female participants,
and (c) end points that included changes in body weight and relevant risk markers of cardiovascu-
lar disease or diabetes. The following exclusion criteria were applied: (a) cohort and observations
studies, (b) fasting performed as a religious practice (Islam or Seventh-Day Adventist), and (c) trial
durations of less than 1 week. Our search retrieved 15 human trials of ADF (Table 1), 5 trials of
the 5:2 diet (Table 1), and 13 trials of TRE (Table 2).

EFFECTS OF INTERMITTENT FASTING ON BODY WEIGHT

Alternate-Day Fasting

Three human trials (20, 47, 94) of zero-calorie ADF and 12 trials of modified ADF have evaluated
the impact of these regimens on body weight (Table 1). Zero-calorie ADF produced weight loss
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Alternate-day fasting

Fast day
Monday

Feast day
Tuesday

Fast day
Wednesday

Fast day
Friday

Feast day
Saturday

Fast day
Sunday

Feast day
Thursday

12:00 AM

12:00 AM

4:00 AM

12:00 PM

4:00 PM

8:00 PM

8:00 AM

The 5:2 diet

Fast day
Monday

Feast day
Tuesday

Fast day
Wednesday

Feast day
Friday

Feast day
Saturday

Feast day
Sunday

Feast day
Thursday

12:00 AM

12:00 AM

4:00 AM

12:00 PM

4:00 PM

8:00 PM

8:00 AM

Time-restricted eating 

Fast day
Monday

Fast day
Tuesday

Fast day
Wednesday

Fast day
Friday

Fast day
Saturday

Fast day
Sunday

Fast day
Thursday

12:00 AM

12:00 AM

4:00 AM

12:00 PM

4:00 PM

8:00 PM

8:00 AM

Figure 1

Types of intermittent fasting. This figure outlines the timing of food intake during alternate-day fasting, the
5:2 diet, and time-restricted eating (TRE) (8-h TRE is shown here) on each day of the week. Periods of food
intake are depicted with an apple icon.

of 3% to 8% over 3–8 weeks, and the degree of weight loss was proportional to the duration of
the intervention (20, 47, 94). Reductions in body weight achieved with modified ADF (4–8%) (9,
22, 33, 51, 56, 63, 81, 107, 108) appear to be on par with that of zero-calorie ADF over similar
trial durations (6–12 weeks) (20, 47, 94). Longer durations of modified ADF (24 weeks) do not
result in greater weight loss (6%) (59, 105), suggesting that the weight loss efficacy of ADF may
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peak at 12 weeks. These diets appear to be effective for weight loss in normal-weight individuals
(47, 94, 108) and those with overweight (22) or obesity (9, 20, 33, 51, 56, 59, 63, 81, 105, 107).
Due to the paucity of data in this area, it remains unclear whether the rate of weight loss is
greater in people with obesity than in those with normal weight. Both zero-calorie ADF and
modified ADF decrease overall energy intake by 20–35%. Participants following ADF typically
do not overeat or binge on feast days. Accumulating evidence suggests that subjects typically
consume only an additional 10–15% of energy needs (∼200–300 kcal) on feast days relative to
their calculated energy needs (62, 105, 108). Because individuals do not fully compensate for
lack of food consumed on the fast day by eating more on the feast day, energy restriction ensues,
resulting in mild to moderate weight loss.

Three trials (20, 81, 105) have compared the weight loss efficacy of ADFwith that of traditional
dieting [i.e., daily calorie restriction (CR)]. After 8–24 weeks of treatment, the degree of weight
loss achieved was not significantly different between ADF and CR groups, suggesting that these
regimens are equally effective for reducing body weight.

To date, three trials (20, 59, 105) have tested the weight maintenance efficacy of ADF. In each of
these studies, participants continued a modified version of their ADF diet during the maintenance
period. The weight maintenance version of ADF allowed for either greater energy consumption
on the fast days (∼1,000 kcal) or fewer fast days per week. During the follow-up period (12–24
weeks), participants generally experiencedmild weight regains (1–2%) (59, 105) relative to the end
of the weight loss period. In view of this, it may be necessary for individuals to continue following
a strict ADF approach (i.e., 0–500 kcal on 3–4 fast days per week) to manage their weight long
term with these diets.

The 5:2 Diet

To date, five human trials (18, 34, 46, 89, 98) have tested the effects of the 5:2 diet on body weight
(Table 1). Fitzgerald et al. (34) evaluated the short-term weight loss efficacy of this diet and re-
ported an average weight loss of 4% after 8 weeks of intervention. The other four trials (18, 46,
89, 98) examined the longer-term effects of the 5:2 diet and demonstrated weight loss of 7% after
24–52 weeks in men and women with overweight and obesity. Overall, the degree of weight loss
achieved with the 5:2 diet in short-term and long-term trials seems comparable to that observed
with ADF. Likewise, reductions in energy intake with the 5:2 diet and ADF also seem similar, with
both therapies producing net energy deficits of 20% to 35%. These findings for body weight and
energy restriction are somewhat surprising because subjects who participate in the 5:2 diet fast
much less frequently (2 fast days per week) than ADF participants do (3–4 fast days per week).
Because more fast days per week do not seem to equate to greater energy restriction and weight
loss, this puts into question whether ADF participants adhered to their prescribed protocol. It
will be of interest for future trials to do a head-to-head comparison of ADF and the 5:2 diet to
determine whether one diet is superior to the other in terms of compliance, energy restriction,
and weight loss.

The efficacy of the 5:2 diet relative to daily CR (continuous energy restriction) was evaluated in
all five of these studies (18, 34, 46, 89, 98). Findings from each trial report no significant difference
in mean weight loss achieved with the 5:2 diet compared with daily CR over 8–52 weeks. Similar
results were noted when ADF was compared with CR. In view of these findings, ADF and the 5:2
diet may be effective alternatives to traditional dieting and may be particularly appealing to those
who struggle with restricting energy on a daily basis.

Only one of these trials (98) tested the ability of the 5:2 diet to help individuals maintain weight
loss. In the study by Sundfor et al. (98), subjects fasted 2 days per week (∼500-kcal fast day) during
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a 24-week weight loss period followed by a 24-week weight maintenance period. By the end of
the weight loss period, body weight decreased by 8% from baseline (98). During the maintenance
period, subjects regained approximately 1% of body weight, resulting in a net weight loss of 7%
by the end of the trial (98). This trajectory of weight loss and regain is similar to that reported in
longer-term ADF trials (20, 105). As such, it can be speculated that the 5:2 diet and ADF impact
body weight similarly over 1 year. Much more research is needed to test the weight maintenance
efficacy of these diets. Well-designed randomized controlled trials that run for 2–3 years will be
particularly important in helping assess the long-term feasibility and weight management efficacy
of these fasting protocols.

Time-Restricted Eating

To date, 13 human trials have examined the effects of TRE on body weight (2, 17, 23, 26, 37, 42,
54, 75, 79, 100, 103, 104, 111) (Table 2). Although most of these studies allowed subjects to eat ad
libitum during the eating window, some (17, 79, 100) required subjects to consume their energy
needs for weight maintenance throughout the trial. In this section, which focuses on weight loss
and ad libitum energy intake, we discuss only the studies that allowed participants to eat freely
during the eating window (2, 23, 26, 37, 42, 54, 75, 103, 104, 111).

Two studies (26, 103) examined the effect of 4-h TRE on body weight. In a randomized con-
trolled trial by Cienfuegos et al. (26), participants with obesity lost 3%of body weight after 8 weeks
of 4-h TRE (3–7 PM). In contrast, Tinsley et al. (103) noted no change in body weight after 8
weeks of 4-h TRE (4–8 PM, 4 days/week) combined with resistance training in normal-weight
men and women. The trial by Cienfuegos et al. (26) also implemented a 6-h TRE arm. After 8
weeks of eating within a 6-h window (1–7 PM), subjects lost similar amounts of weight (3%) as the
4-h TRE group (3%) (26). The effect of 8-h TRE on body weight was investigated in five human
trials (2, 23, 37, 75, 104). Anton et al. (2), Gabel et al. (37), and Chow et al. (23) demonstrated
weight reductions of 2% to 4% in subjects with obesity after 4–12 weeks. In contrast, Tinsley
et al. (104) noted increases in body weight (2%) in lean subjects when 8-h TRE (12–8 PM) was
combined with resistance training, and Lowe et al. (75) showed no weight loss versus controls.
The impact of 9-h and 10-h TRE on body weight also has been evaluated (42, 54, 111). In the
study by Hutchison et al. (54), subjects with obesity and prediabetes participated in a crossover
study that compared the effects of early 9-h TRE (8 AM–5 PM) and late 9-h TRE (12–9 PM).
After 1 week of intervention, subjects lost 1% of body weight from baseline, and this effect did not
vary according to the timing of the eating window (early versus late) (54). In the studies of 10-h
TRE (42, 111), subjects were permitted to self-select their eating windows. After 12–16 weeks of
treatment, men and women with overweight lost 3% of body weight from baseline (42, 111). In
sum, TRE regimens with 4–10-h eating windows generally produce weight reductions of 1% to
4% in subjects with overweight and obesity. Surprisingly, shorter eating windows (4 and 6 h) do
not result in greater degrees of weight loss compared with longer eating windows (8 and 10 h).
Whether the timing of the eating window (early versus late) impacts weight loss is difficult to
ascertain, as only one short-term study (54) has directly tested this.When TRE is combined with
exercise, specifically resistance training, the weight loss effects of the diet appear to be negated
(103, 104). This lack of effect could be due in part to increased appetite and energy consump-
tion that sometimes occur with exercise (11, 95), leading to weight maintenance (103) or slight
increases in body weight (104).

Most of these trials also assessed the impact of TRE on energy intake. TRE is a novel diet
therapy in that it does not require subjects to count calories or monitor food intake. Subjects
are simply required to eat within a specified time frame, and fast (with zero-calorie beverages
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permitted) throughout the rest of the day. In reviewing the data in Table 2, it would appear as
though confining the period of eating to 4–10 h per day results in an unintentional reduction
in energy intake ranging from 10% to 30% (200–600 kcal/day) (26, 37, 42, 103, 111). From a
clinical standpoint, these findings are paramount. A key reason for subject attrition during ADF
and daily CR trials is having to carefully monitor energy intake on a regular basis (28, 29, 105).
TRE diets can sidestep this requirement, permitting participants to simply watch the clock instead
of monitoring energy intake, and still produce significant weight loss. This unique feature of TRE
has the potential to greatly increase long-term adherence to this protocol. Much more research
in this emerging field is evidently needed. Specifically, controlled trials that assess the impact of
TRE on body weight and energy intake over longer durations (6–12 months) are well warranted.

Summary: Body Weight and Energy Intake

In summary, the three major types of intermittent fasting—ADF, the 5:2 diet, and TRE—produce
mild to moderate weight loss (1–8% from baseline) in participants with overweight and obesity.
These regimens reduce energy intake by ∼10–30%, which is on par with traditional CR. ADF
and the 5:2 diet, but not TRE, are the only fasting approaches that produce clinically significant
weight loss (>5% from baseline) (112). Practitioners should take this into consideration when
recommending one approach over the other.

EFFECTS OF INTERMITTENT FASTING ON METABOLIC DISEASE
RISK FACTORS

Alternate-Day Fasting

Several trials have evaluated the impact of ADF on blood pressure (Table 1). Zero-calorie ADF
appears to have no effect on diastolic blood pressure (47, 94) but may lower systolic blood pressure
(5%) (94).As formodified ADF,five trials demonstrate reductions in systolic (5–11%) and diastolic
(5–10%) blood pressure (33, 51, 59, 81, 107), whereas four others show no effect (9, 63, 105, 108).
All trials that demonstrate decreases in blood pressure involved participants with elevated blood
pressure at baseline (33, 51, 59, 81, 94, 107). Thus, it is possible that ADF lowers blood pressure
only in those who have hypertension or borderline hypertension.

Changes in plasma lipids also are frequently assessed in human trials of ADF (Table 1). All
three trials of zero-calorie ADF show significant decreases in low-density lipoprotein (LDL)
cholesterol levels (10–23%) (20, 47, 94). In contrast, only threemodified ADF studies demonstrate
reductions (8–25%) in LDL cholesterol (59, 63, 107). Due to the limited number of studies, it is
difficult to ascertain whether this effect varies according to baseline LDL cholesterol level, body
mass index (BMI) category, or intervention duration. High-density lipoprotein (HDL) choles-
terol, by contrast, is slightly decreased (20, 59) or not affected by either zero-calorie or modified
ADF (22, 33, 47, 51, 56, 63, 81, 94, 105, 107, 108). The only study that showed favorable increases
in HDL cholesterol (9) combined ADF with aerobic exercise. Because aerobic exercise increases
HDL cholesterol (64, 70), it is likely that this change is due to exercise training rather than fast-
ing. Triglyceride levels were reduced in all zero-calorie ADF trials (9–17%) (20, 47, 94) and in
five of the modified ADF trials (13–42%) (56, 63, 81, 105, 107). This effect was noted in several
different population groups, including individuals with hypertriglyceridemia, normal triglyceride
levels, obesity, and prediabetes. Longer durations of intermittent fasting did not seem to be related
to greater reductions in triglyceride levels (56, 63, 81, 105, 107). Moreover, consuming a high-fat
background diet (45% of energy as fat) during ADF did not attenuate this beneficial effect (63).

The ability of ADF to modulate glycemic control also has been examined (Table 1). Zero-
calorie ADF appears to have little effect on fasting glucose, fasting insulin, and insulin sensitivity
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(20, 47, 94). Fasting glucose also remained unchanged in the trials of modified ADF (9, 22, 33, 51,
56, 59, 105).This finding is not surprising, as circulating glucose levels are typically well controlled
in subjects who do not have diabetes (35). Reductions in fasting insulin (15–37%) were noted in
many of the modified ADF trials (59, 81, 105, 109) but generally occurred only in subjects who
had elevated insulin at baseline (>13 μIU/mL) (59, 81, 105, 109). Because higher levels of fasting
insulin are an indicator of insulin resistance (91), ADF may produce this favorable effect only
in those who display this condition. Circulating levels of HbA1c and insulin resistance did not
change in any of the modified ADF trials reviewed here (9, 22, 51, 59, 105).

To date, two human trials have examined whether ADF produces changes in glucoregulation
superior to those of CR (39, 81). In the 8-week study by Parvaresh et al. (81), fasting glucose was
reduced only in the ADF group (6%), with no change in the CR group. Complementary to these
findings, Gabel et al. (39) performed a subanalysis of the trial by Trepanowski et al. (105) that
included only participants with insulin resistance [defined as homeostatic model assessment for
insulin resistance (HOMA-IR) >2.7 (41, 97)]. After 6 months, both groups lost similar amounts of
weight, but subjects in the modified ADF group demonstrated much greater reductions in fasting
insulin (52%) and insulin resistance (53%) compared with subjects in the CR group (14% and
17%, respectively). Though the data are still limited, these preliminary findings suggest that ADF
may be more effective than daily CR for lowering insulin resistance in participants at risk for
developing diabetes.

The effects of ADF on circulating markers of inflammation and oxidative stress have been
tested in a few human trials to date (Table 1). Overall, ADF appears to have little effect on the in-
flammatory markers C-reactive protein (CRP) and homocysteine (9, 22, 105). The study by John-
son et al. (56) was the only trial to demonstrate improvements in both inflammation and oxidative
stress. After 8 weeks of modified ADF, tumor necrosis factor-α (TNF-α) (a marker of inflamma-
tion) and several indicators of oxidative stress were reduced in subjects with obesity (56). More
research is needed to determine whether ADF produces consistent improvements in markers of
inflammation and oxidative stress.

The 5:2 Diet

The impact of the 5:2 diet on blood pressure and plasma lipids was measured in all five human tri-
als reviewed here (Table 1) (18, 34, 46, 89, 98). Systolic and diastolic blood pressure were reduced
(2–4% and 3–5%, respectively) after 24–48 weeks of intervention, and these decreases were com-
parable to those of CR (3–5% and 3–7%, respectively) (46, 98). LDL cholesterol and triglyceride
concentrations were improved over time in two studies (18, 46) but, notably, did not decrease in
the trials in which direct comparisons with controls were made (34, 89, 98). In studies of the 5:2
diet that observed significant changes, reductions in LDL cholesterol (10–12%) and triglycerides
(12–16%) were on par with those of daily CR (9–12% and 10–15%, respectively) (18, 46). HDL
cholesterol levels were slightly reduced (4–6%) over time in several of the longer-term studies of
the 5:2 diet (24–52 weeks) (18, 46, 98). Similar reductions inHDL cholesterol levels by the 5:2 diet
and daily CR were noted, which can be attributed to the nearly identical weight loss achieved (18,
46, 98). In comparing the 5:2 diet with ADF, both diets appear to produce similar reductions in
blood pressure and plasma lipids.This finding puts into question whether ADF (i.e., fasting almost
twice as many days per week) offers any special benefit. It will be of interest to do a head-to-head
comparison of these two fasting regimens to determine whether one diet is indeed superior to the
other for improving metabolic health.

The effect of the 5:2 diet on glycemic control was assessed in all trials (18, 34, 46, 89, 98). In
the studies that involved individuals without diabetes, fasting glucose levels generally remained
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unchanged (34, 46, 89, 98). In the study of the 5:2 diet by Harvie et al. (46), insulin resistance
decreased by 27%, which was significantly greater than that of CR (17%). These findings com-
plement those of the ADF trial (39), which reported greater reductions in insulin resistance for
the fasting group than for the daily CR group. The effects of the 5:2 diet on glycated hemoglobin
levels were evaluated by Sundfor et al. (98). After 48 weeks of intervention,HbA1c decreased from
5.6% to 5.3%, and this reduction was similar to that of daily CR (98).

Only one study (18) examined how the 5:2 diet impacts glucoregulation in individuals with type
2 diabetes. In a 52-week study, Carter et al. (18) noted potent reductions in HbA1c (0.5%) with
the 5:2 diet, which were comparable to those of CR (0.3%). This fasting approach also was safe in
people with diet-controlled diabetes and in those who use medications that are not likely to cause
hypoglycemia (18). Though the data are still limited, these preliminary findings bode well for the
use of intermittent fasting in individuals with type 2 diabetes. These findings also suggest that
fasting may be used as an alternative to CR to control HbA1c in patients with this condition (18).

A few studies (46, 89, 98) have examined the effect of the 5:2 diet on markers of inflammation
and oxidative stress. Although some minor reductions in CRP and advanced oxidation protein
products (AOPPs) have been observed with the 5:2 diet (46), the data are far too limited to generate
any solid conclusion yet.

Time-Restricted Eating

The effects of TRE on parameters of cardiovascular health (i.e., blood pressure and plasma lipid
concentrations) have been evaluated in roughly half of the trials reported in Table 2. The effects
of TRE on blood pressure are equivocal, with some studies reporting decreases in systolic (4–9%)
and diastolic (7–9%) blood pressure (37, 100, 111) and others reporting no effect (23, 26, 54, 75,
104). Notably, reductions in blood pressure occurred with varying lengths of eating windows [i.e.,
6-h TRE (100), 8-h TRE (37), and 10-h TRE (111)] and also with (37, 111) and without (100)
weight loss.

LDL cholesterol levels remained unchanged in all trials (23, 26, 37, 75, 79, 100, 104), with the
exception of the study by Wilkinson et al. (111), who reported 12% reductions after 12 weeks
of 10-h TRE in subjects with metabolic syndrome. It is likely that greater weight loss (>5%)
would be required in order to observe consistent changes in LDL cholesterol with TRE (32, 112).
HDL cholesterol concentrations were not affected by any TRE intervention (23, 26, 37, 75, 100),
even when TRE was combined with resistance training (79, 104). Moderate-intensity resistance
training generally increases HDL cholesterol levels in healthy individuals (72, 76), so it is not clear
why this lipid parameter remained unchanged in these studies (79, 104). Triglyceride levels were
largely unaltered by TRE (23, 26, 37, 75, 104, 111), though two studies reported minor decreases
of ∼10% (54, 79). The general lack of effect on triglycerides was noted with both shorter (4-h and
6-h) (26) and longer (8-h and 10-h) eating windows (23, 37, 75, 104, 111). However, participants
in most of these trials (23, 26, 37, 75, 104, 111) had triglyceride levels within the normal range at
baseline, which may explain why little benefit was noted.

In the study by Sutton et al. (100), triglyceride concentrations increased by 48% after 5 weeks
of an early 6-h TRE intervention, in which all food was consumed before 3 PM. Participants in
the Sutton et al. (100) trial fasted for 18 h before their blood draw, and subjects in the other TRE
studies fasted for shorter durations (8–10 h) before testing (23, 26, 37, 54, 75, 79, 104, 111). Acute
fasting elevates circulating triglycerides and free fatty acid through augmented lipolysis (3, 15,
44, 88). Thus, this spike in circulating triglyceride levels (100) may be due to the acute effects of
fasting rather than to the chronic effects of early 6-h TRE.

The ability of TRE to improve glycemic control was tested in most of these trials (Table 2).
Fasting glucose levels remained unchanged by TRE (2, 23, 26, 37, 75, 79, 100, 104, 111), which is
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similar to that observed for ADF and the 5:2 diet. Fasting insulin and insulin resistance decreased
only with shorter eating windows (4-h and 6-h TRE) (26, 100), and these effects were demon-
strated in individuals without diabetes (26) and in individuals with prediabetes (100). In addition,
pancreatic β-cell responsiveness was improved by early 6-h TRE (all food was consumed before
3 PM) (100). Longer eating windows (8-h and 10-h TRE) had no effect on fasting insulin or in-
sulin resistance (23, 37, 75, 79, 104). Thus, shorter eating windows, placed earlier in the day, may
be required in order to improve parameters of glycemic control. Circulating concentrations of
HbA1c did not change by 4-h, 6-h, or 10-h TRE (23, 26, 75, 111). However, changes in HbA1c
are typically demonstrated only with clinically significant weight loss (>5%) (5, 24, 43), so it is
likely that the degree of weight reduction in these studies (∼3%) (26, 111) was not sufficient to
change this parameter.

Several trials have measured the effects of TRE on markers of inflammation (26, 37, 79, 100,
111). Overall, TRE had no effect on circulating levels of TNF-α, interleukin (IL)-6, CRP, or
homocysteine, and this lack of effect was noted with both shorter (4-h and 6-h) (26, 100) and
longer (8-h and 10-h) (37, 79, 111) eating windows. Although TRE appears to have little effect
on inflammation, it does seem to produce consistent reductions in markers of oxidative stress
(26, 100). For instance, 8-isoprostane (a marker of oxidative stress to lipids) was reduced by 14–
37% after 5–8 weeks of 4-h and 6-h TRE (26, 100). The reductions in oxidative stress are likely
related to improvements in insulin resistance by 4-h and 6-h TRE. Insulin signaling is impaired
during oxidative conditions, which leads to insulin resistance of the cell (53, 85).Moreover, insulin
sensitivity improves when antioxidants such as vitamin E are administered (116).Therefore, one of
the mechanisms by which TRE could improve insulin resistance is by decreasing oxidative stress.

Summary: Risk Factors for Metabolic Disease

Taken together, all three types of intermittent fasting (ADF, the 5:2 diet, and TRE) modestly re-
duced systolic and diastolic blood pressure (Figure 2). As for plasma lipids, ADF and the 5:2 diet
lowered LDL cholesterol and triglyceride concentrations, but results were highly variable. TRE,
by contrast, did not improve either LDL cholesterol or triglycerides, though it is likely that not
enough weight loss was achieved during these short-term TRE studies to observe an effect. HDL
cholesterol did not change with any fasting regimen. Fasting glucose levels were not altered by
ADF, the 5:2 diet, or TRE. All of these intermittent fasting regimens showed promise in lowering
fasting insulin, insulin resistance, and HbA1c in healthy individuals with obesity and in healthy
individuals with prediabetes. Patients with type 2 diabetes also show improved glycemic control
with the 5:2 diet, though much more research on this population group is still required. Circu-
lating inflammatory markers, such as TNF-α, IL-6, CRP, and homocysteine, generally remained
unchanged, though potent reductions in oxidative stress were noted in some studies of ADF and
TRE. In summary, ADF, the 5:2 diet, and TRE may improve cardiometabolic health by lowering
blood pressure, insulin resistance, and oxidative stress, but their ability to improve plasma lipids
and markers of inflammation remains uncertain.

OTHER HEALTH BENEFITS OF INTERMITTENT FASTING

Appetite Regulation

Intermittent fasting may improve appetite regulation in a way that promotes weight loss. To date,
three short-term studies (6, 8, 50) and one long-term study (66) have evaluated this hypothesis.
In an 8-week ADF trial by Hoddy et al. (50), subjective hunger remained unchanged and levels
of fullness increased from baseline to posttreatment. These increases in fullness were paralleled
by increases in peptide YY (PYY), a potent satiety hormone (50). Changes in fullness and PYY
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Figure 2

Cardiometabolic benefits of intermittent fasting. Alternate-day fasting (ADF), the 5:2 diet, and
time-restricted eating (TRE) reduce body weight, blood pressure, fasting insulin, and insulin resistance in
adults with obesity. Circulating low-density lipoprotein (LDL) cholesterol and triglyceride levels are more
consistently lowered by ADF and the 5:2 diet, and markers of oxidative stress are more consistently reduced
by TRE.

were not related to weight loss or resting metabolic rate at any time point, however (50). Bhutani
et al. (8) reported similar findings.After 12 weeks of ADF,hunger remained unaffected and fullness
significantly increased in subjects with obesity (8).No significant relationship between augmented
fullness and weight loss was noted (8). Beaulieu et al. (6) compared the effects of ADF with those
of daily CR on appetite after matched weight loss (5% from baseline). Hunger decreased similarly
in both groups, but the satiety quotient remained unchanged (6). Only one trial (66) has examined
the long-term effects of ADF on appetite. A 12-month trial by Kroeger et al. (66) showed that sub-
optimal weight loss and poor dietary adherence during ADFwere related to a lack of any beneficial
change in appetite. Altogether, short-term studies of ADF demonstrate improvements in subjec-
tive appetite (increased fullness, most commonly), whereas long-term studies of ADF show no
prolonged benefits in appetite regulation.Much more research is needed in this area. Future trials
should evaluate how appetite may change over the course of a fast day during ADF. Because sub-
jects typically consume only one 500-kcal meal on fast days, it will be of interest to determine how
their levels of hunger and fullness change over the course of the day and how this change affects
their compliance with the energy goal of the fast day. Moreover, studies that evaluate how the 5:2
diet and TRE impact appetite are undoubtedly needed, as no studies have been performed to date.

Sleep

Whether intermittent fasting can improve sleep is of great interest. To our knowledge, no human
trials to date have examined the effect of ADF or the 5:2 diet on sleep, but several studies have
tested how TRE impacts sleep (26, 36, 54, 111).

Change in sleep quality duringTREwas tested in three of the TRE trials reviewed here (26, 36,
111). After 8 weeks of 4-h or 6-h TRE, sleep quality did not change in the study by Cienfuegos
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et al. (26). Similarly, Gabel et al. (36) observed no effect on sleep quality after 12 weeks of 8-h
TRE.Wilkinson et al. (111) also reported no change in sleep quality after 10 weeks of 10-h TRE.
Although this preliminary evidence suggests that sleep quality is not affected by TRE, it should
be noted that participants in these studies were primarily good sleepers (16) at baseline. Thus, it
is not surprising that their sleep quality did not further improve with the interventions.

Whether TRE alters sleep duration also has been evaluated. Cienfuegos et al. (26) noted no
changes in sleep durationwith 4-h or 6-hTRE.Likewise, sleep duration remained unchangedwith
8-h (36) and 9-h (54) TRE.However,most of these participants had a mean sleep duration of∼7 h
per night,which is in line with the 7-hminimum stipulated by theNational Sleep Foundation (49).
That these subjects were already getting sufficient hours of sleep may explain why sleep duration
was not affected by TRE.

The impact of TREon insomnia severity also has been assessed.Researchers have hypothesized
that fasting for 2–3 h before bedtimemay improve sleep (21, 74).More specifically, abstaining from
eating fatty and acidic foods before bed may reduce acid reflux and nighttime heartburn, which
could contribute to lower rates of insomnia (71, 99). In the 6-h TRE study by Cienfuegos et al.
(26), participants went from displaying subthreshold insomnia at baseline to having no clinically
significant insomnia by the end of the 8-week trial. In contrast, 4-h and 8-h TRE had no effect on
insomnia severity in subjects who did not have clinically significant insomnia at baseline (26, 36).

Taken together, these findings suggest that mild weight loss with TRE does not affect sleep
quality or sleep duration in subjects who already display healthy sleep habits. By contrast, TRE
may help lessen insomnia severity in those afflicted by this condition. Much more research is
needed to confirm these preliminary findings. In particular, studies examining the effects of various
intermittent fasting strategies on sleep quality, sleep duration, and insomnia severity in those who
have diagnosed sleep disorders are critically needed.

Gut Microbiome

The gut microbiome plays an important role in obesity and weight control (12, 19, 101, 102). The
most dominant gut microbial phyla are Firmicutes and Bacteroidetes (77, 87). A higher proportion
of Firmicutes and a lower of proportion Bacteroidetes have been linked to increased obesity and
metabolic disturbances in humans (61, 67, 106). Although the role of Firmicutes in obesity is still
largely uncertain, these bacteria augment the gut’s ability to harvest more calories from each
meal, which can contribute to weight gain (58, 90). Accumulating evidence also suggests that
low microbial diversity and richness are associated with obesity (31, 82, 93). To our knowledge,
the effects of intermittent fasting on changes in the gut microbiome have been evaluated in only
two human trials to date (40, 117). In a study by Gabel et al. (40), men and women with obesity
participated in an 8-h TRE regimen for 12 weeks. By the end of the trial, phylogenetic diversity
of the gut microbiota remained unchanged despite weight reductions of 3% (40).Moreover, there
were no significant alterations in the abundance of Firmicutes, Bacteroidetes, or any other phyla
after 12 weeks of 8-h TRE (40). More recently, Zeb et al. (117) examined how 8-h TRE impacts
gut microbiota in healthy men without obesity. After 4 weeks, TRE significantly increased gut
microbial diversity, compared with controls, despite no change in body weight (117). Microbial
diversity reflects the complexity of the microbial community, and higher diversity is associated
with a healthier gut microbiome (48, 69). In addition, Zeb et al. (117) found that the composition
of the gut microbiome improved by increasing the relative abundance of Bacteroidetes. These
increases in Bacteroidetes were associated with reductions in LDL cholesterol and triglyceride
concentrations (117). Thus, TRE may improve the diversity and overall composition of the gut
microbiome in lean healthy subjects, but it appears to have no effect in individuals with obesity.

www.annualreviews.org • Cardiometabolic Benefits of Intermittent Fasting 351



Due to the limited evidence to date, it is difficult to draw any meaningful conclusions from these
data. Longer-term and larger randomized controlled trials that test the effect of different forms
of intermittent fasting on the gut microbiome in humans are well warranted.

SAFETY OF INTERMITTENT FASTING

Intermittent fasting is generally regarded as an effective intervention for weight loss, but the safety
of these diets has been questioned. For instance, concerns have been raised regarding increased
occurrences of gastrointestinal issues, energy level disturbances, eating disorder symptoms, and
hormone disruptions. Whether these diets negatively affect diet quality is also a concern.

Gastrointestinal Issues and Energy Level Disturbances

Findings from human trials show that fasting generally does not produce any prolonged gastroin-
testinal adverse effects, such as constipation, diarrhea, nausea, dry mouth, or halitosis (26, 38, 52,
111). However, early 6-h TRE resulted in a few minor cases of vomiting and diarrhea (100). Con-
trary to expectations, intermittent fasting also does not result in augmented levels of irritability,
fatigue, or dizziness, as demonstrated by several recent trials (26, 38, 52, 111). Thus, findings to
date show that intermittent fasting produces little or no gastrointestinal issues or energy level
disturbances.

Eating Disorder Symptoms

Fasting has been criticized for potentially increasing disordered eating behaviors. Recent data
from studies of ADF and TRE show that these diets do not increase rates of depression, binge
eating, purgative behavior, or fear of fatness (38, 52). Indeed, one study showed that ADF may
have small beneficial effects on body image perception (52). These findings for ADF are compara-
ble to those for daily CR. For instance, restricting energy by 25% did not increase eating disorder
symptoms and had no other harmful psychological effects in the Comprehensive Assessment of
Long-term Effects of Reducing Intake of Energy (CALERIE) trial (86, 113). Thus, intermittent
fasting, like CR, does not increase eating disorder symptoms and has benign or beneficial effects
on body image perception. It should be noted, however, that these studies excluded participants
with a history of eating disorders. Whether intermittent fasting is safe in those with diagnosed
eating disorders remains unknown.

Thyroid and Reproductive Hormone Disruptions

Changes in thyroid hormone levels during fasting have been examined in healthy populations (79)
and in populations with subclinical hypothyroidism (1).Moro et al. (79) recruited young male ath-
letes to participate in a trial of 8-h TRE combined with resistance training. After 8 weeks, plasma
total triiodothyronine (T3) decreased slightly, but no significant changes in thyroid stimulating
hormone (TSH) were detected. No weight change was observed in these subjects. Changes in
free thyroxin (fT4) were not reported, so it is difficult to ascertain whether TRE disrupted the
T3:fT4 ratio in these euthyroid subjects. Akasheh et al. (1) compared the effects of ADF with
those of daily CR on thyroid levels in subjects with obesity and subclinical hypothyroidism. After
24 weeks, body weight was similarly reduced by ADF and CR (8%), and circulating fT4, T3, and
TSH remained unchanged.These pilot data suggest that T3 levels may be slightly lowered in lean
individuals during intermittent fasting, but these effects do not occur in individuals with obesity
and subclinical hypothyroidism.
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The impact of fasting on reproductive hormone levels also has been evaluated. Harvie et al.
(46) reported no change in testosterone, androstenedione, dehydroepiandrosterone-sulfate, sex
hormone binding globulin, or prolactin in premenopausal women after 24 weeks of the 5:2 diet.
In contrast, reductions in free and total testosterone concentrations were noted in young males
after 8 weeks of 8-h TRE in the study by Moro et al. (79). The decreases in the anabolic hormone,
testosterone, did not lead to any deleterious changes in body composition or compromises in
muscular strength (79).The lack of data in this areamakes it difficult to draw conclusions regarding
the effect of fasting on reproductive health. Moreover, how these changes affect fertility remains
unknown, as no studies have tested the effects of these diets on the ability of men and women to
conceive children.

Diet Quality

Restricting the eating window during TRE has been speculated to lead to increased consumption
of energy-dense foods and compensatory drinking (i.e., increased diet soda and caffeine intake).
Changes in diet quality during 4-h and 6-h TRE were assessed by Cienfuegos et al. (26). Intakes
of sugar, saturated fat, cholesterol, and sodium were not significantly different in the 4-h and 6-h
TRE groups, relative to controls, after 8 weeks (26). Fiber intake, however, was far below (∼10–
15 g/day) what is recommended [25–38 g/day (68)] in TRE subjects at baseline and posttreatment
(26). Insufficient fiber intake is also regularly reported in trials of ADF (9, 51, 105) and the 5:2 diet
(46, 57). As for beverage intake, consumption of diet sodas, caffeinated beverages (i.e., coffee, tea,
and energy drinks), and alcohol did not differ among the 4-h TRE, 6-h TRE, and control groups
after 8 weeks (26). Complementary to these findings, a yearlong ADF trial reported no change in
beverage intake (60). These preliminary findings suggest that intermittent fasting does not pro-
duce adverse changes in diet quality or beverage intake. However, dietary counseling to increase
fiber intake should be provided to subjects during intermittent fasting to ensure maintenance of
bowel health.

Importantly, individuals should be mindful of their diet quality during intermittent fasting. It
is true that these regimens ask individuals to focus more on meal timing rather than on the types
of nutrients consumed. Nevertheless, clinicians should clearly indicate to their patients that the
feasting window does not give the patient carte blanche to consume whatever they want without
beingmindful of the health implications. For these regimens to be sustainable solutions to improve
health, individuals who fast intermittently should be encouraged to consume a diet high in fruits,
vegetables, and whole grains and low in processed foods.

PRACTICAL CONSIDERATIONS

This section summarizes some practical advice on how to start fasting regimens, and how to in-
corporate these approaches into everyday life. This section also offers advice on who should not
use these diets for weight management.

Initial Adjustment Period

For most individuals, it takes approximately 1–2 weeks to become fully adjusted to this new pat-
tern of eating. Dizziness and constipation have been reported during the initial period, but these
adverse effects usually subside by the second week of fasting (26). Headaches also are frequently
reported during this initial period (26). Headaches are generally the result of insufficient water
intake leading to dehydration, which can occur when food is being restricted (7). Increasing water
intake (adding 1.5 L/day) may help individuals alleviate headaches during fasting (10, 92).
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Exercising While Fasting

Contrary to popular belief, it is indeed possible to exercise while fasting. Several human trials
that combined fasting with exercise have been performed (9, 22, 79, 103, 104). Subjects in these
studies could perform moderate- to high-intensity endurance or resistance training during 12–
36-h periods of food abstention. Anecdotally, we have noticed that subjects in our studies feel a
boost of energy on fast days, which is advantageous for those wishing to exercise. It is, however,
recommended that individuals consume the fast day meal after the exercise session during ADF
(8). A compensatory increase in energy intake can occur in some individuals postexercise (84, 110).
Thus, saving the meal for after the exercise session may help individuals stay within the limits of
their fast day calorie goal (8).

Diet Recommendations During Fasting

Although there are no specific recommendations for types of foods consumed during intermittent
fasting, it is always advisable to emphasize a diet high in fruits, vegetables, and whole grains. These
foods can help fasting participants boost their fiber intake (114, 115), which can help relieve the
constipation that is occasionally noted during fasting (26). Avoiding ultraprocessed foods is also
important.A diet high in processed foods can lead to increased ad libitum energy intake andweight
gain compared with a diet high in unprocessed foods matched for energy (45).

Alcohol and Caffeine

Alcohol is permitted during intermittent fasting. Nonetheless, consuming alcohol on fast days
during ADF and the 5:2 diet is not recommended. Energy intake on fast days is quite limited
(∼500 kcal), so it is advisable to spend those calories on healthy foods that will provide nutri-
ents rather than on alcohol, which is nutritionally deplete. Caffeinated beverages are permitted
during both fasting and eating windows. Accumulating evidence suggests that individuals do not
significantly change their patterns of caffeinated beverage consumption during fasting compared
with baseline (26, 60). However, it may be worthwhile to limit caffeine intake to the morning and
afternoon, so that it does not interfere with one’s ability to fall asleep in the evening (27).

Who Should Not Do Intermittent Fasting?

Intermittent fasting is not recommended for pregnant or lactating women, as no studies have
been performed to evaluate the safety of these diets in these population groups. Children under
the age of 12 should not participate in fasting. Whether intermittent fasting can help teenagers
with obesity manage weight is still uncertain, but emerging evidence suggests that it may be safe
and effective (55, 73). Intermittent fasting is also not recommended for individuals with a history
of eating disorders and those with a BMI less than 18.5. Shift workers may struggle with adhering
to fasting regimens, as their schedules and eating patterns may change drastically from day to day
(83). TRE may be difficult for those who need to take medications with food at regimented times
in the day. Thus, clinicians should review the patient’s medication regimen before prescribing a
particular fasting approach.

CONCLUSION

This review summarizes the effects of various intermittent fasting strategies on cardiometabolic
risk indicators in humans. All forms of fasting produced mild to moderate weight loss (1–8% from
baseline) and consistent reductions in energy intake (10–30%).The effects of fasting on metabolic
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disease risk parameters are less clear. Whereas consistent reductions in blood pressure were re-
ported, less reliable findings were noted for plasma lipids. ADF and the 5:2 diet may decrease
LDL cholesterol and triglyceride concentrations when clinically significant weight loss (>5%
from baseline) is achieved. TRE, by contrast, appears to have no effect on these lipid parame-
ters, though this lack of effect could be due to the limited weight loss attained during short-term
TRE trials. Fasting glucose levels remained unchanged, but all forms of fasting showed promise
in lowering fasting insulin, insulin resistance, and HbA1c in healthy individuals with obesity and
in healthy individuals with prediabetes. Plasma markers of inflammation (TNF-α, IL-6, CRP, and
homocysteine) remained unaltered with fasting, though potent reductions in markers of oxidative
stress were demonstrated with ADF and TRE.

Fasting also may have other health benefits. Some short-term studies indicate that ADF may
improve subjective appetite by increasing fullness. It remains unclear, however, whether these
improvements in appetite regulation promote sustained weight loss. Sleep quality, sleep duration,
and insomnia severity generally remained unaffected by fasting, but these trials are limited in that
they recruited individuals who were already healthy sleepers at baseline. Favorable changes in the
diversity and overall composition of the gut microbiome have been demonstrated, but these pilot
findings still require confirmation.

As for safety, very few adverse events during intermittent fasting have been reported. These
diets do not increase disordered eating behaviors and have benign or beneficial effects on body
image perception. Thyroid and reproductive hormone levels generally remain unaffected by fast-
ing. Diet quality and beverage intake (i.e., diet soda and caffeinated drinks) also are not negatively
impacted by these diets. However, fiber intake may be insufficient during fasting, so it is advisable
to recommend higher-fiber foods while following these protocols to promote bowel health.

In summary, intermittent fasting is a safe diet therapy that can produce clinically significant
weight loss in individuals with overweight or obesity. These regimens may also improve some as-
pects of cardiometabolic health such a blood pressure, insulin resistance, and markers of oxidative
stress. Due to the paucity of data, it is remains unknown whether one of these diets (ADF, the
5:2 diet, or TRE) is more clinically effective than the others. Individuals should choose a fasting
approach that they can most easily incorporate into their lifestyle to reap the benefits of fasting
long term.

DISCLOSURE STATEMENT

K.A.V. received author fees from theHachette BookGroup for the bookThe Every Other Day Diet.
All other authors are not aware of any affiliations,memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

This review was supported in part by the National Institute of Diabetes and Digestive and Kidney
Diseases (grant no. R01 DK119783). The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National Institutes of Health.

LITERATURE CITED

1. Akasheh RT, Kroeger CM, Trepanowski JF, Gabel K, Hoddy KK, et al. 2020. Weight loss efficacy of
alternate day fasting versus daily calorie restriction in subjects with subclinical hypothyroidism: a sec-
ondary analysis. Appl. Physiol. Nutr. Metab. 45:340–43

2. Anton SD, Lee SA, Donahoo WT, McLaren C, Manini T, et al. 2019. The effects of time restricted
feeding on overweight, older adults: a pilot study.Nutrients 11:1500

www.annualreviews.org • Cardiometabolic Benefits of Intermittent Fasting 355



3. Antoni R, Johnston KL, Collins AL, Robertson MD. 2016. Investigation into the acute effects of total
and partial energy restriction on postprandial metabolism among overweight/obese participants. Br. J.
Nutr. 115:951–59

4. Bagherniya M, Butler AE, Barreto GE, Sahebkar A. 2018. The effect of fasting or calorie restriction on
autophagy induction: a review of the literature. Ageing Res. Rev. 47:183–97

5. Bauman V, Ariel-Donges AH, Gordon EL, Daniels MJ, Xu D, et al. 2019. Effect of dose of behav-
ioral weight loss treatment on glycemic control in adults with prediabetes. BMJ Open Diabetes Res. Care
7:e000653

6. Beaulieu K, Casanova N, Oustric P, Turicchi J, Gibbons C, et al. 2020. 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 womenwith overweight and obesity.J.Nutr.150:623–
33

7. Benton D, Young HA. 2015. Do small differences in hydration status affect mood and mental perfor-
mance? Nutr. Rev. 73(Suppl. 2):83–96

8. Bhutani S, Klempel MC, Kroeger CM, Aggour E, Calvo Y, et al. 2013. Effect of exercising while fasting
on eating behaviors and food intake. J. Int. Soc. Sports Nutr. 10:50

9. Bhutani S, Klempel MC, Kroeger CM, Trepanowski JF, Varady KA. 2013. Alternate day fasting and
endurance exercise combine to reduce body weight and favorably alter plasma lipids in obese humans.
Obesity 21:1370–79

10. Blau JN, Kell CA, Sperling JM. 2004. Water-deprivation headache: a new headache with two variants.
Headache 44:79–83

11. Blundell JE, Gibbons C, Caudwell P, Finlayson G, Hopkins M. 2015. Appetite control and energy bal-
ance: impact of exercise. Obes. Rev. 16(Suppl. 1):67–76

12. Bouter KE, van Raalte DH, Groen AK, Nieuwdorp M. 2017. Role of the gut microbiome in the patho-
genesis of obesity and obesity-related metabolic dysfunction.Gastroenterology 152:1671–78

13. Brandhorst S, Longo VD. 2019. Dietary restrictions and nutrition in the prevention and treatment of
cardiovascular disease. Circ. Res. 124:952–65

14. Brody JE. 2020. The benefits of intermittent fasting. New York Times, Feb. 17. https://www.nytimes.
com/2020/02/17/well/eat/the-benefits-of-intermittent-fasting.html

15. Browning JD,Baxter J, Satapati S,Burgess SC.2012.The effect of short-term fasting on liver and skeletal
muscle lipid, glucose, and energy metabolism in healthy women and men. J. Lipid Res. 53:577–86

16. Buysse DJ, Reynolds CF 3rd, Monk TH, Berman SR, Kupfer DJ. 1989. The Pittsburgh Sleep Quality
Index: a new instrument for psychiatric practice and research. Psychiatry Res. 28:193–213

17. Carlson O, Martin B, Stote KS, Golden E, Maudsley S, et al. 2007. Impact of reduced meal fre-
quency without caloric restriction on glucose regulation in healthy, normal-weight middle-aged men
and women.Metabolism 56:1729–34

18. Carter S, Clifton PM, Keogh JB. 2018. Effect of intermittent compared with continuous energy re-
stricted diet on glycemic control in patients with type 2 diabetes: a randomized noninferiority trial.
JAMA Netw. Open 1:e180756

19. Castaner O, Goday A, Park YM, Lee SH,Magkos F, et al. 2018. The gut microbiome profile in obesity:
a systematic review. Int. J. Endocrinol. 2018:4095789

20. Catenacci VA, Pan Z, Ostendorf D, Brannon S, Gozansky WS, et al. 2016. A randomized pilot study
comparing zero-calorie alternate-day fasting to daily caloric restriction in adults with obesity. Obesity
24:1874–83

21. Chaix A, Manoogian ENC,Melkani GC, Panda S. 2019. Time-restricted eating to prevent and manage
chronic metabolic diseases. Annu. Rev. Nutr. 39:291–315

22. Cho AR, Moon JY, Kim S, An KY, Oh M, et al. 2019. Effects of alternate day fasting and exercise on
cholesterol metabolism in overweight or obese adults: a pilot randomized controlled trial. Metabolism
93:52–60

23. Chow LS,Manoogian ENC, Alvear A, Fleischer JG, Thor H, et al. 2020. Time-restricted eating effects
on body composition and metabolic measures in humans who are overweight: a feasibility study.Obesity
28:860–69

356 Varady et al.

https://www.nytimes.com/2020/02/17/well/eat/the-benefits-of-intermittent-fasting.html


24. Choy S, Kjellsson MC, Karlsson MO, de Winter W. 2016. Weight-HbA1c-insulin-glucose model for
describing disease progression of type 2 diabetes. CPT Pharmacomet. Syst. Pharmacol. 5:11–19

25. Chung KW, Chung HY. 2019. The effects of calorie restriction on autophagy: role on aging interven-
tion.Nutrients 11:2923

26. Cienfuegos S, Gabel K, Kalam F, Ezpeleta M, Wiseman E, et al. 2020. Effects of 4- and 6-h time-
restricted feeding on weight and cardiometabolic health: a randomized controlled trial in adults with
obesity. Cell Metab. 32(3):366–78.e3

27. Clark I, Landolt HP. 2017. Coffee, caffeine, and sleep: a systematic review of epidemiological studies
and randomized controlled trials. Sleep Med. Rev. 31:70–78

28. DansingerML,Gleason JA,Griffith JL,SelkerHP,Schaefer EJ. 2005.Comparison of the Atkins,Ornish,
Weight Watchers, and Zone diets for weight loss and heart disease risk reduction: a randomized trial.
JAMA 293:43–53

29. Das SK, Gilhooly CH, Golden JK, Pittas AG, Fuss PJ, et al. 2007. Long-term effects of 2 energy-
restricted diets differing in glycemic load on dietary adherence, body composition, and metabolism in
CALERIE: a 1-y randomized controlled trial. Am. J. Clin. Nutr. 85:1023–30

30. de Cabo R, Mattson MP. 2019. Effects of intermittent fasting on health, aging, and disease. N. Engl. J.
Med. 381:2541–51

31. de la Cuesta-Zuluaga J, Corrales-Agudelo V, Carmona JA, Abad JM, Escobar JS. 2018. Body size phe-
notypes comprehensively assess cardiometabolic risk and refine the association between obesity and gut
microbiota. Int. J. Obes. 42:424–32

32. Ditschuneit HH, Frier HI, Flechtner-Mors M. 2002. Lipoprotein responses to weight loss and weight
maintenance in high-risk obese subjects. Eur. J. Clin. Nutr. 56:264–70

33. Eshghinia S,Mohammadzadeh F. 2013. The effects of modified alternate-day fasting diet on weight loss
and CAD risk factors in overweight and obese women. J. Diabetes Metab. Disord. 12:4

34. Fitzgerald KC, Vizthum D, Henry-Barron B, Schweitzer A, Cassard SD, et al. 2018. Effect of intermit-
tent versus daily calorie restriction on changes in weight and patient-reported outcomes in people with
multiple sclerosis.Mult. Scler. Relat. Disord. 23:33–39

35. Freckmann G, Hagenlocher S, Baumstark A, Jendrike N, Gillen RC, et al. 2007. Continuous glucose
profiles in healthy subjects under everyday life conditions and after differentmeals. J.Diabetes Sci. Technol.
1:695–703

36. Gabel K,HoddyKK,BurgessHJ,Varady KA. 2019.Effect of 8-h time-restricted feeding on sleep quality
and duration in adults with obesity. Appl. Physiol. Nutr. Metab. 44:903–6

37. Gabel K, Hoddy KK, Haggerty N, Song J, Kroeger CM, et al. 2018. Effects of 8-hour time restricted
feeding on body weight and metabolic disease risk factors in obese adults: a pilot study. Nutr. Healthy
Aging 4:345–53

38. Gabel K,Hoddy KK,Varady KA. 2019. Safety of 8-h time restricted feeding in adults with obesity.Appl.
Physiol. Nutr. Metab. 44:107–9

39. Gabel K, Kroeger CM, Trepanowski JF, Hoddy KK, Cienfuegos S, et al. 2019. Differential effects of
alternate-day fasting versus daily calorie restriction on insulin resistance. Obesity 27:1443–50

40. Gabel K,Marcell J, Cares K, Kalam F, Cienfuegos S, et al. 2020. Effect of time restricted feeding on the
gut microbiome in adults with obesity: a pilot study.Nutr. Health 26:79–85

41. Gayoso-Diz P, Otero-González A, Rodriguez-Alvarez MX, Gude F, García F, et al. 2013. Insulin resis-
tance (HOMA-IR) cut-off values and the metabolic syndrome in a general adult population: effect of
gender and age: EPIRCE cross-sectional study. BMC Endocr. Disord. 13:47

42. Gill S, Panda S. 2015. A smartphone app reveals erratic diurnal eating patterns in humans that can be
modulated for health benefits. Cell Metab. 22:789–98

43. Gummesson A, Nyman E, Knutsson M, Karpefors M. 2017. Effect of weight reduction on glycated
haemoglobin in weight loss trials in patients with type 2 diabetes.Diabetes Obes. Metab. 19:1295–305

44. Halberg N, Henriksen M, Soderhamn N, Stallknecht B, Ploug T, et al. 2005. Effect of intermittent
fasting and refeeding on insulin action in healthy men. J. Appl. Physiol. 99:2128–36

45. Hall KD, Ayuketah A, Brychta R, Cai H, Cassimatis T, et al. 2019. Ultra-processed diets cause excess
calorie intake and weight gain: an inpatient randomized controlled trial of ad libitum food intake. Cell
Metab. 30:67–77.e3

www.annualreviews.org • Cardiometabolic Benefits of Intermittent Fasting 357



46. Harvie MN, Pegington M, Mattson MP, Frystyk J, Dillon B, et al. 2011. The effects of intermittent or
continuous energy restriction on weight loss and metabolic disease risk markers: a randomized trial in
young overweight women. Int. J. Obes. 35:714–27

47. Heilbronn LK, Smith SR, Martin CK, SD Anton, Ravussin E. 2005. Alternate-day fasting in nonobese
subjects: effects on body weight, body composition, and energy metabolism.Am. J. Clin. Nutr. 81:69–73

48. Heiman ML, Greenway FL. 2016. A healthy gastrointestinal microbiome is dependent on dietary di-
versity.Mol. Metab. 5:317–20

49. Hirshkowitz M,Whiton K, Albert SM, Alessi C, Bruni O, et al. 2015.National Sleep Foundation’s sleep
time duration recommendations: methodology and results summary. Sleep Health 1:40–43

50. Hoddy KK, Gibbons C, Kroeger CM, Trepanowski JF, Barnosky A, et al. 2016. Changes in hunger and
fullness in relation to gut peptides before and after 8 weeks of alternate day fasting.Clin. Nutr. 35:1380–
85

51. Hoddy KK,Kroeger CM,Trepanowski JF, Barnosky A,Bhutani S,Varady KA. 2014.Meal timing during
alternate day fasting: impact on body weight and cardiovascular disease risk in obese adults. Obesity
22:2524–31

52. HoddyKK,Kroeger CM,Trepanowski JF,Barnosky AR,Bhutani S,Varady KA. 2015. Safety of alternate
day fasting and effect on disordered eating behaviors.Nutr. J. 14:44

53. Houstis N, Rosen ED, Lander ES. 2006. Reactive oxygen species have a causal role in multiple forms of
insulin resistance.Nature 440:944–48

54. Hutchison AT, Regmi P,Manoogian ENC, Fleischer JG,Wittert GA, et al. 2019. Time-restricted feed-
ing improves glucose tolerance in men at risk for type 2 diabetes: a randomized crossover trial. Obesity
27:724–32

55. Jebeile H, Gow ML, Lister NB, Mosalman Haghighi M, Ayer J, et al. 2019. Intermittent energy re-
striction is a feasible, effective, and acceptable intervention to treat adolescents with obesity. J. Nutr.
149:1189–97

56. Johnson JB, Summer W, Cutler RG, Martin B, Hyun DH, et al. 2007. Alternate day calorie restriction
improves clinical findings and reduces markers of oxidative stress and inflammation in overweight adults
with moderate asthma. Free Radic. Biol. Med. 42:665–74

57. Jospe MR, Roy M, Brown RC, Haszard JJ, Meredith-Jones K, et al. 2020. Intermittent fasting, Pale-
olithic, or Mediterranean diets in the real world: exploratory secondary analyses of a weight-loss trial
that included choice of diet and exercise. Am. J. Clin. Nutr. 111:503–14

58. Jumpertz R, Le DS, Turnbaugh PJ, Trinidad C, Bogardus C, et al. 2011. Energy-balance studies reveal
associations between gut microbes, caloric load, and nutrient absorption in humans. Am. J. Clin. Nutr.
94:58–65

59. Kalam F, Gabel K, Cienfuegos S, Wiseman E, Ezpeleta M, et al. 2019. Alternate day fasting combined
with a low-carbohydrate diet for weight loss, weight maintenance, and metabolic disease risk reduction.
Obes. Sci. Pract. 5:531–39

60. Kalam F,Kroeger CM,Trepanowski JF,Gabel K, Song JH, et al. 2019.Beverage intake during alternate-
day fasting: relationship to energy intake and body weight.Nutr. Health 25:167–71

61. Khan MJ, Gerasimidis K, Edwards CA, Shaikh MG. 2016. Role of gut microbiota in the aetiology of
obesity: proposed mechanisms and review of the literature. J. Obes. 2016:7353642

62. Klempel MC, Bhutani S, Fitzgibbon M, Freels S, Varady KA. 2010. Dietary and physical activity adap-
tations to alternate day modified fasting: implications for optimal weight loss.Nutr. J. 9:35

63. Klempel MC,Kroeger CM,Varady KA. 2013. Alternate day fasting (ADF) with a high-fat diet produces
similar weight loss and cardio-protection as ADF with a low-fat diet.Metabolism 62:137–43

64. Kodama S, Tanaka S, Saito K, Shu M, Sone Y, et al. 2007. Effect of aerobic exercise training on serum
levels of high-density lipoprotein cholesterol: a meta-analysis. Arch. Intern. Med. 167:999–1008

65. Kohok S. 2019.Why is intermittent fasting so popular? BBC News, Jun 3. https://www.bbc.com/news/
health-48478529

66. Kroeger CM, Trepanowski JF, Klempel MC, Barnosky A, Bhutani S, et al. 2018. Eating behavior traits
of successful weight losers during 12 months of alternate-day fasting: an exploratory analysis of a ran-
domized controlled trial.Nutr. Health 24:5–10

358 Varady et al.

https://www.bbc.com/news/health-48478529


67. Larsen N, Vogensen FK, van den Berg FW, Nielsen DS, Andreasen AS, et al. 2010. Gut microbiota in
human adults with type 2 diabetes differs from non-diabetic adults. PLOS ONE 5:e9085

68. Larson H. 2020. Easy ways to boost fiber in your daily diet. Eat Right. Academy of Nutrition and Dietet-
ics. March 1. https://www.eatright.org/food/vitamins-and-supplements/types-of-vitamins-and-
nutrients/easy-ways-to-boost-fiber-in-your-daily-diet

69. Le Chatelier E,Nielsen T,Qin J, Prifti E,Hildebrand F, et al. 2013. Richness of human gut microbiome
correlates with metabolic markers.Nature 500:541–46

70. LeonAS,SanchezOA.2001.Response of blood lipids to exercise training alone or combinedwith dietary
intervention.Med. Sci. Sports Exerc. 33(6 Suppl.):S502–15

71. Lim KG, Morgenthaler TI, Katzka DA. 2018. Sleep and nocturnal gastroesophageal reflux: an update.
Chest 154:963–71

72. Lira FS, Yamashita AS, Uchida MC, Zanchi NE, Gualano B, et al. 2010. Low and moderate, rather than
high intensity strength exercise induces benefit regarding plasma lipid profile. Diabetol. Metab. Syndr.
2:31

73. Lister NB, Jebeile H, Truby H, Garnett SP, Varady KA, et al. 2020. Fast track to health—intermittent
energy restriction in adolescents with obesity. A randomised controlled trial study protocol. Obes. Res.
Clin. Pract. 14:80–90

74. Longo VD, Panda S. 2016. Fasting, circadian rhythms, and time-restricted feeding in healthy lifespan.
Cell Metab. 23:1048–59

75. Lowe DA, Wu N, Rohdin-Bibby L, Moore AH, Kelly N, et al. 2020. 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. 180:1491–99

76. Mann S, Beedie C, Jimenez A. 2014.Differential effects of aerobic exercise, resistance training and com-
bined exercise modalities on cholesterol and the lipid profile: review, synthesis and recommendations.
Sports Med. 44:211–21
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