america@ PHYSIO LOG I CAL
physiological R EVI EWS

society REVIEW ARTICLE
COMPLEX PHYSIOLOGY AND CLINICAL
IMPLICATIONS OF TIME-RESTRICTED EATING

Preclinical models of time-restricted eating A U T H 0 RS

Active-phase TRE HFD

Max C. Petersen, Molly R. Gallop,
Less or same food intake compared to . .
“ G ad libitum HFD Stephany Flores Ramos, Amir Zarrinpar,

I At e ey Josiane L. Broussard, Maria Chondronikola,

Ad fibitum HFD Amandine Chaix, Samuel Klein
Induces obesity, hepatic steatosis,
‘\ & . and insulin resistance

Clinical trials of time-restricted eating CO RRES Po N D E N C E
Bod Fasti Fasti .
w:igKt gli;’;g i:ssull?r? Skleln@WUSt|~edu
! - !
i — i
CoEm—— KEY WORDS
8-hour late TRE ) {e= b e
SRR TIE chrononutrition; intermittent fasting; nutrition;

i i obesity; time-restricted eating

CLINICAL HIGHLIGHTS

The median daily eating window in United States adults is 14 h.

Time-restricted eating (TRE) in people limits daily energy intake to

a specific 4- to 12-h period in an effort to optimize cardiometabolic health by leveraging circadian physiology.
e Inrodents, TRE can prevent and ameliorate the adverse cardiome-

tabolic effects of high-fat and high-sucrose diets.
e In people with overweight/obesity, data from randomized

controlled trials do not consistently demonstrate clinically important beneficial cardiometabolic effects of TRE
(eating window from 4 to 12 h per day).

e Further studies are needed to determine whether there are specific

features of a TRE regimen (e.g., eating window duration and time of day) that have important cardiometabolic benefits in
people.
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Abstract

Time-restricted eating (TRE) is a dietary intervention that limits food consumption to a specific time window
each day. The effect of TRE on body weight and physiological functions has been extensively studied in rodent
models, which have shown considerable therapeutic effects of TRE and important interactions among time of
eating, circadian biology, and metabolic homeostasis. In contrast, it is difficult to make firm conclusions regard-
ing the effect of TRE in people because of the heterogeneity in results, TRE regimens, and study populations. In
this review, we 1) provide a background of the history of meal consumption in people and the normal physiology
of eating and fasting; 2) discuss the interaction between circadian molecular metabolism and TRE; 3) integrate
the results of preclinical and clinical studies that evaluated the effects of TRE on body weight and physiological
functions; 4) summarize other time-related dietary interventions that have been studied in people; and 4) identify
current gaps in knowledge and provide a framework for future research directions.

chrononutrition; intermittent fasting,; nutrition; obesity,; time-restricted eating
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1. INTRODUCTION

Obesity is associated with a constellation of cardiome-
tabolic abnormalities and diseases, including insulin
resistance, B-cell dysfunction, atherogenic dyslipide-
mia, nonalcoholic fatty liver disease, type 2 diabetes,
and cardiovascular disease. The cornerstone of ther-
apy for improving the cardiometabolic complications
of obesity is inducing weight loss by consuming fewer
calories than expended and mobilizing endogenous
adipose tissue stores to meet the body’s energy
demands. Many different types of diets that vary in

0031-9333/22 Copyright © 2022 the American Physiological Society.

CLINICAL HIGHLIGHTS
e The median daily eating window in United States adults is 14 h.

e Time-restricted eating (TRE) in people limits daily energy intake to
a specific 4- to 12-h period in an effort to optimize cardiometa-
bolic health by leveraging circadian physiology.

e Inrodents, TRE can prevent and ameliorate the adverse cardiome-
tabolic effects of high-fat and high-sucrose diets.

e |n people with overweight/obesity, data from randomized
controlled trials do not consistently demonstrate clinically im-
portant beneficial cardiometabolic effects of TRE (eating win-
dow from 4 to 12 h per day).

e Further studies are needed to determine whether there are specific
features of a TRE regimen (e.g., eating window duration and time of
day) that have important cardiometabolic benefits in people.

energy content and macronutrient composition have
been proposed for treating people with obesity. Meal
timing and frequency are two factors that can modulate
the relationship between dietary intake, body composi-
tion, and metabolic health. In the last 20 years, the
potential use of “intermittent fasting” interventions that
alter the timing of food consumption to improve meta-
bolic health has become an area of increasing interest
and research. Time-restricted eating (TRE), also called
time-restricted feeding in animal studies, is a type of
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intermittent fasting that seeks to leverage circadian
physiology to optimize the timing of food intake and
improve metabolic health. The purpose of this review is
to 1) provide a background of the history of meal timing
and frequency in people; 2) review the metabolic
responses to eating and fasting; 3) discuss the impor-
tance of circadian rhythms in metabolic homeostasis; 4)
assess the effects of TRE in rodents and people; and 5)
provide suggestions for future research directions.

2. HISTORY OF EATING

2.1. Evolutionary Perspective

Inconsistent food availability had a considerable impact
on early hominid and human hunter-gatherer societies.
About 2.5 to 1.5 million years ago Homo habilis used
primitive stone tools and hunted animals, and ~500,000
years ago the mastery of fire expanded the dietary reper-
toire of humans and likely encouraged communal eating
(1). The early hunter-gatherers undoubtedly endured peri-
ods of fasting and feasting, because food preservation
capabilities were limited and access to food depended
on opportunistic hunting and fishing and the availability of
wild plants (fruits, leaves, and grains), which were the
major sources of nutrition during the Paleolithic Era
(400,000-40,000 BC) (1-3). Food scarcity was prob-
ably a major impetus for the development of the early
elements of civilization, including tools, language, and
social structures (4, 5), and periods of food scarcity
and even famine were general features of hunter-
gatherer societies (6, 7).

The introduction of animal domestication and grain
farming during the Agricultural Revolution (circa 10,000
BC) decreased the incidence of famine (8) and increa-
sed both food availability and the frequency of meal
consumption. Ancient Egyptians ate at least three meals
daily (1), whereas in ancient Greece people consumed
two meals daily (i.e., breakfast and afternoon meal). The
afternoon meal was the most important meal of the day
and was part of civic life in ancient Greece (1). The
Hebrew Bible describes three daily main meals corre-
sponding to a small breakfast or “morning morsel” of
bread, a midday meal of bread, dried figs, and wine, and
an evening supper that was the largest meal of the day
(9). In ancient Rome, breakfast (ientaculum) and lunch
(prandium) were informal eating occasions comprised of
small amounts of food, whereas the early afternoon
coena was the major meal of the day (1). During the
Middle Ages in Europe, the number of daily meals grad-
ually increased to three. A breakfast was usually con-
sumed by wealthy people, whereas a meal later in the
morning was consumed by the working class. Dinner,
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the main meal of the day, was consumed during midday,
and supper was the last meal of the day and included
the consumption of a small quantity of food before twi-
light (1).

The first Industrial Revolution (1760-1840) was a pe-
riod when agricultural societies became more industrial-
ized, with migration from farms to cities and major
changes in transportation, commerce, manufacturing,
food processing, and women'’s labor (1). This socioeco-
nomic shift affected the nutritional habits of the popula-
tion. Breakfast in the morning and lunch in the middle of
the working day became established meals, whereas
dinner time gradually shifted to much later in the day to
accommodate industrial working schedules, long
commutes, and increased availability of lighting (7).
Work schedules, societal and cultural norms, and
availability of highly palatable food continue to shape
modern nutritional habits. Data from the National
Health and Nutrition Examination Survey (NHANES)
indicate that the proportion of Americans eating three
meals a day has decreased from 75% to 60% and the
proportion consuming >50% of their daily energy
intake as snacks has doubled (from 5% to 10%) over
the last 40 years (10). Recent food consumption data,
collected with a smartphone application, suggest that
most (>90%) people consume more than three meals
per day and the median time between meals is ~3 h
(11). These results are consistent with NHANES data,
which found that American adults have 5.7 eating
occasions per day (12). Most people consume food
throughout the day; the median daily eating period is
~14 h, and only 10-15% of adults have a daily eating
period of 12 h or less (11, 13). These results underscore
a shift in eating behavior in which an increasing pro-
portion of American adults follow an unstructured eat-
ing pattern that involves an increase in the number of
daily meals and an expansion in the duration of the
daily eating period. The timing and frequency of meals
also vary among countries. For example, a common
eating pattern in Spain is to consume five meals daily,
and the main meals of lunch and dinner are consumed
~2 h later than the corresponding meals in the United
Kingdom or the United States (14, 15).

2.2. Religious Fasting

Religion affects food intake during certain times of the
year. In Judaism, the Day of Atonement (Yom Kippur)
involves a 25-h fast from sunset until nightfall the next
day. Christianity has always incorporated fasts, which
vary by locality and denomination. Mormons routinely
fast for 24 h once every month (16). The 1966 Roman
Catholic apostolic constitution Paenitemini established
that “fasting” (1 full meal daily without prohibition of
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snacks) is a form of penitence that is practiced on the
holy days of Ash Wednesday and Good Friday (17).
Hinduism incorporates ritual fasting that is linked to reli-
gious festivals and ranges from abstinence from meat
and fish, to liquid dieting, to water-only fasting (18). The
practice of fasting in Buddhism is also variable. Monks
consume all solid food for the day before noon (19),
whereas some lay Buddhists only adhere to this fasting
strategy on days of the new or full moon, 6 days per
month (20). Occasionally, Buddhist monks engage in
prolonged voluntary supervised fasts of 18, 36, or 54
days (20). Fasting is also a common practice of Islam.
Some Muslims practice Sunnah fasting, which involves
fasting from dawn to dusk on Mondays and Thursdays
and holy days (21). Adult Muslims also fast without food
or drink from sunrise to sunset during the holy month of
Ramadan; the fast duration can vary from 12 to 18 h
because the timing of sunrise and sunset varies by sea-
son and latitude (22, 23). Traditionally, two meals are
consumed during Ramadan: suhoor, which is a small
meal eaten before dawn, and iftar, which is a large meal
eaten after sunset (24). Some Ramadan fasters will shift
their sleep-wake schedule to remain awake into the
night, which enables eating more than two meals per
night (22, 25). In general, TRE during Ramadan causes
weight loss (26-28) followed by weight regain after
Ramadan ends (28, 29). Ramadan fasting is also associ-
ated with decreased fasting plasma glucose (30-33),
inconsistent effects on fasting plasma insulin (29, 34, 35)
and plasma lipids (33, 36, 37), and modest decreases in
systolic and diastolic blood pressure in normotensive
adults (35, 36, 38), without an effect on blood pressure
in people with hypertension (31, 39, 40).

3. OVERVIEW OF INTERMITTENT FASTING

AND TIME-RESTRICTED EATING

“Intermittent fasting” refers to a group of dietary inter-
ventions that limit the timing, rather than the content, of

food intake (41). The major types of intermittent fasting
regimens that have been studied in people are 1) alter-
nate-day fasting, 2) alternate-day modified fasting, 3)
periodic fasting, 4) fasting-mimicking diet (FMD), and 5)
time-restricted eating (TABLE 1) (42).

Alternate-day fasting, alternate-day modified fasting,
and periodic fasting involve restriction of calorie intake
(from O calories to 25% of daily energy requirements) on
“fast” days and ad libitum eating with no restriction of
calories on nonfast days (43, 44). Specifically, alternate-
day fasting involves consumption of no calories on fast
days alternating with unrestricted food intake on nonfast
days, alternate-day modified fasting involves consump-
tion of <25% of estimated total energy requirements on
fast days alternating with unrestricted food intake
on nonfast days, and periodic fasting involves consump-
tion of zero calories to 25% of daily energy requirements
on 1 or 2 fast days per week and ad libitum eating on all
other days (44). A popular periodic fasting program is
the 5:2 diet, which is conducted by fasting (from O calo-
ries to 25% of daily energy requirements) 2 days per
week and eating ad libitum 5 days per week. The 2 fast
days can be scheduled on consecutive days (45—48) or
nonconsecutive days (49, 50) during the week.

Recently, the effect of treatment with an intermittent
low-calorie diet, known as the “fasting-mimicking diet”
(FMD), on risk factors for diabetes and cardiovascular
disease was reported (51, 52). The FMD is a low-protein
(9-10% of total energy), high-fat (44-56% of total
energy), low-carbohydrate, calorie-restricted (1,090 kcal
on day 1 and 725 kcal on days 2-5) diet that is con-
sumed for 5 consecutive days each month (51, 52). This
diet is available commercially; the specific composition
of the diet is proprietary.

An important subtype of intermittent fasting that has
been studied in both animal models and people is time-
restricted eating (TRE). This form of intermittent fasting
restricts food intake to a specific duration or window of
time each day rather than prescribing fasting days.
Moreover, TRE is the only major type of intermittent fast-
ing that does not directly emphasize some form of

Table 1. Types of intermittent fasting reported in clinical trials

Cycle Length

Alternate-day fasting 2 days
Alternate-day modified fasting 2 days
Periodic fasting 1wk

Description

Ad libitum intake on day 1, no caloric intake on day 2
Ad libitum intake on day 1, ~25% of daily energy requirement on day 2

Ad libitum eating days mixed with calorie-restricted days, e.g., 5:2 with 5 ad libitum eat-

ing days and 2 calorie-restricted days/week. Restricted days can be consecutive or
nonconsecutive and vary from O to 25% of daily energy requirements.

Time-restricted eating

1day

Caloric intake permitted only within a defined 4- to 12-h window each day.
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caloric restriction. Both the duration and the timing of
the eating window are important variables that could
affect physiological outcomes (53, 54).

The first study that evaluated the metabolic effects of
TRE in people was published in 2015 (11), Since then,
many different TRE interventions have been studied
(FIGURE 1). The most common eating window duration
reported in clinical studies is 8 h (55-84), but the eat-
ing window varies considerably among studies and
includes durations of 4 h (85, 86), 6 h (85, 87), 9 h (88,
89), 10 h (90-95), and 12 h (11, 96-98). Protocols that
initiate the eating window in the early morning and
end by 1600 are considered “early” TRE, and those
that initiate the eating window later in the morning or
in the afternoon and end at 1800 or later are consid-
ered “late” TRE. The most common time of day used
for the eating window is 1200-2000 (57, 58, 62, 68,
72, 74, 76, 77, 80) but has varied from 0700-1500
(65), to 0800-1600 (59, 66, 83), to 0800-1700 (88), to
0800-1800 (93), to 1000-1800 (56, 73, 80), to 1000-
1900 (89), to 1200-2100 (88), to 1300-1900 (85), to
1300-2100 (69, 79), to 1500-1900 (85), to 1930-0330
(70). Some protocols permitted participants to self-
select their eating window (60, 61, 63, 64, 67, 71, 75,
78, 81,90-92, 94-99).

A

8-hour late TRE

4. METABOLIC AND ENDOCRINE RESPONSES
TO EATING AND FASTING

4.1. Metabolic Response to Eating

There is considerable heterogeneity in the physiological
responses to food intake, which are affected by many fac-
tors, including insulin sensitivity, intestinal hormones, meal
composition, gastric emptying, and time of feeding (100—
102). Nonetheless, the overall physiological response to
mixed-meal consumption typically involves a switch from
fatty acid to glucose oxidation in most tissues, stimulation
of hepatic glycogen synthesis and storage, an increase in
net skeletal muscle protein synthesis, and an increase in
adipose tissue triglyceride storage mediated by both a
decrease in adipose tissue lipolytic activity and a concomi-
tant increase in adipose tissue uptake of fatty acids from
circulating triglycerides (FIGURE 2) (103, 104).

Plasma glucose concentration often increases within
minutes after meal ingestion, peaks within ~1 h, and
returns to baseline by 3 h postprandially (100, 101, 103,
105). The kinetics of plasma essential amino acid (EAA)
concentrations in a mixed meal follow a similar but
somewhat delayed pattern, with peak EAA concentra-
tions occurring ~2 h after meal ingestion and returning

FIGURE 1. Spectrum of time-restricted
eating (TRE) in studies conducted in peo-
ple. A: the eating window duration in clini-

10-hour TRE

cal TRE trials ranges from 4 to 12 h,
whereas the median American eating win-
dow is 14 h. An eating window of 8 h/day
from 1200 to 2000 is the most commonly
studied TRE protocol. Early TRE windows
end at 1600 h or before, whereas late TRE

windows end after 1800, permitting an
evening meal. B: number of TRE studies
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B C tion of eating window. C: nhumber of TRE
studies conducted in people based on
IS Early early, late, or self-selected eating win-
© dows. Figure was created with BioRender.
3_ sl com, with permission.
z
g5 s Late |
c 8
T 10
o
£ 11
©
wl 12 . Self-selected —
0 5 10 15 20 25 30 0 5 15 20 25 30
Trials Trials
1994 Physiol Rev-VOL 102 . OCTOBER 2022 . www.prv.org

Downloaded from journals.physiology.org/journal/physrev at UC San Diego Lib (137.110.038.115) on September 6, 2022.


http://www.prv.org

¢) TIME-RESTRICTED EATING AND METABOLIC HEALTH

[ Early post-prandial

][ Late post-prandial ]

\ -_’_/Musae glycogen SN

Adipose tissue lipid storage

‘

Hepatic glycogen synthesis

-

Hepatic glucose production (glycogenolysis)

Insulin

Plasma
concentration

Triglycerides

Hour 1 Hour 2

Hour 3 Hour 4

Hour 5 | m

+—r <

»
»

Before meal

After meal

FIGURE 2. Metabolic response to mixed-meal consumption: effects on organ system physiology and plasma substrate and hormone concentrations.
After consumption of a mixed meal, the increase in plasma glucose and incretins stimulates insulin secretion, which in turn suppresses the lipolysis of
adipose tissue triglycerides and decreases plasma nonesterified fatty acid concentrations, decreases endogenous glucose production, increases he-
patic and muscle glycogen synthesis, and promotes the production of adipocyte triglyceride. The increase in postprandial plasma triglyceride concen-
tration is delayed because of the time needed for the intestine to produce and secrete chylomicrons. Figure was created with BioRender.com, with

permission.

to baseline by ~4 h (103, 106, 107). The postprandial
kinetics of dietary triglycerides differ substantially from
glucose and amino acids. Ingested triglycerides are
hydrolyzed by pancreatic lipases to fatty acids and
monoglycerides, which enter the enterocyte as is or
as mixed micelles. Short-chain and medium-chain fatty
acids and medium-chain triglycerides in the entero-
cyte are transported into the portal vein. In contrast,
long-chain fatty acids are incorporated into chylomi-
cron lipoprotein particles, which are absorbed through
the lymphatic system and then delivered into the sys-
temic circulation. Upon meal ingestion, a pool of tri-
glycerides consumed in the previous meal but stored
within enterocytes is released into circulation, result-
ing in a small early rise in plasma triglyceride concen-
tration within 10-30 min (108, 109). For example, this
early rise in plasma triglyceride comprises ~10-15% of
dinner triglycerides liberated at the next day’s break-
fast (108). Plasma triglyceride concentrations peak

Physiol Rev-VOL 102 . OCTOBER 2022 . www.prv.org

~3-5 h after meal ingestion and return to baseline ~8
h later (108, 110, 111).

The consumption of a mixed meal and subsequent in-
testinal delivery of macronutrients also increases the
secretion of incretin hormones [glucagon-like peptide 1
(GLP-1) and glucose-dependent insulinotropic polypep-
tide (GIP)] (112), which regulate the pancreatic secretion of
insulin and glucagon (113, 114). Insulin is the primary regu-
lator of the metabolic response to meal ingestion and
does so by 1) stimulating glucose disposal, glucose oxida-
tion, and glycogen synthesis in insulin-sensitive tissues
(skeletal muscle, adipose tissue, and myocardium) (115,
116); 2) suppressing hepatic glucose production; 3) stimu-
lating de novo lipogenesis in the liver (117-120); 4) pro-
moting muscle protein synthesis (121); 5) suppressing
lipolysis and stimulating de novo lipogenesis in adi-
pose tissue (117, 122); and 6) stimulating adipose tissue
lipoprotein lipase (LPL) activity, which enhances fatty
acid uptake from circulating triglycerides (123). Although
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both GLP-1and GIP stimulate insulin secretion, they have
opposing effects on the a-cell: GLP-1 inhibits, whereas
GIP stimulates, glucagon secretion (124). The typical
change in plasma glucagon is much more modest than
the change in plasma insulin in response to a mixed-meal
concentration (125) and is suppressed after a carbohy-
drate meal (126). Nonetheless, glucagon is important for
maintaining hepatic glucose production and glucose ho-
meostasis after protein ingestion, which stimulates both
insulin and glucagon secretion (127, 128).

The metabolic response to meal ingestion is influenced
by the time of day at which the meal is consumed and by
the previous meal. In healthy people, there is diurnal varia-
tion in oral glucose tolerance (129-131); postprandial glyce-
mic excursions after consuming glucose or a mixed meal
are greater in the afternoon and evening than in the morn-
ing (131-134). This deterioration of glucose tolerance is
associated with decreased insulin secretion (133, 134), an
increase in plasma nonesterified fatty acid (NEFA) concen-
trations (129, 135), and a decrease in insulin sensitivity
(129-131). The mechanisms responsible for diurnal variation
in glucose tolerance are uncertain but could involve the di-
urnal rhythm of plasma cortisol, because the amplitude of
the diurnal variability in plasma cortisol is associated with
the magnitude of the diurnal variation in insulin sensitivity
(102, 136, 137). In addition, the consumption of a meal can
influence postprandial glucose concentrations after the
subsequent meal. The term “second-meal phenomenon”
describes the observations that 1) the postprandial
increase in plasma glucose concentration after a second
meal is often less than the postprandial increase in plasma
glucose concentration after a similar previous meal and 2)
the postprandial increase in plasma glucose concentration
is less if a previous meal was eaten than if the first meal
was skipped (138-140). After ingestion of glucose or a
mixed meal, lipolysis of adipose tissue triglycerides and
plasma NEFA concentrations are suppressed, insulin-
mediated glucose disposal is increased, and carbohydrate
oxidation is increased (140). These factors are believed to
“prime” skeletal muscle to increase the uptake of plasma
glucose for glycogen synthesis at the next meal (139). The
second-meal phenomenon is more pronounced when the
intermeal period is short (3—4 h) (139, 141-144) However,
there is significant heterogeneity among studies, likely due
to competing effects of diurnal variation in glucose toler-
ance, differences in meal macronutrient composition, sex
differences, and differences between people who are nor-
mal weight and those with obesity (130, 145-149).

4.2. Metabolic Response to Short-Term Fasting
Fasting triggers a carefully integrated series of meta-

bolic alterations to maintain multiorgan function and
enhance survival by 1) decreasing the oxidation of

1996

plasma glucose to prevent hypoglycemia, 2) increas-
ing the use of adipose tissue triglycerides as a source
of fuel for most tissues, 3) decreasing muscle protein
breakdown to conserve lean body mass, and 4)
decreasing resting metabolic rate to minimize energy
expenditure. The ability of adipose tissue to store and
mobilize triglycerides has made it possible for humans
to survive periods of food shortage and prolonged
fasting. The high energy density and hydrophobic na-
ture of triglyceride make it a fivefold better storage
fuel per unit mass than glycogen. Triglycerides are
compactly stored as a lipid droplet inside adipocytes
and produce ~9 kcal/g when oxidized, whereas glyco-
gen is stored as a gel, containing ~2 g of water for every
1 g of glycogen, and produces only ~4 kcal/g when oxi-
dized. With adequate hydration, the duration of survival
during fasting depends on the total amount of adipose tis-
sue. In lean men death occurs after ~60 days of starva-
tion (150), whereas survival after >1yr of fasting has been
reported in people with severe obesity (151).

In general, there are no adverse consequences of
short-term (24-36 h) fasting with adequate hydration,
which is proposed in some types of intermittent fasting
regimens. During the first 24 h of fasting, there is a
decrease in whole body glucose oxidation and an
increase in lipolysis of adipose tissue triglycerides and
whole body fatty acid oxidation, which occurs primarily
between 18 and 24 h (FIGURE 3) (152). Plasma glucose
concentration and endogenous glucose production rate
remain stable with minimal decline from 12 h to 24 h of
fasting, while there is a marked increase in plasma NEFA
concentration and lipolytic rate. The rate of hepatic glyco-
genolysis progressively declines, and the relative contri-
bution of gluconeogenesis (from pyruvate, lactate, ala-
nine, glutamine, and glycerol) to hepatic glucose produc-
tion increases to help maintain total glucose production
rate. At the end of a 24-h fast, most of the 100 g of glucose
stored in the liver as glycogen has been mobilized, and
only ~15% of liver glycogen stores remain (153, 154).
Whole body glucose oxidation accounts for ~20% of total
energy consumption, whereas whole body fatty acid oxi-
dation accounts for ~65% of energy consumed during
the first 24 h of fasting (152, 155). Moreover, the increase
in fatty acid delivery to the liver, in conjunction with an
increase in the ratio of plasma glucagon to insulin concen-
tration, increases hepatic ketone body (i.e., B-hydroxybuty-
rate and acetoacetate) production and begins a shift in
brain fuel use from glucose to ketones (102). However,
during the first 24 h of a fast, there is only a small increase
in plasma ketones to ~1 mM; a maximal rate of ketogene-
sis is reached by 3 days of fasting, and plasma ketone
body concentration is increased 75-fold by 7 days (156).
Approximately 15% of the resting energy requirement is
provided by the oxidation of protein; ~70 g of amino acids
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FIGURE 3. Metabolic response to short-term fasting: effects on organ system physiology and plasma substrate and hormone concentrations. The
adaptive response to fasting is triggered by the absence of ingested carbohydrate, which causes a decrease in insulin secretion and an increase in glu-
cagon secretion. These changes in plasma hormones increase lipolysis of adipose tissue triglycerides and cause a shift in whole body fuel consump-
tion from glucose to fatty acids. Plasma glucose concentration is initially primarily maintained by hepatic glycogenolysis followed by hepatic
gluconeogenesis. As fasting continues, the increased delivery of fatty acids to the liver in conjunction with alterations in the insulin-to-glucagon ratio
stimulates hepatic ketogenesis, which increases plasma ketones (acetoacetate and B-hydroxybutyrate). Figure was created with BioRender.com, with

permission.

is mobilized from protein stores and ~10 g of nitrogen is
excreted in urine during the first 24 h of fasting (157).
These early metabolic adaptations to fasting are primarily
due to a decrease in carbohydrate, not energy, intake.
Providing resting energy requirements during 84 h of fast-
ing by daily infusion of a lipid emulsion does not prevent
the normal decrease in plasma glucose and insulin con-
centrations and increase in plasma fatty acid and ketone
body concentrations and lipolytic rate (158).

5. CIRCADIAN RHYTHMS AND METABOLIC
HOMEOSTASIS

5.1. Overview of Circadian Biology

Physiological functions and behaviors of mammals,
including humans, cycle throughout a 24-h period.
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These daily rhythms are widespread, from self-evident
variations in behaviors such as sleep-wake and fasting-
feeding cycles to more subtle and involuntary rhythms
such as daily variations in hormones, temperature, blood
pressure, muscle tone, and cognitive function. In mam-
mals, these rhythms play an important role in physiology,
and their dysfunction contributes to aging and disease
(159, 160). The term “circadian” acknowledges the 24-h
periodicity of these rhythms and is derived from the
Latin circa (about) and diem (day).

Diurnal and circadian rhythms are not the same, even
though they are often incorrectly used interchangeably
(161). Physiological measures exhibiting a diurnal rhythm
have a recurrent period of 24 h under daily cycling con-
ditions and can be generated either endogenously or
exogenously (e.g., in response to environmental cues).
The term “diurnal” is also used to describe an organism
whose activity is highest during daylight. Circadian
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rhythms, however, must be endogenously generated
and satisfy three conditions: 7) continued oscillation
when environmental time cues are removed, 2) entrain-
able by external stimuli, and 3) persist over a range of
physiological temperatures (a phenomenon known as
temperature compensation) (162).

Circadian rhythms are present in diverse organisms
from single-celled cyanobacteria to mammals. The en-
dogenous circadian timekeeping system (CTS) modu-
lates rhythms in physiology and behavior with near 24-h
periodicity; light is the main environmental entrainment
agent or zeitgeber (“time giver” in German) for the CTS
(163). In vertebrates, melanopsin-containing ganglion
cells in the retina convey lighting information to the cen-
tral hypothalamic clock in the suprachiasmatic nucleus
(SCN). In turn, the SCN orchestrates circadian rhythms
across multiple organ systems, coordinating physiologi-
cal processes for coherent rhythmic output in physiolog-
ical and behavioral responses. For example, explants
from lung, liver, and other tissues have sustained oscilla-
tions in vitro that are temporally aligned with those in
SCN explants (164). Because life evolved over billions of
years on a revolving planet with ~24-h periodic variation
in light, the circadian clock system presumably evolved
to allow organisms to anticipate predictable recurring
changes in their environment: to coordinate the timing
of core cellular functions with zeitgebers. In this way, bi-
ological processes can be activated (e.g., photosynthe-
sis during daylight) or suppressed (e.g., DNA replication
during ultraviolet radiation exposure) when most benefi-
cial to the organism (165, 166). In the absence of
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Zenith/peak Amplitude
<_

Value

Nadir/trough

36

zeitgebers, cell-autonomous clocks tick according to
their endogenous “free running period” or tau (167). The
ubiquity of molecular circadian oscillators underscores
their significant evolutionary importance to life.

Although nearly all cells possess such circadian clock
machinery and the ability to oscillate in a cell-autonomous
manner, the process by which the SCN coordinates tis-
sue-specific or “local” peripheral clocks is incompletely
understood. Neurohormonal signaling (e.g., through the
glucocorticoid receptor) mediates some aspects of cen-
tral-peripheral clock coordination (168, 169). However,
food intake can independently entrain some intestinal
and liver clock mechanisms (170-173), suggesting that
SCN control of peripheral clocks can be mediated by be-
havioral patterns (i.e., feeding-fasting cycles) in addition
to neurohumoral signaling.

Circadian rhythms can be described by mathematical
parameters that define a periodic signal, which facili-
tates comparisons between groups or interventions
(FIGURE 4A). Various tools have been made publicly
available to assess whether a biological variable pos-
sesses a circadian rhythm (e.g., MetaCycle, JTKCycle,
CircWave), and guidelines for the use of these and other
tools for analysis of biological rhythms have been pub-
lished (174, 175). The period of a circadian rhythm is
~24 h. The amplitude is the difference between peak
and trough. A temporal displacement of the signal in
response to a stimulus or perturbation is termed a phase
shift. Many circadian studies in animals measure activity
and rest over the course of multiple days, which can be
graphically represented in the form of actograms to
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FIGURE 4. Key variables in circadian biology. A: circadian phase diagram showing key terms related to oscillatory variables, including zenith/peak
(the highest value of an oscillating variable), nadir/trough (the lowest value of an oscillating variable), amplitude (the distance from peak to trough value
of an oscillating variable), and phase shift (horizontal translation of the circadian oscillation with respect to time). B: example actograms showing an
intervention with stable active phase/inactive phase rhythm entrained by a light-dark cycle (top) and progressive shifting (described by the parameter
tau) of the active phase/inactive phase with respect to calendar time in a subject with an endogenous circadian period slightly greater than 24 h sub-
jected to a constant routine without light/dark cues (bottom). Figure was created with BioRender.com, with permission.
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allow for easy visualization of the effects of an experi-
mental intervention (FIGURE 4B).

5.2. Core Circadian Clock Machinery

At the molecular level, the CTS is an autoregulatory tran-
scriptional feedback loop with a period of 24 h that is
found in nearly every cell (176, 177). Transcriptional acti-
vators of the core clock machinery include the circadian
locomotor output cycles kaput (CLOCK) and brain and
muscle ARNT-like 1 (BMAL1T) proteins (161, 178, 179).
CLOCK and BMAL1 make up the positive limb of the
clock mechanism by forming a heterodimer (CLOCK:
BMAL1) that drives rhythmic expression of clock-con-
trolled genes (CCGs) (180). The CLOCK:BMAL1 hetero-
dimer is opposed by the transcriptional repressors
period (PER) and cryptochrome (CRY), which comprise
the negative limb of this clock mechanism (181).

The downstream targets of CLOCK:BMAL1 include
their own repressors PER and CRY, as well as hundreds
of other genes (181). Once the positive limb has been
activated for a period of time, the PER and CRY proteins
accumulate in the cytoplasm to form a complex and
migrate to the nucleus to inhibit the CLOCK:BMAL1
heterodimer (181). Posttranslational modification of
PERs and CRYs by other regulatory systems [e.g.,
adenosine monophosphate (AMP)-activated protein
kinase (AMPK)] allows fine-tuning of the clock’s speed
and oscillatory amplitude (182, 183). In addition to PER
and CRY, CLOCK:BMAL1 drives the transcription of the
nuclear hormone receptors Rev-Erb and retinoic acid
receptor-related orphan receptor (Ror). Together,
ROR and REV-ERB orchestrate large-scale cyclical
oscillations of hundreds of additional clock-controlled
genes, including Bmal1 (184). Accordingly, these auto-
regulatory feedback loops generate circadian rhythms
in much of the transcriptome.

Of the 11,000 ubiquitously expressed genes in pri-
mates, nearly all display 24-h rhythmic expression in
at least one tissue. Indeed, ~80% of all protein-coding
genes (~18,000) display circadian expression (185).
Furthermore, the majority of genes encoding pharma-
ceutical drug targets are under circadian control (186).
It is therefore not surprising that disruption of circa-
dian rhythms can cause or exacerbate disease.

5.3. Molecular Interactions between the Circadian
Clock and Metabolic Regulators

Although metabolic pathways are regulated by the circa-
dian timekeeping system, the clock machinery is itself
regulated by metabolic inputs and energy sensors. In par-
ticular, many cellular metabolic sensors can posttransla-
tionally modify clock proteins to fine-tune circadian
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rhythmicity according to the nutritional and energetic sta-
tus of a cell. This results in a cascade of interactions
between metabolic signals [e.g., insulin, IGF-1, amino acids,
uridine diphosphate N-acetylglucosamine (UDP-GIcNAC),
AMP, nicotinamide adenine dinucleotide (NAD™), and glu-
cagon], metabolic integrators [e.g., AKT, mammalian target
of rapamycin (mTOR), O-linked B-N-acetylglucosamine (O-
GIcNAC) transferase (OGT), casein kinase 1 (CK1), AMPK,
silent information regulator T1 (SIRT1), and cyclic AMP
(CAMP) response element-binding protein (CREB)], and
clock components (e.g., CLOCK/BMAL1, CRY1/2, PER2)
(FIGURE 5). For example, AMPK helps orchestrate the cel-
lular catabolic response to fasting but also modulates the
activity of the circadian clock (187). AMPK-mediated phos-
phorylation during fasting targets CRY for degradation
(188), resulting in reduced repression of the CLOCK:BMAL1
complex; this extends the duration of the circadian period.
Stabilization of the BMAL1:CLOCK complex through inhibi-
tion of ubiquitin-mediated degradation can also be
achieved by protein glycosylation by O-linked B-N-acetyl-
glucosamine (O-GIcNAc), an oscillatory intracellular carbo-
hydrate that is sensitive to intracellular glucose levels (189).
O-GIcNAcylation also regulates the clock by competing
with casein kinase 1 (CK1)-mediated phosphorylation in a
serine-rich region of PER, the abundance of which is a key
determinant of circadian period and phase (190, 191). O-
GIcNACc transferase (OGT), which adds the O-GIcNAc post-
translational modification (PTM) to proteins, is itself regu-
lated by glycogen synthase kinase-3p (GSK3p)-mediated
phosphorylation (190, 192). GSK3p plays an important
role in regulating circadian rhythmicity (193-198).
GSK3p phosphorylates PER2 (194), CRY2 (195), BMAL1
(196), CLOCK (197), and REV-ERBa (198). In general,
GSK3B-mediated phosphorylation targets clock pro-
teins to proteasomal degradation. The only exception
is REV-ERBo, which is stabilized; this represses Bmall
and prevents the onset of circadian gene oscillation
(198).

The mammalian target of rapamycin complex 1
(mMTORCY) is a master anabolic regulator that controls pro-
tein synthesis and inhibits autophagy. There is a bidirec-
tional relationship between mTORC1 and the clock, as the
mTORCI1 target S6 kinase 1 (S6K1) rhythmically phospho-
rylates BMAL1 (199), which facilitates BMAL1-mediated
control of protein synthesis. On the other hand, the circa-
dian clock itself downregulates mTORCT1 activity; Bmalt~'~
mice have increased mTORC1 activation (200). mTORC1
also interacts with other circadian proteins. For example,
PER2 interacts with regulatory-associated protein of
mTOR (RAPTOR) and mTOR to suppress mTORCI1 activity
(201).

In the fed state, insulin signaling activates AKT/
PKB, which in turn regulates diverse anabolic proc-
esses including macronutrient metabolism and cell
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proliferation (202). Activated AKT can phosphorylate
cytoplasmic BMAL1 (203) and CLOCK (204), altering
the cytoplasmic-nuclear translocation/localization of
these proteins and reducing the activity of the circa-
dian clock. Insulin and IGF-1 can also increase PER
protein levels via an mTOR-dependent mechanism
(172). Finally, AKT phosphorylates and inactivates
GSK3p, which as discussed above regulates much of
the clock machinery.

Silent information regulator T1 (SIRT1) is another
metabolic regulator that interacts with the molecular
clock machinery. SIRT1, a nicotinamide adenine dinu-
cleotide (NAD")-dependent deacetylase, can upreg-
ulate the expression of many genes involved in
autophagy and energy metabolism and is a key medi-
ator of the longevity caused by caloric restriction
(205). SIRT1 can form a complex with the CLOCK:
BMAL1 heterodimer and thus regulate the activity of
the circadian clock system (206—-208). As part of this
complex with CLOCK:BMAL1, SIRT1 can also activate
the transcription of the enzyme nicotinamide phos-
phoribosyltransferase (NAMPT), which leads to its di-
urnal availability (209, 210). NAMPT is a rate-limiting
enzyme in the NAD" salvage pathway. By causing
NAMPT enzyme levels to change rhythmically, SIRT1
induces the circadian oscillation of NAD*. Supplementa-
tion with nicotinamide riboside (NR), a precursor of
NAD+, increases SIRT1-dependent PER2 deacetylation/

2000
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FIGURE 5. Molecular interactions between the clock and
metabolic regulators. These physiological relationships
can be understood as having 3 main components: meta-
bolic signals, metabolic integrators, and clock integrators.
A large number of metabolic signals [e.g., insulin, insulin-
like growth factor 1 (IGF-1), amino acids (AA), uridine
diphosphate N-acetylglucosamine (UDP-GIcNAc), adeno-
sine monophosphate (AMP), nicotine adenine dinucleotide
(NAD+), and glucagon] converge on key metabolic signal
integrators [e.g., AKT, mammalian target of rapamycin
(mTOR), O-GIcNAc transferase (OGT), AMP-activated pro-
tein kinase (AMPK), sirtuin 1 (SIRT1), and CREB (cyclic AMP
response element-binding protein (CREB)], which in turn
regulate the key components of the circadian timekeeping
system [i.e., the circadian locomotor output cycles kaput
(CLOCK):brain and muscle ARNT-like 1 (BMAL1) hetero-
dimer and the transcriptional repressors cryptochrome
(CRY) and period (PER)]. ATP, adenosine triphosphate;
GSK3, glycogen synthase kinase-3f3; mTORC1, mamma-
lian target of rapamycin complex 1; O, O-linked glycosyla-
tion; P, phosphorylation, S6K, ribosomal protein S6 kinase.
Figure was created with BioRender.com, with permission.

destabilization, which in turn strengthens the activity of
CLOCK:BMAL1-mediated transcriptional oscillations (211).

The transcription factor cyclic AMP (CAMP) response
element-binding protein (CREB) is affected by nutrient
availability and has a bidirectional relationship with the
clock machinery. In the fed state, CREB activates Per
transcription (212). This relationship provides a link
between G protein-coupled receptors and the regula-
tion of genes in the circadian clock. Although CREB can
affect the clock machinery by modulating Per?! expres-
sion, CREB can itself be regulated by clock components,
as CRY can suppress the activity of CREB (213).

5.4. Genetic Alterations of the Circadian Clock in
Rodents

The importance of the CTS in metabolic homeostasis
has been shown in mouse models harboring mutations
in core circadian clock genes or lacking functional core
circadian proteins (TABLE 2). In general, disruption of
clock genes in the positive limb of the clock causes met-
abolic syndrome, obesity, and/or diabetes mellitus. Mice
harboring two mutant Clock alleles developed metabolic
syndrome, obesity, and defective insulin secretion (214—
216). Global Bmal1 deletion results in decreased adipose
tissue and skeletal muscle mass and premature aging
(227), but tissue-specific Bmall deletions have provided
insights into tissue-specific clock functions. For example,
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Table 2. Key clock genes associated with metabolic phenotypes in transgenic mice

Gene

Circadian locomotor output cycles kaput (Clock)

Findings

Clock-mutant mice developed obesity, hyperlipidemia, hyperinsulinemia, hyperphagia

(214, 215) and hyperglycemia (216).

Nuclear receptor subfamily 1 group D member 1/2
(NR1D1/2 Rev-erb o/f3)

Whole-body KO mice had increased adiposity and hyperglycemia compared with WT
mice (217). SCN-specific KO of Rev-erb oo and B results in increased weight gain, higher

fasting blood glucose, and increased cumulative food intake under 24-h darkness

(218).

Period 1/2 (Per1/2)

Per2-mutant (nonfunctional) mice show altered feeding patterns and reduced fasting

blood glucose (219) and lack of a food-anticipatory response (220); Per1/2-KO mice
show abnormal feeding behavior, consuming 50% of their total intake in the light cycle

(221).

Cryptochrome 1/2 (Cry 1/2)

Cry1/2-KO mice rapidly gain weight on HFD (222), whereas Cry1-KO mice are protected

from weight gain on HFD (223).

Brain and muscle ARNT-like 1(Bmal1)

Brain-clock Bmal1 KO led to an increase in eating during the inactive phase (224); pancre-

atic Bmal1 KO resulted in impaired insulin secretion and hyperglycemia (216); SCN-spe-
cific Bmal1-KO mice gained weight under conditions of constant darkness (225);
myeloid-specific BmalTKO mice displayed attenuated HFD-induced atherosclerosis

(226).

HFD, high-fat diet; KO, knockout; SCN, suprachiasmatic nucleus; WT, wild type.

pancreatic deletion of Bmall impairs islet function and
causes hyperglycemia (216). Selective deletion of Bmall
in the brain clock increases food intake during the inac-
tive phase (224), and SCN-specific Bmal1-knockout mice
have increased weight gain and fat mass compared to
mice with functional Bmall (225). However, not all
knockouts of Bmall have deleterious effects on meta-
bolic health. In fact, deletion of Bmall in myeloid cells
attenuated the development of atherosclerosis and aor-
tic aneurysm when mice were fed a high-fat diet (HFD)
(226). Whole body or SCN-specific knockouts of Rev-
erbo/B resulted in increased food intake, body weight,
and blood glucose compared to mice with intact Rev-
erb signaling (217, 218). Furthermore, whole body knock-
down of Rev-erbo/ caused an altered activity pattern
with reduced nighttime running, whereas SCN-specific
knockdown resulted in increased weight gain, liver tri-
glycerides, fasting blood glucose, and cumulative food
intake (218).

Abnormal signaling in the negative limb of the clock
also can cause both beneficial and harmful metabolic
alterations. For example, mice containing a nonfunc-
tional PER2 protein have reduced fasting blood glucose,
which is likely secondary to defects in hepatic glycogen
storage (219). Per mutations have also been reported to
affect feeding patterns, with mice expressing a mutant
Per2 lacking food-anticipatory activity and Perl/2-null
mice consuming 50% of their total caloric intake during
the light phase rather than the normal 20-30% (220,
221). Studies manipulating Cry? and Cry2 have also
revealed conflicting effects on metabolism; Cry1/2-
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knockdown mice rapidly gained weight, but Cry7-knock-
out mice were protected from weight gain upon HFD
feeding (222, 223, 228). These studies show that modu-
lation of the circadian clock impacts metabolic homeo-
stasis, though not always in the predicted direction.

5.5. Circadian Biology and Time-Restricted Eating

In rodents, TRE was initially used to study food-anticipa-
tory behavior. Rodents that are fed according to a specific
schedule show a bout of activity that precedes the provi-
sion of food (229). This food-driven anticipatory behavior
generated the hypothesis that food could be used as a
zeitgeber. In the early 2000s, several studies showed
that food is indeed a zeitgeber that can entrain peripheral
expression of clock genes, particularly in the liver (170,
230, 231). In fact, the timing of food intake can cause a
complete (i.e., 12 h) phase shift of equal amplitude in the
hepatic clock and dampened amplitude in white adipose
tissue (173, 232). However, shifting food availability did
not shift the phase of clock-gene oscillations in the SCN
(170, 230, 231), indicating that the central and peripheral
clocks can be desynchronized by providing food only
during the inactive phase. In parallel, studies in wild-type
(WT) mice revealed that high-fat feeding blunts the nor-
mal diurnal oscillations in hepatic Per2, Bmall, and Rev-
erbo. expression (233). These results set the stage for
investigation of TRE as a preventative and therapeutic
intervention for diet-induced obesity in rodents.

Many hepatic transcripts encoding the enzymes of
lipid metabolism, glucose metabolism, and cholesterol
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biosynthesis show circadian regulation (234, 235). Data
from knockout mouse models support the importance of
the clock in metabolic homeostasis; Clock- or Bmalt-
knockout mice have impaired gluconeogenesis after in-
sulin-induced hypoglycemia (236), and Cry1/2’/’ mice
do not exhibit the normal bimodal rhythm in activity and
respiratory exchange ratio (RER) typically observed in
WT mice (171). However, when the Cry7/2_/ ~ mice were
provided a nocturnal TRE regimen, their RER and food an-
ticipatory activity mirrored that of WT mice (171).
Therefore, even in the absence of a functional circadian
oscillator, TRE was able to induce these key metabolic
rhythms. In addition, interfering with the molecular clock
in the liver does not abolish the beneficial effects of TRE;
the dysmetabolic phenotypes of liver-specific Bmal1™'~
and liver-specific Rev-erbo/ ~/~ mice were rescued by
TRE, and TRE benefits were also observed in ny1/2’/’
mice (228). These results are consistent with the observa-
tions that the SCN does not shift in response to inactive-
phase TRE (170, 230, 231) and that TRE can still regulate
peripheral circadian function in SCN-lesioned mice (225,
231, 237). Together, these observations support the
notion that rhythmic feeding/fasting cycles are the major
determinant of the phase and rhythmicity of hepatic tran-
scriptional activity, even in the absence of a functional
molecular clock (171, 238). It is likely that insulin signaling
is involved in regulating these hepatic oscillations
because deleting the hepatic insulin receptor prevents
the phase shift in hepatic gene expression induced by
inactive-phase TRE (232).

5.6. Effect of Time-Restricted Eating on Central
Circadian Rhythm in People

Melatonin, measured in saliva, blood, and urine, is a ro-
bust marker of central circadian rhythm and circadian
phase and period in people when exposure to light is
controlled (239-243). Although there are large interindi-
vidual differences in the timing and peak of the melatonin
rhythm, melatonin levels typically increase ~2 h before
habitual bedtime (244), peak during the night, and return
to low levels shortly after habitual waking (245). If expo-
sure to light occurs during the biological night, melatonin
levels will be acutely reduced. To accurately assess mela-
tonin levels, samples must be collected every 30—60 min
under dim light conditions (e.g., <8 lux in the angle of
gaze). Cortisol is another commonly used marker of circa-
dian rhythm in people. During normal sleep/wake and
fasting/feeding conditions, cortisol levels peak in the early
morning, decrease across the day, remain low near habit-
ual bedtime, and rise after midnight (246, 247). Cortisol
release is pulsatile, so accurate assessment of the cortisol
rhythm requires fairly frequent sampling (e.g., every 20—
30 min).

2002

One study, conducted in young adults with overweight/
obesity, found no difference in serial plasma cortisol
concentrations obtained for 24 h after 5 days of an 8-h
TRE regimen (1000 to 1800) compared with 5 days of a
15-h TRE regimen (0700 to 2200) (65). In contrast,
another study that was also conducted in young adults
with overweight/obesity found that predinner plasma
cortisol concentration was lower after 4 days of a 6-h
TRE regimen (0800 to 1400) compared with 4 days of a
12-h TRE regimen (0800 to 2000) (248). Studies that
involved longer TRE interventions of >4 wk did not find
significant effects of TRE on fasting morning plasma cor-
tisol (63, 67, 87). The effect of meal timing, independ-
ently of eating window duration, on central circadian
markers has also been studied. One study, conducted in
healthy men, involved an intense 13-day inpatient, cross-
over design, in which factors that could affect circadian
rhythms, including sleep time, dim room lighting, and
semirecumbent posture, and food intake were kept con-
stant during the 37-h testing period at the end of 6 days
of an early (3 meals at 0.5-10.5 h after waking) or a late
(3 meals at 5.5-15.5 h after waking) eating schedule
(249). This study found no difference in circadian
rhythms in either plasma cortisol or melatonin concen-
trations obtained every hour for 32 h after the early or
late eating schedule. Another study that compared the
effect of an early eating window (0800 to 1900) with a
late eating window (1200 to 2300) for a more prolonged
8-wk period in lean adults found that the diurnal rhythm
and circadian parameters (i.e., acrophase and amplitude)
for plasma cortisol and melatonin were not different
between the early and late eating schedules (250).
Overall, the results from these studies indicate that nei-
ther TRE nor a shift in the time of the eating window
without a change in eating duration affects the central
circadian clock in people.

5.7. Effects of Time-Restricted Eating during
Circadian Misalignment

Circadian misalignment in people is defined as mistimed
behaviors (sleeping, eating/drinking, and physical activ-
ity) within the normal 24-h day cycle, for example, sleep-
ing and fasting during the day and waking and eating at
night. Circadian misalignment disrupts circadian regula-
tion of the transcriptome and proteome of peripheral
blood mononuclear cells (251) in a manner consistent
with a disruption of rhythms of proteins known to regulate
glucose homeostasis and/or energy metabolism (252).
Observational studies of people who work evening, night,
or rotating shifts (i.e., “nonstandard” shifts) provide addi-
tional insights into the metabolic effects of circadian mis-
alignment. These workers have a higher risk of metabo-
lic (253-256), kidney (257), and cardiovascular (258)
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disease compared with people who work day shifts.
Lifestyle factors such as smoking, decreased physical ac-
tivity, higher calorie intake, and poor diet quality could be
responsible for the increased risk of cardiometabolic dis-
ease in people who work nonstandard shifts (259-261).
However, several large-scale population studies that
attempted to control for lifestyle factors still found an
association between shift work and increased disease
risk (262). The mechanism for this effect is not clear but is
possibly related to eating meals during the biological
night, which causes desynchronization of central and pe-
ripheral circadian clocks or simply other unrecognized
factors inherent to shift work.

Circadian misalignment can be experimentally induced
by using a variety of protocols, including the simulated
shift work protocol and the forced desynchrony protocol
(263). The simulated shift work protocol is designed to
mimic patterns found in common night work schedules.
The forced desynchrony protocol is conducted under
highly controlled conditions with continuous dim light, no
external time cues, meals provided at fixed times relative
to scheduled wake time, and participants consuming
food during both daytime and nighttime hours (239, 240,
264). The results from these protocols consistently show
that circadian misalignment causes insulin resistance,
decreases oral glucose tolerance (265-267), and can al-
ter the normal circadian rhythmicity of genes involved in
DNA repair, increasing the sensitivity to DNA damage
(268).

Few studies have evaluated the effect of TRE on met-
abolic outcomes during circadian misalignment in peo-
ple, but the available data suggest that TRE attenuates
the metabolic dysregulation induced by circadian mis-
alignment. Restricting food intake to the daytime in shift
workers attenuated the metabolic abnormalities that
occurred when ad libitum eating was allowed overnight
(269). In addition, providing meals only during the habit-
ual daytime rather than during the nighttime prevented
the adverse effects of experimental simulated night shift
work on glucose tolerance and B-cell function (270).
Moreover, the amount of food consumed at night during
shift work can influence the severity of metabolic dys-
function. In a simulated night shift study, participants
who consumed a large snack at midnight had a greater
plasma glucose response to breakfast the next day than
participants who consumed a small snack at midnight
(271). These studies show that TRE during circadian mis-
alignment has beneficial effects on metabolic outcomes.

The attenuation of adverse metabolic effects of circa-
dian misalignment by TRE has also been shown in stud-
ies conducted in rodents. In a rat model of shift work, in
which exercise was required during the inactive phase,
the increase in adiposity and body weight induced by
the shift work intervention was attenuated by active-
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phase TRE (272). Active-phase TRE in mice prevented
the glucose intolerance, B-cell dysfunction, and increased
adiposity caused by circadian misalignment induced by 8
wk of constant light (273).

6. TIME-RESTRICTED EATING AND ENERGY
BALANCE

6.1. Body Weight and Body Composition

In rodents, the effects of TRE on body weight are influ-
enced by the phase of feeding (light, inactive phase or
dark, active phase) and the type of diet provided
(FIGURE 6). Restricting mice to HFD feeding in the
active phase attenuates or prevents weight gain and
adipose tissue accumulation compared to animals with
ad libitum access to the same HFD (54, 233, 274-281).
Active-phase HFD TRE also causes weight loss in mice
previously made obese by HFD feeding (54). The effects
of TRE on body weight are less pronounced when ani-
mals are fed a normal chow diet or when HFD feeding
occurs during the inactive phase. Most studies con-
ducted in chow-fed rodents found no differences in
weight gain between ad libitum-fed and active-phase
TRE animals (272, 280, 282). However, studies that re-
stricted regular chow intake to the inactive phase show
inconsistent effects on body weight, with findings of
increased (272, 283), decreased (282), or similar (280)
body weight in inactive-phase TRE compared with ad
libitum feeding. It is also unclear whether inactive-phase
TRE prevents HFD-induced weight gain, because of
conflicting results from different studies (274, 276, 280).
These studies are confounded by a short feeding period
during the inactive phase, which can cause a decrease
in total energy intake (282). For example, 4 h of inactive-
phase TRE decreased body weight and food intake in
both chow-fed and HFD-fed mice compared with ad libi-
tum-fed control mice (276).

In people, 15 randomized controlled clinical trials
(RCTs) that were longer than 4 wk in duration evaluated
the effect of TRE on body weight in participants who
were overweight/obese (TABLE 3). Six of these trials
evaluated the effect of TRE on body weight as part of a
weight loss program (80, 81, 83, 91, 95, 97). Among these
six trials, five prescribed a calorie-deficit diet in both the
TRE and control groups (80, 83, 91, 95, 97), whereas one
prescribed a calorie-deficit diet in the control group only
(81). The duration of the studies ranged from 8 wk to 12
mo, and the length of the eating window in the TRE group
ranged from 8 h to 12 h compared with ad libitum con-
sumption of the same dietary prescription in the control
group (TABLE 3). A small (1.4-1.7%) but significantly
greater weight loss was observed in the TRE group than
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Energy Restriction

Decreased body weight
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Ad libitum Chow
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Inactive-phase TRE Chow
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Active-phase TRE Chow

'

Ad libitum HFD

and insulin resistance

i

Inactive-phase TRE HFD

'

Active-phase TRE HFD

HFD-induced obesity.

'

in the control group in the studies of 8- to 12-wk duration
(80, 81, 91). In contrast, none of the three longer duration
(9-12 mo) studies observed greater weight loss in the
TRE group than in the control group (83, 95, 97).

In the nine RCTs that evaluated the effect of TRE on
body weight without a concomitant weight loss interven-
tion, TRE caused a small, but not always statistically signif-
icant, decrease in body weight compared with the control
group (range: 0.6% greater weight to 3.7% lower weight
in the TRE group than the control group). The eating win-
dow in the TRE groups ranged from 4 h to 12 h, and the
duration of the studies ranged from 5 wk to 12 mo.
Among all RCTs of TRE of >4-wk duration in people with
overweight/obesity and without diabetes, the duration of
the eating window correlated with the effect of TRE on
percent change in body weight (FIGURE 7). However,
there was considerable variability in the change in body
weight associated with an 8-h eating window, which was
the most common eating window studied.

It is possible that differences among studies in charac-
teristics of the study participants, the intervention

2004

Normal food intake and body weight

Food consumed within ~3 hours

Normal food intake and body weight

Variable food intake and body weight

FIGURE 6. Effects of dietary and time-restricted eating
(TRE) interventions on cardiometabolic outcomes in mice.
Time of feeding is represented by dark pink shading on
the clock face. Brown, regular chow. Green, high-fat diet
(HFD). Figure was created with BioRender.com, with
permission.

Induces obesity, hepatic steatosis,

Variable food intake and body weight

Less or same food intake compared to
ad libitum HFD. Prevents and treats

prescribed for the active comparator group, variability in
the participants’ baseline eating window, adjunctive
interventions (e.g., calorie-deficit diets and exercise train-
ing), and adherence to the TRE regimen contributed to
the heterogeneity in weight loss outcomes. Adherence
was assessed in most of the RCTs by intermittent dietary
recall, daily food diaries, or logging food intake or meal
photographs on a dedicated smartphone application
(TABLE 3). Although adherence to the TRE regimen
should influence the effect of TRE on body weight, excel-
lent adherence of 80-90% of person-days has been
reported both in studies that found greater weight loss in
the TRE group compared with the control group and in
studies that found no difference in weight change
between TRE and control groups (57, 80, 83, 85).
Moreover, the measured eating window did not always
match the prescribed eating window (60, 90, 92). For
example, in one study that observed a 2.3% greater
weight loss in the TRE group than the control group, the
average eating window, assessed with a smartphone
application, was 9.9 h in the group assigned to an 8-h
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Table 3. Randomized controlled trials of TRE with duration >4 wk in participants with overweight/obesity
Weight Change N A
Study Participants Intervention Duration Comparator (P value vs. Cardiometabolic Adherence
Outcomes
Control)
Sutton et al. (87) N=8 6-h early TRE; 3 meals/ 5wk 12-h eating window; TRE: —1.4% Increased: plasma TG All meals provided
100% male day; last meal before 3 meals/day CON: —1.0% Decreased: fasting in- and consumption
Age 56 =9 1500 Crossover design (P> 0.05) sulin, OGTT mean monitored by
BMI32*4 All food provided; insulin, total choles- study staff
Prediabetes weight maintenance terol, blood pres- TRE: 100% of days
attempted sure CON: 99% of days
No difference: fasting
glucose, HOMA-IR,
OGTT glucose
AUC, HDL-C, LDL-C
Domaszewski et N=45 8-h late TRE: ad libitum 6 wk Controls instructed TRE: —1.9% Not reported Participants logged
al. (76) 100% female from 1200 to 2000 not to change CON: +0.8% intake
Age 65 £1 baseline eating (P < 0.05) Excluded from analy-
BMI 28 =1 habits sis if adherent
<90% of days
Peeke et al. (91) N=60 10-h TRE: commercial 8 wk 12-h TRE: commercial TRE: —8.5% No difference: fasting  Not reported
88% female weight loss program; weight loss pro- CON: —7.1% glucose
Age 44 =1 given 3 meals, 1 snack gram; given 3 (P < 0.05)
BMI 39 £1 to be consumed ad meals and 1 snack
Diabetes libitum and 1 “fasting daily
excluded snack” to be con-
sumed 2 h before
breaking fast daily
Kotarsky et al. (58) N=21 8-h late TRE: ad libitum 8 wk Controls instructed TRE: —3.7% No difference: fasting  Intermittent 3-day di-
86% female from 1200 to 2000. not to change CON: 0% insulin, HbA1c, total etary records
Age 44 =2 Standardized aerobic baseline eating (P < 0.05) cholesterol, HDL-C ~ Excluded from analy-
BMI 30 =1 and resistance habits. sis if >1 nonadher-
Diabetes training. Standardized aer- ent day
excluded obic and resist-
ance training.
Lin et al. (80) N=63 8-h TRE: either 1000 to 8 wk Controls instructed to  TRE: —4.1% Decreased: diastolic Food diaries and/or
100% female 1800 or 1200 to 2000 eat 3 meals daily. CON: —2.4% blood pressure photography
Age 52 =1 1400 kcal guidance 1400 kcal guidance (P < 0.05) No difference: fasting = TRE: 84% of days
BMI 26 £1 glucose, fasting in-
Diabetes sulin, HOMA-IR,
excluded total cholesterol,
HDL-C, LDL-C,
plasma TG, systolic
blood pressure
Cienfuegos et al. N=58 1) 4-h late TRE: ad libitum 10 wk Controls instructed TRE (4 h): —3.2% 4-h and 6-h TRE: Food diaries
(85) 90% female from 1500 to 1900 not to change TRE (6 h): —3.2% Decreased: fastingin- TRE (4 h): 6.2 0.2
Age 47 £2 2) 6-h late TRE: ad libi- baseline eating CON: +0.1% sulin, HOMA-IR days/wk
BMI 37 £1 tum from 1300 to habits (P < 0.05) No difference: fasting  TRE (6 h): 6.2 £ 0.2
Diabetes 1900 glucose, HDL-C, days/wk
excluded LDL-C, plasma TG
Cai et al. (81) N=271 8-h TRE: 1 meal pro- 12 wk Controls instructed to TRE: —4.3% Decreased: plasma Unclear
70% female vided, otherwise ad consume 80% of CON: —2.5% TG Excluded from analy-
Age 34 =1 libitum during self- energy needs (P < 0.05) No difference: fasting sis if nonadherent
BMI 26 =1 selected eating glucose, fasting in-
NAFLD window sulin, total choles-
No diabetes terol, HDL-C, LDL-
medications C, blood pressure,
liver stiffness
Lowe et al. (57) N=16 8-h late TRE: ad libitum 12 wk Controls instructed to  TRE: —1.2% No difference: fasting  Daily self-report ad-
60% male from 1200 to 2000 eat 3 meals/day at CON: —0.8% glucose, fasting in- herence surveys
Age 47 £1 0600-1000, 1100- (P > 0.05) sulin, HOMA-IR, TRE: 84% of days
BMI33*1 1500, and 1700— total cholesterol, CON: 92% of days
Diabetes 2200 HDL-C, LDL-C,
excluded plasma TG
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Study Participants

Chow et al. (60) N=20

85% female

Age 46 £3

BMI 34 + 2

>14-h eating
window

Diabetes
excluded

Che et al. (93) N=104
54% male
Age 48 £1
BMI 26 =1
Type 2
diabetes

N=35

50% male
Age 28 £1
BMI 26 =1

Isenmann et al.
77)

Phillips et al. (98) N=54

Age 432

BMI 28 (IQR
25-31)

Baseline eating
window >14
h,

>1metabolic
syndrome
criterion

Thomas et al. (95) N=81

85% female

Age 38 +1

BMI 34 +1

Baseline eating
window >
12h

Diabetes
excluded

N=58

100% female

Age 31=1

BMI33 +1

Diabetes
excluded

De Oliveira
Maranh&o
Pureza et al.
(96, 97)

Liu et al. (83) N=118
51% male
Age 32 1
BMI31+1
Diabetes

excluded

Intervention

8-h TRE: ad libitum dur-
ing a self-selected
eating window

10-h TRE: ad libitum from
0800 to 1800

8-h late TRE: ad libitum
from 1200 to 2000

Guidance to eat 45—
65% kcal from carbo-
hydrate, 20-35% kcal
from fat, 20-35% kcal
from protein

12-h TRE: ad libitum dur-
ing self-selected eat-
ing window

10-h TRE: ad libitum dur-
ing self-selected eat-
ing window within 3 h
of waking, with 35%
caloric restriction

12-h TRE, with a 500- to
1,000-kcal deficit
prescribed

8-h early TRE: ad libitum
from 0800 to 1600,
with caloric restriction
to 1,500-1,800 kcal/
day (men) or 1,200—
1,500 kcal/day
(women)

¢) PETERSEN ET AL.

Table 3.—Continued

Duration Comparator

12 wk Controls instructed
not to change
baseline eating

habits

12 wk Controls instructed to
maintain baseline

diet

14 wk Controls instructed to
eat diet similar to

TRE group

6 mo Controls not given
specific

instructions

39 wk Caloric restriction of

35%

12 mo 500- to 1,000-kcal
deficit diet pre-
scribed without

time restriction

Caloric restriction to
1,500-1,800 kcal/
day (men) or
1,200-1,500 kcal/
day (women)

12 mo

Weight Change Cardiometabolic
(P value vs. Outcomes
Control)

TRE: —3.8% No difference: fasting

CON: —1.5% glucose, fasting in-

(P < 0.05) sulin, HOMA-IR, 2-h
OGTT glucose,
HDL-C, LDL-C,
plasma TG

TRE: —4.0% Decreased: HbAIc,

CON: —1.1% fasting glucose,

(P < 0.05) fasting insulin,
HOMA-IR, plasma
TG, total choles-
terol, LDL-C

No difference: HDL-C

TRE: —4.8% Not reported

CON: —5.4%

(P> 0.05)

TRE: —1.6% No difference: fasting

CON: -1.1% glucose, HbA1c,

(P> 0.05) HDL-C, plasma TG,

blood pressure,
number of meta-
bolic syndrome cri-

teria met
TRE: —6.4% (at12  At12 wk:
wk) and —5.1% No difference: HbAIc,
(at 39 wk) HDL-C, LDL-C,
CON: —5.4% (at 12 plasma TG, total
wk) and —4.6% cholesterol
(at 39 wk)
(P>0.05)

TRE: —1.7% (at 3
wk) and —0.8%
(at 12 mo)

CON: —1.1% (at 3
wk) and —0.7%

No difference: fasting
glucose, fasting in-
sulin (at 3 wk)

(at 12 mo)
(P > 0.05)
TRE: —9.0% No difference: fasting
CON: —7.2% glucose, HOMA-IR,
(P> 0.05) total cholesterol,

HDL-C, LDL-C,
plasma TG, blood
pressure

Adherence

All food photo-
graphed in app
Mean eating window:
TRE: 9.9 h
CON:15.1h

Food diaries
TRE: >6 days/wk

Food diaries
TRE: 98% of days
CON: 89% of days

All food photo-
graphed in app
Mean eating window:
TRE:125h
CON:149h

Intermittent food
photography and
questionnaires

Mean eating window:

TRE: 9.1h

CON:10.4 h

Not assessed

All food logged and
photographed in
app

Mean eating window:

TRE: 8.1h

CON:10.9 h

Age (yr) and body mass index (BMI; kg/m?) are means * SE for N subjects. Adherence is reported as mean eating window, or by % of adherent days if
mean eating window was not described. AUC, area under curve; CON, control; HbAlc, hemoglobin Alc; HDL-C, high-density lipoprotein cholesterol;
HOMA-IR, homeostasis model assessment of insulin resistance; IQR, interquartile range; LDL-C, low-density lipoprotein cholesterol; NAFLD, nonalcoholic
fatty liver disease; OGTT, oral glucose tolerance test; TG, triglyceride; TRE, time-restricted eating.
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TRE intervention (60). The difference between the dura-
tion of the baseline eating window and the prescribed
eating window is an additional factor that could influence
weight loss outcomes (284), but this hypothesis has not
been directly tested.

A series of other studies that evaluated the effect of
TRE on body weight in people who were overweight/
obese did not include a contemporary control group but
assessed the effect of the TRE intervention in compari-
son to baseline body weight (11, 61, 64, 66, 72, 75, 89,
90, 92, 94, 99), the control group from a previous weight
loss study (56), or a nonrandomized control group (74)
(TABLE 4). The eating window in the TRE groups ranged
from 8 h to 12 h, and the duration of the studies ranged
from 4 wk to 16 wk. Weight loss in the TRE group was
0.8-5.5% greater than the change in the comparator val-
ues and was significantly different from the comparator
in 8 of the 13 studies.

The effect of TRE on body weight in participants who
were normal weight was evaluated in 13 RCTs (55, 62,
63, 67-69, 71, 73, 78, 79, 84, 86, 250, 285, 286) (TABLE
5). The eating window in the TRE groups ranged from 4 h
to 11 h, and the duration of the studies generally ranged
from 4 wk to 8 wk, but one study continued for 12 mo
(79). One study prescribed a calorie-deficit diet (67),
whereas the other studies did not encourage weight loss
(55, 62, 63, 68, 69, 73, 78, 79, 84, 86) or even tried to
keep body weight constant (71, 250, 285, 286). Seven of
the thirteen trials did not detect a significant difference in
body weight between the TRE and control group, and
three trials found about a 2% significantly greater weight
loss in the TRE than the control group (68, 73, 286). Two
trials compared early TRE to late TRE and found that par-
ticipants randomized to early TRE (8 h and 11 h) had mini-
mally greater (~2%) weight loss than those randomized
to late TRE (84, 250). A longer (12 mo) trial that included
resistance training in both the 8-h TRE and control groups
found no significant differences in weight change
between groups at 8 wk but a significant difference in
body weight at 12 mo (3.5% weight loss in the TRE group
and 3.2% weight gain in the control group) (55, 79).
However, only 60% of the participants that were studied
at 8 wk completed the 12-mo study, suggesting a poten-
tial confounding effect of dropouts on the results.

A series of randomized controlled trials evaluated the
effect of TRE on body composition, assessed by dual-
energy X-ray absorptiometry, in people with overweight
or obesity (57, 58, 60, 83, 85, 95, 98). Although these
studies differed in the duration and timing of the eating
window, duration of the intervention, and whether con-
comitant exercise training was prescribed, there were
no unique effects of weight loss induced by TRE on
body fat mass or lean body mass beyond those
expected or observed by calorie restriction alone.

Physiol Rev-VOL 102 . OCTOBER 2022 . www.prv.org

The interpretation of the data from studies that eval-
uated the effect of TRE on body weight in people is com-
plicated because of the short duration of most studies,
heterogeneity in the length and time of day of the TRE
eating window, differences in compliance with the TRE
intervention, confounding effects of differences in body
weight and caloric intake targets, and variability in the
study population. Nonetheless, the overall data demon-
strate that TRE per se causes a small amount of weight
loss (1-3%) compared with a control group and is
unlikely to provide additional weight loss when com-
bined with a caloric restriction program. Moreover, the
amount of weight loss is associated with the duration of
the eating window, and 12-h TRE interventions did not
produce statistically significant weight loss.

6.2. Energy Intake

In mice, the effect of TRE on energy intake is unclear
because some studies have found energy intake to be
lower in the TRE group than in the ad libitum-fed control
group (275, 276, 280, 287, 288) and others have found
energy intake to be unaffected by TRE, despite less
weight gain in the TRE group (54, 233, 289). Several
studies evaluated the effect of TRE on plasma concen-
trations of leptin and ghrelin, which are hormones that
decrease or stimulate food intake, respectively. Mean
daily plasma concentrations of ghrelin were not different
in ad libitum-fed animals and mice with feeding re-
stricted to 4 h in the inactive phase (276). However,
plasma ghrelin was greater in 8-h or 12-h active-phase
TRE HFD-fed mice compared with mice fed with an ad
libitum HFD (277). Moreover, active-phase TRE HFD-fed
mice, which consume fewer calories than ad libitum
HFD-fed mice, showed an anticipatory rise in ghrelin just
before dark onset (290). In addition, active-phase TRE
prevents HFD-induced hyperleptinemia in most (54,
233, 276, 277) but not all (275) studies. Conversely, inac-
tive-phase TRE caused weight gain and hyperleptinemia
compared with active-phase TRE in HFD-fed mice (291).

There is also evidence that energy intake, assessed by
food records, and hunger/fullness, assessed by visual
analog scales, are affected by TRE in people. Two RCTs,
conducted in people with overweight/obesity without
concomitant exercise training, found 8 wk of a 4-h, 6-h,
or 10-h ad libitum TRE intervention caused about a 500
kcal/day decrease in energy intake compared with
about a 100 kcal/day reduction in the control group (85,
93). A smaller decrease in energy intake of ~200 kcal/
day was observed in people with normal weight after 5
wk of an 8-h TRE intervention (84). The effect of TRE on
hunger depends on the time of the eating window in
relationship to the assessment of hunger. An 8-h late
TRE intervention (from 1200 to 2000) resulted in higher
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early-day hunger but lower late-night (2100 and 2200)
hunger compared with a 15-h eating window control
intervention (65), and a 6-h early TRE intervention (from
0800 to 1400) resulted in decreased midday hunger
and increased fullness at midday (1400) but increased
hunger and decreased fullness at late night (2300) com-
pared with a 12-h control intervention (from 0800 to
2000) (292). In contrast, a study that involved an early
6-h TRE intervention (dinner before 3 PM) found no dif-
ference in hunger in the morning or evening between
the TRE and control groups but an increase in evening
fullness in the TRE group (87). The effect of TRE on circu-
lating hormones involved in regulating food intake is
inconsistent, and different studies have demonstrated
that compared with a control intervention early TRE was
associated with decreased fasting morning plasma lep-
tin, ghrelin, and GLP-1 and increased fasting evening
peptide tyrosine tyrosine (PYY) concentrations (292), no
differences in fasting morning plasma leptin or GLP-1
and no differences in PYY concentrations throughout
the day (65), and no differences in fasting morning
plasma leptin, GLP-1, and ghrelin concentrations (87).

6.3. Energy Expenditure

The effect of TRE on energy expenditure and locomotor
activity in mice is not clear because of conflicting results
from different studies finding both increased energy ex-
penditure or locomotor activity (233, 274, 277, 278) and
no difference in 24-h energy expenditure (277, 289,
293, 294) or total activity (272, 289, 295, 296) in animals
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FIGURE 7. Relationship between eating window duration and
change in body weight in randomized controlled clinical trials of
time-restricted eating (TRE) >4 wk in duration that did not attempt
weight maintenance and were conducted in participants with over-
weight/obesity but without diabetes (N=14 trials). The 4-h and 6-h
TRE arms of Ref. 85 are counted separately. Two trials observed a
point estimate for weight change of —1.8% with 8-h TRE (81, 83).
Weight loss is expressed as the point estimate of mean difference in
% weight change between the TRE group and the comparator
group.

on active-phase TRE compared with ad libitum feeding
or inactive-phase TRE. However, there is additional evi-
dence that supports the idea that TRE increases energy
expenditure and locomotor activity. Adipose tissue ther-
mogenic capacity (i.e., beiging) manifested by white adi-
pose tissue expression of the thermogenic proteins
[peroxisome proliferator-activated receptor gamma coa-
ctivator 1-a (PGCla) and uncoupling protein-1 (UCP1)] is
increased after active-phase TRE (281). In addition,
TRE is associated with peak activity levels just before
feeding, which remain elevated during the feeding
period (233, 291, 297, 298), and mice fed during the
inactive-phase increase daytime activity (272, 276,
295, 299).

There is no evidence that TRE affects energy expend-
iture in people. The results from five studies that eval-
uated the effect of 6-12 h of TRE found no difference
between the TRE and control groups on 1) 24-h
energy expenditure, assessed by whole room indi-
rect calorimetry (292); 2) daily total energy expendi-
ture assessed in free-living conditions by the doubly
labeled water technique (57); 3) measured physical activ-
ity (95); or 4) resting energy expenditure, assessed by
indirect calorimetry (59, 79, 95, 96).

7. EFFECT OF TIME-RESTRICTED EATING ON
SELECTED PHYSIOLOGICAL SYSTEMS

Most studies evaluating the effect of TRE on physiologi-
cal systems have been conducted in rodent models that
compared time-restricted high-fat feeding with ad libitum
high-fat feeding. Therefore, it is often not possible to sep-
arate the effects of TRE from the effects of negative
energy balance per se on study outcomes. Nonetheless,
the results from many studies show that TRE has benefi-
cial effects on multiple organ systems and cardiometa-
bolic variables in rodents (FIGURE 8).

7.1. Glycemic Control

In mice, TRE can prevent and reverse glucose intoler-
ance and hyperinsulinemia induced by HFD feeding (54,
233, 289). The effects of TRE on plasma glucose and in-
sulin concentrations in mice fed regular chow diets are
less pronounced than those in HFD-fed mice (54). In
general, the beneficial effects of TRE on glucose me-
tabolism in HFD-fed mice are associated with a
decrease in body weight gain. However, TRE pro-
tected mice from glucose intolerance induced by
high-fructose diet feeding, even though weight gain
was similar in mice limited to TRE and mice fed an ad
libitum high-fructose diet (54).
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Table 4. Nonrandomized or uncontrolled trials of TRE with duration >4 wk in participants with overweight/obesity

Study

Anton et al. (61)

Parr et al. (89)

Kim et al. (72)

Li et al. (66)

Zhao et al. (94)

Przulj et al. (75)

Gabel et al. (56)

Kesztyls et al. (64)

Wilkinson et al. (90)
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Participants

N=10

60% female

Age 77

BMI 34 =1

Insulin-dependent
diabetes excluded

N=19

53% female
Age 50 £ 2

BMI 34 =1

Type 2 diabetes

N=15

60% male

Age 37 %2

BMI 29 =1
Diabetes excluded

N=15

100% female

Age 18-31

BMI 30 £1

Polycystic ovarian
syndrome

N=15

100% male

Age 63 £1

BMI 311
Diabetes excluded

N=50

74% female
Age 50 =2
BMI 35 +1

N=23

87% female

Age 50 =2

BMI 35 +1
Diabetes excluded

N=40

78% female

Age 49 £ 2

BMI 311
Metabolic syndrome

N=19

68% male

Age 59+ 3

BMI 33 =1
Metabolic syndrome

Intervention

8-h TRE: self-
selected eating
window

9-h TRE: ad libitum
from 1000 to 1900

8-h late TRE: 2 meals
provided to be
eaten between
1200 and 2000.
Calories restricted
to 1,350 kcal/day

8-h early TRE: ad libi-
tum from 0800 to
1600

10-h TRE: ad libitum
during self-
selected eating
window ending
before 1930

8-h TRE: ad libitum
during a self-
selected eating
window

8-h TRE: ad libitum
from 1000 to 1800

8-to 9-h TRE: ad libi-
tum, self-selected
eating window

10-h TRE: self-
selected eating
window

Duration

4 wk

4 wk

4 wk

5wk

8 wk

12 wk

12 wk

12 wk

12 wk

Comparator

Baseline

Baseline

Baseline

Baseline

Baseline

Baseline

Historical con-
trols from
previous
weight loss
study

Baseline

Baseline

Weight Change

TRE: —2.2%
(P < 0.05)

TRE: —0.8%
(P> 0.05)

TRE (+CR): —4.6%
(P> 0.05)

TRE: —1.7%
(P value not
reported)

TRE: —2.4%
(P <0.05)

TRE: —3.6%
(P < 0.05)

TRE: —2.6%
CON: 0.0%
(P < 0.05)

TRE: —1.9%
(P value not
reported)

TRE: —3%
(P < 0.05)

Cardiometabolic
Outcomes

No change: fasting
glucose

No change: HbA'c,
fasting glucose,
fasting insulin,
total cholesterol,
HDL-C, LDL-C,
plasma TG, blood
pressure

Decreased: fasting
insulin

No change: fasting
glucose, total cho-
lesterol, LDL-C,
plasma TG

Decreased: fasting
insulin, OGTT insu-
lin AUC, HOMA-IR

No change: fasting
glucose, OGTT
glucose AUC

Decreased: fasting
glucose

No change: fasting
insulin, blood pres-
sure, total choles-
terol, HDL-C,
plasma TG

No change: total cho-
lesterol, LDL-C,
HDL-C, plasma TG,
blood pressure

No change: fasting
glucose, fasting in-
sulin, HOMA-IR,
total cholesterol,
HDL-C, LDL-C,
plasma TG

Decreased: HbA1lc
No change: total cho-
lesterol, HDL-C,

LDL-C, plasma TG

Decreased: total cho-
lesterol, LDL-C

No change: fasting
glucose, fasting in-
sulin, HOMA-IR,
HDL-C, plasma TG
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Adherence

Food diaries
TRE: 84% of days

All food logged and/
or photographed

in app
TRE: 72% of days

All food provided

Daily phone calls to
monitor adher-
ence

Excluded if nonad-
herent >2 times in
a week

Food diaries
Adherence not
reported

All food logged and/
or photographed
in app

Mean eating window:
10.6 h

Weekly phone calls
with self-estimated
adherence

TRE: 5-6 days/wk

Daily logging
TRE: 5.6 £ 0.3
days/wk

Food diaries
TRE: 86% of days

All food logged and/
or photographed
in app

Mean eating window:
10.8h

Continued

2009
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Table 4.—Continued

Cardiometabolic

Study Participants Intervention Duration
Schroder et al. (74) N=32 8-h late TRE: ad libi- 3mo
100% female tum from 1200 to
Age 38 =1 2000
BMI 33 =1
Kesztyus et al. (99) N=63 8- to 9-h TRE: ad libi- 3mo
86% female tum during a self-
Age 48 £1 selected eating
BMI 26 =1 window
Prasad et al. (92) N=14 10-h TRE: ad libitum 3mo
75% female during a self-
Age 51+ 3 selected eating
BMI30 =3 window
Baseline eating win-
dow >14 h
Gill and Panda (11) N=8 Self-selected eating 16 wk
63% male window of 10-12 h
Age 35*3
BMI 33+ 2

>14-h eating window

No metabolic syn-
drome or cardio-
vascular disease

Comparator Weight Change Outcomes Adherence
Controls TRE: —4.0% Decreased: systolic Daily text reminders
instructed CON: +1.5% blood pressure Adherence not
to continue (P < 0.05) No change: fasting assessed
baseline glucose, fasting in-
eating sulin, total choles-
habits terol, LDL-C, HDL-
C, plasma TG
Baseline TRE: —1.8% Increased: total cho- Food diaries
(P < 0.05) lesterol TRE: 72% of days
No change: HDL-C,
LDL-C, plasma TG
Baseline TRE: —1.6% Decreased: systolic All food logged and/
(P < 0.05) blood pressure or photographed
No change: diastolic in app
blood pressure Mean eating window:
12.0h
Baseline TRE: —3.4% Not reported All food logged and/
(P value not or photographed
reported) in app

Mean reduction in
eating window:
45h

Age (yr) and body mass index (BMI; kg/m2) are means *= SE (or mean only if SD or SE was not reported) for N subjects. Adherence is reported as mean
eating window or by % of adherent days if mean eating window was not described. AUC, area under curve; CON, control; CR, caloric restriction; HbA1c,
hemoglobin Alc; HDL-C, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance; LDL-C, low-density lipopro-
tein cholesterol; OGTT, oral glucose tolerance test; TG, triglyceride; TRE, time-restricted eating.

Many clinical trials have evaluated the effects of TRE
on glycemic control in people, assessed by fasting
plasma glucose and insulin concentrations, continuous
glucose monitoring (CGM), the homeostasis model
assessment of insulin resistance (HOMA-IR), oral glu-
cose tolerance, and hemoglobin Alc (HbA1c) (55, 57, 58,
60, 62-64, 66, 68, 71-73, 75, 79-81, 83-85, 87-89, 91,
93, 95, 96, 98, 99, 250, 285, 300, 301). The eating win-
dow in the TRE groups ranged from 4 h to 12 h, and the
duration of the studies generally ranged from 4 wk to 12
wk, but one study continued for 6 mo (98) and two for 12
mo (79, 83). Most of these studies were conducted in
participants who were overweight/obese and without
type 2 diabetes (56-58, 60, 61, 64, 66, 72, 74, 80, 81,
83, 85, 87, 90, 91, 96, 98), two in participants with type 2
diabetes (89, 93), and 11 in participants who were lean
(55, 62,63,68,71,73,79, 84, 250, 285, 301).

In the controlled studies conducted in people with
overweight/obesity without diabetes, no effect of TRE
on fasting glucose was observed. Effects of TRE on fast-
ing insulin varied by the duration of the eating window,
which ranged from 4 h to 12 h. Three RCTs, which
involved an 8-h self-selected eating window (60) or a
window from 1200 to 2000 (57, 58), found no difference
in fasting plasma insulin concentrations between the

2010

TRE and control groups, despite a significantly greater
weight loss in the TRE group in two (58, 60) of the trials.
In contrast, one RCT of 4-h and 6-h TRE found a signifi-
cant decrease in fasting plasma insulin concentration
and HOMA-IR in the TRE groups compared with the con-
trol group, in conjunction with a greater decrease in
body weight in the TRE groups (85). Another RCT, in
which body weight was not significantly different
between treatment groups, found that 6-h early TRE
caused a significant decrease in fasting plasma insulin
and in mean plasma insulin during an oral glucose toler-
ance test in the TRE group compared with the control
group, without a difference in fasting plasma glucose,
HOMA-IR, or plasma glucose during the oral glucose tol-
erance test between groups (87).

In the studies conducted in people with type 2 diabe-
tes, participants underwent 4 wk of 9-h TRE (89) or 12
wk of 10-h TRE (93). A statistically significant effect of
TRE on glycemic control was observed only in the 12-wk
trial (93). In that trial, TRE resulted in about a 26 mg/dL
decrease in fasting plasma glucose and a 1.5% decrease
in hemoglobin Alc, compared with decreases of ~14
mg/dL and 0.7% in fasting glucose and hemoglobin Alc,
respectively, in the control participants who were
instructed to maintain their eating habits (93).
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Most of the RCTs conducted in people with normal
weight found no difference in fasting plasma glucose or
insulin concentrations between the TRE group (4-8 wk
of an 8-h TRE regimen) and the comparator group (62,
63, 68, 71, 73). However, one study of 8-h late TRE with
standardized resistance training in young men found
decreases in fasting glucose and fasting insulin at 8 wk
and 12 mo of follow-up, in the setting of weight loss (55,
79). Additionally, two studies that compared early TRE to
late TRE regimens found that HOMA-IR values decreased
after early TRE but not late TRE (84, 250).

Several studies evaluated the effects of short-duration
(4—25 days) TRE on 24-h serial blood glucose or intersti-
tial CGM in participants with overweight/obesity (TABLE
6). The results from these studies showed that 1) early
9-h TRE (0800 to 1700) and late 9-h TRE (1200 to 2100)
decreased 24-h continuous interstitial glucose area
under the curve (AUC) compared with values obtained
at baseline (88); 2) 24-h serial plasma glucose and in-
sulin AUC were not different in a 8-h TRE (1000 to
1800) group and a 15-h eating window control group
(65); and 3) 24-h continuous interstitial glucose was
lower when participants were treated with early 6-h
TRE (from 0800 to 1400) compared with when they
were assigned to a 12-h (0800 to 2000) control eating
window (248, 292).

A nonrandomized controlled study evaluated the
effects of 2 wk of TRE on insulin sensitivity in normal-
weight healthy men (59). In this study, skeletal muscle in-
sulin action was assessed by evaluating forearm glu-
cose uptake and whole body insulin sensitivity was
assessed by the Matsuda insulin sensitivity index
(302) after participants consumed a liquid mixed meal
containing dextrose, casein protein, and cocoa pow-
der. The dextrose and protein contents of each meal
were based on the participants’ body weight, so the
amounts consumed differed among participants and
were slightly less after than before the intervention
because both groups lost ~1 kg of body weight. Both
forearm muscle glucose uptake and the Matsuda insu-
lin sensitivity index increased more in the TRE group
(both values increased) than in the control group (both
values decreased) (59).

In summary, the effect of TRE on glycemic control in
people is unclear because of inconsistent results among
RCTs, differences in weight loss among studies, and dif-
ferences in the duration of fasting before assessments
of glycemic control were made in the TRE and control
groups.

7.2. Hepatic Lipid and Cholesterol Metabolism

Studies conducted in mice show that an 8- to 12-h TRE
regimen attenuates or completely prevents the increase
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in hepatic steatosis induced by ad libitum HFD feeding
(233, 289, 303, 304). The therapeutic effect of TRE on
intrahepatic triglyceride content was associated with
less weight gain, increased hepatic expression of genes
involved in fatty acid oxidation, and decreased hepatic
expression of genes involved in lipogenesis in the TRE
HFD-fed group compared with an ad libitum HFD-fed
control group (233, 303, 304). We are not aware of any
studies that evaluated the effect of TRE on intrahepatic
triglyceride content in people.

Active-phase TRE prevents the marked increase in se-
rum cholesterol concentration that occurs when mice
are fed an ad libitum HFD (54, 233, 289). This effect is
likely mediated by an increased amplitude and/or shift in
the diurnal rhythm in ileal and hepatic expression of
genes involved in cholesterol and bile acid biosynthesis
with TRE compared with ad libitum HFD feeding (54,
233, 305). In addition, fecal excretion of bile acids is
increased in mice treated with an 8-h TRE of a HFD, sug-
gesting that bile acid synthesis from cholesterol is
increased, which is supported by decreased sterol and
bile acid derivatives in the serum and increased hepatic
Cyp7atland Cyp7b1expression (54, 233, 279).

Nearly all of the RCTs conducted in people with
overweight/obesity that evaluated the effect of TRE
on plasma lipids found that plasma total cholesterol,
LDL-cholesterol, HDL-cholesterol, and triglycerides in
the TRE group were not different from those in the
control group, even when there was a significantly
greater decrease in body weight and greater dura-
tion of fasting before blood samples were obtained in
the TRE group than in the control group (57, 58, 60,
80, 81, 83, 85, 95) (TABLE 3). A study conducted in
people with type 2 diabetes found a greater decr-
ease in body weight and a greater decrease in
plasma total cholesterol, LDL-cholesterol, and triglyc-
eride in the group randomized to a 10-h TRE than the
group randomized to maintain their usual ad libitum
diet, without a difference in plasma HDL-cholesterol
between groups (93).

7.3. Cardiovascular Function

In healthy people and rodents, blood pressure decr-
eases by 10-20% during the inactive phase (306). This
“dip” in blood pressure is often abolished in people with
type 2 diabetes and in those with hypertension (307),
and loss of the blood pressure dip increases the risk for
cardiovascular disease (307, 308). An 8- to 12-h TRE
regimen prevented the development of nondipping
blood pressure in a db/db mouse model of cardiovas-
cular disease and rapidly restored the inactive-phase
dip in ad libitum-fed mice switched to TRE (306). Fur-
thermore, an active-phase TRE intervention decreased

20M
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systolic blood pressure and mean arterial pressure in
HFD-fed rats (309). The data from most (57, 58, 60,
81, 83, 85, 98) but not all (80, 87) RCTs conducted in
people with overweight/obesity have shown that TRE
does not affect systolic or diastolic blood pressure
(TABLE 3).

Few studies have evaluated the effects of TRE on car-
diac function. In one study conducted in rats, TRE during
the active phase protected against cardiac dysfunction,
assessed as global longitudinal cardiac strain and left
ventricular desynchrony, induced by hindlimb unloading,
a model of microgravity and spaceflight (310). In contrast,
TRE in aged mice did not demonstrate important cardiac
benefits, assessed by echocardiography (311), suggest-
ing that age influences the effects of TRE on cardiac
function. The timing of a TRE intervention can also have
electrophysiological effects. In mice, inactive-phase
TRE, but not active-phase TRE, increased the length of
the R-R and QT intervals (312).

7.4. Sleep

Insufficient sleep causes insulin resistance and other
alterations in metabolic function in people (313-315) and
is associated with an increased risk for diabetes and
obesity comparable to traditional risk factors such as
family history of diabetes, obesity, and physical inactivity
(253). Many factors, including altered neurohormonal
signals, tissue-specific insulin resistance, decreased ac-
tivity due to fatigue, and increased energy intake have
been proposed as mechanisms linking insufficient sleep
to metabolic dysfunction (316). Although late-night eat-
ing is often associated with insufficient sleep, the results
from clinical studies demonstrate that insufficient sleep
alone, independent of food intake, is sufficient to impair
insulin sensitivity as well as alter hunger and appetite
hormones (317-320).

Studies conducted in rodents have demonstrated that
TRE can attenuate the negative consequences of sleep
disruption. For example, active-phase TRE was sufficient
to normalize altered hepatic expression of clock genes
associated with sleep disruption (321). In both db/db and
C57BL/6 mice, active-phase TRE strengthened, whereas
inactive-phase TRE dampened, the diurnal rhythm of
sleep (321, 322). Specifically, active-phase TRE increased
sleep in the inactive phase and reduced sleep in the
active phase without changing the total amount of sleep
(322), whereas inactive-phase TRE had the opposite
effect: sleep was inappropriately redistributed such that
sleep increased during the active phase and decreased
during the inactive phase (323). The phenomenon of
enhanced diurnal rhythms of sleep has also been
observed with active-phase TRE in a mouse model of
Huntington disease (324). Similarly, a Drosophila TRE

2012

protocol was associated with improved diurnal rhythms
of sleep as well as increased total sleep duration com-
pared with ad libitum feeding (325). However, the few
studies that evaluated the effect of TRE on sleep in peo-
ple have not shown any beneficial effects. An 8-wk RCT
conducted in people with overweight/obesity found that
neither a 4-h nor a 6-h late TRE regimen affected sleep
quality, sleep duration, sleep onset latency, or insomnia
severity (326). A 5-wk RCT conducted in people with nor-
mal weight also found no effects of 8-h early or late TRE
on sleep quality (84). Taken together, TRE improves mul-
tiple aspects of sleep in preclinical models. Although TRE
has not demonstrated beneficial effects on sleep in peo-
ple, additional studies are needed to fully evaluate this
issue.

7.5. Oxidative Stress and Inflammatory Markers

In preclinical studies, TRE decreases 1) skeletal muscle
oxidative stress in HFD-fed flies (327), 2) inflammation
and oxidative stress in multiple tissues including gut,
brain, and liver in mice (328, 329), and 3) plasma con-
centrations of multiple proinflammatory lipids in HFD-fed
mice (54). Few clinical studies have evaluated the effect
of TRE on markers of oxidative stress or inflammation.
Plasma 8-isoprostane concentration, a marker of oxida-
tive stress, decreased in people with overweight/obesity
after treatment with 4-h or 6-h TRE compared with con-
trol ad libitum diet (85, 87). An uncontrolled 6-wk study
found that a 10-h TRE regimen decreased plasma
advanced glycated end products and advanced oxida-
tion protein products (301). In a 1-yr study conducted in
healthy men undergoing resistance training, an 8-h TRE
intervention decreased serum IL-6, IL-1B, and TNF-a
concentrations (79). However, men in this study also
lost ~3.5% body weight, so it is unclear whether
reduced inflammation was associated with weight loss
or TRE per se. No change in plasma C-reactive protein
(CRP) concentration was observed in two studies of 6-
h or 8-h TRE (58, 87). Four studies that involved vary-
ing lengths and eating durations found that TRE did
not affect plasma IL-1B, IL-6, and TNF-o concentrations
(70, 85, 87, 301), whereas one study found that 5 wk
of an 8-h early TRE regimen decreased plasma IL-8
and TNF-a in normal-weight people (84). The differen-
ces in experimental designs and outcomes among
studies make it difficult to make any robust conclu-
sions regarding the effect of TRE on markers of inflam-
mation in people.

7.6. Gut Microbiome

Diurnal rhythms in the abundance of specific taxa have
been observed in the both the salivary and gut
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Table 5. Randomized controlled trials of TRE with duration >4 wk in participants with normal weight

Study

McAllister et al.
(63)

Stratton et al. (67)

Moro et al. (73)

Correia et al. (69)

Tovar et al. (78)

Xie et al. (84)

Martens et al. (71)

Allison et al. (250)

Carlson et al.
(285) and Stote
et al. (286)

Participants

N=22

100% male
Age 22 +1
BMI 29 £ 2

N=26
100% male
Age 23 +1
BMI 26

N=16

100% male
Age 19 +1
BMI 22 £1
Elite cyclists

N=12

100% male
Age 22 +1
BMI 24 =1

N=15

100% male
Age 29 £1
BMI 23 +1

N=82

78% female
Age 31£1

BMI 22 +1

N=22

55% female
Age 67 =1
BMI 25 £1

N=12

58% male
Age 26 £1
BMI 22 +1

N=15

67% female
Age 45+ 0.7
BMI 23.4 + 0.5

Intervention

8-h TRE: ad libitum,
self-selected eat-
ing window

8-h TRE: 25% caloric
deficit prescribed

8-h TRE: 3 meals
between 1000 and
1800

8-h late TRE: 2-3
meals from 1300 to
2100

8-h TRE: ad libitum
during self-
selected eating
window

1) 8-h early TRE: ad
libitum between
0600 and 1500

2) 8-h late TRE: ad
libitum between
1100 and 2000

8-h TRE: self-selected
eating window
starting between
1000 and 1100,
instructed to main-
tain baseline
energy intake

11-h early TRE: 3
meals and 2
snacks from 0800
to 1900

1 meal/day, con-
sumed between
1700 and 2100

Weight maintenance
attempted

Duration

4 wk

4 wk

4 wk

4 wk

4 wk

5 wk

6 wk

8 wk

8 wk

Comparator

8-h TRE: calorie
tracking to main-
tain within 300
kcal/day of
baseline

25% caloric-deficit
diet prescribed
without time
restriction

3 meals between
0700 and 2100

No meal time restric-
tion
Crossover design

12-h TRE: ad libitum
during self-
selected eating
window

Crossover design

Baseline eating
pattern

Baseline eating pat-
tern
Crossover design

11-h late TRE: 3 meals
and 2 snacks from
1200 to 2300

Crossover design

3 meals/day
Crossover design

Weight Change

(P value vs. Control)

TRE ad libitum:
—0.4%

(P> 0.05)
TRE isocaloric:
—0.7%

(P> 0.05)

TRE: —1.5%
CON: —-1.7%
(P> 0.05)

TRE: —1.9%
CON: +0.3%
(P < 0.05)

TRE: —0.3%
CON: —0.1%
(P> 0.05)

TRE: —1.1%
CON: +0.4%
(P> 0.05)

Early TRE: —2.6%

Late TRE: —0.3%

CON: +0.5%

(P < 0.05 for early
TRE vs. CON only)

TRE: —1.1%
CON: —1.3%
(P> 0.05)

Early TRE: —1.7%
Late TRE: +0.3%
(P> 0.05)

TRE: —0.9%
CON: +1.2%
(P < 0.05)
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Cardiometabolic
Outcomes

Increased: HDL-C,
adiponectin

Decreased: blood
pressure

No change: fasting
glucose, fasting in-
sulin, total choles-
terol, LDL-C,
plasma TG

Not reported

No change: fasting
glucose, fasting in-
sulin, total choles-
terol, plasma TG

Not reported

Not reported

Decreased: fasting
glucose, HOMA-IR
(both early TRE vs.
CON only)

No change: blood
pressure, total cho-
lesterol, LDL-C,
HDL-C, plasma TG

Increased: total cho-
lesterol, LDL-C

Decreased: OGTT
glucose AUC

No change: fasting
glucose, blood
pressure, OGTT in-
sulin AUC

Decreased: HDL-C,
HOMA-IR

No change: fasting
glucose, fasting in-
sulin, total choles-
terol, LDL-C,
plasma TG

Increased: fasting
glucose, OGTT glu-
cose AUC, total
cholesterol, HDL-C,
LDL-C

Continued

2013
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Table 5.—Continued

Comparator

Ad libitum intake; re-
sistance training 3
days/wk.

Breakfast at time of
waking; ad libitum
diet throughout
day

Standardized resist-
ance training

Controls instructed to
maintain eating
and exercise
habits

3 meals/day at 0800,
1300, and 2000
Standardized resist-

ance training

Weight Change
(P value vs. Control)

TRE: —1.1%
CON: +3.8%
(P> 0.05)

TRE: +2.4%
CON: +0.0%
(P> 0.05)

TRE: —1%
CON: +1%
(P < 0.05)

TRE: —1.2% (at 8 wk);
—3.5% (at 12 mo)

CON: +0.2% (at 8
wk); +3.2% (at

Cardiometabolic
Outcomes

No change: fasting
insulin, HOMA-IR,
plasma TG

Not reported

No change: fasting
glucose, fasting in-
sulin, total choles-
terol, HDL-C, LDL-
C, plasma TG

No change: fasting
glucose, insulin,
plasma TG

Increased: HDL-C,
adiponectin

Decreased: fasting
glucose, fasting in-

Study Participants Intervention Duration
Diabetes
excluded
Tinsley et al. (86) N=18 4-h TRE: 4 days/wk 8 wk
100% male on nonexercise
Age 22 £1 days; ad libitum
BMI 25 intake on exercise
Resistance- days
trained men Structured resistance
training 3 days/wk
Tinsley et al. (62) N=40 8-h late TRE: ad libi- 8 wk
100% female tum from 1200 to
Age 22 *2 2000
BMI 22 Standardized resist-
Resistance- ance training
trained women
Brady et al. (68) N=23 8-h late TRE: ad libi- 8 wk
100% male tum from 1200 to
Age 38*2 2000
BMI 23
Distance runners
Moro et al. (55, N=34 (8 wk) 8-h late TRE with 3 Studied at 8
79) N=20 (12 mo) meals/day at 1300, wk and 12
100% male 1600, and 2000 mo
Age 29+ 4 Standardized resist-
Resistance- ance training

trained men

12 mo)
(P < 0.05 at12 mo)

sulin, plasma TG,
LDL-C, testoster-
one, IGF-1, leptin
No change: total
cholesterol

Age (yr) and body mass index (BMI; kg/m?) are means = SE (or mean only if SD or SE was not reported) for N subjects. AUC, area under curve; CON, con-
trol; HDL-C, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance; IGF-1, insulin-like growth factor 1; LDL-C,
low-density lipoprotein cholesterol; OGTT, oral glucose tolerance test; TG, triglyceride; TRE, time-restricted eating.

microbiome of animals and people, which can be influ-
enced by host sex, gene expression, and feeding pat-
tern (330-333). Fecal samples collected at different
times of the day indicate that the human microbiome is
highly dynamic, with cyclical oscillation of many preva-
lent organisms (334, 335). In addition, bacterially pro-
duced metabolites that circulate in the bloodstream,
such as secondary bile acids and phenolic compounds,
also show diurnal oscillations.

Studies conducted in mice show that disruption of the
normal oscillations in the gut microbiome can have
adverse effects on intestinal and hepatic circadian
rhythms. Germ-free mice have dampened expression of
circadian clock genes in the liver (336) and perturbation
of the hepatic transcriptome (337). Antibiotic-induced
microbiome depletion causes circadian dysregulation of
the intestine with reductions in the amplitude of circa-
dian clock genes, as well as associated metabolic distur-
bances (338, 339). The oscillatory signals from the gut

2014

microbiome to enterocytes and hepatocytes include
short-chain fatty acids and modified bile acids, which
can directly affect the expression of circadian clock
genes (330, 331). Changes in dietary intake can also dis-
rupt diurnal rhythms of the gut microbiome. Obesogenic
diets such as HFD (279) and milk-fat diet (336) obliterate
cyclical oscillations of the fecal, cecal, and ileal micro-
biome. In a mouse model of colonic polyposis, inactive-
phase TRE shifted the colonic clock, caused dysbiosis,
and exacerbated alcohol-associated colonic carcino-
genesis (340).

In mice, TRE maintains the cycling of the gut micro-
biome by increasing the number of microbial taxa with
diurnal oscillations and the amplitude of their oscillations
(279, 336). The specific taxa that are affected by TRE
include the Lactobacillus genus and Ruminococcaceae
family/Oscillibacter genus (279), which are associated
with protection against dysmetabolic conditions (341,
342). Restoration of diurnal patterns of Lactobacillus by
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TRE could affect bile acid metabolism because these
bacteria encode bile salt hydrolase (BSH), an enzyme
that deconjugates bile acids (343). Chow-fed mice show
oscillations in ileal conjugated and deconjugated bile
acid concentrations from the active phase to the inactive
phase, which are disrupted by ad libitum HFD but main-
tained during HFD with active-phase TRE (305). These
findings suggest that the timing of food intake regulates
ileal BSH activity, providing a potential link between cir-
cadian oscillations in the microbiome and host physiol-
ogy by affecting the interaction between bile acids and
the bile acid receptors farnesoid X receptor (FXR) and
Takeda G protein-coupled receptor 5 (TGRY). In support
of this hypothesis, overexpression of BSH in the gut
microbiome improved glucose tolerance without affect-
ing body weight in both wild-type and ob/ob mice (344),
and studies conducted in people have found that
increased BSH in the gut microbiome is associated with
the therapeutic response to metformin in type 2 diabe-
tes (345).

Daily oscillations in gut microbial profiles are function-
ally linked to metabolic health in people. A study that
evaluated diurnal oscillations of microbial taxa in several
large populations found that there was a loss of diurnal
oscillation in the relative abundance of 13 specific taxa in
people with type 2 diabetes and that this arrhythmia in
the gut microbiome was a significant predictor of the de-
velopment of type 2 diabetes 5 yr later (346). We are
aware of only two clinical trials that examined the effect
of TRE on the gut microbiome in people; both found
increased microbial richness (a-diversity) in fecal sam-
ples obtained from participants after 4-5 wk of an 8-h
TRE regimen compared with control subjects instructed
to maintain their usual diet (70, 84). Cross-sectional stud-
ies in people have found that decreased a-diversity is
associated with obesity, insulin resistance, and dyslipi-
demia (347). However, interventional studies conducted
in mouse models have found that marked suppression
of a-diversity in antibiotic-induced microbiome-depleted
mice (339, 348-350) and germ-free mice (351) improved
fasting glucose, glucose tolerance, and insulin sensitiv-
ity. Moreover, TRE does not affect the a-diversity of the
gut microbiome of HFD-fed mice, despite markedly
improving metabolic health (279).

7.7. Nutrient Sensing Pathways

Nutrient and energetic sensing pathways such as the
mTORC1 and AMPK signaling pathways oscillate in syn-
chrony with feeding-fasting cycles. mTORC1, which
senses amino acids and growth factors (352), is acti-
vated by feeding and inactivated by fasting (228).
Conversely, AMPK, which senses cellular energetic sta-
tus, is activated by fasting and inactivated by feeding
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(188). During TRE in rodents, pronounced oscillations
occur in these nutrient sensing pathways, even when
key components of the molecular clock are deleted
(228). High-amplitude diurnal rhythms in phosphorylated
ERK, phosphorylated CREB, and ribosomal protein S6,
all downstream readouts of multiple nutrient sensing
pathways, are present in livers of HFD-fed mice on TRE
but not on ad libitum feeding (228, 233). Similarly, the
amplitude of oscillations in hepatic glucokinase and ste-
rol regulatory element-binding protein (SREBP)-1c was
enhanced by TRE in HFD-fed mice and was better
synchronized to the active phase (228). By contrast,
rhythmic expression of the gluconeogenic CREB targets
pyruvate carboxylase (Pcx) and glucose-6-phosphatase
(G6pc) was blunted by TRE in HFD-fed mice (233), attrib-
uted to synergistic effects of oscillations in Cry expres-
sion and CREB phosphorylation (171, 213).

In rodents, HFD feeding disrupts or induces phase
shifts in hundreds of hepatic transcripts (353) but also
induces new oscillations, particularly in peroxisome prolif-
erator-activated receptor-y (PPARY) target genes (228,
354). TRE prevents HFD-induced oscillations in hepatic
PPARY expression (54) and thereby reduces expression
of multiple downstream lipogenic genes (228). The rela-
tive contribution of this mechanism among other mecha-
nisms such as decreased energy intake to the protection
from HFD-induced hepatic steatosis observed in TRE
mice is uncertain.

In skeletal muscle, TRE also affects metabolic rhythms.
Oscillations in maximal mitochondrial respiratory capacity
were abolished in rats subjected to inactive-phase TRE
compared with active-phase TRE or ad libitum feeding of
a regular chow diet (355). This was associated with loss of
rhythmic expression of PPARYy coactivator-1o (Ppargcia), a
master regulator of mitochondrial biogenesis (355).

To our knowledge, only one study investigated effects
of TRE on nutrient sensing pathways in people. In a
4-day randomized crossover study, afternoon whole
blood expression of MTOR and AKT2 and morning
expression of SIRTT were subtly increased by 6-h early
TRE compared to a control group with a 12-h eating win-
dow (248). The physiological significance of these find-
ings is uncertain, but the results suggest that TRE may
increase the oscillatory amplitude of pathways involved
in sensing both fasting (e.g., AMPK, SIRT1) and feeding
(e.g., mTOR, AKT).

7.8. Autophagy

The dysregulation of autophagy is involved in a variety
of diseases and their underlying pathologies. Further-
more, the causal role of autophagy in the metabolic and
life span extension benefits of calorie restriction is well
established (356). However, the role of autophagy in
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FIGURE 8. Therapeutic effects of time-restricted eating in rodents made obese by high-fat diet feeding. Figure was created with BioRender.com, with

permission.

TRE has not been systematically investigated. In mice
undergoing TRE, analysis of the hepatic transcriptome
suggests selective activation of autophagy in the liver
during the prolonged fasting state, consistent with the
diurnal activation of the mTORC1 pathway and the pres-
ence of amino acids known to play a role in autophagy
signaling (phenylalanine, tryptophan, and leucine) (228).
Indeed, findings from work in Drosophila suggest that
circadian autophagy might contribute to beneficial
effects of TRE on life span in the fly (357). Furthermore,
intermittent TRE in Drosophila (20-h fast every other
day, from days of life 10 to 40) prolonged life span by
10-20%, which was independent of caloric reduction
and insulin signaling, though dependent on a functional
circadian clock (357). Autophagy was induced specifi-
cally during the active-phase fast, and this time-of-day-
specific autophagy was necessary and sufficient to
induce increases in life span (357). Time-restricted eat-
ing in Drosophila delays the age-related decline in car-
diac function (325) and decreases obesity-associated
impairments in skeletal muscle structure and function
(327), potentially by interacting with the circadian clock,
the mitochondrial electron transport chain (ETC), and/or
the T-complex protein 1 (TCP-1) ring complex (TRiC)/TCP-

2016

1 chaperones (325). An understanding of the effects of
TRE on autophagy and translation into experimental sys-
tems and eventually people is limited by the lack of
autophagy biomarkers. No single assay can yet deter-
mine whether autophagy is activated or inactivated, and
most methods require an ex vivo tissue sample (358).
Forthcoming innovation in methods to measure autoph-
agy, such as autophagic flux in human blood samples
(359), is necessary to determine whether the beneficial
effects of TRE in people are mediated by autophagy and
related systems.

8. EFFECTS OF OTHER TIME-RELATED
DIETARY INTERVENTIONS IN PEOPLE

8.1. Skipping Breakfast

The effects of skipping breakfast on body weight, total
daily energy intake, and metabolic outcomes have been
studied both in single-day laboratory-controlled feeding
studies and in longer outpatient interventional studies. In
general, short-term laboratory-controlled feeding studies
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Table 6. Short duration (<4 wk) studies that evaluated metabolic effects of time-restricted eating

Comparator

12-h eating window,
meals provided at
0800, 1400, and
2000

Crossover design

15-h eating window,
meals provided at
0700, 1400, and
2100

Crossover design

Baseline diet
Crossover design

Weight Change
(P value vs. Control)

Not reported

Not reported

TRE(early): —1.1%
TRE(late): —0.8%

Cardiometabolic
Outcomes

Increased: fasting total
cholesterol, HDL-C, LDL-
C, and B-hydroxybuty-
rate

Decreased: 24-h interstitial
glucose, fasting glucose
and insulin

No change: 24-h energy
expenditure

Increased: 24-h plasma
NEFA

Decreased: nocturnal
plasma glucose AUC,
24-h plasma C-peptide
AUC

No change: 24-h AUC for
plasma glucose, insulin,
TG, GLP-1, leptin, PYY,
cortisol

Decreased: fasting CGM
glucose (in early TRE

Study Participants Intervention Duration
Jamshed et al. (248) N=1 6-h early TRE: meals 4 days
and Ravussin et 64% male provided at 0800,
al. (292) Age32*2 1100, and 1400
BMI 30 =1
Diabetes
excluded
Parr et al. (65) N=1 8-h TRE: meals pro- 5 days
100% male vided at 1000,
Age 38+ 2 1300, and 1700
BMI 32 +1
Diabetes
excluded
Hutchison et al. (88) N=15 1) 9-h early TRE: ad 1wk
100% male libitum from 0800
Age 553 to 1700
BMI 34 =1 2) 9-h late TRE: ad
Diabetes libitum from 1200
excluded to 2100
Jones et al. (59) N=16 8-h early TRE: ad libi- 2 wk
100% male tum from 0800 to
Age 23 *+1 1600
BMI 24 +1
Zeb et al. (70) N=56 8-h late TRE: ad libi- 25 days
100% male tum from 1930 to
BMI 25 =1 0330

Controls instructed to

CON: 0.8% only), mixed-meal toler-
(P> 0.05) ance test glucose AUC
(in both TRE groups),
plasma TG (in both TRE
groups)
No change: fasting CGM
glucose (in late TRE only)
Controls prescribed TRE: —1.4% Increased: mixed-meal
energy restriction CON: —1.6% skeletal muscle glucose
to match TRE (P> 0.05) uptake, Matsuda index

group; all food
provided

of insulin sensitivity

No change: 24-h mean
CGM glucose, fasting
glucose, fasting insulin,
plasma TG, plasma
NEFA

Decreased: total choles-
continue regular terol, plasma TG
diet No change: LDL-C, HDL-C

Not reported

Age (yr) and BMI (kg/m?) are means =+ SE for N subjects. AUC, area under curve; CGM, continuous glucose monitor; CON, control; GLP-1, glucagon-like
peptide 1; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; NEFA, nonesterified fatty acids; PYY, peptide tyrosine

tyrosine; TRE, time-restricted eating.

in normal-weight participants have found that skipping
breakfast increases energy intake in subsequent meals,
but the increase is not enough to fully compensate for
the skipped breakfast meal, resulting in decreased total
daily energy intake (360—-365). The results from a series
of studies conducted in healthy normal-weight adults
found that skipping breakfast was associated with a 130-
to 200-kcal increase in energy intake at lunch but a 200-
to 400-kcal decrease in total daily energy intake (361,
362, 364, 365). In children aged 8-10 yr, breakfast skip-
ping did not affect ad libitum energy intake at lunch but
resulted in decreased total daily energy intake (363). In a
meta-analysis of seven RCTs of breakfast skipping, a
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statistically significant but clinically modest 0.5-kg
decrease in body weight was observed with long-term
breakfast skipping interventions (366).

Other studies, limited by small sample sizes and rela-
tively short durations, found mixed and small effects on
cardiometabolic variables, including small increases in
cholesterol associated with breakfast skipping (367),
mild glucose intolerance (368), no changes in plasma
glucose, insulin, or triglyceride concentrations (367), and
no changes in insulin secretion assessed by meas-
uring urinary C-peptide (368). Furthermore, breakfast
skipping was associated with no (369-372) or very
small (368) reductions in 24-h energy expenditure,
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possibly because of the elimination of diet-induced
thermogenesis in response to breakfast (373).

In general, studies that compared the effect of an ex-
perimental breakfast skipping intervention with a control
group show that skipping breakfast induces a small
amount of weight loss and has small adverse or no
effects on cardiometabolic outcomes (366). These
results contradict the data from epidemiological and
observational studies that report that breakfast skipping
is associated with weight gain (42) and eating breakfast
is associated with long-term weight loss maintenance in
people with obesity (374).

8.2. Skipping Dinner

We are aware of two studies that evaluated the effect
of skipping dinner on metabolic outcomes. The results
from these studies are inconsistent, possibly because
of differences in study populations. A study conducted
in adults with type 2 diabetes found that skipping din-
ner caused greater weight loss and improvements in
fasting plasma glucose, insulin sensitivity, and liver
fat content than eating six meals/day (375), whereas
a study conducted in healthy normal-weight adults
found no changes in plasma glucose or insulin con-
centrations when dinner was skipped than when
three meals were consumed daily (368). There are

4-6 hour TRE
7 |
!

y ‘

-
Body weight Decreased (3%)
Fasting glucose No change
Fasting insulin Decreased
HOMA-IR Variable
Glucose tolerance No change
Plasma lipids No change
Blood pressure Decreased
Energy intake Decreased
Energy expenditure No change

additional considerations regarding a dinner skip-
ping program that can affect compliance, because of
the social and family implications of skipping the tra-
ditional group meal of the day and the need to over-
come the circadian peak in hunger and appetite that
occurs during the biological evening (376).

8.3. Altered Distribution of Energy Intake

Several controlled interventional trials evaluated whether
consuming the majority of daily calories in the morning or
in the evening has different metabolic effects. The results
from most of these trials support the notion that it is better
to consume most daily calories in the morning than in the
evening (377). In women with overweight/obesity, a low-
calorie diet that provided most of the daily calories at
breakfast and/or lunch was associated with greater weight
loss and decrease in HOMA-IR than the same low-calorie
diet that provided most of the daily calories at dinner
(378-381). Benefits of consuming a large breakfast have
also been observed in people with more profound abnor-
malities in glucose metabolism and insulin resistance. In
adults with type 2 diabetes, providing a large breakfast as
part of a low-calorie diet intervention was associated with
greater reductions in hemoglobin Alc, blood pressure, and
antidiabetic medication use than providing a small break-
fast and an isocaloric diet, despite the same decrease in

8 hour TRE 12 hour TRE
VL
- I=H '
| |
X
-’ ./
Variable No change
No change No change
No change No change
No change Not reported
No change Not reported
No change No change
No change No change
Variable Not reported
No change No change

FIGURE 9. Cardiometabolic effects of different regimens of time-restricted eating (TRE) reported in randomized controlled trials in people with over-
weight/obesity without diabetes. HOMA-IR, homeostasis model assessment of insulin resistance. Figure was created with BioRender.com, with

permission.
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body weight in both treatment groups (382). A study that
provided an isocaloric weight-maintenance diet with either
a large breakfast or a large dinner to women with polycys-
tic ovarian syndrome found decreases in plasma glucose
and insulin during an oral glucose tolerance test after the
large-breakfast intervention but not after the large-dinner
intervention, without a change in body weight in either
group (383). In contrast, a study of men with obesity and in-
sulin resistance who were prescribed a hypocaloric diet
with 50% of energy intake consumed at either breakfast or
dinner found the decrease in body weight and increase in
insulin sensitivity, assessed by the hyperinsulinemic-eugly-
cemic clamp procedure, were not different between the
two groups (384).

8.4. One Meal per Day

Consuming only one meal per day is the most restrictive
form of TRE. A clinical trial conducted in normal-weight
adults randomized participants in a crossover fashion to
consuming a single meal under supervision (eaten at
one time between 1700 and 2100) or three meals per
day for 8 wk, with an 11-wk washout period between the
two diet interventions (285, 286). Body weight was
measured daily, and energy intake was adjusted as
needed to maintain a constant body weight (within 2 kg
of baseline) throughout the entire 6-mo study. The one
meal/day intervention resulted in increased hunger and
desire to eat, decreased fullness, increased fasting
plasma glucose and plasma glucose concentrations dur-
ing an oral glucose tolerance test, and no effect on
plasma insulin concentrations. In contrast, a short-term
(1 day) randomized crossover trial of one meal/day
(eaten between 1700 and 1900) in normal-weight adults
found no difference in fasting plasma glucose or insulin
concentrations and no difference in the Matsuda index
of insulin sensitivity during a mixed-meal tolerance test
compared with a three meals/day control intervention,
even though the one meal/day intervention resulted in
significantly greater weight loss and fat loss (385).

9. CONCLUSIONS AND FUTURE RESEARCH
DIRECTIONS

In rodents, active-phase TRE can prevent and treat the
adverse cardiometabolic effects of ad libitum HFD feeding,
including weight gain and obesity, glucose intolerance, he-
patic steatosis, hypercholesterolemia, disruption of the
normal oscillations of the gut microbiome, altered sleep
rhythms, and ablation of the inactive-phase dip in blood
pressure. In contrast, it is difficult to make firm conclusions
regarding the effect of TRE in people because of the heter-
ogeneity in results, TRE regimens, and study populations.
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Nonetheless, the data from RCTs suggest that the benefi-
cial cardiometabolic effects of TRE in people with over-
weight/obesity are modest (FIGURE 9) and likely
influenced by the confounding effects of greater weight
loss and a longer duration of fasting before postinterven-
tion assessments in the TRE than the comparator groups.

The reasons for the discordant cardiometabolic effects
of TRE observed in rodents and people are not known but
could be related to several factors. First, TRE represents a
much greater change in eating behavior in mice than in
people. With an ad libitum diet, laboratory mice eat 20—-40
times per 24-h day (386), and about one-third of mouse
energy intake occurs during the “inactive phase” (386).
Second, compliance with the TRE regimen is guaranteed
in studies conducted in mice but not in people. Third, the
outcome measures (e.g., fasting plasma glucose or insulin)
and small sample size in many of the studies conducted in
people might not have been sensitive enough to identify
small but important metabolic effects. Fourth, most stud-
ies conducted in rodents evaluated the effect of TRE
within the setting of HFD or high-fat/high-sucrose
feeding, whereas the clinical trials of TRE conducted
in people did not involve a diet designed to cause
weight gain and a deterioration in metabolic function.

The mechanisms responsible for the benefits of TRE in
rodents are not completely understood. More research is
needed to elucidate the most promising potential mecha-
nisms for the therapeutic effects of TRE, including the im-
portance of 1) oxidative stress, eicosanoid signaling, and
inflammatory mediators; 2) modified bile acids and other
oscillatory features of the gut microbiome; 3) nutrient
sensing pathways, such as AMPK, mTOR, and SIRT1; and
4) autophagy. In addition, the importance of weight loss
or prevention of excessive weight gain in inducing the
observed benefits of TRE is not clear. Therefore, studies
are needed to dissect the influence of differences in
body weight on the therapeutic effects of TRE and to bet-
ter understand the mechanisms responsible for the effect
of TRE on food intake. A better understanding of the
effect of inactive-phase TRE on metabolic outcomes is
also needed, because these studies will help elucidate
the metabolic effects of circadian misalignment.

Although a large number of clinical studies have eval-
uated the cardiometabolic effects of TRE, there are still
considerable gaps in our understanding of the potential
therapeutic effects of TRE in people that represent impor-
tant potential directions for future clinical research.
Studies are needed to determine whether specific char-
acteristics of a TRE regimen are able to achieve meaning-
ful physiological and clinical beneficial effects. These
studies should 1) provide robust measures of cardiometa-
bolic outcomes, such as 24-h blood pressure monitoring,
24-h serial blood sampling to assess important plasma
metabolites and hormones, the metabolic response to
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glucose or mixed-meal ingestion, and rigorous measures
of insulin sensitivity; 2) address the potential confounding
effects of differences in body weight change and duration
of fasting before follow-up testing; 3) determine whether
a short (4—6 h) eating window is more therapeutic than a
long (8—12 h) eating window; 4) determine whether early
(ending before 1600) or late (ending after 1800) TRE has
greater cardiometabolic effects; 5) determine whether
the metabolic effect of TRE is influenced by dietary mac-
ronutrient composition; 6) evaluate the long-term (>12
mo) effects of TRE; and 7) determine compliance and
acceptability of different TRE regimens.

The use of TRE in patients with type 2 diabetes is of con-
cern because it could complicate glycemic management,
particularly with short eating windows. Eating windows
shorter than 8 h are incompatible with the use of premixed
insulin regimens, in which insulin must be taken with food
and should be spaced at least 8 h apart to ensure steady
provision of basal insulin. Additionally, patients treated with
extended-release sulfonylureas or long-acting insulin are
at increased risk of hypoglycemia during the fasting pe-
riod. Therefore, carefully conducted studies with rigorous
medical monitoring are needed to evaluate the efficacy
and safety of TRE in patients with type 2 diabetes.

The beneficial effects of TRE on specific physiological
functions in mice provide a rationale to evaluate these out-
comes in people. These include studies to assess the ther-
apeutic effects of TRE on 1) sleep and the adverse effects
of experimentally induced sleep disruption and night-shift
work; 2) hepatic steatosis and other liver abnormalities in
people with nonalcoholic fatty liver disease; and 3) serum
cholesterol in people with hypercholesterolemia. In addi-
tion, TRE could have synergistic effects with statin therapy.
Hepatic hydroxymethylglutaryl coenzyme A (HMG-CoA)
reductase expression and cholesterol synthesis have a
strong diurnal pattern (387), which is why some statins
are most efficacious when taken before sleep. In
rodents, HFD feeding alters the diurnal regulation of
cholesterol metabolism, which is normalized by TRE
with concomitant cholesterol-lowering effects (54),
suggesting that TRE combined with statin treatment
could be more effective in lowering serum cholesterol
concentrations than either treatment alone.

In conclusion, TRE restores circadian oscillations and
has potent cardiometabolic benefits in rodents made
obese by consuming an ad libitum HFD. However, the
effects of TRE in people with overweight/obesity are het-
erogeneous and modest. The mechanisms responsible
for the beneficial effects of TRE in rodents are unclear
and require further elucidation. Additional studies are
also needed in people to determine the optimal duration
and timing of TRE, its effects on metabolic function, and
its clinical potential to prevent and treat obesity and car-
diometabolic diseases.
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