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Time-Restricted Feeding Improves Glucose Tolerance
in Men at Risk for Type 2 Diabetes: A Randomized
Crossover Trial

Amy T. Hutchison "= 23, Prashant Regmi’%>, Emily N.C. Manoogian®, Jason G. Fleischer’, Gary A. Wittert'>3,
Satchidananda Panda®, and Leonie K. Heilbronn'?3

Objective: This study aimed to assess the effects of 9-hour time-restricted feeding (TRF), early (TRFe) or
delayed (TRFd), on glucose tolerance in men at risk for type 2 diabetes.

Methods: Fifteen men (age 55 + 3 years, BMI 33.9 + 0.8 kg/m?) wore a continuous glucose monitor for
7 days of baseline assessment and during two 7-day TRF conditions. Participants were randomized to TRFe
(8 amto 5 Pv) or TRFd (12 pm to 9 Pm), separated by a 2-week washout phase. Glucose, insulin, triglycerides,
nonesterified fatty acids, and gastrointestinal hormone incremental areas under the curve were calculated
following a standard meal on days 0 and 7 at 8 am (TRFe) or 12 pm (TRFd).

Results: TRF improved glucose tolerance as assessed by a reduction in glucose incremental area under
the curve (P = 0.001) and fasting triglycerides (P = 0.003) on day 7 versus day 0. However, there were no
mealtime by TRF interactions in any of the variables examined. There was also no effect of TRF on fasting
and postprandial insulin, nonesterified fatty acids, or gastrointestinal hormones. Mean fasting glucose by
continuous glucose monitor was lower in TRFe (P = 0.02) but not TRFd (P = 0.17) versus baseline, but there
was no difference between TRF conditions.

Conclusions: While only TRFe lowered mean fasting glucose, TRF improved glycemic responses to a test
meal in men at risk for type 2 diabetes regardless of the clock time that TRF was initiated.
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improvements in body weight and fat mass were noted compared with
the same diet that was given as three meals per day (9). In lean young
men, TRF for 8 h/d (between 1 pm and 9 PM) combined with 8 weeks

Introduction

Time-restricted feeding (TRF) is a novel dietary tool that time-limits

energy intake for up to 12 h/d without necessarily altering diet quality
or quantity. TRF reduces body weight, improves glucose and insulin
profiles, and reduces insulin resistance in mouse models (1-3), even in
the presence of a high-fat diet (3-5).

Few studies have explored the metabolic effects of TRF in humans.
TRF reduced body weight by ~3% in individuals with obesity over
12 to 16 weeks (6,7). However, these studies were uncontrolled. Lean
males also lost 0.4 kg when they followed a 13-hour TRF protocol
(6 AM to 7 pm) for 2 weeks versus a control condition in which they
gained +0.6 kg (8). When healthy men and women restricted eating
to one meal per day during a 4-hour window (5 PM to 9 PM), modest

of resistance training reduced fat mass, fasting plasma glucose, and
insulin versus a 13-h/d protocol (8 AM to 9 pm) (10). In contrast, self-
selection of a 4-hour TRF window (between 4 pm and midnight) on
4 d/wk did not alter body composition in lean young men performing
resistance training despite an overall reduction in energy intake (11).

Recently, a controlled feeding trial compared a 6-h/d eating period (din-
ner before 3 pM) with a 12-h/d eating period in men with prediabetes (12).
This study carefully matched and supervised all energy intakes in both
conditions. There was no change in body weight in either condition,
but TRF improved postprandial insulin, insulin sensitivity, and p-cell
function after 5 weeks (12). This study is the first to show that limiting
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food intake prior to 3 pM is beneficial for glycemic control in humans,
independently of weight change. However, the feasibility of implement-
ing a strict TRF approach daily in the general population is unclear.

There is also a known circadian impact of meal timing, with poorer glu-
cose tolerance at night despite identical meals and equidistant fasting
lengths (13,14). Whether changes in gastric emptying, which modulates
glycemia, underlie this observation is unclear. The aim of this study was
to examine the effects of 9-hour TRF commenced at 8 AM or 12 pM (i.e.,
with a phase delay) on glucose response to a mixed-nutrient meal in
men at risk for type 2 diabetes. Secondary outcomes were gastric emp-
tying, insulin and gastrointestinal hormone release, markers of appetite,
weight, and glucose profiles by continuous glucose monitoring (CGM).
We hypothesized that TRF would improve glycemic control and that
TRF-early (TRFe) would produce greater improvements than TRF-
delayed (TRFd).

Methods

Participants
Fifteen men were recruited into this randomized crossover trial
(Figure 1). One participant withdrew from the study after completing the
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TRFe condition only because of scheduling conflicts. All participants
habitually ate breakfast and did not perform shift work. Inclusion criteria
were age 30 to 70 years, waist circumference >102 cm, weight stabil-
ity (within 5% of screening weight) for >6 months prior to study entry,
nonsmoker, being sedentary or lightly active (i.e., took part in <2 moder-
ate- to high-intensity exercise sessions per week), consuming < 140 g/wk
of alcohol, no prior diagnosis of type 2 diabetes, not taking antihyper-
glycemic medication, and no personal history of cardiovascular disease,
eating disorders, or major psychiatric disorders. All participants were
assessed for their risk of developing diabetes by the Australian Type 2
Diabetes Risk Assessment Tool (AUSDRISK) score (15). A score of 9
to 11 indicates intermediate risk (1 in 30 will develop diabetes within 5
years, n = 1), 12 to 15 indicates high risk (1 in 14, n = 2), 16 to 19 indicates
very highrisk (1 in 7, n = 6), and > 20 indicates 1 in 3 will develop diabe-
tes within 5 years (n = 6). The Royal Adelaide Hospital Research Ethics
Committee approved the study protocol, and all participants provided
written informed consent prior to their inclusion. This study was regis-
tered as a clinical trial.

Study design

After an initial screening visit, participants underwent a baseline as-
sessment for 1 week (Figure 1). Whole body composition was measured
by dual-energy x-ray absorptiometry (Lunar Prodigy; GE Healthcare,
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Figure 1 Participant recruitment and study flow diagram. TRFe: time-restricted feeding between 8 am and 5 pm; TRFd: time-restricted feeding
between 12 pm and 9 pum. [Colour figure can be viewed at wileyonlinelibrary.com]

www.obesityjournal.org

Obesity | VOLUME 27 | NUMBER 5 | MAY 2019 725



Obesity

Madison, Wisconsin). Participants were fitted with a CGM device to
measure blood glucose (Dexcom G4 Platinum, San Diego, California)
and an accelerometer (MF-SW/DD100; BodyMedia SenseWear,
Sydney, New South Wales, Australia) to measure activity and sleep
patterns for the 7 days. Participants also kept a diary briefly describing
the meal, snack, or beverage that was eaten and the time that this food
was consumed.

Following the baseline monitoring period, participants were random-
ized to one of two TRF protocols for 7 days in a crossover design,
separated by a 2-week washout period (Figure 1). These were TRFe
(eating window between 8 AM and 5 pm) and TRFd (eating window
between 12 pm and 9 pMm). Participants were asked to maintain their
usual lifestyles, including sleep patterns, to consume their habitual
diet within the specified TRF times in each condition, and to record
the times they started and finished eating each day. Outside the eat-
ing window, participants were allowed to consume water and limited
amounts (one to two servings) of very low-calorie drinks and foods
(e.g., herbal tea, diet drinks, mints, gum containing <4 kcal/serving)
as a tool that may increase compliance.

Testing days

Metabolic testing was conducted prior to (day 0) and on day 7 of
each intervention. Participants arrived at our research facility at ei-
ther 7:30 am (TRFe) or 11:30 am (TRFd) after fasting from 5 pm or
9 pM, respectively, to standardize the length of the fast. Body weight
and waist and hip circumference were measured in a gown after void-
ing, and blood pressure was measured after a 10-minute seated rest. A
20-gauge cannula was inserted into an antecubital vein of the nondom-
inant arm, and a fasting blood sample (20 mL) was collected, followed
by a baseline breath sample. Participants were given a mixed-nutri-
ent liquid test meal (474 mL, 700 kcal; 57% carbohydrate, 28% fat,
15% protein) (Ensure Plus; Abbott Laboratories, Abbott Park, I1linois)
labeled with 100 mg of '3C sodium acetate (Cambridge Isotopes Inc.,
Tewksbury, Massachusetts) and asked to consume the entire drink
within 2 minutes. Test drinks were given at 8 AM (TRFe) or at 12 pm
(TRFd), according to study protocol. Breath samples were collected
every 5 minutes for the first 30 minutes of the meal test (0, 5, 10, 15,
20, 25, and 30 minutes) and at 45, 60, 75, 90, 120, 150, and 180 minutes.
Venous blood was sampled immediately prior to the test meal (0 min-
utes) and at 15, 30, 60, 90, 120, and 180 minutes. Blood was collected in
ice-chilled EDTA vacuum tubes, and 40 pL of 200mM 4-(2-amino-
ethyl) benzenesulfonyl fluoride hydrochloride and 20 uL of dipeptidyl
peptidase-1V inhibitor were added to 2 mL of whole blood for the mea-
surement of gastrointestinal hormones (ghrelin, peptide YY [PYY],
glucagon-like peptide-1 [GLP-1], glucose-dependent insulinotropic
peptide [GIP], and amylin). Plasma was separated immediately by cen-
trifugation at 3,000 rpm for 15 minutes at 4°C and immediately snap
frozen to —80°C for later analysis.

Gastric emptying and appetite responses

13CO, concentrations in exhaled air from end-expiratory breath sam-
ples were analyzed with the use of infrared spectroscopy (FANci2
breath test analyzer; Fischer Analysen Instrumente GmbH, Leipzig,
Germany). The half-emptying time was calculated after curve fitting
of the 13C exhalation to a modified power exponential function (16)
in GraphPad Prism 7.02 (GraphPad Software, La Jolla, California).
Measures of appetite (hunger, fullness, and desire to eat during the
meal test) were quantified using visual analog scales administered at
0, 30, 60, 120, and 180 minutes.

Time-Restricted Feeding and Glucose Control Hutchison et al

Continuous glucose monitoring

All participants were fitted with a CGM during baseline and both
intervention periods. A glucose-oxidase-based electrochemical sensor
was inserted under the skin on the abdomen and remained in situ for
each 7-day period. The electrode transmitted interstitial glucose mea-
surements every 5 minutes wirelessly to a receiver where they were
stored until the participant returned to the department. This produced
12 readings per hour. Participants calibrated their CGM twice daily by
finger prick (OneTouch Verio IQ; Lifescan, Inc., Milpitas, California).

Activity

Energy expenditure, number of steps, and time spent sleeping were mea-
sured by the SenseWear armband, a multisensor monitor worn on the
back of the right upper arm (over the triceps muscle) per manufacturer
instructions. This device continuously records physiological data during
daily activities, and the information is integrated and processed by soft-
ware using algorithms that utilize an individual’s physical characteristics
(sex, age, height, and weight). Energy expenditure estimated by the arm-
band correlated strongly with estimates from doubly labeled water (17).

Biochemical measures

Blood glucose was measured using a commercially available enzy-
matic kit on an AU480 clinical analyzer (Beckman Coulter, Inc., Brea,
California). Nonesterified fatty acid (NEFA) concentrations were mea-
sured using an enzymatic spectrophotometric assay (NEFA-HR; Wako
Diagnostics, Mountain View, California). Insulin, ghrelin, GLP-1, GIP,
amylin, and PYY were measured from the same sample in duplicate
using a MILLIPLEX magnetic bead-based quantitative immunoassay
(MilliporeSigma, Burlington, Massachusetts), with MAGPIX instru-
mentation. Samples from each participant were analyzed within the
same run to minimize interassay variation.

Statistical analysis

For all biochemical outcomes, incremental area under the curve 1AUC)
was calculated using the trapezoidal rule. Statistical analysis was per-
formed using linear mixed modeling, with effects of mealtime (meal
commenced at 8 AM or 12 pM), TRF (day O vs. day 7), and sequence
(TRFe followed by TRFd, or vice versa) as fixed variables. A differen-
tial effect of mealtime in each condition was tested via the interaction
between mealtime and TRF. Student 7 tests for carryover effects were
conducted on the day 0 to day 7 differences, and no significant effects
were found for any of the outcomes. For CGM data, accelerometry,
and weight, a separate model was constructed with measures from the
7-day baseline monitoring period included and treatment (baseline,
TRFe, or TRFd) as a fixed factor.

For the CGM analysis, the fed and fasting windows were determined
from meal log data. The “fasting” window lasted from 4 hours after the
latest occasion a participant ate in a given condition until the earliest
occasion a participant ate in that condition. Mean fasting glucose for
a participant in a given condition (baseline, TRFe, and TRFd) was cal-
culated over this time window and across all days the participant spent
in that condition. The “fed” window was calculated from the earliest
eating occasion until the latest meal occasion, plus 4 hours to allow for
postprandial fluctuations in blood glucose. We also calculated 3-hour
fasting glucose concentrations as the mean of glucose measurements
obtained from CGM for the 3 hours preceding the first meal of each
day in all three conditions. Mean amplitude of glycemic excursions
(MAGE) (18), mean of daily differences (MODD), and continuous
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overall net glycemic action (CONGA) (19) were calculated from CGM
data as described by others. Because of technical issues, CGM data
were lost from one participant during baseline (7 = 14) and from one
during TRFd (n = 13). Body weight change during baseline was cal-
culated as weight on day O (phase 1) minus weight at start of baseline.

Sample size requirements were calculated on statistical power func-
tions using within-subject contrasts for the primary end point Aglucose
iAUC. The study was powered to detect a 1.4-mmol/L/min difference
in glucose iAUC between groups, assuming an SD of 1.25 mmol/L/min
(unpublished data), with o <0.05and statistical power of 80%.
Statistical analysis was performed in SPSS Statistics (version 24; IBM
Corp., Armonk, New York). All data are presented as mean + SEM,
with P < 0.05 considered significant.

Results

Fifteen men (mean age 55 [SEM 3] years, BMI 33.9 [SEM 0.8] kg/mz)
were recruited into the study. Baseline characteristics are presented
in Table 1. Body weight was lower on day 7 compared with day 0
(P <0.001) for each treatment, but there were no significant differ-
ences between treatments (all P > 0.66; baseline: —0.8 + 0.3 kg; TRFe:
—-1.3 £ 0.2 kg; TRFd: —-0.8 £ 0.2 kg). Participants’ mean self-reported
eating windows are shown in Supporting Information Figure S1. The
mean first eating occasion (SEM) occurred at 7:45 AmM (16 minutes)
during baseline, 8:22 Am (10 minutes) in TRFe, and at 12:15 pm
(14 minutes) in TRFd. The mean last eating occasions were 7:18 PM
(37 minutes), 4:37 PM (21 minutes), and 7:56 PM (16 minutes) in base-
line, TRFe, and TRFd, respectively.

All effect sizes and P values for each variable are given in Supporting
Information Table S1. There were no significant mealtime by TRF
interactions for any of the variables reported.

Insulin and glucose responses to meal test
There was a significant effect of TRF (P =0.001) and mealtime
(P =0.002) on glucose iAUC. TRF reduced glucose iAUC by ~36%

Obesity
TABLE 1 Baseline characteristics of participants
Age (y) 55+ 3
Body weight (kg) 105.7 £ 2.6
BMI (kg/m?) 33.9+038
Waist circumference (cm) 15«2
Waist-hip ratio 0.99 = 0.01
SBP (mmHg) 141 +3
DBP (mmHg) 87 2
Fasting glucose (mmol/L) 58 =01
Total fat mass (kg) 325+17
Total lean mass (kg) 62.5+2.3
Fat mass (%) 351 +1.2
Diabetes risk score (AUSDRISK) 19.8 +0.8

All data are mean + SEM; n = 15.
AUSDRISK, Australian Type 2 Diabetes Risk Assessment Tool; DBP, diastolic blood
pressure; SBP, systolic blood pressure.

(-1.6 = 0.4 mmol/L/h), whereas consuming a meal at 12 pM resulted
in a ~21% (0.87 = 0.5 mmol/L/h) higher glucose iAUC (Figure 2A).
There was no effect of mealtime or TRF on fasting glucose or fast-
ing insulin, although a trend toward a reduction in insulin iAUC was
observed as a result of TRF (P = 0.09; Figure 2B).

Gastrointestinal hormone, triglyceride, and NEFA
responses to meal test

There was an effect of mealtime, but not TRF, on fasting ghrelin
and ghrelin iAUC. Fasting ghrelin was lower at 8 AM versus 12 Pm
(P =0.01), while ghrelin iAUC was lower at 12 PM versus 8 AM
(P =0.038; Figure 3A). TRF, but not mealtime, reduced fasting GLP-1
(P =0.002; Figure 3B), while there was no effect of TRF or mealtime
on postprandial GLP-1. There was no effect of mealtime or TRF on
fasting or postprandial GIP (Figure 3C), amylin (Figure 3D), or PYY
(Figure 3E).

A Glucose

2004

B Insulin
-8~ TRFe DO
300-
-0 TRFe D7
-m- TRFd DO

60 90 120 180
Time (minutes)

0153 60 9 120 180
Time (minutes)

Figure 2 (A) Glucose and (B) insulin iAUC responses to 3-hour, standardized, mixed-nutrient meal test at
baseline (D0O) and after 7 days (D7) of time-restricted feeding commenced early (TRFe, 8 av-5 pm) or with
a phase delay (TRFd, 12 pv-9 Pv). Data are presented as mean + SEM. Statistical analysis was performed
using linear mixed modeling, with effects of meal time (meal commenced at 8 av or 12 pm), TRF (day O vs.
day 7), and sequence as fixed variables. *Effect of TRF (day 0 vs. day 7; P < 0.05) on iAUC. *Effect of time
of day (8 am vs. 12 pm; P < 0.05) on iAUC. iAUC, incremental area under curve.
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TRF reduced fasting triglycerides (P = 0.003) but did not alter triglycer-
ide iAUC (P = 0.57; Figure 3F). There was no effect of mealtime on
fasting or postprandial triglycerides. There was an effect of mealtime,

A Ghrelin B GLP-1

0 — T T T 1
0 15 30 60 90 120 180
Time (minutes) Time (minutes)
C GIP D Amylin
800+ 100+

0F— : : T . 0+—— - . : .
01530 6 90 120 180 01530 60 90 120 180
Time (minutes) Time (minutes)

E PYY F Triglycerides
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0 15 30 60 90 120 180 0 15 30 60 90 120 180
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0.4 -O- TRFe D7
% TRFd DO
=03
E 430 TRFd D7
g0.2
01{ T UPaeaiecccoos
0.0+— T T 1

0 15 30 60 90 120 180
Time {(minutes)

Figure 3 (A) Ghrelin, (B) GLP-1, (C) GIP, (D) amylin, (E) PYY, (F) triglyceride, and (G) NEFA responses to
a 3-hour, standardized, mixed-nutrient meal test at baseline (DO) and after 7 days (D7) of time-restricted
feeding commenced early (TRFe, 8 am-5 Pm) or with a phase delay (TRFd, 12 pu-9 pm). Data are presented as
mean + SEM. Statistical analysis was performed using linear mixed modeling, with effects of mealtime (meal
commenced at 8 am or 12 pv) TRF (day O vs. day 7) and sequence as fixed variables. *Effect of TRF (day
0 vs. day 7; P < 0.05). *Effect of mealtime (8 am vs. 12 pm; P < 0.05). GIP, gastric inhibitory peptide; GLP-1,
glucagon like peptide 1; NEFA, nonesterified fatty acids; PYY, peptide YY.

Time-Restricted Feeding and Glucose Control Hutchison et al

but not TRF, on fasting and NEFA iAUC (Figure 3G). Fasting NEFA
was higher at 12 pm versus 8 am (P < 0.001), while NEFA iAUC was
lower (i.e., meal-induced suppression was greater) at 12 pm (P = 0.001).
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Figure 4 (A) Mean hourly glucose from continuous glucose monitoring (CGM) over 7 days during baseline monitoring period (closed triangles),
time-restricted feeding commenced early (TRFe, 8 av-5 pm; open circles), or time-restricted feeding with a phase delay (TRFd, 12 pPv-9 Pv;
open squares). Glucose readings were averaged every hour and each time period over 7 days, plotted as mean + SEM. (B) Mean 24-hour
blood glucose concentrations from CGM over 7 days during baseline monitoring period (black bar), TRFe (8 am-5 pm; hatched bar), or TRFd
(12 Pm-9 PM; open bar). (C) Mean fasting blood glucose concentrations from CGM over 7 days during baseline monitoring period (black bar),
TRFe (8 av-5 Pv; hatched bar), or TRFd,(12 Pm-9 PM; open bar). Mean fasting glucose for a participant in a given condition (baseline, TRFe, and
TRFd) was calculated between 4 hours after a participant consumed first meal until the time participant consumed last meal in that condition.
(D) Mean fed blood glucose concentrations from CGM over 7 days during baseline monitoring period (black bar), TRFe (8 am-5 pm; hatched
bar), or TRFd (12 pm-9 PM; open bar). Mean fed glucose for a participant in a given condition (baseline, TRFe, and TRFd) was calculated
from the time a participant consumed first meal until the time participant consumed last meal, plus 4 hours in a given condition. Data are
mean + SEM (n = 14). Statistical analysis was performed using linear mixed modeling with effects of treatment (baseline, TRFe, and TRFd)

as a fixed variable. *P < 0.05 vs. baseline.

Gastric emptying and perceived appetite
responses to meal test

There was no effect of mealtime or TRF on the rate of gastric empty-
ing. There was a significant effect of mealtime only on perceived full-
ness iAUC, which was increased when the meal was initiated at 8 AM
versus 12 pM (P = 0.038). There was no effect of mealtime or TRF on
perceived hunger, fullness, or desire to eat.

Mean glucose responses from CGM

Mean hourly glucose concentrations are shown in Figure 4A. There was
no statistical difference in the mean 24-hour blood glucose concentra-
tion (P = 0.37; Figure 4B), CONGA (P =0.37), MAGE (P =0.27), or
MODD (P =0.22) between treatments (data not shown). There was
an effect of treatment on mean fasting glucose by CGM (P = 0.023;

Figure 4C, Figure 5). This was significantly lower during TRFe com-
pared with baseline (P = 0.02) but not in TRFd compared with base-
line (P = 0.17), and there were no differences between TRF treatments
(P =0.47). The mean blood glucose concentration for the 3 hours pre-
ceding the first meal of the day was reduced in TRFe versus base-
line (P = 0.03), with a tendency to be reduced in TRFd versus baseline
(P =0.07). There was no difference between treatments (P = 0.92), and
there was no effect of treatment on mean fed blood glucose assessed by
CGM (P = 0.77; Figure 4D).

Activity

There was no effect of treatment on total energy expenditure, number
of steps, or duration of sleep assessed by accelerometry (Supporting
Information Table S2).
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Figure 5 Waterfall graph of mean fasting glucose measured by continuous glucose monitoring (CGM) during baseline and 7 days of time-
restricted feeding. (A) Baseline mean fasting glucose and (B) change in mean fasting glucose during time-restricted feeding commenced
early (TRFe, 8 av-5 pv) or with a phase delay (TRFd, 12 pm-9 pv) from baseline (mmol/L). Mean fasting glucose was determined by CGM data
between 4 hours after a participant consumed first meal until the time participant consumed last meal based on food logs. Data sorted from
the largest decrease in mean glucose to increased glucose based on TRFe condition-baseline. Data from both conditions shown for each
participant, stacked below participant’s own baseline fasting glucose. Baseline CGM data was collected from 14 participants.

Discussion

This study examined the effects of 1 week of TRF, with and without a
short phase delay, on glucoregulatory responses to a standard test meal
and 24-hour glucose profiles in men at risk for type 2 diabetes. We
observed that 9-hour TRF produced a ~36% reduction in the glycemic
responses to a test meal, with no differences between TRF treatments.
The improvement in glycemic control was not explained by changes in
gastric emptying or gastrointestinal hormone release, but there was a
tendency to reduce postprandial insulin. Together, these data show that
TRF improves glycemic responses to a test meal in men who are at
risk for type 2 diabetes, regardless of the clock time TRF was initiated.

TRF improves glucose tolerance and insulin sensitivity in mice (3,20).
In humans, markers of f-cell function and insulin sensitivity were
also improved by TRF (6-hour feeding period, with dinner before
3 pM) (12). In that study, the increased fasting length (18 hours versus
12 hours in the control condition) may have contributed to the result (12).
To achieve equal fasting lengths in this study, meal tests were con-
ducted at 8 aM (TRFe) or 12 pm (TRFd). As expected, we observed a
reduced glucose iAUC response to the test meal given at 8 AM versus
12 pm, which reflects known variations in circadian rhythm (21,22).
However, TRF improved the glucose response to the standardized test
meal, regardless of whether it was initiated at breakfast or lunch. This
study suggests that there may be some flexibility in the clock time that
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TREF is initiated. We highlight that modest weight loss occurred during
both TRF conditions, which may have contributed to the observed
improvement in glycemia, rather than TRF per se. However, Sutton
et al. (12) recently established that the insulin-sensitizing effects of
TRF occurred independently of weight loss.

Several uncontrolled studies in humans have shown that TRF reduces
body weight by 1% to 3% over a period of 2 to 16 weeks (6,8,23,24).
In our study, participants lost a modest amount of weight (~1%) during
TRF. However, an equivalent weight loss occurred during the baseline
monitoring period, despite participants being instructed to consume
their habitual diets, and was not different between conditions. This find-
ing suggests that diet monitoring by the investigators, rather than TRF,
may underpin the modest weight loss reported in past uncontrolled tri-
als of TRF. Clearly, long-term randomized controlled trials are required
to test the efficacy of TRF to reduce body weight.

Despite similar weight loss across the three treatment periods, mean
fasting glucose by CGM was lower only during the TRFe treatment
versus baseline. Firstly, this finding supports past evidence that TRF
improves glycemic control independently of weight loss (9). Second,
there was no statistical difference between TRFd and baseline. Thus,
we speculate that restricting calories to an earlier time frame may be
optimal for 24-hour glucose management, although there was not a sta-
tistical difference in this response between TRF conditions. However,
it is well described that glucose tolerance diminishes over the course of
the day under natural circadian variation (21,22,25).

While gastric emptying rate is a known modulator of the glycemic
response to a meal, there was no change in gastric emptying in response
to TRE. There was also no effect of TRF on gastrointestinal hormone
release. However, fasting ghrelin and the postprandial suppression of
ghrelin were higher at 12 pm versus 8 aM. The natural ghrelin nadir occurs
in the biological morning (~8 AM) in humans, irrespective of the sleep-
wake cycle (26), and correlates with circadian variations in hunger, which
peak later in the day (27). This finding suggests that prescription of TRF
later in the day may have greater effects on reducing appetite and may aid
compliance. Studies of extended morning fasting have shown greater sup-
pression of ghrelin when a meal is consumed around midday (i.e., break-
fast skipping) compared with consuming the same meal at breakfast and
lunch (28,29). Some authors have linked this to reduced insulin responses,
occurring as a result of the second-meal effect, because insulin was pro-
posed to play in role in ghrelin suppression (30). In a study by Carlson
et al., consuming all calories within a single 4-hour window (4 pM to 8 PM)
had no effect on morning fasting and postprandial ghrelin when compared
with three meals per day after 8 weeks (31). Further exploration of how
meal timing and TRF may manipulate appetite signaling is warranted.

We observed a reduction in triglycerides in response to TRF, with no
difference between TRFe and TRFd. In contrast, previous observa-
tions of 8 weeks of TRF in lean males reported no change in fasting
triglycerides (10) and whilst others reported increased total choles-
terol and LDL and HDL cholesterol after consuming all calories as
one meal per day for 6 weeks between 5 M and 9 pM (9). It is unclear
whether consumption of the meal during the morning may have altered
this outcome. We also observed mealtime-related changes in fasting
and postprandial NEFA, which are congruent with previous reports of
diurnal rhythms of circulating NEFA and lipid metabolism (32).

This was a 1-week controlled crossover intervention that was conducted
solely in overweight men. As such, our findings cannot be directly

extended to women, individuals with normal weight, or those with estab-
lished metabolic disturbances, such as type 2 diabetes mellitus. The study
was conducted in a free-living population, and we made no attempt to
standardize food intake. During the free-living periods (1-week baseline
assessment prior to randomization to TRFd or TRFe and during the wash-
out before crossing over to the alternate TRF condition), participants were
instructed to continue to follow their regular dietary habits. This lack of
standardization could have influenced the baseline result and may have
lessened our ability to detect differences between TRFe and TRFd. The
long-term feasibility of this eating pattern compared with ad libitum intake
and its effectiveness in improving metabolic outcomes over longer periods
require further investigation in larger populations. Finally, this study may
have been underpowered to detect changes in secondary outcomes. Future
studies should also consider how an individual’s own chronotype may
impact the magnitude of responses when TRF is commenced early or late.

In conclusion, this study has demonstrated that 1 week of TRF improves
glucose responses to a meal in men at risk for type 2 diabetes, irrespec-
tive of when TRF is commenced. This trial should be repeated in larger
cohorts with more tightly controlled free-living periods to confirm this
result. Overall, the simplicity of TRF and the efficacy in improving gly-
cemic outcomes indicate that large-scale, long-term randomized con-
trolled trials are warranted.O
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