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BACKGROUND/OBJECTIVES: Time-restricted eating (TRE) induces a metabolic shift in substrate utilization increasing lipolysis and
ketogenesis. These metabolic changes raise the possibility of a differential effect on energy balance regulation following TRE-
induced weight loss. The aim of this study is to evaluate the impact of TRE on energy balance homeostasis in individuals with
overweight/obesity and type 2 diabetes (T2DM) who participated in a recently reported trial achieving substantial weight reduction
(—3.86% body weight).

SUBJECTS/METHODS: In this randomized cross-over trial, 39 participants with overweight/obesity and T2DM were randomized to
either 6 weeks of TRE (20 h fasting/4 h eating) or standard lifestyle, followed by 4-week washout and then the other dietary
intervention for 6 weeks. At each study visit at baseline, 6-, 10-, and 16-week participants completed a 75 g oral glucose tolerance
test (OGTT). We measured fasting and post-challenge responses of glucose, glucagon, GLP-1, ghrelin, leptin, and peptide YY.
RESULTS: TRE-induced calorie deficit as participants self-reported ingested —384 + 488 Kcal/day less during TRE as compared to
the standard lifestyle period (P < 0.001) with no differences in macronutrient distribution. There were no differences in responses to
OGTT induced by TRE as compared to standard lifestyle for glucagon (AUCq_120 min 0.04 +23.5, P=0.99), GLP-1 (AUCo_120 min

1.6 £67.6, P=0.98), ghrelin (AUCq_120 min 31.0 £ 32.4, P=0.35), and peptide YY (AUCo_120 min —33.9 £65.6, P=0.61). Importantly,
TRE-induced weight loss promoted a significant decrease in both fasting leptin (—2445 + 885 ng/mL, P = 0.009) and leptin response
to OGTT (AUCq_120 min —12776 + 3088, P < 0.001) as compared to standard lifestyle. In addition, a significant increase in fasting
ghrelin (28 £ 11.3 pg/mL, P=0.02) was observed post-TRE as compared to pre-intervention.

CONCLUSIONS: These findings demonstrate that TRE does not prevent the physiologic compensatory changes associated with

weight reduction in individuals with overweight/obesity and T2DM.
International Journal of Obesity; https://doi.org/10.1038/541366-026-02042-1

INTRODUCTION

Dietary and lifestyle interventions are important components of
the management of obesity and type 2 diabetes (T2DM) [1, 2].
However, maintenance of weight loss following any intervention
has been increasingly recognized as a key limiting factor for the
long-term successful management of obesity as weight regain
occurs after treatment discontinuation of virtually any non-
surgical weight-loss therapy [3-7]. The limited efficacy of lifestyle
modification strategies for the achievement of sustained weight
reduction is likely the result of physiologic mechanisms that are
triggered by weight reduction, inducing compensatory changes in
energy balance homeostasis after weight loss [6-8]. Specifically, it
has been reported that following diet-induced weight loss, levels
of circulating mediators of appetite that encourage weight regain,
including ghrelin, peptide YY, and leptin, are switched towards

appetite stimulation and do not revert to the levels recorded
before weight loss, even one year after the lowest achieved
weight [5-8].

Less is known on the impact of novel lifestyle interventions on
energy balance homeostasis after weight reduction. In this
context, time-restricted eating (TRE), which consists of restricting
the eating window to typically 4-10h, has been proposed as a
non-pharmacological strategy with additional cardiometabolic
benefits in individuals with metabolic diseases [9-12]. Interest-
ingly, TRE induces a metabolic shift in substrate utilization with
increased lipolysis and ketogenesis [13, 14], which raises the
possibility of a differential and possibly beneficial adaptive
response to weight loss induced by TRE. Thus, an important gap
in knowledge relates to the effects of TRE-induced weight loss on
appetite-regulating hormones.
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In a recently reported randomized cross-over trial evaluating
TRE as compared to standard lifestyle in individuals with
overweight/obesity and T2DM [15], we demonstrated that 6 weeks
of TRE improved pancreatic beta-cell function and insulin
resistance accompanied by significant improvements in adiposity
(3.86% reduction in body weight) [15]. This trial design makes it
possible to address the impact of weight reduction induced by
TRE on energy balance regulation, since we measured serial
profiles of hormones implicated in the satiety response including
glucagon, glucagon-like peptide-1 (GLP-1), ghrelin, leptin, and
peptide YY. The current report presents the data on the impact of
TRE on eating patterns, appetite-regulating hormones, and
subjective appetite, as compared to standard lifestyle intervention,
in individuals with overweight/obesity and early T2DM.

METHODS

The current study is an exploratory analysis of a cross-over trial that has
been described in detail previously [15]. Briefly, this trial was a randomized
crossover open-label study of adult participants with T2DM and over-
weight/obesity who were randomized to either an initial intervention
consisting of 6 weeks of TRE or standard lifestyle. Inclusion criteria included
men and women with T2DM previously diagnosed, BMI = 25 kg/m? and
diabetes treatment consisting of lifestyle only, metformin, or dipeptidyl
peptidase-4 inhibitor either as monotherapy or combination; and screen-
ing glycated hemoglobin Alc (HbA1c) between 5.5% and 9.0% inclusive
[15]. Exclusion criteria included treatment with insulin, glucagon-like
peptide-1 receptor agonists, sodium-glucose cotransporter 2 inhibitor,
and/or sulfonylureas; previous history or eating disorder; renal dysfunction;
and history of liver disease [15].

The current analyses report data from 39 participants who have
completed both intervention periods, a sample size that provided 80%
power to detect a meaningful difference in the primary outcome of this
study (beta-cell function). This trial was conducted at a single academic
center (Leadership Sinai Centre for Diabetes, Mount Sinai Hospital,
Toronto), was approved by the Mount Sinai Hospital Research Ethics
Board, and was registered on clinicaltrials.gov (NCT05717127). All
participants provided written informed consent.

Study intervention

As previously described [15], participants were randomized to the initial
intervention by a random number generator to initially follow either a TRE
intervention (4-hours of eating window between 4 to 8 pm or 5 to 9 pm
with 20-h of daily fasting with the majority of participants choosing
5-9pm) or standard eating schedule (no specific recommendation
regarding hours of fasting) for a period of 6 weeks. The duration of TRE
was chosen based on previous studies demonstrating positive metabolic
impact of TRE following short-term duration [11, 12]. Each intervention
period had 6 weeks followed by 4-week washout period before crossing
over to the other arm. During the washout period participants were
advised to follow their usual dietary pattern. The entire study protocol
consisted of 20 weeks in duration.

While participants were encouraged to follow a healthy eating pattern
for the duration of the trial (i.e. summarized healthy guide according to
Diabetes Canada was provided), they were not provided with specific
dietary advice aiming to achieve calorie restriction. Participants were not
required to monitor food or calorie intake during the eating window being
instructed to eat ad libitum during the allowed eating frame. Thus, the
study intervention focused solely on the duration of eating (4 h during TRE
versus unrestricted eating hours during standard lifestyle).

Assessment of eating pattern, subjective appetite, and
appetite-regulating hormones

Participants completed an on-line validated automated 24-h self-adminis-
tered dietary tool at three different days during each intervention period
(ASA24, the Automated Self-Administered Dietary Assessment Tool https://
asa24.nci.nih.gov/). They were instructed to complete a qualitative
nutritional questionnaire (ASA24) that included the time of every meal
eaten over 24-h period on two weekdays and one day of the weekend
during each study intervention period [16] (Fig. 1). The ASA24
questionnaire has been validated against objective biomarkers including
the doubly labeled water method and the food frequency questionnaire
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developed by the National Cancer Institute [16]. In addition, at each study
visit, we evaluate subjective appetite on a 0-100-mm visual analog scale,
ranging from “not at all” (0 mm) to “extremely” (100 mm) for hunger,
fullness, desire to eat, and capacity to eat [17].

At each study visit at baseline (week 0), 6-week, 10-week, and 16-week
participants completed an overnight fast before undergoing a 2h, 759
oral glucose tolerance test (OGTT) the next morning at this visit. During
each OGTT, venous blood samples were drawn for measurement of
glucose, glucagon, GLP-1, ghrelin, leptin, and peptide YY at fasting and at
30-, 60-, 90-, and 120-min following ingestion of the oral glucose load.
Glucagon, total GLP-1, active ghrelin, leptin, and peptide YY were
quantified by the Magnetic bead-based Multiplex immunoassay (HMH3-
34K-05 kit) and the Luminex Magpix detection system. Samples were
preparate using dipeptidyl peptidase-4 inhibitor (for GLP-1 measurement),
aprotinin (for glucagon measurement), and serine protease inhibitor (for
active ghrelin measurement).

Statistical analyses

Statistical analyses were conducted with the Statistical Package for the
Social Sciences software version 23.0 (SPSS Inc., Chicago, IL, USA). Data for
the 39 participants was available (no missing data). Two-tailed P
values < 0.05 were considered statistically significant. Continuous variables
including differences in changes were tested for normality of distribution,
and natural log transformations of skewed variables were used where
necessary. Given that participants were randomized to the sequence of
treatment interventions (n = 23 underwent TRE and then standard lifestyle
and n=16 underwent standard lifestyle and then TRE), the statistical
analysis was based on paired data.

To evaluate differences in dietary pattern during each intervention
period, we have compared the self-reported dietary intake between TRE
and standard lifestyle periods by paired Students’ t test. Table 1 shows the
descriptive data and the differences between each intervention period. We
have evaluated the washout period by testing whether there was a
statistically significant interaction between period and treatment and
confirmed that it was not indicative of a significant carryover effect.

In order to evaluate the changes in appetite regulation between each
dietary treatment, we then compared the profile responses to OGTT for
glucose and appetite-regulating hormones between treatment interven-
tion periods. Specifically, glycemic and hormonal responses to OGTT were
calculated as total (AUC) and incremental area-under-curve (iAUC) by
trapezoidal rule and the changes between baseline and intervention
endpoint were compared between intervention periods by paired
Students’ t test (Table 2). Similarly, we compared subjective appetite by
assessing the differences induced by each intervention period on each
domain on the VAS (hunger, fullness, desire to eat, and capacity to eat) by
paired Students’ t test.

Figures 2 and 3 illustrate the response profile to the OGTT pre- and post-
intervention for glucose and satiety hormones (glucagon, total GLP-1,
active ghrelin, leptin, and peptide YY) comparing each analyte between
pre- and post-intervention (for standard and TRE) at each time point in
response to OGTT by paired Students’ t test.

RESULTS

Thirty-nine participants were randomized to either an initial
intervention consisting of 6-week of TRE or standard lifestyle
followed by a subsequent 4-week washout period before crossing
over to the other intervention. A participant flow chart has been
previously described in detail [15]. The included participants
(n =39; 14 male) had T2DM for mean 2.9 years of duration, 92.3%
were treated with metformin and/or diet, while 7.7% were on
metformin and a dipeptidyl peptidase-4 inhibitor with baseline
glycated hemoglobin 6.6 +0.7% (mean+SD) and body mass
index (BMI) 32.4 + 5.7 kg/m? [15].

Figure 1 shows the timing of each meal during both standard
lifestyle and TRE intervention periods, with “meal” defined as any
food ingested during a specific time of the day. On the three days
of 24-h food records in each intervention period, participants
reported 480 meals (mean 4.1 meals/day) during the standard
lifestyle (Fig. 1A) and 328 meals (mean 2.8 meals/day) during the
TRE period (Fig. 1B,) with eight meals reported outside of the TRE
allowed eating period. As shown in Fig. 1, a consistent reduction in
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Fig. 1
period and B mealtime during time-restricted eating period.

eating window was achieved during the 6 weeks of TRE. The
reduction in eating time during TRE translated to a reduction in
self-reported caloric intake as participants ingested —384 + 488
Kcal/day less as compared to the standard lifestyle period
(P <0.001) with reduced intake of absolute amounts of saturated
fat (—6.4+9.0g/day, P<0.001), cholesterol (—108 +30 mg/day,
P=0.001), and fiber (—4.2 £ 12.6 g/day, P = 0.05). There were no
differences between TRE and standard lifestyle period in the
pattern of macronutrient distribution with similar percentage of
caloric intake from protein, carbohydrates, and fat reported during
each study intervention period (P's >0.05) (Table 1).

Table 2 shows the differences in the profile responses to OGTT for
glucose and appetite-regulating hormones between standard life-
style and TRE intervention periods. There were no differences in
fasting glucose levels (—0.29 + 1.2 mmol/L, P=0.13) and glucose
response to OGTT (AUCy 120min —2.7+9.7, P=0.08 and iAUC
—1.7+8.8, P=0.22) between TRE and standard lifestyle. Similarly,
there were no differences in fasting levels and responses to OGTT
induced by TRE as compared to standard lifestyle for glucagon
(fasting glucagon 2.7 £ 7.9 pg/mL, P = 0.74; AUCy_120 min 0.04 +23.5,
P=10.99; iAUCy_120 min —10.7 £25.7, P=10.68), GLP-1 (fasting GLP-1
148+133 pmol/l, P=027; AUCo 12omin 16+67.6, P=098;
iAUCo_120min  —57.71645, P=038), ghrelin (fasting ghrelin
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Reported mealtime on 24-h food records on 3 alternate days during each intervention period. A Mealtime during standard lifestyle

178+173pg/mL, P=030; AUCo12omin 31.0+324, P=035;
iAUCo_120 min —52.9 £ 55.1, P = 0.34), and peptide YY (fasting peptide
YY =165+ 13.6 pg/mL, P = 0.23; AUCo_120 min —33.9£65.6, P=061;
iAUCo_120min 44.0+£50.6, P=0.39). Importantly, TRE [which was
accompanied by 3.86% body weight reduction as compared to
standard lifestyle (between intervention differences) [15]] induced a
significant reduction in fasting leptin (—2445 + 885 ng/mL,
P=0.009) and in leptin response to OGTT (AUCo_120min
—12,776 + 3088, P < 0.001) as compared to standard lifestyle.
Figures 2 and 3 show the response profile to OGTT pre- and
post- each intervention (standard lifestyle and TRE) for glucose
(Fig. 2A), glucagon (Fig. 2B), GLP-1 (Fig. 2C), ghrelin (Fig. 3A), leptin
(Fig. 3B), and peptide YY (Fig. 3C). We compared each analyte pre-
and post-intervention at each timepoint in response to OGTT. The
glucose levels at 0 and 30 min post-challenge were higher after
standard lifestyle as compared to pre-intervention. Conversely,
glucose levels at 120 min post-challenge were reduced post-TRE
as compared to pre-TRE (Fig. 2A). The profile responses of
glucagon (Fig. 2B), GLP-1 (Fig. 2C), and peptide YY (Fig. 3C) were
similar pre- and post-intervention for both standard lifestyle and
TRE. Of interest, fasting ghrelin was increased after TRE as
compared to pre-TRE (28 +11.3 pg/mL, P=0.02) (Fig. 3A). In
addition, mirroring the differences between TRE and standard

SPRINGER NATURE
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Table 1. Self-reported dietary intake recorded during time-restricted eating (TRE) and standard lifestyle periods and differences between each
intervention period.
TRE (n = 39) Standard lifestyle (n =39) TRE minus standard lifestyle (n =39) P
Energy intake (Kcal/d) 1348 + 384 1735 £ 590 —384 +488 <0.001
Dietary intake
Protein (%) 20.5+6.1 18.7+44 1.8+5.9 0.10
Carbohydrates (%) 39.4+95 41.8+8.6 —24+88 0.14
Total fat (%) 176£3.5 175+£27 0.16 £3.7 0.80
Saturated fat (g) 16.1+£7.8 225+96 —64+9.0 <0.001
Cholesterol (mg/day) 240+ 158 348 +202 —108 £ 30 0.001
Fiber (g/day) 13.5+8.7 17.8+13.6 —42+126 0.05
Water (g/day) 2145+ 1478 1927 £ 1184 218+ 1351 0.33
Alcohol (g/day) 3.1£11.6 52+11.7 —20+6.7 0.09
Caffeine (mg/day) 130+ 139 134+£139 —4.2+109 0.82

Data are mean + SD; P values for comparisons between the study intervention periods.

Table 2. Changes between baseline and intervention endpoint and intervention comparisons: standard lifestyle and time-restricted eating (TRE).
TRE (n =39) Standard lifestyle (n = 39) TRE minus standard lifestyle (n =39) P

Glucose

Fasting (mmol/L) 0.19+£0.7 0.47 £0.9 —0.29+1.2 0.13

AUCj_120 min -1.0£73 1.7+£1.0 —27+97 0.08

iAUCo_120 min —-19+6.9 —0.19+4.9 —1.7+£88 0.22
Glucagon

Fasting (pg/mL) 6.0+5.9 34+53 2779 0.74

AUCo_120 min 72+13.7 72+157 0.04 £23.5 0.99

iAUCo_120 min —17.1+£19.7 —64+15.6 —10.7 £25.7 0.68
GLP-1

Fasting (pmol/L) 13.3£10.8 —-16+£98 148+13.3 0.27

AUCj_120 min 17.6 £52.2 16.0+39.8 1.60 £67.6 0.98

iAUC 6_120 min —35.4+488 22.3+40.3 —57.7 £ 64.5 0.38
Ghrelin

Fasting (pg/mL) 28.0+11.3 10.2+£10.9 17.8+17.3 0.30

AUCo_120 min 56.5+21.7 254+23.2 31.0+324 0.35

iAUC 120 min —70.2+43.8 —17.3+£29.5 —52.9+55.1 0.34
Leptin

Fasting (ng/mL) —2270+702 180 + 466 —2445 + 885 0.009

AUCq_120min —10,011 + 2537 2765 + 2081 —12,776 + 3088 <0.001

IAUCo_120 min —933+ 1417 2044 £1077 —2978 £ 2066 0.16
Peptide YY

Fasting (pg/mL) —43+98 122+£9.0 —-16.5+13.6 0.23

AUCo_120 min —142+484 19.7 £36.0 —33.9+65.6 0.61

iAUCo_120 min 10.4 +24.7 —33.6+30.9 44.0 +50.6 0.39

Data are mean + SD; P values for comparisons between the study intervention periods.

lifestyle observed for AUCy_120min leptin (Table 2), leptin levels
post-TRE were significantly reduced at all time points in response
to OGTT as compared to before TRE (P's <0.05) (Fig. 3B).

In order to evaluate the impact of TRE on subjective appetite,
we compared the differences induced by each intervention period
by visual analog scales obtained at each study visit in the morning
with participants in the fasting state. We observed no differences
in changes in hunger (Fig. 4A), fullness (Fig. 4B), desire to eat
(Fig. 4C) and capacity to eat (Fig. 4D) induced by TRE as compared
to standard lifestyle.

SPRINGER NATURE

DISCUSSION

In this randomized cross-over trial, we have recently demonstrated
that 6 weeks of TRE-induced significant weight loss (—3.86%
between groups reduction in body weight) in individuals with
overweight/obesity and T2DM as compared to standard eating
pattern [15]. This current report shows that TRE promoted a caloric
deficit of —384 kcal/daily without changing the eating pattern of
macronutrients. Interestingly, despite the significant weight
reduction over 6 weeks, there were no differences in glucagon,
GLP-1, ghrelin, and peptide YY responses to OGTT and no changes

International Journal of Obesity
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shown. P-values for comparisons between pre-and post-treatment values for each intervention period (standard and TRE).

in subjective appetite induced by TRE as compared to standard
lifestyle. Conversely, a reduction in leptin and significant increase
in fasting ghrelin were observed in response to TRE-induced
weight loss. These findings suggest that TRE accompanied by
weight reduction leads to physiologic compensatory changes in
appetite-regulating hormones towards weight regain similar to
other weight loss interventions including caloric restrictive diet [6].

The reduction in self-reported caloric intake observed in our
study is consistent with previous reports that demonstrated a

International Journal of Obesity

negative energy balance ranging from 313 to 550 Kcal/daily
promoted by TRE [18-20], although it should be acknowledged
that the 24-h food record tool used has potential inaccuracies in
self-reported food intake [21]. Data on the metabolic impact of
TRE in participants with T2DM and obesity is limited and, to our
knowledge, only one previous clinical trial has assessed the effect
of TRE on metabolic parameters and eating pattern in this patient
population [20]. Specifically, Pavlou et al. demonstrated that
6 months of TRE (16 h-fasting) was effective for weight loss and
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glucose lowering in 75 adults with T2DM, inducing —313 kcal/day
restriction as compared to —16 kcal/day in the control arm
without changes in the macronutrient distribution [20]. Our data
reinforce these findings, supporting TRE as a strategy that
naturally promotes calorie restriction by virtue of narrowing the
eating widow as participants were not instructed to monitor
caloric intake nor follow any restriction in quality or quantity of
food consumed. Our study has advanced knowledge on the

SPRINGER NATURE

metabolic impact of TRE in being the first RCT to report the impact
of TRE-induced weight loss on the compensatory changes of
appetite-regulating hormones, including fasting and OGTT
responses of glucagon, GLP-1, ghrelin, leptin, and peptide YY.
The concept of adaptive switch in appetite-regulating hor-
mones towards weight regain following weight loss has been
previously described in response to low-calorie diet intervention
for weight loss [6]. In this context, the increase in ghrelin and the
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decrease in leptin (fasting and post-prandial) observed in our
study are consistent with the pattern of changes following
standard negative caloric balance [3, 4, 6]. Specifically, ghrelin and
leptin are key players of satiety regulation, which have been
proposed to counteract dieting and weight-loss attempts as their
secretion switches towards appetite stimulation in response to
weight-loss interventions [22, 23]. Ghrelin has been described as a
potent stimulator of appetite and food intake [22] while leptin is
secreted by adipocytes and acts in the hypothalamus to reduce
food intake and increase energy expenditure [23]. The previous
data showing that very low calorie diet interventions that induce
ketosis could blunt hunger feelings and ghrelin secretion for as
long as ketosis is maintained raised the question of whether TRE-
induced weight loss could be associated with less pronounced
compensatory changes in hunger hormones [24, 25]. However,
our study demonstrates that, while TRE-induced weight-loss did
not change glucagon, GLP-1 and peptide YY responses, it
triggered a significant reduction in leptin and increase in fasting
ghrelin that likely impact the long-term effects of TRE on weight
maintenance. These findings are in parallel to long-term studies
(12 months of follow-up) in patients with obesity demonstrating
that TRE was not more beneficial to induce body weight
reduction, body fat reduction, or improvement in metabolic risk
factors than the standard eating pattern accompanied by daily
calorie restriction [26, 27].

Our study has some limitations. Only participants with over-
weight/obesity and early T2DM who were not receiving glucagon-
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like peptide 1 agonists or sodium-glucose cotransporter 2
inhibitors were included because these agents could potentially
impact the assessment of the primary outcome of this trial and
the outcomes reported in the current analyses. As such, the effect
of TRE on energy balance homeostasis in these scenarios is still
unclear. Importantly, the included patient population represents
the group of patients with T2DM for whom lifestyle interventions
are likely more relevant in clinical practice as opposed to patients
later in the course of diabetes who are typically receiving multiple
glucose-lowering therapies, which could represent a strength of
this study. Another limitation is that our study design did not
allow the comparison between weight loss induced by TRE versus
a matched weight loss standard calorie-restrictive diet, an
important aspect to be addressed in future studies. Finally, our
study interventions had a relatively short duration (6 weeks) with
modest weight reduction and thus this study does not answer the
question of the long-term impact of TRE on energy balance
regulation. Nevertheless, we believe that the detailed phenotyp-
ing of our protocol, enabling a comprehensive assessment of the
response profiles to oral glucose of the appetite-regulating
hormones glucagon, GLP-1, ghrelin, leptin, and peptide YY,
coupled with evaluation of eating patterns and subjective
appetite, significantly advances knowledge on the metabolic
impact of TRE, thereby partly mitigating these limitations.

In conclusion, our study demonstrated that TRE is a pragmatic
lifestyle intervention that induces significant weight loss in patients
with overweight/obesity and early T2DM, spontaneously promoting
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calorie deficit without impacting the distribution of dietary macro-
nutrients. While this intervention did not impact subjective appetite
and the profiles of appetite-regulating hormones glucagon, GLP-1
and peptide YY, TRE accompanied by weight reduction induced an
increase in fasting ghrelin and a reduction in leptin response to oral
glucose. Taken together, these findings suggest that TRE does not
have any unique advantage in preventing the physiologic compen-
satory changes associated with weight reduction in individuals with
overweight/obesity and T2DM.
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