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SUMMARY

In animal models, time-restricted feeding (TRF) can
prevent and reverse aspects of metabolic diseases.
Time-restricted eating (TRE) in human pilot studies
reduces the risks of metabolic diseases in otherwise
healthy individuals. However, patients with diag-
nosed metabolic syndrome often undergo pharma-
cotherapy, and it has never been tested whether
TRE can act synergistically with pharmacotherapy
in animal models or humans. In a single-arm,
paired-sample trial, 19 participants with metabolic
syndrome and a baseline mean daily eating window
of R14 h, the majority of whom were on a statin
and/or antihypertensive therapy, underwent 10 h of
TRE (all dietary intake within a consistent self-
selected 10 h window) for 12 weeks. We found this
TRE intervention improves cardiometabolic health
for patients with metabolic syndrome receiving stan-
dard medical care including high rates of statin and
anti-hypertensive use. TRE is a potentially powerful
lifestyle intervention that can be added to standard
medical practice to treat metabolic syndrome.

INTRODUCTION

Metabolic syndrome is defined by the presence of multiple

related risk factors for type 2 diabetes mellitus (T2DM) and
Context and Significance

Peoplewithmetabolic syndromeare at risk for diabetes and hea
changes that are challenging; thus, newbehavioral interventions
dietary intake to a consistent 10-hwindow, creating a 14-h night
plewithmetabolic syndrome receiving standardmedical care (in
improves markers of health. TRE led to weight loss, healthier b
lower blood pressure and levels of cardiovascular disease-pro
sleep. TRE could be an effective dietary intervention to help th
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cardiovascular disease (CVD) (Alberti et al., 2009; Sperling

et al., 2015). It is highly prevalent, affecting �30% of the

U.S. population, and confers a 5-fold increase in the risk of

T2DM and doubles the risk for CVD over 5–10 years (Alberti

et al., 2009; Ervin, 2009). Features of metabolic syndrome

include abdominal obesity, elevated blood pressure, insulin

resistance, a proinflammatory and prothrombotic state, and

atherogenic dyslipidemia (high triglycerides, high apolipopro-

tein B, high low-density lipoprotein particle [LDL-p] number,

and low high-density lipoprotein cholesterol [HDL-C]). The first

line of therapy for metabolic syndrome is aggressive diet and

lifestyle interventions: reducing caloric intake, adopting a

healthy diet, and increasing physical activity (Sperling et al.,

2015). However, these approaches are often insufficient to

effectively manage the disease, the disease gradually

worsens, and patients are commonly put on medications to

treat their symptoms. Treating metabolic syndrome is of

crucial importance in preventing progression to T2DM and in

reducing morbidity and mortality from T2DM and CVD. Thus,

there is a critical unmet need for lifestyle interventions in meta-

bolic syndrome that are effective, easy for clinicians to teach

to patients during routine care, and intuitive for patients to

adopt and maintain, either to prevent or work as an ‘‘add-

on’’ to pharmacological treatment.

Time-restricted eating (TRE) is an emerging dietary interven-

tion that aims to maintain a consistent daily cycle of feeding

and fasting to support robust circadian rhythms (Panda, 2016).

Circadian regulation of the endocrine system, autonomic ner-

vous system, and nutrient metabolism contributes to metabolic

and physiological homeostasis (Asher and Sassone-Corsi,

2015; Panda, 2016). Both erratic eating patterns and eating
rt disease. Current treatment requiresweight loss and lifestyle
are needed. Ten-hour time-restricted eating (TRE) limits daily
ly fast. Researchers studiedwhether TRE for 12weeks in peo-
cludingmedications to lower cholesterol andbloodpressure)
ody composition (including decreased waist circumference),
moting lipids (i.e., ‘‘bad cholesterol’’ levels), and more restful
ose with metabolic syndrome.
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over an extended period of time during the 24-h day can disrupt

circadian rhythms. Chronic circadian disruption can increase the

risk for components of metabolic syndrome including obesity,

hypertension, insulin resistance, inflammation, and dyslipidemia

(Lunn et al., 2017; Mohebbi et al., 2012; Puttonen et al., 2010).

Observational studies in humans have also shown a correlation

between irregular eating times and increased risk for metabolic

syndrome and other cardiometabolic diseases (Pot et al.,

2016; Sierra-Johnson et al., 2008; Wennberg et al., 2016).

Conversely, in animal models, maintaining a daily rhythm of

feeding and fasting by TRF (time-restricted feeding refers to an-

imal studies, TRE in human studies) sustains robust daily

rhythms and prevents as well as reverses metabolic diseases

(Mattson et al., 2014; Sulli et al., 2018; Zarrinpar et al., 2016).

TRF is effective in reversing aspects of metabolic syndrome in

mice in both sexes by reducing body weight, adiposity, glucose

intolerance, plasma cholesterol, and plasma triglycerides (Chaix

et al., 2014; Chung et al., 2016), and improving heart function in

Drosophila (Gill et al., 2015).

There is potential for humans to adopt TRE for health benefits.

Objective longitudinal monitoring of human eating habits over

several days has found that over 50% of people eat within a win-

dow of >15 h (Gill and Panda, 2015; Gupta et al., 2017) and only

�10% of adults habitually maintain a R12 h window of fasting.

Prior studies have shown that overweight or obese adults who

habitually eat for R14 h can safely adopt an 8–10 h interval of

TRE over several weeks and achieve weight loss (Gabel et al.,

2018, 2019; Gill and Panda, 2015; Hutchison et al., 2019). To

date, TRE has primarily been studied in healthy humans (Antoni

et al., 2018; LeCheminant et al., 2013; Moro et al., 2016; Tinsley

et al., 2017), or in those who are overweight or obese but who are

otherwise without metabolic disease (Gabel et al., 2018, 2019;

Gill and Panda, 2015; Hutchison et al., 2019). In these studies,

TRE inadvertently reduced energy intake and led to a reduction

in body weight. In men with prediabetes, 6 h TRE, without

reducing caloric intake, reduced signs of insulin resistance (Sut-

ton et al., 2018). In men who were overweight, a 9 h TRE

decreased triglycerides, improved glycemic response to meals,

and reduced mean fasting glucose assessed by a continuous

glucose monitor (CGM) (Hutchison et al., 2019). An extensive

literature review on the effect of meal timing on cardiometabolic

health has prompted the American Heart Association (AHA)

to suggest that nightly fasting may reduce the risk for CVD (St-

Onge et al., 2017).

Self-reported adverse effects of TRE are rare, but one cross-

over study (6 h TRE, 8 a.m.–2 p.m. compared to 12 h, 8 a.m.–8

p.m., 5 weeks in each arm) included reports of vomiting (n = 1),

headaches, increased thirst, and diarrhea (n = 2) (Sutton et al.,

2018). Another study (8 h TRE, 10 a.m.–6 p.m., 12 weeks) re-

ported a non-significant increase in mean percent occurrences

of nausea, diarrhea, constipation, and dizziness (Gabel et al.,

2019). Resistance training combined with 8 h TRE led to signifi-

cant reductions in total testosterone and total triiodothyronine

(T3) with TRE after 8 weeks (Moro et al., 2016); total testosterone

remained within the reference range and T3 was just below the

lower limit of normal. TRE of 13 h (6 a.m.–7 p.m.) compared to

ad libitum (a cross-over study, 2 weeks per arm) reported

increased hunger before breakfast and a trend toward increased

fatigue with TRE (driven in part by a reduction in fatigue during
control) (LeCheminant et al., 2013). However, decreased hunger

at bedtime and increased morning and overall energy were re-

ported after 16 weeks of 10–12 h TRE (time of day decided by

the participant). After a 1-year follow-up, energy levels were still

significantly increased, but hunger at bedtime was no longer

significantly different, although still less than at baseline (Gill

and Panda, 2015).

Although not considered a medically relevant adverse ef-

fect, a separate study that delayed breakfast and advanced

dinner by 1.5 h each (resulting in an �8.5 h eating interval) re-

ported that TRE affected opportunities for people to engage in

evening social eating and drinking activities (Antoni et al.,

2018), which could conceivably have implications for long-

term adherence. It is also important to note that in all TRE

studies in which negative effects were reported, the timing

of the TRE was pre-determined for the participant. Taking an

individual’s schedule and personal preference into consider-

ation and letting the participants choose their own TRE interval

are likely important factors for adherence, efficacy, and

reducing adverse effects.

As part of routine medical care, patients with metabolic syn-

drome are counseled by healthcare providers to adopt

increased physical activity and reduced caloric intake (Sperling

et al., 2015). However, TRE as a behavioral intervention has

never been studied in patients with metabolic syndrome. Com-

ponents of metabolic syndrome (i.e., elevated blood pressure,

abnormal lipids) are also frequently treated with pharmaco-

therapy. It is not known whether this high-risk group of patients

with metabolic syndrome, who have already received standard

medical care including diet/physical activity counseling and

pharmacotherapy, will benefit from adopting TRE as an addi-

tional therapy.

BasedonTRFstudies in rodentswith pre-existingdiet-induced

obesity (Chaix et al., 2014),wehypothesized that a 10hTRE inter-

vention in patients with metabolic syndrome (and a R14 h/day

baseline eating interval) would result in a significant improvement

in mean blood glucose, fasting insulin, triglycerides, and the in-

flammatory marker high sensitivity C-reactive protein (hs-CRP).

We also anticipated weight loss and improvements in cardiome-

tabolic health including a reduction in blood pressure and athero-

genic lipid levels.We observed significant reductions (p < 0.05) in

bodyweight (mean ±SD,�3.3 ± 3.20 kg [�3%]), waist circumfer-

ence (�4.5 ± 6.72 cm [�4%]), body mass index (BMI; �1.1 ±

0.97 kg/m2 [�3%]), percent body fat (�1.0% ± 0.91% [�3%]),

visceral fat rating (�0.6 ± 0.77 [�3%]), systolic and diastolic

blood pressure (�5.1 ± 9.51 mmHg [�4%] and �6.5 ±

7.94 mmHg [�8%], respectively), total cholesterol (�13.2 ±

24.29 mg/dL [�7%]), low-density lipoprotein cholesterol

(LDL-C; �11.9 ± 19.01 mg/dL [�11%]), and non-high-density li-

poprotein cholesterol (non-HDL-C; �11.6 ± 22.94 mg/dL

[�9%]). Although we did not detect a significant improvement

in average glucose, fasting insulin, triglycerides, and hs-CRP in

the entire cohort, with the exception of hs-CRP these parameters

modestly changed in the desirable direction. Participants with

elevated fasting glucose (R100 mg/dL) and/or HbA1c (R5.7%)

at baseline (n = 12) had a significant reduction in HbA1c

(�0.22% ± 0.32% [3.7%], p = 0.04). Improvements were

observed despite no change in physical activity and were inde-

pendent of change in weight.
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RESULTS AND DISCUSSION

Participants, Adherence, and Adverse Effects
This study was conducted with approval from the Institutional

Review Board at UC San Diego (UCSD) and The Salk Institute

for Biological Studies. All participants provided written informed

consent. Participants were recruited from UCSD clinics, were

diagnosed with metabolic syndrome (using AHA/National Heart,

Lung, and Blood Institute cut points for waist circumference)

(Alberti et al., 2009), and had a self-reported eating interval of

R14 h per day. Our study design is summarized in Figure 1A.

Thirty-five participants were enrolled. After screening to

meet eligibility criteria, 25 began the TRE intervention, and

19 were included in the final analysis (Figure 1B): 13 men

and 6 women, 63% non-Hispanic white, age 59 ± 11.14

(mean ± SD) years. All participants met 3 or more metabolic

syndrome criteria at the time of enrollment (Table S1). Sixteen

participants (84%) were taking at least one medication, and 3

(16%) were taking no medications. Overall, statin and antihy-

pertensive use were high (79% and 63%, respectively; Table

S2). Most participants were obese, with a body weight of

97.84 ± 19.73 kg and a BMI of 33.06 ± 4.76 kg/m2. Twelve

of the 19 participants had an elevated fasting glucose of

R100 mg/dL (107.2 ± 16.62 mg/dL) and/or elevated HbA1c

of R5.7% (5.90% ± 0.41%) at baseline (Table S1). Time-of-

day data for fasting lab draws were available for all 19 partic-

ipants, while the time-of-day data for last dietary intake prior

to overnight fasting for lab draws (and thus, fasting duration

prior to lab draws) were available for n = 8. Baseline fasting

labs were drawn at 09:31 ± 1:30 h (after a 13.75 ± 0.76 h

fast), and at the end of intervention fasting labs were drawn

at 09:03 ± 1:14 h (after a 13.38 ± 0.84 h fast).

Participantsusedavalidatedapp—myCircadianClock (mCC)—

to log their caloric intake during the 2-week baseline and 12-week

intervention periods. Mean percent adherence to logging (a mini-

mum of two calorie-containing entries over a minimum of 5 h for a

given day) was 94.30% ± 7.25% during the 2-week baseline, and

85.61% ± 12.39% during the 12-week intervention.

Unlike a 6 h TRE intervention which reported several adverse

events including vomiting, headaches, increased thirst, and diar-

rhea (Sutton et al., 2018), participants in our 10 h TRE interven-

tion did not report any of these adverse events. One participant

reported muscle discomfort associated with implantation and

use of the CGM, but no other adverse events occurred. Missing

data and data excluded from our final analysis are described in

STAR Methods.

Changes in Eating Pattern
As seen in previous longitudinal monitoring of daily eating pat-

terns (Gill and Panda, 2015; Gupta et al., 2017), we also found

the eating pattern of the participants at baseline varied from

day to day (Figure S1). Collating all calorie-ingestion events dur-

ing the baseline period revealed the eating events were spread

over a wide window of the 24 h day (Figure 2). To account for

such day-to-day variation in the time of ingestion of calorie-con-

taining food or beverages, we define the eating window as the

time interval during which 95% of all calorie-containing ingestion

events occur during baseline or intervention period. The 95%

eating window at baseline was 15.13 ± 1.13 h.
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We found three major trends in self-selected eating patterns

with TRE, which may help to explain the observed benefits in

metabolic syndrome. These trends include that (1) maintaining

a shortened daily eating window (�10 h) and nightly fasting

(�14 h) was feasible for an extended period of time, (2) TRE

was achieved through a combination of moderate delays and

advances inmeal timing rather than skippingmeals, (3) regularity

in timing of caloric intake was increased.

During the 12-week intervention, the eating window was

significantly reduced by an average of 28.75% (�4.35 ± 1.32 h,

from 15.13 ± 1.13 h to 10.78 ± 1.18 h, p = 8.847E�11; Figure 2;

Table 1). The 95% eating window accounts for day-to-day

changes in the eating pattern and is typically longer than the

average daily eating interval (time interval between the first and

the last calorie of a 24 h day), which, for the majority of the

days, was <11 h (Figure S1). During the intervention, participants

ate outside of their eating window by more than 1 h either before

or after their self-designated eating window on 7.12% ± 7.55%

of days. Such occasional deviation from a designated eating

window has been shown to have very little adverse impact on

the metabolic benefits of TRF in mice (Chaix et al., 2014).

Longitudinal measurement of food intake and sleep enabled

us to assess how participants self-adopted TRE. Participants

chose to begin their 10 h eating window between 8 a.m. and

10 a.m. and end the eating window between 6 p.m. and 8 p.m.

They achieved this by delaying the time of the first calorie and

advancing their last calorie. Based on their 95% eating window,

participants delayed their first calorie by 2.09 ± 1.20 h and

advanced their last calorie by 2.08 ± 1.32 h relative to baseline.

For most participants, three clusters of food intake roughly rep-

resenting breakfast, lunch, and dinner were apparent during the

intervention period (Figure 2). Furthermore, to determine the type

of firstmeal, we assigned a breakfast score of 0, 0.5, or 1 (0, lunch

item; 0.5, lunch or breakfast item; 1, breakfast item) to the first

two items logged before 11 a.m. at baseline and the last 2 weeks

of intervention. There was no significant difference (p = 0.84) in

the breakfast score between baseline (0.8102) and the last two

weeks of intervention (0.8282; STAR Methods). There are not

clear objective standards for what defines breakfast: whether it

is the meal that breaks an overnight fast or a meal that is

consumed immediately after waking up. However, based on

the observation that the participants continued to consume the

same food items in their morning meals and there were three

clear clusters of meals during the intervention period, we

conclude that the participants did not skip breakfast but rather

delayed it.

Based on days that participants wore the actiwatch (passive

sleep measure) and met good logging criteria on the mCC app,

participants significantly increased the time between wake and

first calorie (+1.81 ± 0.96 h, p = 7.72E�7) and between last cal-

orie and sleep onset (+1.53 ± 1.18 h, p = 6.48E�5) during the end

of TRE compared to baseline. During TRE intervention, the time

between wake and first calorie was 3.64 ± 1.22 h, and the time

between the last calorie and sleep onset was 4.02 ± 1.19 h

(Figure 2).

A key aspect of eating patterns is the variability in first and last

calorie. Studies have shown that irregular meal timing negatively

impacts cardiometabolic health (Pot et al., 2016; Sierra-Johnson

et al., 2008; Wennberg et al., 2016).



Figure 1. Study Design and CONSORT Flow Diagram

(A) Study design. Prior to baseline, participants were screened with a phone interview. At the first visit (day 1), questionnaires, vitals, and blood were collected.

Participants also had the CGMapplied, were given an actiwatch, andwere trained on how to use themyCircadianClock (mCC) app.Weeks 0–1: participants wore

the CGM and actiwatch, and logged all food and beverages on the mCC app. mCC data were used to screen participants for a R14 h eating interval. At visit 2

(~day 7), the CGMwas removed and the actiwatch was returned. At the end of week 2, if participants qualified for the study, they were instructed to select a 10 h

eating window and start their 12-week time-restricted eating intervention. The mCC app was used throughout intervention to log food and beverage intake

and sleep. Seven to ten days before the end of intervention, participants came for the third visit and had another CGM applied and were provided an actiwatch. At

visit 4, the CGM was removed, the actiwatch was returned, and all assays taken at baseline were repeated. CGM, continuous glucose monitor; mCC,

myCircadianClock smartphone app.

(B) CONSORT flow diagram describing the process of patient enrollment, intervention, and data analysis. TRE, time-restricted eating.
The regularity of the first and last calorie also increased during

the TRE intervention. The variance of the time of first caloric

intake was 2.77 h during baseline and significantly decreased

by 40.96% to 1.63 h on TRE (p = 0.001, Levene’s test). The vari-

ance of the time of the last calorie was also significantly

decreased by 44.23% from 4.12 h during baseline to 2.30 h dur-

ing TRE (p = 0.0001; Figure 2). Although the variance of time of

first and last calorie was decreased, the variance in the time be-

tween wake and first calorie increased from 1.97 h during base-

line to 2.79 h during TRE (p = 0.006). This may be due to a more

stable eating time that does not adjust to changes in wake time.

There were no changes in the variance in time between last cal-
orie and sleep onset between baseline (3.76 h) and TRE (3.71,

p = 0.981; Figure 2). These data were assessed on all days of

good app logging (a minimum of 2 caloric entries at least 5 h

apart) throughout baseline and the last 2 weeks of the TRE

intervention.

Impact of 10 h TRE on Caloric Intake, Sleep, and
Physical Activity
Caloric intake was estimated based on the photo and/or annota-

tion entries on the mCC app. Despite no recommendations to

change dietary quantity or quality, there was an 8.62% ±

14.47%decrease in mean daily caloric intake during intervention
Cell Metabolism 31, 92–104, January 7, 2020 95



Figure 2. Variance in Time of First and Last Calorie and Sleep and Wake Time Decreases in TRE Intervention

For all panels, baseline data are in orange and intervention in blue. y axis: each orange/blue combination represents an individual participant. For the left and

middle panels, x axis: clock hour for eating event (4, 4 a.m.; 24,midnight). Left panel: all food and beverage events from 2weeks of baseline and the last 2 weeks of

TRE intervention for each participant. Data from each 2-week interval were randomly sampled to have the same number of entries at baseline and end of

intervention. Middle panel: mean and standard deviation for first calorie (C), last calorie (-), wake (:), and sleep onset (;) at baseline and intervention. First and

last calorie data were only used for days that logging adherence was met. Right panel: mean time (in h) between wake and first calorie (left) and last calorie and

sleep onset (right) at baseline and intervention. Data were analyzed for each day that the watch was worn and logging adherence was achieved, and then

averaged. Note: missing data for participant 9 (eating times at baseline) and participant 3 (sleep times at intervention).
(1,792.00 ± 578.08 calories) compared to baseline (1,990.59 ±

644.89 calories, p = 0.007; Figure 3A; Table 1).

None of the participants were shift-workers and all had a rela-

tively consistent sleep pattern. At baseline, participants slept for

437.48 ± 66.67 min, which is in line with the recommended sleep
96 Cell Metabolism 31, 92–104, January 7, 2020
duration (Hirshkowitz et al., 2015). TRE led to a modest, but not

significant, increase in sleep duration to 449.93 ± 60.87 min for

the entire cohort (+12.45 ± 49.58 min of sleep, p = 0.302). We

also did not find significant changes in an objective measure of

sleep efficiency (percent time asleep during sleep interval,



Table 1. Changes in Health Metrics from Baseline to End of 12 Weeks of Time-Restricted Eating

Baseline (mean (SD)) TRE (mean (SD))

Change in TRE

Baseline (mean (SD)) Percent Change p Value

Weight, BMI, Body Fat, and Blood Pressure

Daily eating intervala 15.13 (1.13) 10.78 (1.18) �4.35 (1.32) �29% 8.847E�11

Weight (kg) 97.84 (19.73) 94.54 (18.38) �3.30 (3.20) �3% 0.00028

BMI (kg/m2) 33.06 (4.76) 31.97 (4.44) �1.09 (0.97) �3% 0.00011

Percent body fat (%) 36.62 (4.18) 35.61 (4.02) �1.01 (0.91) �3% 0.00013

Waist circumference (cm) 109.14 (11.21) 104.68 (14.79) �4.46 (6.72) �4% 0.0097

Visceral fat rating 16.68 (5.97) 16.11 (5.89) �0.58 (0.77) �3% 0.004

Systolic BP (mmHg)b 127.88 (8.89) 122.76 (13.35) �5.12 (9.51) �4% 0.041

Diastolic BP (mmHg)b 78.47 (8.74) 72.00 (10.75) �6.47 (7.94) �8% 0.004

Lipids and Inflammation

Total cholesterol (mg/dL) 181.42 (35.80) 168.26 (39.65) �13.16 (24.29) �7% 0.030

LDL-C (mg/dL)a 104.33 (32.30) 92.39 (37.82) �11.94 (19.01) �11% 0.016

non-HDL-C (mg/dL) 134.42 (33.93) 122.79 (37.85) �11.63 (22.94) �9% 0.040

LDL-p (nmol/L)b 1,441.41 (457.17) 1,334.65 (440.58) �107.76 (249.62) �7% 0.094

HDL-C (mg/dL) 47.00 (12.49) 45.47 (12.42) �1.53 (3.19) �3% 0.051

Triglycerides (mg/dL) 161.16 (87.30) 158.53 (94.24) �2.63 (57.68) �2% 0.845

hs-CRP (mg/L)b 1.59 (1.31) 1.77 (1.44) 0.18 (1.19) 11% 0.537

ALT (units/L) 28.68 (10.74) 25.79 (11.48) �2.89 (7.15) �10% 0.095

AST (units/L) 26.79 (6.79) 24.37 (7.37) �2.42 (5.98) �9% 0.094

Cardiometabolic Factors

Blood glucose (CGM) (mg/dL)a 106.72 (14.77) 101.77 (12.36) �4.94 (16.32) �5% 0.194

Fasting blood glucose (mg/dL) 106.74 (18.01) 101.00 (11.60) �5.74 (13.54) �5% 0.081

HbA1c (%) 5.71 (0.45) 5.57 (0.40) �0.14 (0.29) �2% 0.058

Fasting insulin (mIU/mL) 17.68 (13.36) 14.05 (8.03) �3.63 (8.01) �21% 0.064

HOMA-IR 5.10 (5.70) 3.56 (2.28) �1.54 (3.95) �30% 0.107

Sleep and Activity

Daily activity countsa 225,891.28 (69,765.83) 212,610.25 (71,847.35) �13,281.03 (29,037.07) �6% 0.069

mCC app: % days reported

feeling rested from sleepc

69.88 (25.61) 88.16 (21.89) 16.28 (24.88) 23% 0.019

PSQI total score 6.16 (3.92) 5.47 (3.67) �0.68 (2.06) �11% 0.164

Sleep duration in minutesa 437.48 (66.67) 449.93 (60.87) 12.45 (49.58) 3% 0.302

Percent sleepa 92.29 (2.15) 92.12 (2.29) �0.17 (1.99) 0% 0.728

Thyroid Function and Blood Cells

Thyroid stimulating hormone

(TSH) (mIU/L)

1.94 (0.753) 2.18 (0.872) 0.243 (0.599) 13% 0.094

White blood cell count

(1,000/mm3)

5.83 (1.30) 5.73 (1.24) �0.095 (1.11) �2% 0.714

Hemoglobin (g/dL) 14.65 (1.78) 14.58 (1.76) �0.074 (0.737) 0% 0.668

Hematocrit (%) 43.51 (5.02) 43.53 (4.96) 0.021 (1.89) 0% 0.962

Platelet count (1,000/mm3) 242.26 (61.50) 244.00 (62.13) 1.74 (25.93) 1% 0.774

mCC, myCircadianClock smartphone app; BMI, body mass index; BP, blood pressure; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-den-

sity lipoprotein cholesterol; LDL-p, low-density lipoprotein particle number; hs-CRP, high-sensitivity C-reactive protein; ALT, alanine aminotrans-

ferase; AST, aspartate aminotransferase; CGM, continuous glucose monitor; HbA1c, hemoglobin A1c; HOMA-IR, homeostatic model assessment

of insulin resistance; PSQI, Pittsburgh Sleep Quality Index. HOMA-IR is obtained using the following equation: (fasting glucose*fasting insulin)/405.

n = 19 unless noted.
an = 18
bn = 17
cn = 16
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Figure 3. TRE Intervention Improves Restfulness and Body Composition and Significantly Reduces Weight, Blood Pressure, and Athero-

genic Lipids

(A) Mean daily caloric intake, sleep parameters, and activity counts at baseline (orange) and end of 12 weeks of time-restricted eating (TRE) intervention (blue).

(B) Weight and body composition end points.

(C) Blood pressure, lipid, and glucose end points. Boxplot with whiskers displaying 5%–95% interval and outliers.

*p < 0.05, **p < 0.01, ***p < 0.001. PSQI, Pittsburgh Sleep Quality Index; BMI, body mass index; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density

lipoprotein cholesterol; LDL-p, low-density lipoprotein particle number; CGM, continuous glucose monitor; HbA1c, hemoglobin A1c.
�0.17% ± 1.99%, p = 0.728). However, this is likely due to large

differences between participants at baseline. Overall, 16 of 19

participants demonstrated increased duration of sleep and/or

increased sleep efficiency at the end of the intervention (percent

sleep; Figure 3A; Table 1).

Interestingly, the variance in wake time decreased by 35.53%

from 3.42 h at baseline to 2.21 h during intervention (p = 0.035).

Likewise, there was a trend toward a decrease in the variance of
98 Cell Metabolism 31, 92–104, January 7, 2020
sleep onset from 3.05 h during baseline to 2.05 h during interven-

tion (p = 0.142; Figure 2).

To assess the subjective report of sleep satisfaction, we used

the Pittsburgh Sleep Quality Index (PSQI), which asks partici-

pants to rate many factors of sleep over the past month (Buysse

et al., 1989). Additionally, through the mCC app, we asked par-

ticipants to rate their sleep immediately after waking up. Such

repeated self-assessment of sleep quality immediately after



waking up onmultiple days is likely to report an accurate assess-

ment of subjective sleep quality. Remarkably, TRE led to a signif-

icant improvement in morning restfulness based on daily morn-

ing momentary assessment of sleep quality in the mCC app.

Specifically, the participants reported restful sleep only

69.88% ± 25.61% of days at baseline, which increased signifi-

cantly by as much as 23% to 88.16% ± 21.89% (p = 0.019; Fig-

ure 3A; Table 1). There was a small but non-significant trend to-

ward improved sleep (decreased score) as reported on the PSQI

(�0.68 ± 2.06, p = 0.164). Overall, modest changes in the indirect

measure of sleep from actigraphy coupled with significant

changes in subjective rating of sleep immediately after waking

up indicate TRE impacts sleep. However, more direct analysis

of the effects of TRE on sleep stages and arousal threshold

should be performed in future studies.

There were no significant changes in activity (measured by ac-

tigraphy) at the end of TRE compared to baseline, but there was

a trend toward a reduction in physical activity (mean change in

daily activity counts by Philips Actiwatch, �13,281.03 ±

29,037.07, p = 0.069; Figure 3A; Table 1).

TRE Reduced Body Weight and Improved Body
Composition
With 10 h TRE for 12 weeks, we observed significant reductions

in body weight from baseline (�3.30 ± 3.20 kg [�3%],

p = 0.00028). The average rate of body weight change was

�275 g/week, which is considered within the safe range for

weight loss (Weinsier et al., 1995). The body weight change

also translated to a significant reduction in BMI (�1.09 ±

0.97 kg/m2 [�3%], p = 0.00011). The decrease in body weight

accompanied desirable reductions in percent body fat

(�1.01% ± 0.91% [�3%], p = 0.00013). Some of the body fat

losswas loss in abdominal fat because we observed a significant

reduction in visceral fat rating (�0.58 ± 0.77 [�3%], p = 0.004)

and waist circumference (�4.46 ± 6.72 cm [�4%], p = 0.0097;

Figure 3B; Table 1). Mixed linear model analyses showed that

these changes (except for waist circumference) could not be ex-

plained by the change in weight (Table S3). Waist circumference

showed a correlationwith change inweight (p = 0.017), change in

eating interval (p = 0.005), and combined change in weight and

eating interval (p = 0.004) (Table S3).

The degree of weight loss observed in our study with TRE

(mean�3% from baseline, p < 0.00028) is comparable to studies

examining the effects of calorie restriction combined with exer-

cise in patients with glucose intolerance, which have reported

weight loss of �1% (Bhopal et al., 2014), �3% (Ackermann

et al., 2015), �5% (Katula et al., 2013), and �6% (Knowler

et al., 2002). These studies reported either no significant reduc-

tion in blood pressure (Ackermann et al., 2015; Bhopal et al.,

2014) or no significant reduction in total cholesterol (Ackermann

et al., 2015), or did not report blood pressure or lipid end points

(Katula et al., 2013; Knowler et al., 2002).

TRE Reduced Atherogenic Lipid Levels and Blood
Pressure
Major risk factors for CVD include elevated blood pressure and

atherogenic lipids, including LDL-C and non-HDL-C, which re-

flects the contribution of triglyceride-rich lipoproteins (such

as very low-density lipoprotein cholesterol; VLDL-C) to CVD
risk. We also observed significant reductions in total

cholesterol (�13.16 ± 24.29 mg/dL [�7%], p = 0.03), LDL-C

(�11.94 ± 19.01 mg/dL [�11%], p = 0.016), and non-HDL-C

(�11.63 ± 22.94 mg/dL [�9%], p = 0.04; Figure 3C; Table 1). A

mixed linear model analysis showed that these changes were

not explained by changes in weight (Table S3). An elevation in

low-density lipoprotein particle number (LDL-p) is associated

with CVD risk, and LDL-p is often discordantly elevated (relative

to LDL-C) in insulin resistance states, such as metabolic syn-

drome. There was a trend toward a reduction in LDL-p

(�107.76 ± 249.62 nmol/L [�7%], p = 0.094). Change in HDL-C

was not significant but had a trend toward reduction (�1.5 ±

3.19 mg/dL [�3%], p = 0.051; Figures 3C and S2; Table 1).

Loss of 5% of body weight should produce a 3%–5% reduc-

tion in LDL-C (Jacobson et al., 2015); in our study, a 3% weight

loss occurred with an 11% reduction in LDL-C. The baseline

mean LDL-C of 104 mg/dL in our study reflects the high use of

statin therapy (as baseline mean LDL-C in our 4 participants

who were not on statin therapy was 146.5 mg/dL), and with

TRE, mean LDL-Cwas reduced to 92mg/dL (p = 0.016). Treating

LDL-C to a target of <100 mg/dL by adding medications to statin

therapy is recommended in treating high-risk patients for primary

prevention of CVD (Lloyd-Jones et al., 2010). Our ability to do this

with TRE as ‘‘add-on’’ therapy to statins is intriguing and, given

its potential clinical implications, warrants further investigation.

The extent of weight loss under TRE did not correlate with

changes in plasma triglyceride (TG) levels. There were no signif-

icant changes in TGs (Figures 3C and S2; Table 1) or hs-CRP (a

marker of inflammation; Table 1). Typically, weight loss is ex-

pected to promote lower TGs. Loss of 5%–10% of body weight

should lead to a 20% reduction in TGs (Miller et al., 2011). It is

unclear why we did not observe a change in TGs with TRE

despite the significant weight loss achieved. One possibility is

that the effect of TRE on TGs was blunted by the significant

portion of participants taking statins (79%), although this did

not limit our ability to detect significant reductions in total choles-

terol, LDL-C, and non-HDL-C. In the setting of concomitant

statin use, perhaps a shorter TRE window (e.g., 8 h) or a longer

period of 10 h TRE beyond 12 weeks would lead to a decrease

in TG.

We observed significant reductions in systolic and diastolic

blood pressure (�5.12 ± 9.51 mmHg [�4%], p = 0.041 and

�6.47 ± 7.94 mmHg [�8%], p = 0.004, respectively; Figures

3C and S2; Table 1). The reduction in blood pressure observed

with TRE in our study is similar to that expected by weight loss

through other means. Any degree of weight loss (from 0 to

<10%) is generally expected to result in an average blood pres-

sure reduction at 6 to <12 months by 2.675 mmHg (systolic) and

1.337 mmHg (diastolic) (Zomer et al., 2016). However, a mixed

linearmodel analysis showed no significant relationship between

change in weight and change in blood pressure (Table S3). The

absolute mean reduction in blood pressure observed in our

study was even more than these general estimates; however,

large standard deviation reflects our small sample size, and we

did not have a control arm. Importantly, a significant reduction

in blood pressure was observed in our study in the context of

63% of patients taking anti-hypertensive therapy. Thus, similar

to our observations on the effects of TRE as ‘‘add-on’’ therapy

to statins for atherogenic lipid-lowering, TRE may also be an
Cell Metabolism 31, 92–104, January 7, 2020 99



Figure 4. Changes in Glucose Levels between Baseline and End of Intervention

(A) Summary of 8 days of CGM data baseline (orange) and at the end of 12 weeks of TRE intervention (blue) for a participant with type 2 diabetes mellitus. Solid

lines represent the median glucose, the shaded area is 25%–75% interval, and the lightly shaded area is 10%–90% interval. Vertical dotted lines represent the

(legend continued on next page)
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‘‘add-on’’ therapy to anti-hypertensives in those with metabolic

syndrome. As an important risk factor for cardiovascular dis-

ease, a reduction in blood pressure is a very important finding

in metabolic syndrome, and the long-term impact of TRE on

blood pressure lowering deserves further examination.

Metabolic syndrome is also associated with non-alcoholic

fatty liver disease (NAFLD), and plasma levels of the liver trans-

aminases (alanine aminotransferase [ALT] and aspartate amino-

transferase [AST]) may be elevated in fatty liver, reflecting under-

lying liver pathology. Only one participant had elevated levels

(R50 U/L) of ALT at baseline, and their ALT levels did not

decrease with the 12-week intervention. However, within all par-

ticipants, we observed a trend toward a reduction in ALT

(�2.89 ± 7.15 U/L [�10%], p = 0.095) and AST (�2.42 ±

5.98 U/L [�9%], p = 0.094).

Impact of TRE on Glucose Regulation
We observed trends toward improvement in fasting glucose

(�5.7 ± 13.54 mg/dL [�5%], p = 0.081), fasting insulin

(�3.6 ± 8.01 mIU/mL [�21%], p = 0.064), and HbA1c

(�0.14% ± 0.29% [�2%], p = 0.058; Figures 3C and S2; Table

1). No significant changes were seen in CGM mean glucose

(�4.94 ± 16.32 mg/dL [�5%], p = 0.194) or HOMA-IR (�1.54 ±

3.95 [�30%], p = 0.107; Figures 3C and S2; Table 1).

Of the 19 participants, 12 had elevated fasting glucose

(R100 mg/dL) and/or HbA1c of R5.7% at baseline (Table S1).

Within these participants, there was a significant reduction in

HbA1c (�0.22% ± 0.32% [3.7%], p = 0.04). There were also

trends toward improvement in CGM mean glucose (n = 10,

�10.08 ± 16.06 mg/dL [9.4%], p = 0.078) and fasting glucose

from a blood draw (n = 12, �8.67 ± 16.26 mg/dL [�7.6%],

p = 0.092). The reduction in blood glucose was related to the

magnitude of hyperglycemia. Although most of our participants

with fasting blood glucose R100 mg/dL at baseline had pre-dia-

betes, one of the participants was diagnosed with T2DM and had

anHbA1cof 6.5%and fasting glucose of 167mg/dL. At the end of

intervention, this participant’s HbA1c was 5.5 (�1.0% change)

and fasting glucose was 116 mg/dL (�51 mg/dL). From the

CGM data, this participant showed large improvements in mean

blood glucose (�47.76 mg/dL), time in range (70–140 mg/dL;

45.76%), coefficient of variation (�0.04), and standard deviation

(�9.61; Figure 4A). The distribution of time in glucose range for

all participants is shown in Figure 4B.

Our findings are consistent with previous TRE studies that also

found partial changes in glucose regulation. It is not surprising as

almost all studies were done in healthy or overweight partici-

pants, but not participants with elevated fasting glucose. Nine-

hour TRE in adults who were overweight reported a decrease

in glucose incremental area under the curve in response to a

mixed nutrient meal, and a decrease in mean fasting glucose

based on CGM data, but no change in fasting glucose (Hutchi-

son et al., 2019). Additionally, a 6 h TRE intervention in adults

who were overweight with pre-diabetes found an increase in in-
95% eating interval at baseline and intervention. The eating window goal during in

167 mg/dL and post-TRE fasting glucose of 116 mg/dL. Baseline fasting and con

not representative of all participants, but rather shows the large change observe

(B) Distribution of glucose (mg/dL) assessed by CGM for 16 of the 19 participants.

CGM data at either time point. Summary of 8 days of CGM data at baseline (ora
sulin sensitivity and beta cell function, but also did not see a

change in fasting glucose (Sutton et al., 2018). A recent study

testing a different form of intermittent fasting (fasting-mimicking

diet; FMD) reported similar findings: fasting glucose did not

change when baseline fasting glucose was %99 mg/dL, but a

significant reduction in fasting glucose occurred among partici-

pants with baseline fasting glucose levels >99 mg/dL (Wei

et al., 2017). Such observations may suggest that higher-risk pa-

tients with more severe metabolic diseases may benefit even

more compared to lower-risk individuals from intermittent fast-

ing, including TRE. However, further studies will need to be

done in individuals with elevated fasting glucose, both with

pre-diabetes or T2DM, to better understand the influence of

TRE on glucose regulation.

Impact of TRE on Thyroid Function and Blood Cell
Counts
Thyroid stimulating hormone (TSH) was measured at baseline

and at the end of TRE intervention. As specified in our exclusion

criteria, patients with known thyroid disease undergoing a recent

adjustment of thyroid replacement medications were excluded

(STAR Methods). One participant voluntarily withdrew from the

study based on lab findings of abnormal thyroid function during

baseline (Figure 1B). The primary aim of measuring TSH in the

current study was to screen for any thyroid dysfunction (at base-

line or end of intervention) that might influence other metabolic

end points; thus, other thyroid hormones (such as free thyroxine

[T4] and total triiodothyronine [T3]) were not measured. We

observed a trend toward an increase in TSH with 10 h TRE

(0.243 ± 0.599 mIU/L [13%], p = 0.094). However, the post-

TRE mean TSH of 2.18 mIU/L is still within normal limits (the up-

per limit of normal TSH is 4.0 mIU/L), and therefore the signifi-

cance of this finding is unclear. Another recent study of TRE in

resistance-trained men reported a significant change in total

T3 with TRE compared to the control cohort, but no significant

change in TSH (Moro et al., 2016). Thus, future studies of TRE

in humans should measure thyroid function to explore this

finding further. There was no significant change with 10 h TRE

in any of the four main components of the complete blood

count: white blood cell count (�0.095 ± 1.11 1,000/mm3

[�2%], p = 0.714), hemoglobin (�0.074 ± 0.737 g/dL [0%],

p = 0.668), hematocrit (+0.021% ± 1.89% [0%], p = 0.962),

and platelet count (+1.74 ± 25.93 1,000/mm3 [1%], p = 0.774;

Table 1); these findings are similar to those from a recent study

in humans that also did not find significant changes in blood

cell counts with TRE (Gabel et al., 2019).

Long-Term Follow-Up
Participants were not advised to continue TRE beyond the

3-month intervention. However, to assess the rate of elective

continuation of TRE, we contacted all 19 participants �470 ±

124 days (�16 ± 4 months; mean ± SD) after their completion

of the 3-month TRE intervention. Of the 19 participants surveyed,
tervention was 8 a.m. to 6 p.m. This participant had baseline fasting glucose of

tinuous mean glucose data were higher than other participants, and thus this is

d in an individual with type 2 diabetes mellitus.

Three participants are not included because they did not have at least 4 days of

nge) and end of TRE intervention (blue) for each participant.
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5 (26.3%) were still adherent to TRE, 7 (36.8%) reported doing

TRE part of the time (and in some cases using an eating window

other than 10 h [range: 8–12 h]), and 7 (36.8%)were no longer do-

ing TRE. Of the 7 participants who reported no longer doing TRE,

5 participants (71.4%) said they had continued TRE after the

study ended (for an average of �4.2 months) before stopping.

To our knowledge, only one prior study has followed participants

on TRE long-term, in which healthy participants continued TRE

for 1 year and investigators found that all participants (n = 8)

were able to maintain 10–12 h TRE for this duration, and main-

tained benefits of weight loss, improved sleep, and subjective

sense of more energy (Gill and Panda, 2015). In this study of pa-

tients with metabolic syndrome, 63.2% were engaged in some

amount of TRE at �16 ± 4 months from the completion of the

study intervention, suggesting that lasting effects of the initial

intervention on behavior are feasible.

Conclusion
To our knowledge, this is a unique study of TRE in humans who

have metabolic syndrome. The high level of adherence to TRE

in our study, no reported adverse effects, and low dropout rate

suggest that a self-selected 10 h window for TRE may be

feasible for patients with metabolic syndrome to adhere to

over a longer period of time. The use of a smartphone applica-

tion to capture real-time data about meal timing and sleep rest-

fulness is a unique tool to monitor and intervene in the circadian

aspects of lifestyle and its day-to-day variance. The use of this

smartphone app will allow us to design larger studies of TRE in

which participants are monitored remotely over even longer pe-

riods of time.

This study has demonstrated that a 10 h TRE intervention

over 12 weeks, without an overt attempt to change physical ac-

tivity or diet quality or quantity, can serve as a novel treatment

for individuals with metabolic syndrome. Importantly, we

observed significant decreases in systolic and diastolic blood

pressure, total cholesterol, LDL-C, and non-HDL-C. These find-

ings occurred without increased physical activity, and there

was no significant correlation with changes in weight (Table

S3). However, a decrease in waist circumference was corre-

lated with change in weight (p = 0.017), a larger correlation

with decreased eating interval (p = 0.005), and a combined

change in weight and eating interval (p = 0.004) (Table S3).

Most participants were already taking stable doses of cardio-

vascular medications (79% and 63% of patients were taking

a statin and anti-hypertensive therapy, respectively; Table

S2), suggesting that the observed benefits of TRE were additive

to the effects of these medications. Among participants with

elevated fasting blood glucose and/or HbA1c, we also

observed a significant reduction in HbA1c. In this population

at high risk for CVD, a significant reduction in atherogenic

lipids, blood pressure, and blood glucose on top of medical

therapy has important clinical implications.

Limitations of Study
This was an unblinded, single-arm pilot study with a relatively

small sample size. Additionally, due to the nature of metabolic

syndrome and heterogeneous use of pharmacotherapy within

our study population, the baseline values for participants were

varied.
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The mCC smartphone app is designed to capture the timing

of dietary intake from food consumed in free-living conditions

but does not ask for exact food portions or calorie estimates

from the user. While calorie content may be retroactively esti-

mated from photo and text entries by participants as was per-

formed in this study, such data are less precise than mecha-

nistic studies where participants are supplied with specific

foods and the leftover food is accurately weighed after every

ingestion event. Studies in mice have shown that improvement

in diet quality will enhance the health benefits of TRF. More

research is needed to evaluate the combined effect of TRE

and nutrition quality in humans. However, our finding of an

8.62% ± 14.47% decrease in caloric intake at the end of the

12-week TRE intervention agrees with previous findings of

an estimated mean calorie reduction of 20.26% (95% CI

4.92%–35.6%) after 16 weeks of TRE without dietary coun-

seling (n = 8) (Gill and Panda, 2015). It is important to note

that this change in caloric intake was achieved without a

conscious effort in a group of individuals who have already un-

successfully undergone treatment for metabolic syndrome,

including recommended weight loss through calorie reduction

and increased activity.

Another limitation of our study is the potential effect of mCC

app usage on behavior, including dietary choices. However, it

has been shown previously that simply using the mCC app

for 3 weeks does not result in weight loss, suggesting that

use of the app may not significantly influence behavior (Gill

and Panda, 2015). The CGM and actigraphy devices may

also have served as ‘‘reminders’’ to the participants that they

were logging for a health study, and therefore might have

altered behavior. However, the absence of improvement in ac-

tivity level supports the notion that participants in the study did

not overtly attempt to improve healthy behavior. Finally, as

seen with all self-reported dietary intake, we cannot confirm

that the data logged by participants represent a complete pic-

ture of their diet, as it is possible that participants had dietary

intake that they did not log. It has been shown previously

that the false-negative rate (i.e., food consumed but not logged)

using the mCC app is �10% (Gill and Panda, 2015). Controlling

for unlogged dietary events is very challenging, and the ideal

control, which is expensive and difficult in humans, involves

direct observation of all dietary events. This strategy may be

feasible in the short-term but is unlikely to be a sustainable

approach for a 3-month intervention such as was tested in

our study of TRE.

The absence of a significant correlation between changes in

weight and metabolic improvements raises the possibility that

TRE might have improved the efficacy of pharmacotherapy.

The participants were consistent in their medication usage at

baseline, and they did not change medication dosage during

the intervention period. However, recent studies have suggested

that the targets of the majority of drugs used to treat metabolic

syndrome, including statins and anti-hypertensives, exhibit

circadian rhythms (Cederroth et al., 2019). Sustaining a consis-

tent daily rhythm in feeding and fasting may improve molecular

rhythms in relevant pathways. Therefore, it is possible that TRE

helps to improve circadian rhythms and thus improve the effi-

cacy of pharmacotherapy. Further studies will need to be done

to test this directly.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological Samples

Human Blood Samples This paper N/A

Critical Commercial Assays

Lipoprofile by NMR ARUP (Salt Lake City, UT) Cat#2013716, Ascend 600 instrument

(Bruker; Billerica, Massachusetts)

Insulin ARUP (Salt Lake City, UT) Cat#0070022, chemiluminescent

immunoassays on an ADVIA Centaur

(Siemens Corporation; Washington, DC)

Glycated Hemoglobin UCSD Jacobs Medical Center

(JMC) (La Jolla, CA)

Cat#Cobas8000 (Roche; Indianapolis, IN)

Complete Blood Count JMC/Center for Advanced Laboratory

Medicine (CALM) (La Jolla, CA)

Cat#XN-10 (Sysmex; Chuo-ku, Japan)

Prothrombin time JMC/CALM (La Jolla, CA) Cat#ACLTOP700 (Instrumentation

Laboratory; Bedford, MA)

Partial thromboplastin time JMC/CALM (La Jolla, CA) Cat#ACLTOP700 (Instrumentation

Laboratory; Bedford, MA)

Comprehensive Metabolic Panel CALM (La Jolla, CA) Cat#Cobas8000 (Roche; Indianapolis, IN)

Thyroid Stimulating Hormone CALM (La Jolla, CA) Cat#Cobas8000 (Roche; Indianapolis, IN)

High sensitivity C-reactive protein CALM (La Jolla, CA) Cat#Cobas8000 (Roche; Indianapolis, IN)

Software and Algorithms

Extracting glucose data: Libre View Device

Drivers v.3.2.1

Abbott https://www2.libreview.com/Dashboard/

UploadMeter

Analyzing Actiwatch Data: Actiware

Software v.6.0.9 – Software CD

Philips Respironics Cat#1104775

SPSS Statistics IBM https://www.ibm.com/products/spss-

statistics

Prism 8 GraphPad https://www.graphpad.com/scientific-

software/prism/

Other

Pittsburgh Sleep Quality Index Buysse et al., 1989 https://www.cmu.edu/common-cold-

project/measures-by-study/health-

practices/sleep-habits/psqi_rev.pdf

Continuous Glucose Monitor Sensor:

FreeStyle Libre 14 day Flash Glucose

Monitoring Systems

Abbott Cat#71562-01

Continuous Glucose Monitor Reader:

FreeStyle Libre 14 day Flash Glucose

Monitoring Systems

Abbott Cat#71687-01

DC-430U Dual Frequency Total Body

Composition Analyzer

Tanita (Tokyo, Japan) Cat#DC-430U

Actiwatch Spectrum Plus Philips Respironics Cat#1101894
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and data should be directed to and will be fulfilled by the Lead Contact, Dr. Satch-

idananda Panda (satchin@salk.edu). This study did not generate new unique reagents. For the specific request for data sharing re-

quests, such requests will require a Material Transfer Agreement and/or a Data Use Agreement and will be managed by the Salk

Institute or UC, San Diego. Both Institutes abide by the Uniform Biological Material Transfer Agreement (UBMTA).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study was conducted with approvals from the Institutional Review Board at UC San Diego (UCSD) and The Salk Institute for

Biological Studies. Clinical trial registered as ‘‘The Impact of Time-Restricted Feeding (TRF) in Improving the Health of Patients

with Metabolic Syndrome.’’ ClinicalTrials.gov NCT03182985.

All participants provided written informed consent. Participants were recruited from UCSD clinics, were diagnosed with metabolic

syndrome (using AHA/National Heart, Lung, and Blood Institute cut points for waist circumference) (Alberti et al., 2009) and a self-

reported eating window of R14 h per day. One participant with a calculated eating window < 14 h at baseline was included as

they admitted to starting TRE prior to the end of the baseline period and confirmed a prior eating interval of �14.5 h. One participant

with an eating interval of 13.5 h at baseline was included as well as they were very close to 14 h. Thirty-five participants were enrolled.

After screening to meet eligibility criteria, 25 began the TRE intervention, and 19 were included in the final analysis; 13 men and 6

women, 63% non-Hispanic white, age 59 ± 11.14 (mean ± SD) years. All participants met 3 or more metabolic syndrome criteria

at the time of enrollment and the majority of participants were on medications (Tables S1 and S2).

Inclusion Criteria
1) Metabolic syndrome (i.e., presence of three or more of the following):
e2
1. Waist circumference R 102 cm (Men) or R 88 cm (Women).

2. Triglycerides R 150 mg/dL (or on drug treatment for elevated triglycerides).

3. Reduced HDL-C < 40 mg/dL (Men), < 50 mg/dL (Women) (or on drug treatment for reduced HDL-C).

4. Elevated blood pressure, systolic blood pressureR 130 mmHg and/or diastolic blood pressureR 85 mmHg (or treatment

with an antihypertensive drug with a history of hypertension).

5. Elevated fasting glucose R 100 mg/dL (or drug treatment of elevated blood glucose).

2) Age R 18 years

3) If patients are on cardiovascular medications (HMG CoA reductase inhibitors (statins), other lipid-modifying drugs (including

over the counter drugs such as red yeast rice and fish oil), anti-hypertensive, anti-diabetes drugs), no dose adjustments will

be allowed during the study period.

4) Own and able to use a Smartphone with Apple iOS or Android OS.

5) Baseline eating period is R 14 h per day (as estimated by 95% eating interval).
Exclusion Criteria
1) Pregnant or breast-feeding.

2) Caregiver for a dependent requiring frequent nocturnal care/sleep interruptions. Shift workers with variable (e.g., nocturnal) h.

3) Prolonged international travel during the study period.

4) Active tobacco abuse or illicit drug use or history of treatment for alcohol abuse.

5) Known inflammatory and/or rheumatologic disease.

6) History of a major adverse cardiovascular event within the past 1 year (acute coronary syndrome (ACS), percutaneous cor-

onary intervention, coronary artery bypass graft surgery, hospitalization for congestive heart failure, stroke/transient ischemic

attack (TIA)).

7) Uncontrolled arrhythmia (i.e., rate-controlled atrial fibrillation/atrial flutter are not exclusion criteria).

8) History of thyroid disease requiring dose titration of thyroid replacement medication(s) within the past 3 months (i.e., hypo-

thyroidism on a stable dose of thyroid replacement therapy is not an exclusion).

9) History of adrenal disease.

10) History of malignancy undergoing active treatment, except non-melanoma skin cancer.

11) Known history of type I diabetes,

12) History of an eating disorder.

13) History of cirrhosis

14) History of stage 4 or 5 chronic kidney disease or requiring dialysis

15) History of HIV/AIDs

16) Currently enrolled in a weight-loss or weight-management program,

17) On a special or prescribed diet for other reasons (e.g., Celiac disease),

18) Currently taking any medication that is meant for, or has a known effect on, appetite,

19) Any history of surgical intervention for weight management,

20) Uncontrolled psychiatric disorder (including a history of hospitalization for psychiatric illness).

(HDL-C, high-density lipoprotein cholesterol, HMG CoA, 3-hydroxy-3-methyl-glutaryl-coenzyme A, OS, operating system, HIV,

human immunodeficiency virus, AIDS, acquired immunodeficiency syndrome.)
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METHOD DETAILS

Visit Protocol
Study visits were conducted at the Altman Clinical and Translational Research Institute of UCSD. At visit 1, baseline anthropometric

measurements, blood pressure, and fasting blood tests were obtained. Participants were fitted with a continuous glucose monitor

(CGM) and a wrist-worn actigraphy device. They were trained to use the mCC app to log food, beverage, sleep, and exercise data.

At the end of the first week of the baseline surveillance period, participants returned for visit 2 to return their CGM and actigraphy

device, with additional teaching on app use if needed. At the end of the 2-week baseline surveillance period, adherent participants

(using the app at least 5 days/week, with a minimum of 3 entries/day) with aR14 h/day eating window received a phone call to begin

the 12-week intervention period. Upon entering the 12-week intervention period, each participant self-selected a 10 h daily eating

window and were instructed that all dietary intake other than water should occur within their 10 h window. During the intervention,

data from the app was used to assess participant adherence, eating window, and sleep. TRE was the only intervention, and partic-

ipants were not instructed to change their physical activity or the quality, quantity, or caloric content of their diet in any way. Eleven

weeks into the intervention period (week 13 of the study), participants returned for visit 3 to have the CGM and actigraphy device

placed again. During visit 4 (week 14 of the study), the CGM and wrist actigraphy device were removed and participants underwent

the same testing performed at visit 1 (Figure 1A).

Blood Measurements
The following fasting blood tests were performed by standard venipuncture: comprehensive metabolic panel, complete blood count,

thyroid stimulating hormone, hemoglobin A1c (HbA1c), lipid panel, lipoprofile by nuclear magnetic resonance, coagulation param-

eters (INR/PT and PTT), insulin, and high-sensitivity C-reactive protein (hs-CRP).

Body Composition
To analyze body composition, the following parameters were obtained with the Tanita Scale DC 430U (Tokyo, Japan): body mass

index (BMI), body fat percentage, and visceral fat. Visceral fat is estimatedusing bioelectrical impedance analysis, with a Tanita Visceral

Fat Score > 12 is considered excessive (https://www.tanita.com/data/File/AdditionalResearch/VisceralFatMeasurmentp1.pdf?

rev=72DE).

Continuous Glucose Monitors (CGMs)
We used the Abbott Freestyle Libre Pro CGMwhich has been validated for 14 days of continuous use with factory calibration (Bailey

et al., 2015). The devices were applied at the first and third study visits and worn for an average of 6.95 (±1.52, SD) days at baseline

and 8.27 (±1.99) days at the end of the intervention. The users were blinded to their CGM data during the entire study.

Sleep Analysis
Sleep was analyzed through 3 methods: Pittsburgh Sleep Quality Index (PSQI) questionnaire (1st and last visit), self-reported daily

sleep satisfaction on the mCC app, and actigraphy.

Actigraphy
We used the Philips Respironics Actiwatch Plus (vanWouwe et al., 2011) to assess sleep and activity for 7-10 days while participants

were simultaneously wearing the CGM. Philips Actiware 6 software was used to analyze all data. Default measures were used for

assessing activity and the duration, quality, and timing of sleep. Sleep efficiency is determined as = total time asleep-timewhen active

during sleep (wake after sleep onset (WASO)). Total activity per day recorded on the Actiwatch was used to assess changes in activity

between baseline and end of the intervention.

Eating Pattern Monitoring
The HIPAA compliant mCC app which has been validated for monitoring habitual dietary behavior (Gill and Panda, 2015) was used to

assess eating patterns through the 14-week study. Participants used the camera feature of the app to take a picture of the food and/

or beverage that they were about to consume or use textual data entries. Even when participants submitted photographic data, they

also provided text data describing and/or quantifying their intake. Entries and metadata (e.g., timestamp) were immediately trans-

mitted to a HIPAA compliant server where it was stored for analysis. During the 2-week baseline surveillance period, participants

did not receive feedback from the study team or app. Each entry was associated with a time-stamp, which was used to calculate

various parameters related to the eating pattern. During the intervention period, 2-3 times a week the mCC app sent push notifica-

tions to provide tips and information about TRE and metabolic health. Twelve of the 19 participants were contacted, on average 2

times throughout the 14 weeks study, to remind them to log and/or address potential issues with app use.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Adherence to TRE
Participant logging in themCCappwasmonitoredweekly for adherence. If participants did not log or showed inconsistent logging for

2 or more days, participants were contacted over the telephone. Logging adherence was determined by a minimum of two caloric

entries > 5 h apart for a given day.Adherence to a designated eating windowwas determined by the number of days in which a partic-

ipant was adherent to logging and all caloric food items were contained within a 15-min buffer on each side of the self-selected 10 h

eating window.

Caloric Intake Analysis
To conduct caloric intake assessment, 3 days were randomly chosen (using a random number generator) from baseline, and 3 from

the last 12 days of intervention to use as representative samples of dietary intake for each participant. Each item and portion size was

identified by the annotation and photo (when available) provided by the participant. Caloric estimates were made using the Calorie

King database. If the information on a specific food was not available, calorie estimates were taken directly from the website of the

brand name food or restaurant that was logged.

Eating Window Calculation
Eating window was calculated as the 95% interval of all caloric entries on the mCC app during a designated interval (Baseline =

13.84 ± 2.48 days; Intervention = 60 ± 16.72 good logging days), and as previously described (Gill and Panda, 2015). To compare

the variance of first calorie and last calorie, independently and relative to sleep (Figure 2), two weeks of baseline and the last two

weeks of intervention were used. Medications and water were not included in calculating the eating interval. We also calculated

the time interval between the first and last calorie of the day for adherent days to calculate the daily eating window.

Breakfast Analyses
To test whether participants skipped breakfast, we analyzed the morning food choices at baseline and intervention. Among the first

two food entries recorded before 11 am on each good logging day for all participants, frequency counts were collected for each food

category (e.g., banana, strawberries, papaya were grouped into ‘‘fruit’’ food category; omelet, hard-boiled egg, raw egg were group-

ed into ‘‘egg’’ category). A breakfast score of 0, 0.5, or 1 was assigned to each food category, with a higher breakfast score repre-

senting a higher likelihood of being consumed during breakfast. For example, bagel, egg, oatmeal, cereal, muffin, or donut were

scored 1.0, sandwich or burritos were scored 0.5 as they can be consumed either as breakfast or lunch in San Diego area, and pasta,

salmon, burger, or rice was scored 0 as they are most likely consumed during lunch.

A weighted group breakfast score ranging between 0 to 1 was calculated for baseline and the last two weeks of intervention period

using the formula (S frequency count * score)/(S frequency count). The first two items logged before 11 am were analyzed with

matched number of days analyzed in each condition. In baseline, the breakfast measuring score was 0.8102, and the score of the

intervention period was slightly higher at 0.8282.

A limitation of this approach is that what constitutes breakfast food is defined by the research team based on the common food

habits in the local area and on the assumption that people eat different food types for breakfast and lunch. However, as the analysis

was limited to the first two items logged before 11 am, we can assume that this was their morning meal and not their afternoon meal.

The distribution of average daily breakfast food entries was normal for both baseline and intervention, with no significant outliers

present in the data. In order to test for the existence of statistically significant behavioral changes in consuming breakfast, a paired

two-sample t test was conducted to assess the difference in the average daily breakfast food consumption.With a p value of 0.84, the

t-statistic was not significant at the 0.05 critical alpha level.

Statistical Analysis
SPSS software was used to test for normal distribution for each measure and paired samples t tests were used to compare baseline

to post-intervention values. A two-tailed p < 0.05 was considered statistically significant. For our final analysis, we sought to have

data from at least 15 participants since by using the paired samples t test, a sample size of N = 15 would provide 80% power at

the 0.05 significance level to detect an effect size of 0.8. The variance was assessed using Levene’s Test for equality of variances.

Excluded Participant or Data
The following participant or data were excluded. The participant IDs and the reasons for exclusion are shown below.

20 Reported significant changes in diet and poor logging

21 Poor logging

22 Lost to follow-up

18 Removed from blood pressure analysis. Participant changed anti-hypertensive medication near the end of the intervention

17 Removed from hs-CRP analysis. Had significantly elevated hs-CRP due to underlying inflammatory disease

9 Removed from blood pressure analysis. Did not take anti-hypertensive medication the day of coming in for the final visit
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Missing Data: Participant ID, missing data and the reason for missing data are indicated below.

14 Baseline LDL-p, hs-CRP. Post-intervention LDL-p. Lab error

3 Post-intervention CGM and actiwatch. Participant refused to place actiwatch and CGM.

7 Post-intervention LDL-p. Lab error

4 Post-intervention LDL-C. Unable to calculate LDL-C given triglycerides in the 400’ s

4, 19 Post-intervention CGM. Data saving error

3, 5, 6 Baseline and post-intervention sleep reported on mCC app. Participants did not log sleep on the mCC app
Relationship between Change in Body Weight and Cardiometabolic Risk Factors
A mixed linear model was used to assess the relationship between weight and eating interval with health outcomes. Neither eating

interval nor weight could account for all changes in cardiometabolic health. Changes in weight and eating interval did have a signif-

icant relationship with a change in waist circumference.

Each outcome variable of interest was fitted with a mixed linear model of the form:

OutcomeVariable � Weight*Condition*EatingInterval

with a random slope and intercept fitted per study participant and a repeated-measure of experimental condition (Condition

˛[Baseline, Intervention]). Weight is the participant’s weight at the end of that experimental condition in pounds, and EatingInterval

is the participant’s 95% eating interval in h calculated over the 10 h TRE intervention period. The model for each outcome variable

was fit using the maximum likelihood algorithm in statsmodels v. 0.10.1. The results of these fits can be seen in Table S3.

DATA AND CODE AVAILABILITY

The published article and supplemental information include all relevant datasets generated or analyzed during this study.
Cell Metabolism 31, 92–104.e1–e5, January 7, 2020 e5


	Ten-Hour Time-Restricted Eating Reduces Weight, Blood Pressure, and Atherogenic Lipids in Patients with Metabolic Syndrome
	Introduction
	Results and Discussion
	Participants, Adherence, and Adverse Effects
	Changes in Eating Pattern
	Impact of 10 h TRE on Caloric Intake, Sleep, and Physical Activity
	TRE Reduced Body Weight and Improved Body Composition
	TRE Reduced Atherogenic Lipid Levels and Blood Pressure
	Impact of TRE on Glucose Regulation
	Impact of TRE on Thyroid Function and Blood Cell Counts
	Long-Term Follow-Up
	Conclusion
	Limitations of Study

	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Lead Contact and Materials Availability
	Experimental Model and Subject Details
	Inclusion Criteria
	Exclusion Criteria

	Method Details
	Visit Protocol
	Blood Measurements
	Body Composition
	Continuous Glucose Monitors (CGMs)
	Sleep Analysis
	Actigraphy
	Eating Pattern Monitoring

	Quantification and Statistical Analysis
	Adherence to TRE
	Caloric Intake Analysis
	Eating Window Calculation
	Breakfast Analyses
	Statistical Analysis
	Excluded Participant or Data
	Relationship between Change in Body Weight and Cardiometabolic Risk Factors

	Data and Code Availability



