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Abstract Chronic calorie restriction (CR) improves
cardiovascular function and several other physiological
markers of healthspan. However, CR is impractical in
non-obese older humans due to potential loss of lean
mass and bone density, poor adherence, and risk of

malnutrition. Time-restricted feeding (TRF), which
limits the daily feeding period without requiring a re-
duction in calorie intake, may be a promising alternative
healthspan—extending strategy for midlife and older
adults; however, there is limited evidence for its feasi-
bility and efficacy in humans. We conducted a random-
ized, controlled pilot study to assess the safety, tolera-
bility, and overall feasibility of short-term TRF (eating
<8 h day−1 for 6 weeks) without weight loss in healthy
non-obese midlife and older adults, while gaining initial
insight into potential efficacy for improving cardiovas-
cular function and other indicators of healthspan. TRF
was safe and well-tolerated, associated with excellent
adherence and reduced hunger, and did not influence
lean mass, bone density, or nutrient intake. Cardiovas-
cular function was not enhanced by short-term TRF in
this healthy cohort, but functional (endurance) capacity
and glucose tolerance were modestly improved. These
results provide a foundation for conducting larger clin-
ical studies of TRF in midlife and older adults, including
trials with a longer treatment duration.

Keywords Intermittent fasting . Calorie restriction .

Aging . Healthspan

Introduction

Advancing age is the strongest and most common
risk factor for chronic diseases and mortality in
developed and developing societies (Fries 2015;
Olshansky 2018). Regular calorie restriction (CR),

https://doi.org/10.1007/s11357-020-00156-6

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s11357-020-00156-6) contains
supplementary material, which is available to authorized users.

C. R. Martens :M. J. Rossman :M. R. Mazzo :
L. R. Jankowski : E. E. Nagy :B. A. Denman :
J. J. Richey :B. P. Ziemba :D. R. Seals
Department of Integrative Physiology, University of Colorado
Boulder, Boulder, CO 80309, USA

C. R. Martens (*)
Department of Kinesiology & Applied Physiology, University of
Delaware, 540 South College Ave, Newark, DE 19713, USA
e-mail: cmartens@udel.edu

S. A. Johnson
Department of Food Science andHumanNutrition, Colorado State
University, Fort Collins, CO 80523, USA

Y. Wang
Center for Innovative Design & Analysis, University of Colorado
School of Public Health, Aurora, CO 80045, USA

C. M. Peterson
Department of Nutrition Sciences, University of Alabama at
Birmingham, Birmingham, AL 35294, USA

M. Chonchol
Division of Renal Diseases and Hypertension, University of
Colorado Anschutz Medical Campus, Denver, CO, USA

GeroScience (2020) 42:667–686

/Published online: 23 2020January

http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-020-00156-6&domain=pdf
https://orcid.org/0000-0003-0578-2948
https://doi.org/10.1007/s11357-020-00156-6


characterized by a sustained 10–40% reduction in
daily energy intake, extends the lifespan and
healthspan of most model organisms and slows
many of the basic biological processes of aging
(Dean 1990; Masoro 2000; Colman et al. 2009).We
and others have shown that chronic CR mitigates
cardiovascular aging, including vascular endothelial
dysfunction and large elastic artery stiffening (Pierce
et al. 2008; Rippe et al. 2010; Donato et al. 2013;
Csipo et al. 2018), key antecedents to cardiovascular
diseases (CVD), and many other disorders of aging.
Moreover, CR improves metabolic regulation and
other physiological functions in preclinical models
and humans (Colman et al. 2008; Jang et al. 2012;
Racette et al. 2017; Matyi et al. 2018). This is
important as interventions that slow the progression
of aging itself have the potential to reduce the risk
of many age-related diseases simultaneously, as op-
posed to treating individual diseases as they arise
(Fries 1980; Butler et al. 2004).

Despite numerous potential benefits, sustained
CR is not a feasible public health strategy at the
population level because long-term adherence is lim-
ited even in highly motivated adults (Moreira et al.
2011; Stewart et al. 2013). Additionally, regular CR
is not a pragmatic approach for non-obese older
adults because it induces several changes that are
contraindicated during aging including weight loss,
reductions in skeletal muscle mass and bone mineral
density (leading to sarcopenia and increased risk of
falls and fractures), reduced immune system func-
tion, and reductions in resting metabolic rate and
daily energy intake (which increases the challenge
of meeting the recommended daily nutrient require-
ments) (Gardner 2005; Hunt et al. 2012; Normandin
et al. 2015; Villareal et al. 2016; Ingram and de
Cabo 2017). Therefore, to capitalize on the potential
health benefits of CR, while lessening its negative
consequences, more practical alternatives to conven-
tional CR are needed to optimize cardiovascular
health and other domains of physiological function
in non-obese older adults (Martens and Seals 2016).

In this regard, several forms of intermittent
fasting involving alternating between periods of un-
restricted feeding with shorter periods of restricted
energy intake have demonstrated similar improve-
ments in lifespan and healthspan as conventional
CR in rodents (Goodrick et al. 1982; Ahmet et al.
2005; Hatori et al. 2012) and have emerged as

potential CR-mimicking lifestyle strategies in
humans (Varady and Hellerstein 2007; Harvie et al.
2011; Rothschild et al. 2014; Brandhorst et al.
2015). Among these, one form of intermittent
fasting known as “time-restricted feeding” (TRF),
has the potential to maximize the beneficial effects
of CR, while minimizing the numerous potential
adverse effects of regular CR in older adults, be-
cause unlike all other forms of intermittent fasting, it
does not require a reduction in calorie intake
(Rothschild et al. 2014). TRF involves consuming
one’s normal daily calorie intake within a limited
time period (e.g., 8–12 h) and fasting for the remain-
der of the day. This strategy is likely the most
feasible form of intermittent fasting for improving
healthspan in non-obese older adults because it the-
oretically allows individuals to meet daily energy
and nutrient intake requirements, maintain lean mass
and bone mineral density, and reduce sensations of
chronic hunger while still benefiting from the posi-
tive physiological effects of increased daily fasting.
Consistent with this notion, a recent investigation
found that nearly half of the lifespan-extending ben-
efits of CR in mice are actually attributable to TRF
as opposed to energy restriction per se, as nearly all
CR protocols in rodents also include extended daily
fasting (Mitchell et al. 2018).

The results of the first controlled feeding studies on
TRF in humans have been promising and suggest that
TRF may suppress appetite in overweight adults
(Ravussin et al. 2019) and improve cardiovascular and
metabolic function in overweight middle-aged men with
pre-diabetes (Sutton et al. 2018). Regarding aging, a
recent pilot study assessed the effects of 4 weeks of
TRF in overweight/obese older adults (Anton et al.
2019); however, the participants lost weight while on
the TRF diet. As such, the important question of wheth-
er healthy older adults can safely adhere to a TRF eating
pattern under free-living conditions without experienc-
ing weight loss has not been addressed. Moreover, the
safety, tolerability, and efficacy of TRF for improving
cardiovascular function and other indicators of
healthspan in non-obese older adults in the absence of
weight loss and other adverse consequences associated
with conventional CR are not known. To address these
critical knowledge gaps, we conducted the first random-
ized controlled pilot clinical trial to evaluate the feasi-
bility and tolerability of 6 weeks of time-restricted vs.
normal feeding (randomized crossover design) for
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improving cardiovascular function in healthy midlife
and older adults under free-living conditions (i.e., self-
selected food intake). To gain initial insight into the
possible benefits of TRF for improving other indicators
of healthspan in this group, we also assessed cardiore-
spiratory fitness, glucose tolerance, motor function, and
cognitive performance.

Results

Subject enrollment and baseline characteristics

The total number of participants who were consented,
randomized, and completed this study are presented in
Supplementary Fig. 1. Sixty-four healthy midlife and
older adult men and women between the ages of 55 and
79 years were recruited for this study and provided their
written informed consent. The study was registered on
clinicaltrials.gov under the identifier NCT02970188 and
was completed between June 2016 and December 2017.
On average, the individuals recruited for this study were
lean (average BMI = 24.7 ± 0.6 kg m−2) and healthy and
were representative of the midlife/older adult population
within the greater Boulder County Colorado communi-
ty. A total of 24 subjects were ultimately enrolled in the
study. Of these, 10 subjects were randomized to main-
tain their normal feeding pattern for the initial 6 weeks
of the study before crossing over to a TRF pattern
(consuming all meals within an 8-h window; see
“Methods” sections for details) for the remaining
6 weeks. The other 14 subjects were randomized to
practice TRF during the first 6 weeks and then return
to normal feeding for the remaining 6 weeks of the
study. Two participants withdrew from the study due
to an inability to remain weight stable (N = 1) and the
development of GI-distress (N = 1), both of which oc-
curred during the normal feeding arm.

Overall, the 22 individuals who completed the study
were non-obese and apparently healthy at baseline,
exhibiting normal blood chemistry values for this age
range, normotensive blood pressure, and above-average
T-scores on composite tests of motor and cognitive
function. One individual who qualified for the study
based on a fasting blood glucose < 126 mg dl−1 (i.e.,
the clinical cutoff for diabetes) was later identified as
having diabetes based on assessment of glucose toler-
ance (see below). Complete baseline subject character-
istics are presented in Supplementary Table 1.

TRF is safe and well-tolerated in midlife and older
adults

No serious adverse events were reported during either
condition. A total of two treatment-emergent adverse
events were reported by two of the 24 participants
enrolled in the study. Both self-reported adverse events
were mild-to-moderate in severity and included symp-
toms of lightheadedness (N = 1) during the TRF condi-
tion and gastrointestinal distress (N = 1) during the nor-
mal feeding condition. The subject with gastrointestinal
distress withdrew from the study during the normal
feeding condition; no other participants withdrew from
the study due to treatment-emergent adverse events.
Clinical laboratory values were obtained from blood
samples at the end of each phase of the study for all
but one participant. No differences were observed be-
tween conditions for measures of hematology
(Supplementary Table 2) or blood chemistry, including
indicators of renal function and liver enzymes
(Supplementary Table 3). However, we did observe a
moderate increase in total (NF 178 ± 7 vs. TRF 189 ±
9 mg dL−1; p = 0.009) and LDL-cholesterol (NF 105 ± 7
vs. TRF 116 ± 9 mg dL−1; p = 0.002) following the TRF
cond i t i on compa r ed w i t h no rma l f e ed ing
(Supplementary Table 4), which was not associated with
a change in diet quality (i.e., adopting a less healthy diet
during TRF—see below).

TRF is feasible without reducing body mass or bone
density

All subjects were successful at reducing the duration of
their caloric intake by approximately 4 h/day (Fig. 1a)
resulting in an average reduction in their daily feeding
period of 33% (p < 0.0001; Fig. 1b). Subjects were able
to maintain a daily reduced feeding window during the
TRF condition throughout the duration of the 6-week
intervention (Fig. 1c). Average total adherence, defined
as the proportion of subjects eating within the targeted
8-h daily feeding period throughout the 6-week TRF
phase, was 84%, and 95% of all subjects were adherent
if the target feeding period is extended by only 30 min
(to 8.5-h per day) (Fig. 1d). Importantly, TRF did not
adversely influence diet composition as assessed by the
healthy eating index (Krebs-Smith et al. 2018) (NF: 63
± 3 vs. TRF: 61 ± 2 AU; p = 0.46), a composite measure
of overall diet quality (Fig. 1e), and total daily energy
intake remained isocaloric (Fig. 1f) and was well-
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matched with estimates of total (resting and non-resting)
daily energy expenditure (Fig. 1g) between phases. As
such, subjects successfully maintained their body mass
(NF 69.3 ± 2.7 vs. TRF 69.4 ± 2.8 kg; p = 0.82) through-
out the TRF intervention (Fig. 1h). There were no
changes in oxidative fuel source (carbohydrate vs. fat),
as indicated by a similar resting respiratory exchange
ratio (RER) between conditions (NF 0.83 ± 0.01 vs.

TRF 0.83 ± 0.02; p = 0.92). Sensations of hunger were
reduced during the TRF condition compared with nor-
mal feeding (p = 0.0003) in both the morning (NF 63 ± 5
vs. TRF 52 ± 5mm) and evening (NF 48 ± 7 vs. TRF 40
± 6 mm) and tended to be more stable throughout the
day (i.e., less difference between fasted and fed states;
p = 0.06) (Fig. 2a). TRF did not affect any other mea-
sures of appetite (p > 0.05; Fig. 2b–e), and we observed
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Fig. 1 Feasibility of time-
restricted feeding. a Compared
with normal feeding (NF, black
bars), all subjects successfully re-
duced their feeding window to
within the allowed feeding dura-
tion (red lines) during time-
restricted feeding (TRF, gray
bars) resulting in b a reduction in
the average daily feeding win-
dow. c Subjects were able to
maintain a reduction in their daily
feeding period throughout the 6-
week TRF period with d good
overall adherence. There were no
adverse changes in e overall diet
quality as assessed by the healthy
eating index, f energy intake, g
estimated energy expenditure, or
h body mass. N = 22. Boxes rep-
resent median and interquartile
range with 95% confidence inter-
vals as whiskers. *p < 0.05. See
also Supplementary Table 1,
Supplementary Table 2, Supple-
mentary Table 3, and Supple-
mentary Table 4
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no difference in snacking behavior between conditions
(no difference in number of snacks per day, p = 0.25).

Because conventional CR and alternate-day
fasting have been associated with a reduction in
body mass that poses a risk to fat-free mass (primar-
ily skeletal muscle) and bone mineral density
(Villareal et al. 2016; Stekovic et al. 2019), we next
sought to gain initial insight into whether a daily
reduction in feeding window by TRF could be
achieved in the absence of these deleterious changes
in body composition in healthy midlife and older
adults. Overall, there was no difference in total body
composition between conditions (Fig. 3a). TRF
slightly increased leg fat mass by 2.5% compared
with normal feeding; however, leg fat-free mass, an
indicator of leg skeletal muscle mass, was unaffect-
ed by the intervention. Likewise, total and regional
bone mineral density were not different between
conditions (Fig. 3b), suggesting that 6 weeks of
TRF does not result in a loss of bone mass in
midlife and older adults.

Efficacy of TRF for improving indicators of healthspan

In addition to determining the safety and feasibility of
TRF in a group of healthymidlife and older adults, a key
objective of this pilot study was to determine whether
TRF improves indicators of healthspan and physiolog-
ical function. We focused on cardiovascular function
based on our laboratory’s experience demonstrating
benefits of CR and CR-mimicking strategies on cardio-
vascular aging (Donato et al. 2013; Martens et al. 2018;
de Picciotto et al. 2016; Pierce et al. 2008; Rippe et al.
2010); however, additional measures were included to
identify other potential targets for future studies aimed at
improving physiological and clinical indicators of
healthspan in this population.

Cardiovascular function

There was no effect of TRF on our primary marker of
cardiovascular function, endothelium-dependent dila-
tion (Fig. 4a), or secondary markers, including large
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Fig. 2 Subjective appetite. Six weeks of time-restricted feeding
(TRF) vs. normal feeding (NF) reduced sensations of a hunger but
did not alter b desire to eat, c capacity to eat, d fullness, or e
stomach fullness despite expected fluctuations between morning
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elastic artery stiffness (Fig. 4b, c) and carotid artery
intima-media thickness (Fig. 4d). Likewise, TRF did
not influence resting (casual) blood pressure in our
cohort of healthy, normotensive midlife and older adults
(Fig. 4e, f). These results were unaffected after account-
ing for differences in plasma LDL-cholesterol, which
have been shown to influence vascular function with
aging (Walker et al. 2009).

Cardiorespiratory fitness and functional (endurance)
capacity

TRF increased total distance traveled (NF 570 ± 14 vs.
TRF 589 ± 15 m; p = 0.02) during a 6-min walk test
(Fig. 5a), a well-validated field test of functional
(endurance) capacity that is highly influenced by car-
diorespiratory fitness (Sperandio et al. 2014). We also
observed a small but statistically significant reduction in
heart rate during light (NF 98 ± 2 vs. TRF 95 ± 2 beats
per minute; p = 0.03) and moderate (NF 118 ± 2 bpm vs.
TRF 115 ± 2 bpm; p = 0.03) intensity workloads of a
submaximal cycling exercise test during the TRF con-
dition compared with normal feeding (Fig. 5b). Al-
though maximal oxygen consumption (VO2max) was
not measured, submaximal exercise oxygen consump-
tion (energy expenditure), the respiratory exchange ratio

(carbohydrate vs. fat utilization), and blood pressure
were not different during TRF compared with normal
feeding (Supplementary Fig. 2).

Oral glucose tolerance

Six weeks of TRF did not affect fasting blood glu-
cose levels in this cohort (Supplementary Table 3).
However, compared with the normal feeding condi-
tion, TRF tended to lower the glucose area-under-the-
curve (AUC) during a 2-h oral glucose tolerance test
(OGTT; p = 0.06). One participant who had fasting
blood glucose in the normal range at enrollment
demonstrated an OGTT response indicative of diabe-
tes. Removal of this subject using a sensitivity anal-
ysis strengthened the finding that TRF significantly
improved glucose tolerance compared with normal
feeding (NF 15,533 vs. TRF 14,387 mg min dl−1;
p = 0.03; Fig. 6b). However, TRF did not improve
plasma insulin levels at any time point during the
OGTT (Fig. 6c) or in the total insulin AUC (Fig.
6d). Likewise, there was no influence of TRF on
the insulinogenic index at the 20-min time point
(Fig. 6e), which is a marker of pancreatic β-cell
function (Phillips et al. 1994).
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Other physiological markers

TRF did not significantly influence measures of motor
function in these healthy, well-functioning midlife and

older men and women (Supplementary Table 6). Like-
wise, we observed no change in any domain of cognitive
function after 6 weeks of TRF vs. normal feeding;
however, it should be noted that the participants in this
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trial had above-average T-scores (> 50) at baseline for
all composite measures of cognitive function, which
may have created a ceiling effect in response to TRF.

Markers of oxidative stress, inflammation, and energy
sensing

Despite increases in plasma total and LDL-
cholesterol with TRF, we did not observe corre-
sponding increases in plasma oxidized-LDL
(Fig. 7a) or the oxidized-to-total LDL ratio (Fig.
7b), both of which are circulating markers of oxida-
tive stress and atherogenic risk (Berliner and
Heinecke 1996). Although CR-induced weight loss
may decrease circulating levels of the inflammatory
biomarker C-reactive protein in overweight/obese
adults (Pierce et al. 2008), we did not observe any
changes in C-reactive protein or interleukin-6 (IL-6)

with TRF in the healthy older adults studied here.
Because alternate-day fasting has been associated
with moderate increases in plasma ketones (Johnson
et al. 2007; Stekovic et al. 2019), we also assessed
whether TRF increased levels of plasma acetoacetate
and β-hydroxybutyrate; however, no changes were
observed. Finally, we conducted an exploratory anal-
ysis of the circulating nicotinamide adenine dinucle-
otide (NAD+) metabolome and other related metabo-
lites (e.g., AMP, ADP, ATP). Tissue concentrations of
these metabolites can be affected during activation of
cellular energy sensing and catabolic pathways by
CR (Chen et al. 2008) or fasting (Rodgers et al.
2005; Canto et al. 2010) in animal models. We did
not observe any changes in plasma concentrations of
these metabolites in response to TRF (Supplementary
Table 6). These findings are in line with a recent
study that reported no changes in plasma NAD+ and
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restricted feeding (TRF) was not
associated with any changes in a
oxidized-LDL levels, b the
oxidized-to-total LDL ratio, c
interleukin-6 (IL-6), d C-reactive
protein (CRP) or plasma ketones
including e acetoacetate or f β-
hydroxybutyrate. Boxes represent
median and interquartile range
with 95% confidence intervals as
whiskers. See also Supplementary
Table 6
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related metabolites following prolonged fasting in
humans (Bak et al. 2018).

Discussion

The main finding of this pilot study is that 6 weeks of
TRF is a feasible and well-tolerated dietary strategy for
healthy midlife and older adults that can be achieved
under free-living conditions in the absence of adverse
changes in bodyweight, lean mass, bone density, energy
balance, or diet quality. Moreover, TRF is associated
with lower sensations of hunger without corresponding
changes in satiety, which may have contributed to the
excellent overall adherence that we observed. Our study
provides the first direct support for the concept that TRF
is a feasible alternative lifestyle strategy to conventional
CR in individuals for whom weight loss is not a goal.
Although we did not observe an improvement in our
primary outcome of vascular endothelial function, our
study provides preliminary evidence that TRF may im-
prove functional (endurance) capacity and glucose tol-
erance, two clinically important indicators of healthspan
that decline with normal aging and predict future risk of
age-related disease and/or disability. Collectively, these
findings create a critical platform for conducting larger,
longer-term clinical trials of TRF for improving human
healthspan, including older adults with functional limi-
tations, disability, and/or chronic disease.

The benefits of sustained CR for extending lifespan
and enhancing physiological function in animal models
are well established (see review by Chung et al. 2013).
However, in humans, CR is associated with poor overall
adherence and risk of adverse health consequences. In
the NIH-sponsored CALERIE trial, the largest study of
sustained CR in non-obese humans to date, even the
highly motivated subjects recruited into the study were
unable to maintain the initial target of 25% energy
restriction over the entire 2-year intervention period
(Rochon et al. 2011; Stewart et al. 2013). Moreover,
the ~ 10% energy restriction that was ultimately
achieved was associated with a reduction in body
weight, fat-free mass, and bone mineral density
(Villareal et al. 2016). More recently, 4 weeks of
alternate-day fasting was shown to result in a 37%
reduction in energy intake and a corresponding reduc-
tion in bone mineral density in the lumbar spine of
midlife adults compared with baseline levels (Stekovic
et al. 2019). Because weight loss is a strong predictor of

hip fracture in both lean and overweight/obese older
adults (Ricci et al. 2001; Ensrud et al. 2005), it is
possible that any potential benefits of sustained CR or
alternate-day fasting on physiological function would be
outweighed by these adverse effects, particularly among
those at greatest risk for sarcopenia/sarcopenic obesity,
osteoporosis, and frailty (Schafer 2016).

The present findings suggest that short-term TRF is
feasible and well-tolerated in midlife and older adults
under free-living conditions. Our participants reported
no serious adverse effects related to TRF and were able
to complete the intervention without any changes in
body composition, bone mineral density, energy intake,
or diet quality. Interestingly, our subjects reported re-
duced feelings of hunger following TRF. Previous stud-
ies into the effects of TRF on hunger are mixed, with
some reporting either a decrease (Gill and Panda 2015;
Ravussin et al. 2019), increase (Stote et al. 2007), or no
change (Sutton et al. 2018). Discrepancies among these
studies may be due to differences in the time of day of
measurement, the feeding window duration (single meal
vs. extended window), study design (controlled feeding
vs. free-living), and/or subject characteristics (over-
weight/obese and/or prediabetic vs. lean and healthy),
among other factors. In contrast, conventional CR is
associated with a greater hunger and desire to eat com-
pared with ad libitum feeding (Anton et al. 2009).

Another goal of the present study was to gain initial
insight into the potential efficacy of TRF for improving
cardiovascular and other select domains of physiologi-
cal function. We observed no improvement in vascular
endothelial function (primary outcome) but did detect
modest effects of TRF on two important indicators of
healthspan: functional endurance capacity and blood
glucose regulation. In this regard, TRF was associated
with an improvement in 6-min walk distance, a reliable
measure of functional (endurance) capacity in older
adults that is highly linked to cardiorespiratory fitness
(Blomquist and Saltin 1977; Carter et al. 2003). We also
found a small reduction in heart rate during submaximal
exercise following TRF, consistent with the possibility
of an improvement in aerobic fitness. As such, these
physiological functions should be included as outcomes
in larger trials of TRF to further establish the effects of
TRF in older adults. Such investigations also may wish
to explore the mechanisms for potential enhancement of
functional capacity with TRF, including possible im-
provements in related biomarkers of frailty such as
walking effort (perceived difficulty) and efficiency and
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gait perturbations (LaRoche et al. 2018; McCrum et al.
2019).

Blood glucose regulation in response to an oral glu-
cose challenge also appeared to improve slightly with
TRF in the absence of obvious changes in plasma insu-
lin levels or β-cell function compared with normal
feeding. Blood glucose control generally is impaired
with aging and is associated with an increased risk of
type 2 diabetes, cardiovascular disease, and other chron-
ic disorders (Saydah et al. 2001; Crandall et al. 2009;
Kalyani and Egan 2013). In middle-aged overweight
men with pre-diabetes, TRF reduced insulin levels and
enhanced β-cell responsiveness during an oral glucose
challenge with no effects on plasma glucose levels
(Sutton et al. 2018), suggesting that changes in
glucose-insulin function may be influenced by baseline
metabolic health status. In any case, both studies support
the idea that glucose and/or insulin signaling may be
improved following TRF.

It is worth noting that we observed a moderate in-
crease in total and LDL-cholesterol during the TRF
condition compared with normal feeding. Increases in
LDL-cholesterol have also been reported following
12 months of alternate-day fasting in metabolically
healthy obese humans (Trepanowski et al. 2017) and
after 3 weeks of TRF in rats (Rivera-Zavala et al. 2017),
although reductions in total and LDL-cholesterol also
have been reported with shorter-term (4 weeks)
alternate-day fasting (Stekovic et al. 2019). Although
the mechanisms are not completely understood, fasting
is associated with a decreased expression of the liver
LDL receptor (Van Der Wal et al. 1998) and an increase
in endogenous corticosteroid production (Luna-Moreno
et al. 2009), which may reduce the clearance of LDL
from the blood. Importantly, the increase in LDL-
cholesterol in the present study was not associated with
changes in cardiovascular function and there was no
increase in oxidized-LDL levels, a circulating marker
of oxidative stress and atherogenic risk (Berliner and
Heinecke 1996). Expression of the gene encoding the
paraoxonase enzyme, which is responsible for
preventing the oxidation of LDL-cholesterol, increased
following daytime-restricted feeding in rats (Rivera-
Zavala et al. 2017) and could explain this observation.

In the present study, we observed no increases in
plasma ketone levels, which have been reported to in-
crease following alternate-day fasting in healthy non-
obese adults (Stekovic et al. 2019) and in overweight
adults with moderate asthma (Johnson et al. 2007). The

increase in plasma ketones is believed to contribute to
improvements in physiological function during longer
duration fasting when liver glycogen stores become
more depleted (Longo and Mattson 2014); however,
our results suggest that 8 h/day of TRF is not a sufficient
stimulus for raising plasma ketones. We also found no
differences in blood-cellular NAD+ concentration after
TRF compared with normal feeding. NAD+ is an im-
portant co-substrate for energy-sensing enzymes that
decline with advancing age. Increases in NAD+ levels
through administration of precursor molecules (de
Picciotto et al. 2016; Mills et al. 2016; Kiss et al.
2019) or in response to fasting (Rodgers et al. 2005;
Canto et al. 2010) have been linked to improvements in
physiological function in animal models; however, our
results suggest that 6 weeks of TRF is not sufficient for
boosting NAD+ metabolite levels in humans. It is pos-
sible that potential differences in plasma ketones and
NAD+ metabolite levels may have been blunted by the
overnight fasting condition employed prior to all blood
draws. Although this is a standard best-practice proce-
dure for clinical trials, we cannot rule out the possibility
that differences may have existed during other time
points within the 24 h day (e.g., postprandial).

There are several limitations that may be relevant
when designing future clinical trials of TRF in older
adults. Although our subjects were able to maintain
excellent adherence to 8-h of TRF over a 6-week period,
it will be important to assess feasibility over longer
treatment durations and with minimal dietary counsel-
ing to enhance translation to the public health setting.
Because our study was designed to test the feasibility of
TRF under free-living conditions, we selected a feeding
window that we believed would be most easily integrat-
ed into daily life. As such, our study was not designed to
assess potential circadian-related feeding effects or the
impact of TRF on circadian-influenced behaviors, in-
cluding sleep and physical activity patterns. Future trials
may wish to assess outcomes under a variety of eating
schedules (e.g., early morning vs. late afternoon TRF)
and/or assess these and other behaviors as outcomes.

More information also is needed regarding the po-
tential effects of the magnitude of change in the feeding
window when transitioning from the baseline feeding
pattern to TRF. In the present study, we successfully
reduced the baseline eating window by ~ 33% (i.e., from
~ 12 to < 8 h/day), whereas in overweight individuals,
Gill and Panda (2015) previously reported a 28% reduc-
tion in daily feeding period (from 14 to 10 h). Given the
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significant magnitude of change, we believe that the
reduction in the eating window in the present study
should represent a significant physiological stimulus to
influence function should such effects be possible in this
population. Finally, although we report no changes in
bone mineral density following 6 weeks of TRF com-
pared with normal feeding, it will be important to assess
longer TRF treatment durations and to examine sites
with higher bone turnover such as the lumbar spine
and femoral neck.

Although we did not observe any significant ef-
fects of TRF in cardiovascular health markers or in
motor or cognitive performance, it is possible that a
longer intervention duration may have induced im-
provements in one or more of these physiological
functions. Sutton et al. (Sutton et al. 2018) recently
showed that an even shorter (5-week) period of TRF
improved cardio-metabolic function in men with
pre-diabetes; however, these subjects likely had
greater baseline dysfunction than our cohort. It is
also important to emphasize that our study was
designed to determine the feasibility and efficacy
of TRF (adherence, safety and tolerability) among
healthy, independently living midlife and older
adults. As a result, our participants were generally
active with blood pressure in the normal range (<
120/80 mmHg on average) and no vascular disease.
Likewise, they all had above-average scores (adjust-
ed for age, ethnicity, and education status) on both
the NIH Toolbox motor and cognitive function bat-
teries, which may have created a ceiling effect that
limited the ability to show improvements in these
functions in response to the intervention. Our study
therefore provides initial evidence supporting the
safety of TRF as a potential CR-mimicking lifestyle
strategy and provides an investigational platform for
larger clinical trials aimed at establishing the effica-
cy of TRF in groups with more impaired baseline
function, such as older adults with elevated cardio-
vascular risk factors, mobility disorders, and cogni-
tive impairments. Finally, as an exploratory,
hypothesis-generating initial trial, we did not adjust
our statistical analysis for multiple endpoints as this
would have increased the risk of type II error (false
negative) and undermined our ability to identify
possible endpoints for future, single-endpoint clini-
cal trials of TRF (Schulz and Grimes 2005). Never-
theless, we took steps to ensure a robust and trans-
parent analysis by only testing pre-specified

hypotheses using a similar analytical approach on a
priori determined outcomes.

In summary, our results provide the first evidence
that short-term (6 weeks) TRF is safe and well-
tolerated in healthy midlife and older adults. Moreover,
adherence was excellent under these free-living condi-
tions and TRF was not associated with any of the
potential adverse effects of conventional CR. Our find-
ings also suggest that TRF may improve functional
(endurance) capacity and glucose tolerance, two impor-
tant indicators of healthspan. Taken together, our results
provide an essential experimental foundation for
conducting larger, longer-term clinical trials of TRF.
Such trials might target “signals” from the present study,
such as blood glucose regulation, in healthy aging pop-
ulations, and/or assess a broader set of healthspan
markers in groups with more greatly impaired baseline
physiological function or age-related clinical disorders.

Methods

All procedures were reviewed and approved by the
University of Colorado Boulder Institutional Review
Board. The nature, benefits, and risks of the study were
explained to all subjects, and their written informed
consent was obtained prior to participation. All mea-
surements were performed in the Integrative Physiology
of Aging Laboratory. Analysis of all outcomes was
conducted by individuals blinded to treatment condi-
tion. The study was registered on clinicaltrials.gov
under the identifier NCT02970188.

Study participants

Healthy midlife and older men and postmenopausal
women aged 55 to 79 years were recruited fromBoulder
Colorado and surrounding communities. Of the 64 par-
ticipants recruited for this study, 33 did not meet the
inclusion criteria and were excluded from participation
in the study. Seven participants dropped out of the study
prior to randomization due to the time commitment
(N = 5), a stated desire to lose weight (N = 1) or poor
adherence to the study restrictions during the 1-week
lead-in period (N = 1). All subjects were apparently
healthy and free of overt clinical diseases as assessed
by medical history and baseline blood chemistries. Sub-
jects were excluded if they exhibited abnormal blood
chemistries indicative of impaired renal or liver function
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(as determined by the study physician) or had elevated
fasting blood glucose indicative of type 2 diabetes (i.e.,
> 126 mg/dl). Subjects were also excluded if they had
alcohol dependence, uncontrolled thyroid disease, se-
vere obesity (body mass index ≥40 kg m−2), were not
weight stable for at least 3 months prior to enrolling in
the study (defined as > 2 kg change in body mass), or
expressed a desire to lose weight during the course of
the study. Body mass, BMI, and waist and hip circum-
ferences were measured by anthropometry, and total
body fat percentage was measured using dual-energy
x-ray absorptiometry (Lunar/Prodigy, GE Healthcare,
Chicago IL).

Study design, randomization, and intervention

The study design consisted of a 2 × 6 week randomized
controlled crossover clinical trial. All participants
underwent a 1-week lead-in period during which they
were instructed to maintain their normal feeding pattern
but were required to submit daily records of their feed-
ing window (start and stop times) and complete a single
24-h dietary recall (see below). Subjects who were non-
compliant to the lead-in restrictions were excluded and
all remaining participants underwent baseline testing
and were assigned to perform 6 weeks of time-
restricted feeding (TRF) and 6 weeks of normal feeding
in a randomized order. All participants were evaluated
by a registered research dietitian by telephone at the start
of the study and received instructions on how to main-
tain their normal dietary pattern (i.e., energy intake,
meal frequency and diet composition) throughout both
arms of the study.

Adherence to each intervention was monitored by
daily surveys of feeding periods, and dietary composi-
tion was reviewed by the registered research dietitian via
analysis of 24-h dietary records (see below). Subjects
successfully maintained their body weight and calorie
intake independently during both arms of the study
without further dietary consultation. We did not include
a formal washout period in this study; however, all
outcomes were assessed for potential carry-over effects
using linear mixed models and none were identified.

During the TRF arm of the study, subjects were
allowed to self-select a starting time between 10:00–
11:00 h but were required to maintain the same 8-h
feeding window each day for the duration of the TRF
arm. For example, if a subject started eating at 10:30 h,
they would be required to stop eating by 18:30 h, each

day of the study. This particular eating window was
selected because we reasoned that it would be the least
disruptive to normal daily life (i.e., allow for family
dinners) and therefore more translatable to the majority
of older adults in terms of adherence. During the TRF
phase, no calorie-containing food or beverages (except
black coffee or unsweetened tea) were allowed outside
of the 8-h feeding window. Subjects were instructed to
maintain their normal energy intake within the 8-h fee-
ing window but were free to divide their food intake into
as many meals or snacks as they desired. No restrictions
were given for the timing or duration of the feeding
window during the normal feeding arm; however, sub-
jects were instructed to eat within their regular feeding
window reported during the lead-in period. No exclu-
sion criteria were set for prescription medication use;
however, subjects refrained from taking any over-the-
counter medications for 48 h and prescription medica-
tions for 24 h prior to all experimental testing, as previ-
ously done during other intervention studies in our
laboratory (Kaplon et al. 2016; DeVan et al. 2016;
Santos-Parker et al. 2017; Martens et al. 2018). All
assessments were performed at the end of each inter-
vention phase after a 16-h overnight fast (regardless of
assigned feeding condition) with the exception of motor
and cognitive function tests, which were performed 2 h
after a standardized light meal or snack in order to
ensure that subjects had enough energy to complete
the testing battery and also included a baseline measure-
ment at the beginning of the study to control for poten-
tial learning effects. All assessments were made in the
morning and the timing of each assessment was
matched between feeding conditions. As such, all motor
and cognitive testing was performed in the late-morning
or afternoon to avoid disrupting the fasting window.
Subjects refrained from consuming alcohol or engaging
in vigorous exercise for 24 h and refrained from caffeine
intake for at least 12 h prior to all testing sessions.

Adherence and feasibility

Adherence to each intervention arm was assessed by
asking participants to complete a daily electronic survey
that was administered by e-mail through a secure elec-
tronic data capture system (REDCap). Surveys were
sent in the evening at 19:00 h regardless of which
dietary condition the subject was currently assigned to.
Subjects were asked to report the time of day that they
started and stopped eating each day. Once per week,
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they were also asked to rate their perceptions of hunger
and satiety using a visual-analog scale (0–100 mm).
Subjects were expected to report their perceptions of
appetite at the moment they received the survey, which
was administered at a standardized time of day
(19:00 h). Twice per week, they were asked to report
their body weight using a digital scale that was provided
for them to take home at the start of the study.

Safety and tolerability

Subjects reported to the laboratory every 2 weeks to
assess body weight and to discuss any issues with ad-
herence or treatment-emergent adverse events. Standard
clinical markers of hematology, liver and kidney func-
tion and blood lipids were assessed at the end of each
treatment period using standardized clinical assays per-
formed in the Boulder Community Hospital clinical
laboratory.

Energy balance and dietary intake

Energy intake and diet compositionwere assessed using
the online Automated Self-Administered 24-h Recall
(ASA24) software provided by the National Cancer
Institute (epi.grants.cancer.gov/asa24/) during the lead-
in period and once per week throughout each interven-
tion arm. Dietary records from each feeding condition
were analyzed for total energy intake, relative macronu-
trient composition, and micronutrient content. Energy
intake and dietary composition were determined by
averaging the values obtained during weeks 3–5 of each
intervention phase. Diet quality was determined by cal-
culating the USDA’s Healthy Eating Index, as described
elsewhere (Krebs-Smith et al. 2018).

Resting metabolic rate was measured by indirect
calorimetry (ParvoMedics TrueOne 2400) as previously
described by our laboratory (Bell et al. 2003, 2006;
Martens et al. 2018). Subjects rested quietly in the
supine position for 45 to 60 min with a ventilated hood
placed over their head to measure the concentrations of
oxygen (O2) and carbon dioxide (CO2) in their expired
breath. Resting energy expenditure and the respiratory
exchange ratio (RER; an indicator of oxidative fuel
source) were calculated in 1-min segments and averaged
from at least 30 min of steady data.

Physical activitywas estimated using the Community
Healthy Activities Model Program for Seniors
(CHAMPS) Physical Activity and Energy Expenditure

questionnaire, as previously described (Santos-Parker
et al. 2017, 2018).

Primary physiological outcome

Endothelial function

Endothelium-dependent dilation (vascular endothelial
function) was measured by brachial artery flow-
mediated dilation (FMD) to reactive hyperemia, using
high-resolution ultrasonography (PowerVision 6000,
Toshiba) as previously described (Eskurza et al. 2004;
Jablonski et al. 2013; Walker et al. 2014). FMD was
expressed as the percentage change (%Δ) in brachial
artery diameter from baseline.

Secondary physiological outcomes

Blood pressure and arterial stiffness

Resting blood pressure was measured in the seated
position following 10 min of quiet rest using a
semi-automated blood pressure device (Dynamap™
XL, Johnson & Johnson, Arlington, TX, USA) as
previously described (Martens et al. 2018). Multiple
measurements were obtained from the non-dominant
arm, with 2 min of quiet rest between recordings,
until three blood pressure values were obtained that
were within 5 mmHg of one another. These values
were then averaged to determine resting systolic and
diastolic blood pressure.

Aortic stiffness was measured using carotid-to-
femoral pulse wave velocity (PWV), the gold-
standard assessment of aortic stiffness in humans
(Laurent et al. 2001, 2006). Simultaneous pressure
waveforms were obtained noninvasively from the
carotid and femoral arteries using applanation to-
nometry (Millar SPT-301, Millar Inc., Houston
Texas) and the aortic pressure wave transit time
was measured as the time-delay between the foot
of the carotid and femoral pressure waves, as
previously described (Tanaka et al. 1998; Martens
et al. 2018). PWV was calculated by dividing the
distance between the two measurement sites by the
time-delay.

Carotid artery compliance was determined by mea-
suring the change in diameter of the right common
carotid artery as assessed using high-resolution ultraso-
nography (PowerVision 6000, Toshiba, Tokyo Japan)
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relative to the change in carotid blood pressure as
assessed using applanation tonometry across the cardiac
cycle. Carotid pressure was normalized to brachial ar-
tery pressure obtained using a semi-automated blood
pressure cuff (Dynamap™ XL, Johnson & Johnson,
Arlington, TX, USA). Compliance was calculated as
CC = π × DD2 × (ΔD DD−1) / (2 × PP) where DD is
diastolic diameter, ΔD is the change in diameter, and
PP is the arterial pulse pressure, as described previously
by our laboratory (Moreau et al. 2003; Pierce et al. 2012;
Martens et al. 2018). Carotid artery intima-media thick-
ness was also assessed as previously described (Tanaka
et al. 2001).

Submaximal exercise, walking endurance, and motor
function

Submaximal exercise responses were determined by
measuring heart rate during the last minute of a submax-
imal exercise test on a cycle ergometer. Oxygen con-
sumption (an estimate of energy expenditure), RER, and
blood pressure were also measured. Following a brief
(~ 5 min) warm up, subjects completed 3 × 4-min stages
at workloads that were determined during baseline test-
ing to correspond to 10%, 30%, and 50% of each
subject’s heart rate reserve, calculated as the age-
predicted maximum heart rate [220-age]—resting heart
rate.

Walking endurance was assessed by measuring the
distance covered during a 6-min walking task on a 50-ft
(out-and-back) indoor course as previously described
(Sperandio et al. 2014; Justice et al. 2015; Santos-
Parker et al. 2018).

Motor function was assessed using select measures
of the NIH Toolbox Motor Battery as previously
described (Justice et al. 2015; Santos-Parker et al.
2018). Tests included measures of strength (hand grip
strength), manual dexterity (9-hole pegboard test),
mobility (4-m walk gait speed test), and dynamic
balance (rapid step test). In addition to the NIH
Toolbox battery, we also performed additional tests
of leg strength (knee extension 1 repetition maxi-
mum) and power (peak leg extension power at 40%
and 70% of 1 repetition maximum), mobility (stair
ascent test, five-repeat sit-to-stand test), and fatiga-
bility (heel-rise test) as previously used by our labo-
ratory and others (Callahan et al. 2007; Justice et al.
2015; Santos-Parker et al. 2018).

Oral glucose tolerance test

Glucose tolerance was assessed using an oral glucose
tolerance test (OGTT). Following insertion of an intra-
venous catheter and collection of a baseline blood sam-
ple, participants ingested a beverage containing a 75-g
load of glucose within a 10-min time frame. Blood was
collected at 10, 20, 30, 45, 60, 75, 90, 105, and 120 min
after glucose ingestion and was analyzed for glucose
and insulin concentrations. Outcomes included the area
under the curve (AUC) for glucose and insulin, which
was determined using the trapezoidal method. The
insulinogenic index, an indicator of pancreatic β-cell
responsiveness, was calculated by dividing the change
in insulin by the change in glucose during the first
20 min of the test (Phillips et al. 1994).

Cognitive function

Cognitive function was evaluated with the NIH Toolbox
Cognition Battery as previously described by our labo-
ratory (Justice et al. 2015; Santos-Parker et al. 2018).
Briefly, we administered a short battery consisting of
seven computerized tests which assessed five major
domains of fluid cognition (inhibitory control and atten-
tion, episodic memory, working memory, processing
speed, and executive function) and one major domain
of crystallized cognition (language), resulting in total,
fluid, and composite cognition T-scores, as well as indi-
vidual sub-domain T-scores, which were adjusted for
age, sex, and education status. In addition to the NIH
Toolbox, we also administered the Trail Making Test
(parts A and B) as another measure of processing speed
and executive function.

Serum biomarkers

Plasma levels of oxidized-LDL-cholesterol, C-
reactive protein, and interleukin-6 were analyzed by
the University of Colorado Denver Clinical and
Translational Research Center (CTRC) Core Labora-
tory, as previously described by our laboratory
(Pierce et al. 2008). NAD+ and related metabolites
were measured in peripheral blood mononuclear cells
using liquid chromatography-mass spectrometry
(LC-MS) by the Mass Spectrometry Facility at the
University of Colorado Skaggs School of Pharmacy
and Pharmaceutical Sciences, as recently described in
detail by our laboratory (Martens et al. 2018). Plasma
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ketone levels were measured using commercially
available colorimetric assays for acetoacetate
(Abcam, ab180875) and β-hydroxybutryate (Cay-
man Chemical, no. 700190).

Statistical analyses

A sample size of 19 subjects was determined to be
sufficient to observe improvements in our primary
outcome measure (endothelium-dependent dilation)
at 80% power and an alpha level of 0.05 based on
our laboratory’s previous experience studying CR
and other lifestyle interventions in midlife and older
adults in which we observe effect sizes for brachial
artery FMD that range between 0.7 and 0.8 (Pierce
et al. 2008; Jablonski et al. 2013). Statistical analy-
ses were conducted by a biostatistician within the
Center for Innovative Design & Analysis at Univer-
sity of Colorado Anschutz Medical Campus. All
analyses were conducted as two-sided tests with a
significance threshold set at α = 0.05. Adherence to
the feeding window and all safety-related outcomes
(e.g., clinical laboratory values, body composition
and energy intake/expenditure) were assessed using
two-sided paired t tests. Subjective measures of ap-
petite were assessed by the mixed-effect model with
repeated measures with time of day (morning vs.
evening), condition (TRF vs. normal feeding), and
sequence set as fixed effects and participants as
random effect. All physiological outcome variables
were assessed as the difference between normal
feeding vs. TRF using linear mixed models. Model
estimation was based on the restricted maximum
likelihood estimation (REML) using either a first-
order autoregressive or compound symmetry covari-
ance structure (submaximal exercise only) with pe-
riod (end of TRF phase vs. end of normal feeding
phase) and sequence (order of TRF vs. normal feed-
ing) set as fixed effects and participants as random
effect. Missing data were considered missing at ran-
dom (MAR). NIH Toolbox cognitive function data
were adjusted for baseline values to control for
learning effects. An exploratory assessment of car-
diovascular variables was conducted with adjust-
ment for LDL-cholesterol. A sensitivity analysis
was conducted on blood samples from the OGTT
to account for one participant that was later deter-
mined to have clinical diabetes. All data are present-
ed as raw mean ± standard error of mean (SEM).

Statistical analyses were conducted using SAS ver-
sion 9.4 (SAS, Cary, North Carolina).
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