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Abstract

Objective: This study explored the impact of time-restricted eating (TRE) versus stan-
dard dietary advice (SDA) on bone health.

Methods: Adults with 21 component of metabolic syndrome were randomized to
TRE (ad libitum eating within 12 hours) or SDA (food pyramid brochure). Bone turn-
over markers and bone mineral content/density by dual energy x-ray absorptiometry
were assessed at baseline and 6-month follow-up. Statistical analyses were per-
formed in the total population and by weight loss response.

Results: In the total population (n = 42, 76% women, median age 47 years [IQR: 31-
52]), there were no between-group differences (TRE vs. SDA) in any bone parameter.
Among weight loss responders (20.6 kg weight loss), the bone resorption marker
B-carboxyterminal telopeptide of type | collagen tended to decrease after TRE but
increase after SDA (between-group differences p = 0.041), whereas changes in the
bone formation marker procollagen type | N-propeptide did not differ between
groups. Total body bone mineral content decreased after SDA (p = 0.028) but

remained unchanged after TRE (p = 0.31) in weight loss responders (between-group
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differences p = 0.028). Among nonresponders (<0.6 kg weight loss), there were no

between-group differences in bone outcomes.

Conclusions: TRE had no detrimental impact on bone health, whereas, when weight

loss occurred, it was associated with some bone-sparing effects compared with SDA.

INTRODUCTION

Intermittent fasting (IF) involves an alternation of abstinence and con-
sumption of food and caloric beverages over a cycle of hours to days.
IF has gained considerable interest as a weight management interven-
tion that is easy to incorporate into everyday life (vs. conventional
caloric restrictions with/without physical activity) and that may
improve metabolic health by inducing weight loss and/or restoring the
rhythmicity between anabolism and catabolism [1-4]. Time-restricted
feeding (in animals) or eating (TRE in humans) is a form of IF that
entails restricting eating within a window of 4 to 12 hours per
24-hour cycle and prolonging the time spent in the fasted state to
realign eating-fasting patterns with circadian rhythms [1-4]. An
increasing number of randomized controlled trials (RCTs) have sup-
ported the benefits of TRE in obesity, diabetes, and cardiovascular
diseases [3-12]. It remains, however, unclear whether TRE would
exert beneficial, neutral, or unfavorable effects on other organ sys-
tems such as the skeletal system.

Theoretically, TRE results in changes in physiological and metabolic
parameters and/or behaviors that could influence bone health. For
example, sustaining a consistent daily rhythm in eating-fasting may
improve metabolic outcomes and circadian rhythms of metabolic path-
ways [2, 5, 6, 9]. Preclinical and clinical data support the importance of
the circadian system in bone physiology and the impact of circadian
rhythm disruptions on bone fragility (for a review see [13]), therefore
raising the potential that TRE may affect bone health. Furthermore,
although individuals following TRE are commonly not provided guid-
ance on caloric intake, several studies have reported inadvertent reduc-
tions in caloric intake (due to eating during a shorter time window
and/or reduced consumption of energy-dense foods commonly con-
sumed in the evening), which have been reported to contribute to
weight loss and the associated metabolic benefits [7, 8, 12].

The effects of overweight/obesity and weight loss on bone out-
comes are complex [14-26]. Overweight/obesity (commonly defined
using body mass index [BMI]) and related comorbidities have been
associated with increased bone mass as a result of mechanical adapta-
tions to an increased body weight and metabolic/hormonal effects.
Nevertheless, individuals with overweight/obesity have also been
shown to have impairments in some bone matrix and microstructural
properties and an increased fracture risk at specific skeletal sites, with
these unfavorable effects largely attributed to chronic inflammation
and hormonal disturbances linked to increased adiposity [14-18,
25, 26]. Conversely, although conventional caloric restrictions result
in reductions in body fat, improvements of inflammatory status, and
better metabolic control that could benefit bone health, these prac-

tices have been associated with reductions in bone mass, at least in

Study Importance
What is already known?

e Weight loss achieved by conventional approaches
(e.g., moderate caloric restrictions to very low-calorie
diets) may adversely affect bone health.

e Time-restricted eating (TRE) has emerged as a popular
dietary intervention for weight loss and metabolic health
benefits. It is, however, uncertain whether the adverse
effects of conventional weight loss approaches on bone
health hold true for TRE.

What does this study add?

e Our results suggest no detrimental impact of a 6-month
TRE intervention on bone outcomes (bone turnover
markers, total body bone mineral content or density).

o When weight loss occurs, TRE might be associated with
some bone-sparing effects compared with standard die-

tary advice.

How might these results change the direction of
research or the focus of clinical practice?

e TRE may be a suitable nutritional therapeutic option for
weight loss that does not compromise bone turnover and
might preserve bone mass.

e Future TRE studies lasting more than 6 months should
assess additional bone phenotypes (bone mineral density
and microstructure at clinically relevant sites, fracture
risk) and explore the effects of various TRE regimens with
different eating windows or timings, especially among
individuals at risk for bone fragility such as postmeno-

pausal women and the elderly.

RCTs with a duration of <2 years [19-24]. Studies on TRE have only
recently started to unravel changes in bone outcomes. Total body
bone mineral content (BMC) or density (BMD), assessed by dual-
energy x-ray absorptiometry (DXA), was not adversely affected after
6 weeks [27] or 12 weeks [28, 29] of TRE. Given that a minimum
monitoring time interval of 6 months is recommended for repeating
bone mass measurements [19], it is possible that small changes were
not captured in these shorter-term studies. Importantly, bone meta-

bolic activity can be assessed indirectly by determining the levels of
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Analysed in the observation phase (n=213) |

Lost to follow-up (n=3)

Withdrawn (n=7): lack of time, study too restrictive, or no reason provided

Not eligible for the RCT (n=149, > 1 reason possible):
- no MS component (n = 93),

- eating duration < 14 h (n=94),
- refused the intervention and follow-up (n=93)

| Randomised (n=54)

v
| Allocated to TRE (n=28) |

Received allocated TRE intervention (n=28) |

Excluded from analysis in the TRE arm (n=5)
Lost to follow-up (n = 2)

Withdrawn (n = 1): Covid-19 pandemic + surgery
Unavailable BTM and/or BMD data (n=2)

Analysed in the TRE arm (n=23)
- BTM data (n=22)
- BMD data (n=18)

v
| Allocated to SDA (n=26) |

Exclusion criteria revealed after randomisation (n=2):
"] anti-depressant, statins recently started

Received allocated SDA intervention (n=24) |

Excluded from analysis in the SDA arm (n=>5)
Lost to follow-up (n=3)

Withdrawn (n = 1): Covid-19 pandemic
Unavailable BTM and/or BMD data (n=1)

Analysed in the SDA arm (n = 19)
- BTM data (n=17)
- BMD data (n=15)

FIGURE 1 Flowchart of participants, adapted from [33]. Forty-two participants with available BTMs and/or BMD measurements were
included in the present study. BMD, bone mineral density; BTM, bone turnover marker; MS, metabolic syndrome; SDA, standard dietary advice;

TRE, time-restricted eating

bone turnover markers (BTMs) that provide useful information before
the detection of established changes in bone mass and structure [19,
23, 24, 30-32]. The only available TRE study that reported BTMs [28]
showed no changes in bone resorption (assessed by cross-linked
N-terminal telopeptide of type | collagen) but attenuated reductions
in bone formation (assessed by procollagen type 1 N-terminal propep-
tide [PANP]) after 12 weeks of TRE (vs. habitual diet). Although these
results were interpreted as a potential bone protective effect of TRE,
the nature (acute, persistent, or adaptive) and the clinical significance
of such an effect remain uncertain.

In the present study, we aimed to explore the impact of a
6-month RCT of TRE versus standard dietary advice (SDA, active con-
trol arm) on bone metabolism and health in a population with at least
one component of the metabolic syndrome (MS). We hypothesized
that the effects of weight loss on bone metabolism and health would
differ according to the allocated intervention (TRE vs. SDA).

METHODS
Study participants and design

This is a secondary analysis of an open-label 6-month RCT that exam-
ined the impact of TRE on metabolic parameters (body weight, blood
pressure, lipid profile, and glucose metabolism assessed as primary
outcome), body composition, and lifestyle parameters [33]. Partici-
pants were recruited via posters, online advertisements, and social

media at two study sites in Switzerland (Lausanne University Hospital,

Lausanne, and Inselspital, Bern) between 2017 and 2020. Men and
women were included if they were aged > 18 years, they were weight
stable (£2 kg within the previous 3 months), and they had at least one
component of the MS according to the International Diabetes Federa-
tion consensus definition [34]. We excluded those with major illness
(i.e., cardiovascular, liver, respiratory, gastrointestinal, renal, endocrine,
and sleeping disorders or active cancer), prior bariatric surgery, and
eating disorders, those following a diet/weight management program,
and those on medication affecting the gut absorption, body weight, or
hormones. Pregnant or breastfeeding women were also excluded from
participation. The study was approved by the Ethics Committee of the
Cantons of Vaud and Bern, Switzerland (CER-VD 2017-00487), per-
formed in accordance with the declaration of Helsinki and the ICH
E6 Good Clinical Practice, and registered on ClinicalTrials.gov
(NCT03241121) and Kofam.ch (SNCTP000002259). Participants pro-
vided their informed consent in writing before inclusion in the study.

Participants attended a 4-week run-in period and they underwent
baseline assessments, including medical history, questionnaires (e.g.,
demographics, physical activity), clinical measurements, and routine
blood testing (Supporting Information Figure S1). They were also
asked to record their eating behavior and dietary intake with the
smartphone application myCircadianClock over 4 weeks [7]. Partici-
pants who ate within a time interval > 14 hours per 24-hour cycle
(n = 54) were randomized to TRE or SDA (active control) with a 1:1
allocation ratio (Figure 1).

Participants in the TRE group were asked to limit their eating to a
12-hour time window of their choice, without recommendation for
caloric and macronutrient intake or nutritional quality. Those in the
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active control group received SDA, which comprised a 10-minute nutri-
tional counseling at the randomization visit and the provision of a leaflet
summarizing Swiss dietary recommendations for healthy eating, but no
guidance in terms of the timing of their eating or dietary intake (for a
detailed description see [33]). The randomized participants undertook
an additional total body DXA scan and they were then followed up for
6 months, with two interim follow-ups over the phone to reinforce the
intervention and assess their compliance (Supporting Information
Figure S1). At the closeout visit (6 months after randomization), partici-
pants had blood samples taken and they repeated all the assessments

performed at baseline, including blood tests and total body DXA scans.

Clinical measurements, body composition, and bone
mass assessment

Body weight was measured in light clothing using a digital scale at
baseline and at the 6-month follow-up visit. Height was measured
barefoot using a calibrated stadiometer. BMI was computed as weight
in kilograms divided by height in meters squared. Total body composi-
tion (fat mass, fat-free mass), BMC, and BMD were assessed at base-
line and 6-month follow-up by DXA (GE Healthcare Lunar iDXA at
Lausanne site, GE Healthcare Lunar Prodigy Advance at Bern site) fol-
lowing international guidelines [35].

Assessment of BTMs and bone-related markers

Blood samples were obtained in the morning following an overnight
fast (28 hours) at baseline and at 6-month follow-up. Serum
B-carboxyterminal telopeptide of type | collagen (CTX), PINP, total
25-hydroxyvitamin D, and parathyroid hormone were analyzed batch-
wise using Elecsys reagents (Roche Diagnostics, Rotkreuz, Switzerland).
Insulinlike growth factor 1 (IGF-1) levels were determined using an auto-
mated chemiluminescence-based immunoassay (Immunodiagnostic Sys-
tems IDS-iSYS Nordic).

Other assessments

Blood tests were analyzed for fasting glucose, high-density lipoprotein
cholesterol, and triglycerides using standard biochemistry assays.
Blood pressure was measured three times with a calibrated monitor
(Omron Intellisense BP monitor, Omron Healthcare) after 5 minutes
of rest in the sitting position, and the average of the last two measure-
ments was calculated. Physical activity levels were assessed by the

short version of the International Physical Activity Questionnaire [36].

Statistical analysis

Given the relatively small sample size of the study, we used nonparamet-

ric tests. To account for the differences in the baseline values of the two

groups, data were expressed as deltas (value at follow-up — value at
baseline) or percentage changes from baseline for all variables. The
effects of allocated intervention (TRE vs. SDA) were evaluated by detect-
ing differences in deltas/percentage changes between groups using the
Mann-Whitney test. Data comparisons between pre- and post-
interventions within groups were carried out using the Wilcoxon signed
rank test. We first assessed BTM absolute values (CTX concentration in
ng/L and PINP in pg/L). Because the reference ranges of BTMs differ
according to sex, age, and menopausal status, we also normalized BTM
levels by dividing the absolute concentrations by the upper bound of ref-
erence range provided by our local laboratory (CTX: men aged 30-50
years: 158-442 ng/L, men aged 50-70 years: 104-504 ng/L, men
aged > 70 years: 164-624 ng/L, premenopausal women: 62-436 ng/L,
postmenopausal women: 330-782 ng/L; PAINP: men and premenopausal
women: 15.1-58.6 pg/L, postmenopausal women: 20.3-76.3 pg/L).
P values < 0.05 were considered statistically significant. Statistical
analyses were performed using Stata software, version 16.0 (Stata-
Corp LLC, College Station, Texas).

RESULTS
Baseline characteristics

A total of 42 participants (76% women) with available BTMs and/or
bone mass measurements were included in the present study
(Figure 1; Table 1). At baseline, participants had a median age of
47 (interquartile range [IQR]: 31-52) years and a median BMI of 27.8
(IQR: 24.9-30.6) kg/m?. Approximately one in three participants was
classified as having obesity (31%) and MS (29%) according to the
International Diabetes Foundation definition [34]. There were no sig-
nificant differences between intervention groups (TRE vs. SDA) in
demographic, anthropometric, and body composition characteristics
or lifestyle and metabolic factors at baseline. Overall, participants had
baseline levels for CTX and P1NP within the reference range for age,
sex, and menopausal status (Table 2) and a median total body BMD
z score of 0.9 (range from —0.7 to 3.0). Baseline values of BTMs,
bone-related hormones, and total body BMC/BMD did not differ by

intervention group (Table 2).

Compliance with the study intervention and changes
in body weight

Compliance with the study intervention and changes in main study
outcomes have been previously described in detail [33]. In brief, for
the participants included in this secondary analysis, the TRE group
reduced their median eating window from 15.4 (IQR: 14.7-16.0) h/d
to 12.0 (11.8-12.7) h/d (p < 0.0001), whereas no significant changes
were seen in the eating window of the SDA group. Body weight sig-
nificantly decreased with TRE (baseline median 79.1 [IQR: 68.0-85.6]
kg, follow-up 77.7 [67.5-84.0] kg, p = 0.035), but not with SDA (base-
line 74.5 [68.0-83.6] kg, follow-up 72.4 [67.3-84.3] kg, p = 0.13). Similar
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TABLE 1 Baseline characteristics of the study population

Demographics
Age (y)

Women, n (%)

Menopause, n (%)

Anthropometrics and body composition

BMI (kg/m?)

Lean body mass (kg)

Total body fat (kg)
Total body fat (%)

Lifestyle factors

Physical activity (MET-minutes/wk)
Eating time window (h/d)

Current smokers, n (%)

Alcohol (units/wk)

Metabolic parameters

Metabolic syndrome, n (%)°

Obesity, n (%)°

Systolic BP (mm Hg)
Diastolic BP (mm Hg)
HDL-cholesterol (mmol/L)
Triglycerides (mmol/L)

Glucose (mmol/L)

All (n = 42)

47 (31-52)
32 (76%)
9 (28%)

27.8(24.9-30.6)
42.8 (40.3-48.3)
27.7 (21.5-36.7)
38.1(32.2-46.0)

1173 (636-1635)
15.3 (14.7-16.0)
4 (10%)
3.2(0.6-7.3)

12 (29%)

13 (31%)

127 (118-132)
79 (75-87)
1.4(1.2-1.7)
1.1 (0.9-1.6)
5.1(4.8-5.4)

Ol AAO - WILEYL °

TRE (n = 23) SDA (n = 19) p value®
47 (32-57) 45 (27-50) 0.29
18 (78%) 14 (74%) 0.73
6 (33%) 3(21%) 0.46
27.9 (25.5-31.4) 26.7 (23.8-30.6) 0.48
43.7 (41.0-48.3) 42.3(38.7-47.7) 0.45
27.5(21.8-37.9) 28.7 (20.2-34.8) 0.45
39.7 (32.2-46.0) 37.1(32.5-45.5) 0.68
1377 (594-2094) 1036 (678-1314) 0.36
15.4 (14.7-16.0) 15.1 (14.6-15.6) 0.30
2 (9%) 2 (11%) 0.84
2.1(0.6-7.3) 3.3(0.8-7.7) 0.75
7 (30%) 5(26%) 0.77
6 (26%) 7 (37%) 0.45
128 (114-132) 124 (119-134) 0.87
79 (75-88) 80 (74-83) 0.82
1.4(1.2-1.7) 14(1.2-1.7) 0.96
1.0 (0.9-1.6) 1.1(0.8-1.4) 0.69
5.2 (4.9-5.4) 5.0 (4.8-5.4) 0.64

Note: Data are presented as median (interquartile range: 25th percentile-75th percentile) for continuous variables or as n (%) for categorical variables.
Abbreviations: BP, blood pressure; HDL, high-density lipoprotein; MET, metabolic equivalents; SDA, standard dietary advice; TRE, time-restricted eating.

ap values for the between-group comparison at baseline.

bMetabolic syndrome definition according to the International Diabetes Foundation [34].

“Obesity defined as BMI 2 30 kg/m?.

to our previous report [33], there was no significant between-group dif-
ference in weight loss (p = 0.85). A closer look at individual body weight
data revealed that participants responded variably to either interven-
tion. Very few individuals lost >5 to 10 kg of body weight, although
most participants experienced smaller body weight reductions, and a
few others even gained some weight (Figure 2). In the present study,
the median weight loss for both intervention arms pooled together was
0.6 kg. Physical activity levels did not change significantly in the TRE
(baseline median 1377 [IQR: 594-2094] metabolic equivalent task
[MET]-min/wk, follow-up 618 [396-1653] MET-min/wk, p = 0.16)
or the SDA groups (baseline median 1036 [IQR: 678-1314] MET-min/wk,
follow-up 1356 [462-1800] MET-min/wk, p = 0.88).

Changes in BTMs, bone-related hormones, and
bone mass

Changes in BTMs, bone-related hormones, and bone mass by DXA
were compared within and between groups. In the total study popula-
tion, there were no between-group differences (TRE vs. SDA) in any

bone outcome (Table 2). Given that smoking is a well-established factor

of osteoporosis, we repeated this analysis in nonsmokers (i.e., after
excluding those who were current smokers, n = 4), and the results did
not change (data not shown).

Given the variable body weight responses to both interventions,
we then explored the effects of TRE and SDA on bone parameters in
weight loss responders (weight loss greater than the median 0.6 kg)
and nonresponders (weight loss <0.6 kg) separately.

In weight loss responders, changes in CTX (reflecting bone
resorption) absolute concentrations (p = 0.050) and normalized levels
(b = 0.041) differed significantly between groups (Figure 3A). This
was largely due to a trend toward reduced bone resorption after TRE
(b = 0.075; for all participants CTX levels remained within the refer-
ence range at the 6-month follow-up) and a nonsignificant increase in
bone resorption after SDA (p = 0.14; 33% of the participants
exceeded normal CTX values at the 6-month follow-up; Supporting
Information Figure S2). There were no significant within-group
changes or between-group differences for bone formation, as
reflected by changes in PINP absolute concentrations and normalized
levels (Figure 3B). In further exploratory analyses of weight loss
responders, we found no between-group differences in calcium bal-

ance reflected in parathyroid hormone or vitamin D responses
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FIGURE 2 Individual body weight changes in response to 6
months of (A) TRE and (B) SDA, based on [33] and recomputed for
participants included in this analysis. SDA, standard dietary advice;
TRE, time-restricted eating

(Supporting Information Figure S3A-S3B) or in IGF-1 changes (Sup-
porting Information Figure S3C). The differential CTX responses to
TRE/SDA were accompanied by group differences in total body BMC
changes (p = 0.028; Figure 3C), which decreased in the SDA group
(p = 0.028) but not in the TRE group (p = 0.31; Supporting Informa-
tion Figure S2). No further differences were observed between TRE
and SDA arms for total body (Figure 3D) or regional BMD (data not
shown) changes in weight loss responders.

In contrast, among weight loss nonresponders, there were no dif-
ferences between the TRE and SDA groups for any of the bone
parameters assessed (Figure 3 and Supporting Information Figure S3),
apart from different IGF-1 responses (i.e., increased after SDA and
decreased after TRE although these changes did not reach signifi-
cance within groups; p = 0.025; Supporting Information Figure S3).

DISCUSSION

In the present study, we found no overall detrimental effects of
6 months of TRE on bone health outcomes. Those who lost weight

following the control intervention (SDA) experienced small, albeit

O A O - WILEYL

nonsignificant, increases in CTX levels without parallel changes in
PAINP levels and a small loss of total body BMC. Conversely, when
weight loss was induced by TRE, CTX levels tended to decrease and
total body BMC was preserved. Although these findings suggest a
possible benefit of TRE on bone during weight loss, it should be noted
that our results reflect bone responses to a TRE intervention with a
mildly restricted eating window (12 hours) that resulted in modest
weight loss and apply to a population generally at a low risk for bone
fragility and thus possibly less susceptible to bone catabolism.

Bone is a dynamic tissue that goes through continuous remodeling
over the life-span to maintain the structural/mechanical integrity of the
skeleton and mineral homeostasis. During the remodeling process, old or
damaged bone is removed by osteoclasts (bone resorption) and replaced
with newly synthesized bone by osteoblasts (bone formation). Physiolog-
ically, these two processes are tightly coupled so that bone properties
are preserved after each remodeling cycle. Among other factors
(e.g., age, menopausal status, certain medications), weight loss may derail
bone remodeling. In a meta-analysis on diet-induced weight loss, Zibellini
et al. reported early increases (within 2-3 months) in surrogate markers
of bone resorption with less clear effects on markers of bone formation
(increases in osteocalcin levels, no changes in PINP levels) [19]. Hip
BMD decreased by 1.0% to 1.5% in interventions with a duration 26
months, and total body BMD was reduced in interventions of 6 months
(but not in interventions with a longer duration), whereas spine BMD
remained largely unaltered.

In our study, SDA motivated participants in the control group to
change their eating behavior. Our previous results suggest that some
participants became more mindful of their eating habits, as indicated
by their increased intake of unprocessed or minimally processed food
and reduced consumption of processed food [33]. As a result of these
dietary changes, some individuals in the control group experienced
weight loss, which was accompanied by a nonsignificant increase in
bone resorption, and small losses of total body BMC. In line with our
findings, several other weight loss interventions resulting in compara-
ble amounts of weight loss (3-5 kg) have demonstrated unfavorable
changes in BTMs and reductions in BMC/BMD (total body or at clini-
cal sites) [37-40]. Available literature provides further insights into
the complex effects of weight loss on bone health. These appear
dependent on several factors, with more pronounced effects
observed with greater weight loss [41], when weight loss is achieved
through caloric restrictions only (i.e., exercise may attenuate some of
the negative effects of diet-induced weight loss on bone) [22, 23], in
case of suboptimal intakes of bone-promoting nutrients [42, 43], and
when the population under investigation is already susceptible to
bone fragility (i.e., postmenopausal women and the elderly)
[21, 22, 40].

Unlike conventional weight loss interventions, TRE deemphasizes
food quantity and/or quality and allows ad libitum energy intake by
simply focusing on the timing of food consumption. Thus, it has been
suggested to be a less laborious, more flexible dietary approach com-
pared with other weight loss approaches to improve metabolic health
[2, 3, 11]. In our study, participants significantly lost weight after
6 months of TRE, albeit with substantial interindividual variability. We
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B-carboxyterminal telopeptide of type | collagen; PANP, procollagen type 1 N-terminal propeptide; SDA, standard dietary advice; TRE, time-

restricted eating

found that weight loss responders with TRE tended to have reduced
bone resorption (CTX) whereas no change occurred in bone formation
(PINP). As opposed to the bone loss observed in weight loss
responders with SDA, total body BMC/BMD remained unaltered in
weight loss responders after TRE. It is unclear why bone responses to
weight loss differed between the interventions in our study. Given
that there were no pronounced differences in body composition, met-
abolic, and lifestyle factors between the intervention groups, we
hypothesize that prolonged fasting (as per study design) and resyn-
chronizing meals with circadian rhythms underpin the small benefits
of TRE on bone during weight loss. This hypothesis is based on evi-
dence that bone is responsive to circadian rhythmicity [13] and that
TRE metabolic benefits may be at least partially explained by realign-
ment of meal timing with circadian oscillators independently of weight
loss [3, 6]; nevertheless, the exact mechanisms that may mediate bone
preservation during TRE-induced weight loss require elucidation in
future studies.

Our study extends recent RCTs with shorter duration (6-12
weeks) that have not shown undesirable effects of TRE on bone
metabolism and/or total body bone mass in individuals with over-
weight/obesity [28, 29] or in the elderly [27]. Similarly, another form
of IF, alternate day fasting (ADF), that involves 24 hours of complete

fasting or ~25% of energy requirements followed by 24 hours of
feasting has not been reported to affect BTMs or total body bone
mass after 3 weeks [44] or 6 months [45]. In contrast, in another RCT,
there was a significant decrease in lumbar spine BMD (—0.9%) within
the ADF group, but no significant change in the control group (—0.5%)
or between groups [46]. Although the latter study is dissimilar from
our and other studies because ADF resulted in substantial reductions
in caloric intake (by 37%) and rapid weight loss (3.5 kg in 4 weeks) in
nonobese individuals, it indicates similar BMD changes in response to
longer-term periods of milder (continuous) energy restrictions [19,
24]. Taken together, most studies suggest that IF/TRE may not have
adverse bone effects; however, the study by Stekovic et al. suggests
that bone loss might occur if IF/TRE regimens are accompanied by
severe caloric restriction [46], underpinning the importance of future
studies of sufficient duration to explore this scenario.

Our study is strengthened by its RCT design, its pragmatic
nature (i.e., an easy to follow, real-world-based intervention), a lon-
ger-term duration (6 months) compared with the 4- to 12-week
duration of most available TRE interventions (for a review see [3]),
and the assessment of BTMs (CTX, P1NP) according to international
standards [47]. However, some limitations should also be acknowl-

edged. The sample size was relatively small, and the study had few
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men and postmenopausal women, precluding meaningful compari-
sons of bone responses to TRE according to sex and menopausal sta-
tus. In an effort to control for the effects of age, sex, and
menopausal status, we presented normalized levels of BTMs for
these factors and confirmed that our results were consistent for
absolute concentrations and normalized levels. Overall, our findings
apply to individuals at low fragility risk and thus may be less general-
izable to populations at higher risk. BMD at reference sites for asses-
sing osteoporotic risk (i.e., hip, lumbar spine) is unavailable and
would have provided additional clinically relevant information.
Finally, the lack of detailed information regarding changes in lifestyle
factors (i.e., caloric intake and macronutrient distribution, intake of
dietary calcium and vitamin D, and exercise characteristics, including
frequency and mode [resistance/aerobic exercise]) that may affect
bone parameters is a limitation of this work.

In conclusion, the present study suggests that, overall, 6 months
of TRE does not have negative effects on bone metabolism (assessed
by BTMs and bone-related hormones) or bone loss (assessed by DXA
total body BMC/BMD). When weight loss occurs, TRE might even be
associated with small bone-sparing effects compared with SDA.
Future studies of longer duration (>6 months) assessing multiple bone
phenotypes (e.g., BMD at clinically relevant sites, bone microstructure
and fracture risk) are needed to confirm these findings and explore
the effects of various TRE regimens (e.g., different eating windows,
different timings), especially among individuals at risk for bone fragility

such as postmenopausal women and the elderly.O
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