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Abstract

This mini-review summarizes the available information regarding the
impact of caloric restriction (CR) and/or intermittent fasting (IF) on bone
health. CR and IF are dietary interventions used in rehabilitative healthcare for
augmenting weight loss and also proposed for recovery of conditions such as
stroke and heart failure. CR restricts the total number of calories rather than
different food groups or periods of eating. In contrast, IF severely restricts
caloric intake for a period of time followed by a period of ad libitum intake.
Here, we discuss the available information regarding the impact of these
rehabilitation diets on bone metabolism, highlighting areas of consistency and
discrepancy and suggesting future areas of study to advance the understanding
of CR and/or IF on bone health.

Introduction

Osteoporosis is a chronic condition characterized by low
bone mass and places individuals at increased risk for fracture.
Rehabilitation and lifestyle modifications that preserve and/
or promote gains in bone mass include regular physical activity,
resistance training and dietary modification such as increased
protein intake, adequate intake of calcium and vitamin D, and
supplementation with magnesium and, possibly, vitamin K'°. In
contrast, numerous studies indicate that caloricrestriction (CR) and/
or intermittent fasting (IF), which have been proposed to augment
rehabilitation for such conditions as stroke, cardiomyopathy, and
heart failure®®, may negatively impact bone health!®2 Thus, it is
important to clarify the impact of these diets on bone metabolism
so that fracture risk is mitigated in the context of rehabilitative
healthcare.

CR is a diet that restricts the total number of calories rather
than different food groups or periods of eating!®. The calorie limit
is based upon a percentage of the recommended daily intake, which
is calculated using the individual’s basal metabolic rate. In contrast,
IF severely restricts caloric intake for a period of time followed by
a period of ad libitum intake'*. The fasting period can be practiced
in different ways such as fasting every other day, fasting for two to
three days at a time, or even fasting during particular hours of each
day (also referred to as time-restricted feeding). The effects of CR
and/or IF on weight loss and other outcomes have been extensively
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summarized elsewhere!®'?, However, not all of these effects
are beneficial, as evidenced in the somewhat conflicting
literature reporting on the impact that these diets have on
bone metabolism. Here, we summarize this information,
highlighting areas of consistency and discrepancy, and
suggest future areas of study to advance the understanding
of caloric restriction and/or intermittent fasting on bone
health.

Bone Remodeling and Bone Health

Bone matrix is produced by cells called osteoblasts and
resorbed by cells called osteoclasts. The balance of activity
between these two cell populations determines bone mass
and strength, which generally peaks in humans during early
adulthood. When the actions of osteoblasts and osteoclasts
are coupled, there is no net change in bone mass. However,
when uncoupled in situations such as aging, the rate of bone
resorption outpaces bone formation, leading to loss of bone
mass. Low bone mass is a defining feature of osteoporosis
and is a major risk factor for fracture [15], which places
individuals at greater risk for disability and death. Thus,
strategies aimed at building and/or preserving bone mass
are of great clinical significance.

The most common clinical measure of bone mass
is dual-energy X-ray absorptiometry (DXA), which
determines areal bone mineral density. It is important
to note that DXA provides only a snapshot of bone mass
whereas other techniques, such as measurement of serum
markers, provide greater detail about dynamic changes in
skeletal physiology. The most clinically-validated markers
for bone formation or bone resorption are Procollagen
type-1 N-terminal propeptide (P1NP) and C-terminal
telopeptide of type 1 collagen (CTx), respectively, hereafter
referred to as “bone turnover markers”'®. These factors
inform about the activity of osteoblasts and osteoclasts,
which themselves are regulated by numerous systemic and
local regulators such as leptin, parathyroid hormone (PTH),
calcitriol, calcitonin, growth hormone (GH), insulin-like
growth factor 1 (IGF-1), glucocorticoids, thyroid hormones,
estrogens, androgens, transforming growth factor (TGF)-
beta, and cytokines!”!8, Below, we highlight some of these
factors that are particularly germane to the study of caloric
restriction and/or intermittent fasting.

Caloric Restriction and Bone Health

In this section, we discuss the existing studies examining
the impact of caloric restriction on bone health with an
emphasis on molecular markers of bone remodeling.
Studies in this area vary widely in the 1) specific caloric
restriction employed, 2) duration of dietary restriction,
and 3) species (or strain) studied.

Hamrick et al. studied the effects of increasing caloric
restriction with time on bone health in mice [19]. The mice

received a 10% restriction beginning at fourteen weeks
of age, a 25% restriction at fifteen weeks of age, and a
final 40% restriction at sixteen weeks of age continuing
until twenty-four weeks of age. This resulted in varied
responses by anatomical location and between cortical
versus trabecular bone. Compared to mice fed ad libitum,
calorie-restricted mice displayed decreased femoral and
vertebral cortical thickness whereas trabecular bone
in both locations was unchanged (femora) or increased
(vertebrae). Importantly, calorie-restricted mice had
reduced femoral fracture strength. These changes were
associated with a decrease in both serum leptin and
IGF-1 in response to caloric restriction. These results
are generally consistent with Delvin et al, who studied
the effects of 30% caloric restriction in mice from three
weeks of age to twelve weeks of age?’. Compared to mice
fed ad libitum, calorie-restricted mice displayed impaired
skeletal growth resulting in smaller body size and low
bone mass. These changes were associated with reduced
bone formation rate with increased bone resorption rate
and decreased levels of serum leptin and IGF-1. This is
consistent with the work of Shien et al, who subjected
obese rats to 35% caloric restriction for four months,
resulting in decreased bone mineral density and lower
leptin and IGF-1 along with changes in several other serum
markers?., It is important to note that these findings differ
somewhat from those observed in rats subjected to 30%
caloric restriction from three weeks of age to seven weeks
of age, which resulted in similar bone strength relative to
body weight and increased trabecular bone volume in the
lumbar spine compared to control??. That said, two studies
in adult rats subjected to 30% or 40% caloric restriction
indicates that the B-adrenoreceptor signaling plays a role
in the response to energy restriction, with 3-adrenergic
blockade attenuating bone loss and preserving serum
leptin levels following prolonged calorie restriction?*24,

Interestingly, one study using mice and rats suggests that
the effects of prolonged caloric restriction on bone mass
appear impacted by age, with chronic caloric restriction
preventing age-related bone loss. It is unclear if this
finding is due to the prolonged nature of this intervention
or if short duration caloric restriction in aged mice or rats
impacts bone health?*. Indeed, twenty years of 30% caloric
restriction in rhesus macaques - initiated between eight
and fourteen years of age - led to only modest changes in
bone volume related to smaller body mass with variable
responses in serum markers of bone turnover?>.

Studies on the impact of caloric restriction in human
subjects have produced inconsistent findings. For instance,
Riedt et al. studied the effects of caloric restriction on
obese premenopausal females subjected to a caloric deficit
of approximately 30-40% with calcium supplementation
for six months. Although leading to weight loss, this
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intervention did not impact bone mineral density or serum
bone turnover markers?¢. This is generally consistent with
a study involving 25% caloric restriction in overweight
individuals that showed no change in bone mineral density,
though this study reported changes in certain bone
turnover markers?’. In contrast, Villareal et al. reported that
prolonged 35% caloric restriction for an average of 6.8 +
5.2 years leads to reduced bone mineral density?®. Notably,
individuals on a high protein diet plus caloric restriction
experience less bone loss than caloric restriction alone?,
suggesting that the amount of bone loss during caloric
restriction may be mitigated by specifically increasing
protein intake.

Intermittent Fasting and Bone Health

In this section, we discuss the relatively limited data
examining the impact of intermittent fasting on bone health.
As with caloric restriction, studies vary with regard to the
duration and/or pattern of fasting, which creates difficulty
in drawing generalizable conclusions. For instance, Clayton
et al. examined how fasting for twenty-four hours affects
bone turnover markers in humans during the re-feeding
period and found no impact on bone turnover markers
between fasting and control subjects®’. This is generally
consistent with Barnosky et al. in which they compared
six months of alternate-day fasting compared to caloric
restriction on bone metabolism in obese adults. The
intermittent fasting group was subjected to alternate-day
fasting where the participants received 25% calories one
day followed by 125% the next. The calorie-restricted
group had a 35% energy restriction. Bone mineral density
and bone turnover markers were unchanged in either
group compared to individuals on the control diet®'. In
contrast, Bahijri et al. examined the effects of intermittent
fasting on bone markers during the Muslim holiday of
Ramadan in which observers fast from sunrise until sunset
and found decreased evening PTH levels after two weeks
of IE. This study did not include an assessment of bone
mineral density and it is unclear if this effect is due to
caloric restriction, sleep disturbance, or other factors such
as alteration in mineral intake with evening serum calcium
significantly higher during Ramadan??.

Limitations and need for Future Research

The focus of this mini-review was to examine the
available data regarding the impact of caloric restriction
and/or intermittent fasting on bone health. Significant
discrepancies exist within this literature, especially with
regard to the length of intervention, degree of restriction,
etc. A relatively small sample size is an additional
limitation, particularly for the human subject trials. This
underscores the need for future work to replicate previous
study designs and provide independent corroboration
of findings in diverse patient populations. That said, it is

generally consistent across species and multiple studies
that caloric restriction negatively influences bone mass;
at present, it appears that intermittent fasting may not. It
is important to note, however, that bone mass is only one
aspect of fracture risk and measurements of fracture rate,
bone strength, and bone quality are generally lacking in the
studies detailed here. This presents a significant gap in our
current knowledge about the long-term impact of caloric
restriction and/or intermittent fasting on bone health.
Furthermore, we are unaware of any published data about
the impact of these diets on fracture healing itself, which
is clinically significant since individuals practicing caloric
restriction and/or intermittent fasting may experience
fracture related to trauma or fragility. Future study is
required to address this important limitation of the current
literature.

Methods

A search of PubMed was conducted with the phrases
“intermittent fasting and bone,” “intermittent fasting and
skeleton not bone,” “caloric restriction and bone,” and
“caloric restriction and skeleton not bone,” resulting in
285 articles. These articles were screened by CH and AE
for relevance to the topic, eliminating 186 publications.
The remaining 99 were screened for inclusion in the
article based on meeting both of the following criteria:
1) the intervention(s) involved intermittent fasting and/
or caloric restrictions and 2) the outcome measures were
bone mineral density and/or bone turnover markers. This
resulted in the inclusion of the thirteen articles referenced
in the above sections “Caloric restriction and bone health”
and “Intermittent fasting and bone health.”
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