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Summary

Bone remodeling is energetically demanding process. Energy
coming from nutrients present in the diet contributes to function
of different cell type including osteoblasts, osteocytes and
osteoclasts in bone marrow participating in bone homeostasis.
With aging, obesity and osteoporosis the function of key building
blocks, bone marrow stromal cells (BMSCs), changes towards
higher accumulation of bone marrow adipose tissue (BMAT) and
decreased bone mass, which is affected by diet and sex
dimorphism. Men and women have unique nutritional needs
based on physiological and hormonal changes across the life
span. However, the exact molecular mechanisms behind these
pathophysiological conditions in bone are not well-known. In this
review, we focus on bone and BMAT physiology in men and
women and how this approach has been taken by animal studies.
Furthermore, we discuss the different diet interventions and
impact on bone and BMAT in respect to sex differences. We also
discuss the future perspective on precision nutrition with
a consideration of sex-based differences which could bring better
understanding of the diet intervention in bone health and weight
management.
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Introduction

Bone is a complex, continually changing tissue
that provides mechanical support for ligaments, tendons
and joints, protects vital organs from damage, and serves
as a reservoir for phosphate and calcium in maintaining
regular mineral homeostasis [1,2]. Bone matrix contains
several types of collagens including type I collagen [1] as
well as non-collagenous proteins and growth factors,
which are unique to bone tissue and important for
mineralization.

The bone tissue consists of two main parts:
dense cortical bone, forming a solid outer layer, and
porous trabecular (spongy) bone, mainly found at bone
ends and inner parts. Cortical bone makes up 80 % of the
skeleton, providing structure, while trabecular bone has
alarger surface area and is less dense and more
susceptible to rapid loss during increased bone turnover
[2]. The composition and structure of these bones support
the skeleton's mechanical functions [1].

Under hard core of bone, there is bone marrow
(BM) which consists of various cell types, including:
i) hematopoietic stem cells (HSCs) and progenitor HSCs,
which can differentiate into different types of blood cells,
such as red blood cells (erythrocytes), white blood cells
(leukocytes), myeloid precursors for osteoclast formation
(bone resorptive cells) and platelets (thrombocytes);
(BMSCs) which
can differentiate towards adipocytes or bone forming
cells — osteoblasts and chondrocytes; iii)) fibroblasts that
produce connective tissue and support the structure of the
BM; iv) endothelial cells, and v) nerve cells [3,4].

i) bone marrow stromal cells
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Another compartment of BM is bone marrow
adipose tissue (BMAT) arising from BMSCs. BMAT
makes up to 10 % of whole-body fat mass in lean and
healthy adults [5]. This overlooked fat depot has been
considered as an inert filler of the bone cavity for a long
interest in last
to be
characterized as a secretory and metabolically active

time. However, increased scientific

decades brought new findings on BMAT

organ that responds to nutritional challenges and secretes
cytokines that indirectly influence bone and energy
metabolism [3,5-7].

In this review we present the overview of the
literature in animal and human studies investigating bone
and BMAT physiology in respect to sex differences.
Furthermore, we discuss the impact of diet interventions
and the contribution of different nutrients to bone health
and BMAT accumulation. As most of the studies has
been performed in males, it raises a question for the
precise nutrition how different dietary demands can be
applied in both sexes with consideration on healthy aging
and longer life expectancy.

Bone structure and bone marrow composition
in males and females

It has been well-documented that genetic and

non-genetic (diet, exercise, age, and sex) factors
influence bone strength and quality [8]. Notably, sex
differences in bone morphology, mechanical properties
and response to mechanical loading have been reported in
various mouse models [9,10]. Yao et al. [10a] observed
significant sex differences in trabecular and cortical bone
geometry and morphology of 4-month-old C57BL/6J
mice, where male mice had inherently more bone
compared to female mice, with significantly higher
cortical and trabecular bone volume and thickness [11].
Considering sex difference in humans, the study
comparing 18-year-old male and female participants
indicated that despite comparable body size, males have
greater bone mineral content (BMC) and bone mineral
density (BMD) at the hip and distal tibia and greater tibial
cortical thickness which may confer greater skeletal
integrity in males [11]. In humans, the sexual dimorphism
is expressed in bone length, BMD and geometry,
providing men with a potential advantage in bone
[12].

Importantly, the study using high-resolution peripheral

mechanical resistance compared to women

quantitative computer tomography [13] showed larger
total bone area in distal radius and tibia in young men

compared to women. Moreover, this study showed, that
in young men trabecular number and thickness were
7-20 % higher than in women in both sites and cortical
porosity was 31-44 % decreased in young women than in
young men. The distal radius cortex of young women
carried 14 % more load compared to young men.
However, bone strength was 34-47 % greater in young
men compared to women [13]. More studies have
analyzed the difference of cortical and trabecular
parameters of lumbar vertebra [14]. Single-energy
quantitative computed tomography (CT) of lumbar
vertebrae in subjects of both sexes younger than 40 years
versus group older than 65 years showed no difference in
cortical bone of younger subject, but there was significant
decrease of cortical volume in women compared to males
caused by aging [15]. However, trabecular volume was
significantly decreased in adult females compared to
males with no significant age difference. On the other
hand, trabecular BMD was significantly lower in old
female group compared to old males. Another study
showed age- and sex-related changes of lumbar bone
microstructure, e.g. decreased cortical and trabecular
BMD in females leading to increased fracture load of
analyzed L1-L3 vertebrae compared to men in 6-year
follow-up study (patients were over 50 years old with
no previous lumbar fractures) [14].

Bone matrix composition and the total collagen
content might not significantly differ between males and
females, however, there could be differences in the
composition or structure of collagen between sexes [16].
On the other hand, in mature individuals, the male
skeleton contains roughly 1400 g of calcium, while the
female skeleton contains about 1200 g [17]. However,
there are no specific data on sex-specific content of
phosphorus in bones. Therefore, further investigation
might be necessary to better understand physiological
differences between males and females on the BMC and
mineralization process.

In terms of BM cellular composition, several
studies have identified differences between male and
female hematopoietic systems [18]. Nakada et al. [19]
found that males and females have similar basal numbers
of HSCs and their multipotent progenitor cells. However,
female HSCs undergo more frequent self-renewing
divisions without depletion of the stem cell pool driven
by estrogen receptor alpha (ERa) signaling. Another
animal study showed that increased estrogen levels
decrease B lymphopoiesis [20]. Singer ef al. [21] reported
that obese males have increased myelopoiesis and



2024

Nutrition and Bone Marrow Adiposity S109

Major skeleton and BMAT gender differences

Major skeleton and BMAT
differences in males
compared to females:

~

Total bone area of distal
radius and tibia [73/

[ 7-20% Tb.N and Tb.Th |
{13]

L J

1400g of calcium in
mature skeleton [77]

| BMC, BMD at the hip |
and distal tibia [77]

Ct.Th of tibia [77]

BMAT occupying
50 - 70% of BM cavity
[31] [32]

30-70 % of BMAT in
lumbar vertebrae [33]

[ BMAT in healthy adults |
(34

T
T
T
T
T
T | Bone length /73]
-
==
l

T BMAT with ageing {35/

Male vs.

Ct.V by aging [15]

Trabecular bone in
mature skeleton [75] v

1200g of calcium in
mature skeleton [77] v

31-44% Ct.Po [11]

14% increased carried
load on distal radius [77]

Tb.N of lumbal vertebra
[15] v

BMAT occupying
50 - 70% of BM cavity
[31] [32]

£
30-70 % of BMAT in | —~

lumbar vertebrae [33]

BMAT in healthy adults
34

BMAT with ageing [35]

Fig. 1. Major skeleton and BMAT sex differences in adult and elder humans (Created with Biorender.com).

increased pro-inflammatory response of macrophages
compared to age-matched females. However, more
studies using single cell RNA sequencing are needed to
dissect sex dimorphism in BM composition, especially on
BMSC heterogeneity under physiological conditions and
how it is affected with aging, osteoporotic or metabolic
challenges in relation to bone homeostasis. Main
differences in BM composition between sexes have been
reported in context of BM adiposity, which is discussed
later in this review. The major differences in skeleton
between males and females are depicted in Figure 1.
During the lifetime, bone undergoes remodeling
(coupling of bone formation and bone resorption) which
is the process of changing size or shape of bones in
response to physiological or mechanical stimuli [1].
An imbalance of these two processes leads to bone
impairment and bone loss [22]. Several studies
documented the role of growth hormone and sex steroids

as key regulators of bone development and growth
[23,24]. It suggests that sex differences in long bone
structure may arise from the different hormonal
environments in female and male BM as BMSCs express
ERa affecting BMSC differentiation potential and
expansion in BM [25]. Additionally, the impact of sex
steroids on the response of bone cells to mechanical
loading is emphasized, as demonstrated by studies on sex
steroid receptor knock-out mice [26].

Another key factor contributing to the impact on
bone remodeling in respect to sex differences is aging
[27]. In perimenopausal and early postmenopausal
women the remodeling is increased, slowing down with
further aging but remaining faster than in premenopausal
women [28]. Remodeling is also slightly increased in
aging men [27] but there is still a lack of studies directly
comparing bone remodeling processes in men and

women.
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Clinical study including adults with a mean age
of 50 years, found that female participants have lower
trabecular parameters compared to men [29]. Khosla
et al. [30] demonstrated the same results in the cohort of
90-year-old participants. This discrepancy in bone
parameter characteristics suggests potential differences in
skeletal integrity between males and females, serving as

a critical point for this review.

BMAT development and physiology in males
and females

BMAT, derived from BMSCs,
important part of BM cavity and its presence changes
with age, sex and skeletal site. At the birth red BM is
mostly filled with HSCs, which is substituted during
adulthood (around the age of 25 years) with yellow BM
filled with BMAT occupying around 70 % of the BM
volume, mostly in distal bones [31]. In the literature,

represents

two types of BMAT have been described: constitutive
BMAT (cBMAT), which is located within the yellow BM
of the distal skeleton, where hematopoiesis is nearly
and regulated BMAT (rBMAT), which is
localized in the

absent,

proximal skeleton, where bone
remodeling and hematopoiesis are active. IBMAT can be
modulated by different factors such as nutrition, aging
and endocrine status, while cBMAT is much more inert
[32]. ' BMAT changes in response to ovariectomy (OVX),
obesity, caloric restriction (CR) and irradiation, are
typically accompanied by hematopoietic abnormalities
and/or bone loss [33]. Therefore, the changes in BMAT
volume are important to be measured in relation to bone
health and also in respect to sex differences.

BMAT volume changes through lifetime and its
distribution and composition are also affected by sex
[34]. In humans, the expansion of BMAT in long bones
occurs from distal to proximal sites and is more prevalent
at distal sites after birth. BMAT is easily detected in
distal epiphyses of long bones by age of 6-7 years and in
the midshaft around 12-14 years of age in both sexes
[35]. Then, in adults aged about 25 years, BMAT is
occupying approximately 50-70 % of the total BM cavity,
with at least some bone marrow adipocytes (BMAds) also
present in sternum, ribs, pelvis and vertebrae [35,36]. In
lumbar vertebrae, BMAT expands varying from 30 % to
70 % in both sexes between 8 and 57 years of age,
respectively [37]. Healthy adult women tend to have
higher levels of BMAT compared to healthy adult men,

this difference is particularly evident in the hips and

femur. In women, BMAT is often distributed in the lower
extremities, including the hips and thighs, whereas in
men is more concentrated in the trunk and abdomen
[38,39]. Notably, the accumulation of BMAT with age is
also influenced by sex. Females younger than 55 years
have approximately 5-10 % lower level of BMAT than
age-matched males [40]. Moreover, the significant
increase of BMAT in postmenopausal women causes
about 10 % higher BMAT content than in males at the
age over 60 years [41]. With aging, both men and women
experience an increase in BMAT [38,41]. However, the
rate and extent of this increase may vary between sexes
influenced by age and pathophysiological and metabolic
status. In postmenopausal women, there is a significant
increase in BMAT due to hormonal changes [42].
Estrogens play a crucial role in BMAT regulation.
Reduction in estrogen levels, particularly during
menopause in women, is associated with an increase in
BMAT [43,44]. Androgen levels in men may also
influence  BMAT, low endogenous testosterone is
associated with high BMAT in older men [42]. These
changes are summarized in Figure 1.

In contrast, mice have lower BM adiposity than
humans, but the sequence and timing in bone marrow
adipocyte development are very similar. In mice, BMAT
is present in caudal vertebrae as early as one week after
birth. BMAT may also be found in sacrum and lower
lumbar vertebral bodies in adults, but it is rare to see
BMAT in cervical and thoracic vertebrac. BMAT in
distal tibias are readily detectable at four weeks and
continue to accumulate until the cavity is filled at around
eight weeks of age (adults) [45]. BMAT in proximal tibia
and femur appears later than in distal tibia and caudal
vertebrae. Male mice usually develop BMAT later and
less extensively in proximal tibia than age-matched
females [5,45], which is a little bit different compared to
humans. Importantly, the different expansion of BMAT
in males and females during lifetime may differently
contribute to the bone homeostasis and by secretion of
bioactive molecules to the regulation of bone remodeling
and energy metabolism [5,46]. Moreover, since BMAT is
derived from BMSCs, in BMAT

expansion may be caused by different differentiation

sex differences

capacity of BMSCs in males and females [4]. However,
more studies are needed to understand the molecular
mechanism behind these changes.

Moreover, the understanding of potential ethnic
and sex differences in the relationship between BMD and
BMAT is important for future studies focused on
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developing of the prevention and treatment strategies for
bone loss and fracture risk. Shen et al. [47] showed that
healthy men and premenopausal women had higher total
body BMD levels than postmenopausal women for the
same amount of BMAT. The increased BMAT in
postmenopausal women is linked to osteoporosis and
impaired bone quality [48]. Understanding these sex
differences in BMAT is essential for investigating its role
in bone health, metabolic disorders, and for designing
targeted interventions in various conditions affecting
bone and metabolism. However, up to now, prospective
studies examining BMAT variations with age, sex and
skeletal sites are still lacking.

Dietary factors affecting bone and BMAT

Besides micronutrients (minerals, vitamins),
there are also macronutrients like carbohydrates, proteins,
fat and fiber that are important parts of diet composition
affecting bone homeostasis. All of these components play
a critical role in maintenance of bone health and it is
necessary to keep them in a healthy balance. They can
have positive or negative impact on bone and fat
metabolism. Therefore, we will provide an overview of
animal and clinical studies using different dietary
interventions in the context of bone health and fracture
risk in relation to sex differences (summarized in

Tables 1 and 2).

Diets enriched in carbohydrates and their effect on bone
and BMAT

Carbohydrates, especially glucose, are usually
considered as main sources of energy for cellular
metabolism in many cell types [49,50]. However, chronic
exposure to high glucose levels in the body represents
a pathological condition impairing glucose metabolism
and leading to insulin resistance, diabetes and bone loss
[51,52]. Several in vitro studies using osteoblastic cell
lines (MC3T3-E1) documented a negative impact of high
glucose (22-30.5 mM) on osteoblast differentiation
[51-53]
production,

inducing higher reactive oxygen species

decreased proliferation and cellular
mineralization. Negative effect of high-sucrose diet on
bones in rodents of both sexes has been known for a long
time [54,55]. More recent studies are adding further
information about the effect of different saccharides
on bones. Yarrow et al. [56] reported a negative effect
of diet enriched with 40 %

Sprague-Dawley male rats on bone homeostasis com-

fructose in 8-week-old

pared to control diet. After 12 weeks of treatment bone
marrow adipocyte density measured in histology slides
was increased, while bone volume and trabecular number
of proximal tibia measured by micro-CT (uCT) were
decreased by high-fructose diet compared to control
diet (more details in Table 1). On the other hand, drink-
ing of 10% fructose during 28 days in adult male
Sprague-Dawley rats had a deleterious effect on osteocyte
density, while no difference on BMAT was observed in
[57].
differentiation analysis of primary BMSCs showed

femur compared to control diet Moreover,

decreased  osteoblast and increased  adipocyte
differentiation supporting in vivo bone phenotype.

Testing the effect of different sweetener in
drinking water (glucose, fructose, sucrose etc.) on bone
properties of 35-day-old female Sprague-Dawley rats
during 8 weeks [58] showed no significant changes in
terms of bone mass and bone strength between the
groups. However, the increased consumption of glucose
altered mineral homeostasis which led to decreased
phosphorus and calcium intake and increased calcium
excretion compared to fructose beverage suggesting that
glucose exerts more detrimental effect on bones than
fructose in female rats, but this study did not investigate
BMAT in treated rats.

Negative effects on bone quality were observed
in 9-week-old C57BL/6 female mice which were treated
[59].
RCT analysis of tibias showed decreased bone mass along

for 10 weeks with high-fat/high-sucrose diet

with lower mechanical properties in high-fat/high sucrose
diet.
expressed as Receptor activator of NFkB ligand/osteo-

diet compared to control Osteoclastogenesis
protegerin ratio was not affected, but the expression of
cyclooxygenase-2 was increased suggesting increased
inflammation. On the other hand, Minematsu et al. [60]
reported a positive effect of 24-week feeding of high-
fat/high-sucrose diet on bone quality in aging model of
over one-year-old Wistar male rats measured by
pPCT analysis of trabecular and cortical bone volume
and biochemical analysis of Tartrate-resistant acid
phosphatase (TRAP) and calcium levels, while BMAT
was not measured.

In humans, the most pronounced effect of higher
intake of sugar on bones has been observed in teenagers
who consume excess refined carbohydrates and sugars,
by increased fracture risk associated with drinking of
sweetened beverages [61,62]. Moreover, hyperglycemia
commonly driven by high-saccharide diet is strongly
associated with increased osteoporotic fracture risk in
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older patients [63]. However, there is still a lack of
studies directly comparing the effect of high-saccharide
diet on bone homeostasis in adult men and women.
Previous studies were mostly focused on the effect of
different dietary conditions (including diet enriched with
saccharides) on fracture risk or BMD in elderly
population showing a negative association of higher
glycemic index with increased prevalence of fractures in
both sexes [64,65]. The different results in animal and
clinical studies just point out the lack of comprehensive
studies comparing effect of increased saccharide intake in
both males and females with a more focus on
measurement of BMAT in the context of bone health and
fracture risk.

Calorie-restricted diet vs diet enriched in fatty acids and
their impact on bone and BMAT

BMAT is unique in its origin and its response to
dietary changes. It is known that both caloric restriction
(CR) and high-fat diet (HFD) may increase BMAT in
rodents and humans [66-70] (see listed in Tables 1 and 2).
Many studies have considered BMAT composition and
quantity in the context of bone health and metabolic risk.
In mice models, both nutrient challenges (CR and HFD)
enhanced BM
extramedullary responses are quite distinct [6,71].
expansion of BMAT with CR
(10 kcal% fat) has been consistently observed across sex,

cause adiposity, whereas the

Moreover,

age and durations from 6 to 19 weeks, but the reduction
of bone mass is not uniformly observed in all mouse
models. CR of male mice causes bone loss during their
active growth (three weeks to about three months of age)
[70,72]. On the other hand, female mice have much
slighter bone changes despite the significant changes in
BMAT after CR. Although CR causes bone loss in very
young actively growing female mice, the effects on bone
gradually diminish with age [69,73]. It is possible that
estrogen contributes to differences between sexes.
Moreover, estrogen deficiency drives BM adiposity in
mice and can act as an interactive component associated
with dietary changes [74,75]. Devlin et al. [70] studied
the effect of 9-week CR in 3-week-old male mice and
they reported significant elevation in BMAT volume
which was associated with decreased cortical bone mass
in the femur. Interestingly, another study of 12-week CR
in 6-month-old female Sprague Dawley rats reported
decreased body weight but an increase in bone marrow
adipocytes in proximal femur and tibia, and decreased
BMD of the proximal tibia [76].

The effects of CR on BMAT in human studies
are not clear, with some reports showing an increase in
BMAT [68,77,78], whereas others demonstrating no
change or less BMAT [79,80]. However, discrepancies
between these studies may be affected by different age,
sex, treatment protocols or the method of BMAT
evaluation (Table 2). Interestingly, CR is considered to
have health benefits
improved metabolism and increased lifespan; however,

including reduced adiposity,

a downside includes effects on bone and BMAT. Fazeli
et al [66] 10-day high-
calorie feeding protocol followed by a 10-day fasting

revealed in an acute
protocol in healthy men that BMAT elevated in response
to both interventions, but the pathophysiology and cues
for these changes may differ. Furthermore, 18 months
study with
138 participants (including men and women, mean age

of randomized dietary interventional
47.849.1 years) showed that physiological weight loss
can transiently reduce BMAT (MRI quantification) in
adults with a more prominent effect in younger adults of
both sexes [81]. Another study determined by proton
magnetic resonance spectroscopy that women with
anorexia nervosa have elevated BMAT content in the
lumbar spine as well as in the femoral diaphysis and
metaphysis compared with normal weight control group
[67]. Taken together, preclinical models of CR and
various nutritional status can differently affect BMAT
volume and composition in animal models and humans
with different response in respect to sex, age, strain, site-
specificity and treatment protocol. Thus, it seems that the
mechanisms underlying these changes are different
between men and women. Giving the evidence of BMAT
accumulation under different metabolic conditions, future
strategies are needed to define causal mechanism and
better reveal the age and sex contribution.

The diets with different content of saturated and
unsaturated fatty acids (FA) can have detrimental or
beneficial effect on bone, fat metabolism and
homeostasis. The role of saturated and unsaturated FA in
bone and fat homeostasis can exhibit sex-specific
differences. In general, females tend to have higher levels
of essential body fat mass for reproductive and hormonal
reasons [11,82]. However, dietary patterns play a key role
in how saturated and unsaturated fats affect bone
metabolism [83]. Consuming an excessive number of
calories or maintaining an unbalanced diet, typically
characterized by the presence of saturated and trans-
unsaturated FA, is associated with an elevated body mass
index, obesity and complications that impact both bone
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and fat metabolism [84]. HFD enriched in saturated FA
induces increased inflammation and oxidative stress, and
thus affecting bone density and increasing fracture risk
[6,85,86]. Studies using HFD in rodents aimed to induce
metabolic changes leading to increased BMAT and bone
impairment. The impact appears to depend on factors like
the duration of the HFD and the percentage of fat content.
Prolonged exposure to a HFD (4 kcal%) may initially
increase bone mass, but over time, it seems to lead to
decreased bone formation and turnover, potentially
associated with metabolic impairment in male mice [87]
and ovariectomized 6-month-old female rats [88]. Diets
with higher
associated with more detrimental effects by increasing

fat content (60 kcal%) are generally

BMAT and bone loss [6], decreasing cortical and
trabecular thickness and increasing bone porosity more in
males than females [89,90]. On the contrary, lower fat
content diets (42 kcal%) may have an anabolic effect on
bone, at least over a more extended period, in mice of
both sexes [91]. Our previous study and others [6,89]
using 8-week-old male CS57BL/6J mice showed that
12-week treatment with 60 kcal% HFD decreased bone
volume and increased trabecular separation and cortical
porosity of proximal tibia. Moreover, bone formation rate
was decreased in tibia as well as in vertebrae compared to
diet. BMAT analysis
hematoxylin-eosin  staining  and

control Furthermore, using
osmium-tetroxide
staining showed increased adiposity in proximal tibia
after HFD diet, which was accompanied by increased
adipocyte differentiation of primary mouse BMSCs.
According to these studies, the higher is saturated fat
content, the more damage is delivered to a bone. Findings
from other studies focused on the effects of obesity on
BMAT changes are well summarized in our previous
review [7].

considered that the
incorporation of unsaturated FA, particularly omega-3

Conversely, it is

polyunsaturated FA (omega-3 PUFAs), have a more
favorable impact on BMAT and overall bone and fat
homeostasis in both males and females. Furthermore,
unsaturated FA play a role in fat homeostasis by positive
body fat composition.
(DHA;  22:6n-3)  and
eicosatetraenoic acid (EPA; 20:5n-3) as main repre-

influence on  overall

Docosahexaenoic  acid
sentatives of omega-3 PUFAs help to reduce the
fat and
metabolism in metabolic complications [92,93].

accumulation of excess improve glucose

Animal studies employing HFD supplemented

with omega-3 PUFAs in osteoporotic models

demonstrated a reduced negative impact on bone loss and
BMAT [94,95]. Our recent study using omega-3 PUFAs
supplementation in C57BL/6N male mice for two months
[96] or other study using 6-month dietary intervention
[97] decreased BMAT and prevented bone impairment.
Human study focused on different types of omega-3
PUFAs and hip fracture risk, involving men and
found that higher
linolenic acid consumption was linked to a decreased risk

postmenopausal women, alpha-
of hip fractures in women but not in men. Interestingly,
there was no correlation between intake of EPA+DHA
and the risk of hip fractures [98], which was confirmed
by other study focused on male and female participants
aged 65 years or older [99]. Senile osteoporotic women
treated with combination of PUFAs and calcium
maintained lumbar and increased femoral neck BMD
compared to control group [100]. While current evidence
in humans does not

strongly support a positive

relationship between omega-3 PUFAs and human
osteoporosis prevention or treatment, it suggests potential
benefits when incorporating omega-3 PUFAs into the diet
rich in calcium, vitamins, and minerals or concentrated
oil mixtures with other PUFAs. To comprehensively
explore the effect of omega-3 PUFAs on fracture risk,
further large-scale investigations are needed, particularly
focusing on the treatment with different types of omega-3
PUFAs on bone quality. The intake of EPA, DHA and
EPA-+DHA has been found to be significantly higher in
males than females in several age categories [101]. While
there may be some sex-specific differences in bone health
and susceptibility to conditions like osteoporosis, the
effects of saturated and unsaturated FA on bone and
BMAT are generally similar for both sexes. More details
are summarized in Table 2. A diet rich in unsaturated fats
and low in saturated fats is recommended to promote
healthier bone and fat homeostasis in both males and
females.

Protein-enriched diet and its effect on bone and BMAT
The optimal dietary protein intake has been
studied for decades, as non-pharmacological approach
how to maintain skeletal health in adults. It is also
becoming clear that protein and their individual amino
acids (AA) can have different effects on cell function
and impact on bone formation. However, it is still
unclear whether dietary protein exerts a positive or
negative effect on bone health. Protein undernutrition is
a known factor in the pathogenesis of osteoporotic
fracture in the elderly, but the mechanisms of bone loss
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resulting from this deficiency are still poorly
understood. The details of these studies are summarized
in Tables 1 and 2. On the cellular level, it has been
shown that protein malnutrition induced increased
adipocyte differentiation of BMSCs isolated from
2-month-old male Balb/c mice fed for 3 weeks with 2 %
low-protein diet compared to 12 % control protein diet.
This protein malnutrition led to impaired hematopoietic
microenvironment and inducing the BM failure [102].
Similar results were observed in another study using
C57BL/6N  male with the

supplementation on impaired HSC differentiation

mice same protein
towards lymphoid, granulocytic and megakaryocytic-
erythroid lineage [103]. In animal models, both low and
high dietary protein intakes have shown to suppress the
acquisition of bone mass and the increase in bone
strength during growth in comparison to moderate
protein intake [104-108]. Takeda ef al. [104] showed the
effect of different levels of protein diet in growing
5-week-old male rats after 2 months of dietary
intervention. Measurement of BMD and bone strength
by dual-energy X-ray absorptiometry (DXA) and
three-point bending test revealed suppressed acquisition
of bone mass and increased bone strength with low
protein diet compared to medium and high protein diets.
Furthermore, Dubois-Ferriére et al. [105] reported that
mechanical properties measured by three-point bending
test and bone microstructure were decreased in
6-month-old Sprague-Dawley female rats fed with low-
protein diet for 10 weeks. Another study [106] using
a selective isocaloric protein-restricted diet in adult
female rats showed similar detrimental effect on both
cortical and trabecular parameters, through the impact
on the insulin-like growth factor 1 (IGF-1) and sex
hormone regulation. Prevention design of the study
using casein or soy protein supplementation in
CR-induced bone loss in 8-month-old Sprague-Dawley
male rats did show a beneficial effect on bone mass
[109]. Moreover, Wright et al. [108] investigated the
effect of 12-week feeding of four CR diets varying in
predominate protein source (beef, milk, soy, casein) and
protein quantity (control diet 15 % vs. high-protein diet
35%) on bone and body composition outcomes in
32-week-old female rat model of postmenopausal
obesity. Overall, CR had a negative impact on bone
parameters with different extent depending on the
protein source. Thus, these results suggest that specific
protein source recommendations may be needed to

attenuate the adverse alterations in bone quality

following a high-protein CR diet in a model of
Other
supporting these results are summarized in Table 1.

postmenopausal  obesity. animal  studies
However, none of these studies measured BMAT in the
context of bone health.

The effects of protein diet in humans have been
studied in various conditions. However, it is not well-
known whether this dietary intervention can modulate
the BMAT volume. Trudel et al. [110] investigated the
effect of high-protein diet and bed rest interventions
(two bed rest campaigns consisted of 7 days of baseline
data collection, 21 days of head-down tilt and 6 days of
recovery) in healthy men on the lumbar BMAT volume
showing no change of lumbar bone marrow fat fraction
measured by MRI. In a different study combining bed
rest and a high-protein, leucine-supplemented diet,
8 healthy women aged 25-40 years, showed no change
in lumbar fat fraction [111]. Even 18 months of protein
supplementation in diet did not improve lumbar spine
BMD measured by DXA in 208 older women
(70.5£6.4 years) [112]. Cao et al. [113] demonstrated
that short-term consumption of high-protein diets
(31 days) during CR did not
homeostasis and it was not accompanied by any changes

disrupt calcium
of BMC and BMD in young adult men and women aged
20-21 years. Arjmandi et al. [114] found that one-year
supplementation with soy protein positively modulated
markers of bone formation in postmenopausal women
(£ 65 years), but on the other hand this amount of
protein was unable to prevent lumbar and whole-body
bone loss. Contrary, Holm et al. [115] showed that
whey protein supplementation resulted in superior
neck BMD and bone
formation during 24 weeks of strength training in

improvements in femoral
postmenopausal women (55+1 years). The observed
short
emphasize the significance of post-exercise nutrient

differences following such a intervention
supply on musculoskeletal maintenance. All published
studies of protein enriched diet and its effect on bone
and BMAT are summarized in Table 2.

Taken together, animal and clinical studies
regarding the impact of protein intake on bone health
and BMAT are not very conclusive as the studies differ
in the design, targeted group of subjects and methods of
bone and BMAT evaluation. Further studies are needed
to study the impact of low or high protein intake on
bone and BMAT parameters in relation to prevention

strategies to decrease fracture risk.



2024

Nutrition and Bone Marrow Adiposity S115

The diet with essential branched chain amino acids
(BCAAs) and its effect on bone and BMAT

Several studies suggest that further attention is
warranted to the impact of specific AA on skeletal health,
rather than just considering protein content as a whole.
BCAAs, which include valine, leucine, and isoleucine,
account for upwards of 40 % of the preformed AA. These
are essential AA that must be acquired by dietary intake
[116]. However, there is a lack of studies on the effects of
BCAAs on skeletal health and BMAT. In animal studies,
in vitro BCAAs supplementation increased metabolic
activity and proliferation of BMSCs and enhanced the
immunomodulatory capacity of BMSCs by decreasing
the p-NFxB/NF«B ratio and increasing synthesis of the
anti-inflammatory mediators TGF-f and PGE, [117].
Furthermore, Mu et al. [118] reported that BCAA
supplementation in 4-month-old male C57BL/6J mice
increased body weight, lean mass, and fat mass with
increased adipose tissue inflammation and worsen insulin
sensitivity compared to mice fed with low-protein diet.
These data suggest that dietary protein levels and BCAAs
play a role in modulating whole-body metabolism.
However, in this study they did not measure impact on
bone and BMAT. More animal and human studies
investigating the effect of BCAAs on BMAT and bone
formation are needed in respect to sex differences.

Amino acids enriched diet and its effect on bone and BMAT

Another AA supplementation in diet showed that
N-acetylcysteine in HFD diet in male C57BL/6 mice fed
for 17 weeks showed protection from HFD-induced bone
impairment measured in distal femur, which was
accompanied by decreased bone resorption but the
measurement of BMAT parameters was missing [119].
Cysteine is linked to the methionine metabolism. Animal
study using a 12-week feeding of methionine-enriched
diet induced increased bone fragility and reduced bone
quality in Wistar rats, especially in the cancellous bone
[120] without BMAT measurement.

feeding of methionine-restricted diet for 5-12 weeks,

However, the

which was aimed to improve glucose metabolism in
young male and female mice as well as in aged male mice
(C57BL/6J), caused similar negative impact on bone
lengths and trabecular parameters accompanied by
decreased osteoblast differentiation, while preserving the
bone strength compared to control group [121-123].
Selenium in the form of selenocysteine is critical
for bone remodeling. Recent study by Kim et al. [124]
defined a negative effect of selenoprotein W on bone

mass by stimulating osteoclastogenesis in bone as
selenoprotein W-deficient mice exhibit high bone

mass phenotype. Selenoprotein is usually made

from selenocysteine. In rats, femoral BMD was in-
creased by 77 % together with improved bone growth

andn  development  with  supplementation  of
L-Se-methylselenocysteine in selenium-deficient rats
[125].

Even, a combination of different AAs could
have a positive effect on bone health as showed in the
study of Ding et al. [126] using 8-week-old male
C57BL/6] mice treated for 2 months with low-protein
diet supplemented with either a triad of serine, valine and
threonine or a triad of phenylalanine, tyrosine and
tryptophan. This AA-supplemented diet had a positive
effect on BMSC proliferation and osteoblast
differentiation.

In humans, the presence of specific AA in the
diet has been linked to various aspects of bone health.
Studies have indicated that a diet enriched with vitamin
D, calcium, and leucine can potentially increase BMD in
adults [127].

menopausal women with high BMD levels were found to

sarcopenic older Furthermore, post-
have higher concentrations of certain AA, including

leucine, valine, and tyrosine, suggesting potential
between these AA and BMD [128].
Conversely, lower intake of phenylalanine in patients of
both sexes (8-16 years) has been linked to reduced BMD

values [129]. Additionally, studies have demonstrated

associations

that tryptophan supplementation can stimulate BMSC
proliferation and differentiation, potentially through the
upregulation of the RUNX2 expression factor [130,131].
Despite a positive association between high tryptophan
intake and hip BMD in individuals aged over 45 years, it
was concluded that excessive tryptophan consumption
may not play a critical role in bone health [132].

Glutamine-enriched diet

Glutamine represents a non-essential AA, which
plays important role in regulation of oxidoreductase
activity and inflammation [133]. Glutamine enrichment
of the diet has been shown to have a positive effect on
bone metabolism [134]. Glutamine metabolism plays
a pivotal role in regulating BMSC proliferation, lineage
differentiation [134,135].
Recent study using knock-out of key enzyme of

allocation and osteoblast

glutamine metabolism, glutaminase, reported negative
effect on bone formation manifested by reduced

osteoblast ~numbers and  increased  adipocyte
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differentiation, highlighting the critical involvement of
glutamine metabolism in BMSC function and bone health
in mice [134].

Furthermore, Blais et al. [135] showed that
monosodium glutamate supplementation of low-protein
diet in 8-week-old Balb/C female mice increased
glutamine plasma levels, increased BMD, trabecular and
cortical bone microarchitecture, osteoblast differentiation
and improved bone quality compared to mice under
protein restriction. However, supplementation did not
restore these parameters to the levels obtained in animals
fed with control diet [135].

In addition, glutamine contributes to proline
production, an important AA for collagen synthesis and
connective tissue formation. This cascade of effects
underscores the positive impact of glutamine on bone
tissue, reinforcing its significance in bone health [136].
Hanaa ef al. [137] reported the potential beneficial effect
of oral administration of glutamine in ovariectomized
female Sprague Dawley rats (starting 3 months after
OVX and lasting for further 3 months) documented by
increased 1,25(OH),Ds, IGF-1 and TGF-B levels, along
with improved BMC and BMD. Notably, glutamine
supplementation fosters the production of glutathione,
apotent calcium enhancer through calcium sensing

receptor activation. However, more studies are needed to
investigate the effect of glutamine supplementation on
bone health and BMAT formation in different animal
models and human studies.

Conclusions and future perspectives

The importance of healthy and well-balanced
diet is crucial, as shown by several animal and clinical
studies of different ages and metabolic conditions.
It helps to counteract the negative effects of obesity,
osteoporosis and aging on bone health, reducing the risk
of fractures. Presence of BMAT in different stages of life
span may differ between sexes. However, its impact on
bone mass in males and females are still not well-known
(Fig. 2). Even though there are some mild differences in
nutrient levels among sexes, the impact of dietary
intervention and nutrient supplementation on bone health
is similar and the major determinant of bone health.
There are differences between men and women in steroid
hormone levels, which could primarily drive the
heterogeneity of BMSC and HSC populations in BM
affected by ERo signaling in response to hormonal or
nutritional stimuli participating in bone formation.

Bone BMAT
i | N/A

< i

-p
- -

i "

Diets enriched in carbohydrates l N / A

Diet enriched in unsaturated fatty acids t

Diet enriched in saturated fatty acids

Diet Bone BMAT

Calorie-restricted diet ‘ ‘t

-
=) =

Protein-enriched diet ‘t lvt

) 1
¢ n

t N/A Amino acids enriched diet " N/A
N/A N/A TGS e N/A N/A
Bone BMAT Diet Bone BMAT

Diets enriched in carbohydrates

1 L}
Calorie-restricted diet ‘ l't

"

N/A

1
L}

N/A
N/A
N/A

Diet enriched in unsaturated fatty acids
Diet enriched in saturated fatty acids
Protein-enriched diet
Amino acids enriched diet

The essential branched chain
amino acids diet

1 4

"

N/A

t
N/A

N/A
N/A

Fig. 2. The effect of different diet interventions on bone and BMAT in humans and mice with respect to sex differences. 1 increased,
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However, more detailed and well-controlled
clinical studies are needed to determine the best nutrient-
enriched diet designed for each subject individually as their
metabolism can differ and much of what is known about
bone health and BMAT analysis is based on the research
conducted in male mice. We move into the era of precision
nutrition, understanding these sex-based differences may
help to optimize recommendations and interventions

chosen to support bone health and weight management.
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Table 1. Dietary factors affecting bone and BMAT in animal models.
Metabolic Animal Age Sex | Duration Composition of the diet Methods Effect on bone Effect on Reference
condition model of the BMAT
diet
Diet enriched in carbohydrates
High-saccharide Sprague- 60 days M 12 weeks | high-fructose (40% fructose, | histology histomorphometry | High fructose diet vs. high N/A Bass et al.
diet Dawley 10% glucose) or high-glucose 3-point bending test uCT glucose diet: 1 bone volume 2013 [138]
rats diet (50% glucose) of distal femur; 1 Tb.V of
tibia; 1 bone mechanical
properties
HFD enriched Sprague- 8 weeks M 12 weeks 30% (sugar-free) control uCT; bone mechanical HFD and HFD/F vs. control 1T BMAT Yarrow et
with fructose Dawley HFD; 30% HFD+ 40% testing; histology; plasma diet: 1 BV/TV and Tb.N of al. 2016
(HFD/F) rats fructose analysis proximal tibia; | cancellous [56]
BMD, BV/TV, Tb.N,
osteoblast surface and
circulating osteocalcin
levels; # between HFD and
HFD/F
High fructose Sprague- Adult M 28 days Control (H,0); 10% fructose Bone histomorphometry | osteocyte and osteoclast # BMAT Felice et al.
intake Dawley solution measurement of density; #BMAT; 2014 [57]
rats reossification area; primary | bone regeneration;
BMSC analysis of OB and | OB differentiation,
AD differentiation | Runx2 expression;
1 AD differentiation,
1 Peroxisome proliferator-
activated receptor gamma
expression
High sugar Sprague- 35 days F 8 weeks Control (H,0); 13% Bone morphometry; bone With high-glucose: # bone N/A Tsanzi et al.
beverages Dawley fructose/glucose/sucrose/ turnover markers; DXA; mass; # bone strength; 2008 [58]
rats HFCS-5 three-point bending test | calcium and phosphate
intake; 1 calcium excretion
HFD/HSD C57BL/6 9 weeks F 10 weeks Low-fat diet (68% complex uCT; three-point bending With HFD/HSD: | tibia N/A Lorincz et
mice carbohydrates; 0% sucrose; test; gene expression mass, length and Ct.Th; al. 2010
6% fat, 26% protein), analysis | maximal load; [59]

HFD/HSD (0% complex
carbohydrates, 39.5%
sucrose, 39.5% fat, 21%
protein)

# RANKL/OPG ratio;
1 cyclooxygenase 2
expression
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HFD/HSD Wistar 12 months 24 weeks | Control diet (4.7% crude fat); uCT; plasma analysis With HFD/HSD: 1 BV/TV, N/A Minematsu
rats HFD/HSD ( 13.8% crude fat, Tb.N, Tb.Th, Ct.Th, cortical etal 2018
25% sucrose) volume fraction, medullary [60]
volume of tibia and femur;
1 TRACP and calcium levels
HFD C57BL/6J 6 weeks 12-20 Control diet (13.5% calories Body weight; pCT; With HFD: 1 body weight; 1 BMAT in Scheller et
mice weeks from fat); 60% HFD; mechanical testing of 1 Tb.V, BMC and Tb.N, HFD vs. al. 2016
weight loss group (HFD for femurs; osmium staining of | fracture resistance control diet; [89]
12 weeks followed by control BMAT | BMAT in
diet for 8 weeks) weight loss
vs. HFD
Caloric restriction (CR)
CR C57BL/6J 5 weeks 5 weeks Control diet (10% kcal/fat) or DXA; uCT; histology, With leptin treatment: # With leptin | Devlin ef al.
mice a30% CR diet histomorphometry analysis; trabecular or cortical treatment: | 2016 [69]
+ leptin (1-2 mg/kg/day) osmium tetroxide staining microarchitecture BMAT
expansion
CR CS57BL/6J 3 weeks 3-9 weeks Control phytoestrogen-free DXA; uCT; histology; CR vs. control group: 1T BMAT Devlin ef al.
mice on the diet (10% kcal fat); 30% CR | histomorphometry analysis; | trabecular bone volume, 2010 [70]
diet three-point bending test number and thickness and
| bone strength with
inhibited bone formation and
bone resorption
CR mice 14 weeks 10 weeks 10% restriction at 14 weeks DXA; pQCT; With CR: | femur BMC, 1 BMAT Hamrick et
of age, increased to 25% histomorphometry analysis; BMD, cortical thickness, al. 2008
restriction at 15 weeks, radiography and fracture strength and [72]
increased to 40% restriction at 1 spine BMC, BMD, and
16 weeks and maintained trabecular bone volume
until 24 weeks of age fraction
CR Sprague- 4 months 12 weeks Control diet DXA; pQCT; With B-adrenergic blockade: 1 BMAT Bacek et al.
Dawley Control diet with -blocker histomorphometry analysis; | metaphyseal bone loss 2012 [76]
rats 40% CR diet immunohistochemistry
40% CR diet with B-blocker
CR CS57BL/6J 9 weeks 6 weeks control group; uCT; osmium staining N/A 1T BMAT Cawthorn et
mice 30% CR group al. 2014 [5]
C3H/Hel
mice
Ocn-
Wntl0b

mice
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CR C57BL/6 11 weeks F 6 weeks | Control group; 30% CR group MRI; histomorphometry; With CR: | Femoral BV; 1 BMAT McGrath et
mice qRT-PCR | Tb.Th and Ct.Th al. 2020
[73]
Diet enriched in fatty acids
HFD C57BL/6J 8 weeks M 120r20 | 60 kcal% HFD (35% fat, 26% uCT; histomorphometry HFD compared to control 1T BMAT Tencerova
mice weeks protein, 26% carbohydrate, analysis diet: | trabecular bone mass etal 2018
8.8% sucrose) and control and | Ct. Th [6]
diet (6% fat, 30% protein,
63% carbohydrate, 7.7%
sucrose)
HFD C57BL/6] 3 weeks M 12 weeks HFD diet (60% fat); control uCT; DXA; HFD vs. control diet: HEFD vs. Doucette et
mice diet (10% fat); histomorphometry # bone mass control diet: al. 2015
1T BMAT [71]
HFD C57BL/6 12 weeks M 11 weeks HFD diet (45 kcal%/fat); uCT; bone HFD vs. control diet: 1 bone HFD vs. Leczka-
mice Control diet (12 kcal%/fat) histomorphometry mass but over time | bone control diet: | Cernik ef al.
mass 1 BMAT 2015 [87]
HFD and Sprague- 6 months F N/A control diet; HFD; HFDD; Glucose tolerance test; With HFD: 1 bone calcium N/A Wang et al.
HFD deficient in Dawley OVX with HFD (OVX-HFD); serum analysis; Masson- content and bone strength of 2017 [88]
D3 and calcium rats OVX with HFDD (OVX- Goldner trichrome staining; OVX rats;
(HFDD) (0)%.¢ HFDD) histomorphometry; With HFDD: | BMC,
immunohistochemistry | BMD; | bone calcium
content; | bone strength
HFD C57BL6/J 6 weeks M 12,16 or | Control diet or 60% HFD diet uCT; osmium staining HFD vs. control diet: HFD vs. Scheller et
mice 20 weeks | Tb.Th and Ct.Th; 1 bone control diet: al. 2016
loss in tibia 1 BMAT [89]
HFD C57BL/6 4 weeks M 10 weeks control diet or uCT; AD and OB HFD vs. control diet: 1 bone N/A Gautam et
mice F 60 % HFD diet differentiation of BMSC loss; # cortical bone al. 2014
parameters and strength [90]
HFD LG/J and 5 months M N/A control diet relatively high in uCT; three-point bending Low fat diet vs. control HFD N/A Silva et al.
SM/J mice F fat (42% calories from fat); test diet: T mechanical properties 2019 [91]

low fat diet (15% calories
from fat)

of the bones
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HFD C57BL/6J 8 weeks 12 weeks | HFD (60%fat) or control diet | Glucose tolerance test; uCT; HFD vs. control diet: 1 BMAT at Alietal.
mice (10% fat); qRT-PCR; Western blot; 1 cellular senescence; | bone estrogen 2022 [75]
(0)%:¢ RNA sequencing mass deficiency
HFD and C57BL/6 12 weeks 8 weeks Control diet (3.4% w/w lipid | pCT; histology; three-point HFD +FO vs. HFD: HFD+FO Benova et
HFD + FO N mice content); HFD (35% w/w bending test; in vitro 1 Tb.BV/TV and Tb.N of vs. HFD: al 2023
lipid content, primary corn analysis; plasma analysis proximal tibia; | Ct.Po., | BMAds [96]
oil); 1 Ct.Th., 1 bone strength; number,
HFD+FO (46% w/w DHA, 1 N-terminal propeptide of volume and
14% EPA) type I procollagen/TRAP diameter
ratio; 1 osteoblastogenesis
and | adipogenic and
osteoclastic differentiation
n-3 and n-6 F344 x 12 months 20 weeks N6+N3 diet (n-6/n-3 PUFA serum analysis, DXA N6 diet vs. N6+N3 group: N/A Shen et al.
PUFA enriched BNF1 rats ratio 10); N6 diet (n-6/n-3 # ALP activity, | BMC and 2006 [94]
diet PUFA ratio 242); N3 diet (n- #BMD;
6/n-3 PUFA ratio 0.16) N3 vs. N6+N3 diet: T ALP
activity, 1 BMC and BMD
n-3 and n-6 SAMP8 4 weeks 10 Control diet n-6/n-3 PUFA uCT FO vs. other groups: FO vs. other Bani
PUFA enriched mice months ratio (9.13); SFO (enriched 1 bone volume; groups Hassan et
diet diet in favor of @6; n-6/n-3 SFO and BO vs. control diet: | | BMAT % al. 2019
PUFA ratio 18.35); BO 1 bone volume SFO, BO vs. [95]
(enriched in GLA; n-6/n-3 control diet:
PUFA ratio 20.67); FO | BMAT %
(enriched by EPA and DHA;
n-6/n-3 PUFA ratio 3.52)
HFD and CS57BL/6 6 weeks 6 months Control diet (10% energy as uCT ; serum analysis 3FO vs. 9FO: 1 BV, BV/TV, N/A Cao et al.
HFD + FO mice fat) Tb.N, and | Tb.Sp in femur; 2020 [97]
HFD (45% energy as fat) 3FO vs. OFO: 1 BV/TV
containing either 0%, 3%, or 3FO vs. 9FO: 1 BV/TV and
9% energy as FO (0FO, 3FO, # cortical parameters;
and 9FO, respectively) FO | concentrations of
serum TRAP
HFD and C57BL/6 13 months 5 months Control diet DXA FO+RSG vs. FO: | BMD N/A Cugno et al.
HFD + FO mice (10% energy as fat); and induced bone loss 2021 [139]
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protein;

Control diet contained 12 %
casein; the low-protein diet

contained 2% casein

differentiation

BMSC and BM failure

HFD + FO Balb/c 8 weeks F 24 weeks CO (5%; low in n-3 fatty DXA, histology, in vitro FO-OVX and CO-OVX vs. N/A Sun et al.
mice acids) analysis sham: | BMD in distal 2003 [140]
OovX FO (5% FO + 0.5% CO; high femur;
in n-3 fatty acids) CO-OVX vs. FO-OVX:
1 bone loss;
n-3 FA vs. n-6 FA:
| osteoclast maturation
n-3 PUFA B6.C3H- 12 weeks F 12 SO (22%) DXA, in vivo pCT; B6J-FO vs. B6J-SO:1 BMD, | 6T-FO mice Bonnet et
enriched diet 6T (6T) months FO (22%) histology; three-point | osteoclast number, had 1BMAT al. 2014
mice bending test # mechanical properties; vs.B6J mice [141]
and 6T-FO vs. 6T-SO: on FO diet
C57BL/6J # osteoclast number and
(B6J) surfaces; | ultimate force
mice and plastic energy,
associated with | Ct.Th
HFD and C57BL/6J 8 months F 8 weeks Control diet (15% protein, DXA; uCT analysis # effect on final calcium N/A Wang et al.
HFD + FO mice 75% carbohydrate, 10% fat, balance, secretion or 2016 [142]
0.6% Ca) excretion in all groups;
HFED (45%, either enriched SFAs vs. control diet: | total
with MUFAs (15% protein, body and femur BMD and
39% carbohydrate, 46% fat, BMC; SFAs vs. HFD diet:
0.7% Ca) # effects on BMC or BMD
SFAs (19% protein, 37%
carbohydrate, 44% fat,
0.7% Ca)
SO enriched diet C57BL/6 3 weeks M 9 weeks modified AIN-93G diet DXA, three-point bending M vs. F: 1 femur weight, N/A Lau et al.
x C3H fat- F (containing 10% SO, high in | test, femur neck fracture test length, toughness and 2009 [143]
1 mice LA) stiffness at femur midpoint;
1 BMC and BMD with
1 percentage composition of
total n-3 PUFA (EPA, DHA)
and n-6 PUFAs (arachidonic
acid)
Protein-enriched diet
Low-protein diet Balb/c 2 months M 3 weeks Protein source - casein Histology; Western blot; low-protein diet vs. control N/A Cunha et al.
containing 2% mice (>85% protein) ELISA BMSC AD diet: 1 adipogenesis of 2013 [102]




different levels and source of

proteins (normal protein 15%;
high protein (HP)-milk 35%;
high protein (HP)-beef 35%;
high protein (HP)-soy 35%)

With HP-beef diet:

1 trabecular separation and
1 endocortical bone
formation rates, | bone
retention and trabecular
BMC compared to HP-soy
With HP-milk diet: # weight
loss induced bone loss
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Normoproteic C57BL/6 2 months 35-40 protein source casein Flow cytometry; qRT-PCR; hypoproteic diet vs. N/A Hastreiter et
diet 12%, NTaq days (>85% protein) BMSC differentiation and normoproteic diet: al. 2021
Hypoproteic diet mice control normoproteic diet proliferation measurement | differentiation potential of [103]
2% contained 12% casein BMSC; altered the

hypoproteic diet contained regulatory function of
2% casein BMSCs and promotes
proliferation

Isocaloric low- Sprague 6 months 10 weeks control (15% casein) and uCT; three-point bending low protein diet vs. control N/A Dubois-
protein diet Dawley isocaloric low-protein test diet: | bone material level Ferriere et

rats (2.5% casein) diet properties ; | bone area, total al. 2014

area, and maximum second [105]
moment of inertia

Isocaloric Sprague- Adult 16 weeks | Isocaloric synthetic diets with DXA; histomorphometry 2.5% casein diet vs. other N/A Ammann et
synthetic diets Dawley 15,7.5, 5, and 2.5% casein, analysis; three-point diets: | bone mineral mass al. 2000
containing rats OVX + daily dose of vitamin D bending test and strength [106]
varying amounts dissolved in peanut oil
of casein
Casein or soy Sprague- 8 months 24 weeks control diet containing Serum biochemistry; with protein diet after CR- N/A Duque et al.
enriched diet Dawley on protein 20% casein or soy Immunohistochemistry; induced bone loss: # bone 2020 [109]

rats diet after Immunofluorescence parameters

2 weeks
of CR

Casein- Sprague- 1 month 10 weeks 10% casein, 7.5% casein, or DXA; uCT; qRT-PCR; low-Ca-P diet with reduced N/A Fournier et
containing diet Dawley 5% casein with normal or low biochemistry analysis protein intakes: | of bone al. 2014

rats level of Ca/P mass and | bone strength [107]
Casein/soy/CR Sprague- 2 months 10 weeks casein diet; soy diet; three-point bending test; Soy diet without CR:t BMD N/A Kioka et al.
diet Dawley 40% CR+ casein diet; 40% DXA; uCT; serum and BMC; # effect on bone 2022 [144]

rats CR + soy diet biochemistry strength soy diet with CR

| BMD and BMC

HFD with caloric | Sprague- 7 months 12 weeks | 12 weeks of obesity-inducing DXA; uCT; histology; With CR: | bone quantity N/A Wright et
restriction based Dawley diet (HFD/HSD + 15% three-point bending test and microarchitecture, al. 2022
on protein OVX rats protein) followed by | body composition [108]
supplementation 12 weeks of CR diet with parameters.
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Protein enriched Wistar 5 weeks 2 months 10%, 20% and 40% protein DXA; three-point bending With 10% protein diet: N/A Takeda et
diet combined rats diet groups + Exercise group test | bone mass and bone al. 2012
with exercise rats were trained 6 days per strength [104]

week on a treadmill
(25-30 m/min, 60 min) or
no-exercise group
Amino acids enriched diet
Cysteine C57BL/6 6 weeks 17 weeks HFD (45% energy from fat) Osteoclast culture; qRT- With HFD + cysteine: T BV, N/A Cao and
supplementation mice enriched with PCR in osteoclast; pCT BV/TV, Tb.Th and BMD in Picklo 2014
N-acetylcysteine (1 g/kg) distal femur. | osteoclast [119]
number; | osteoclast
differentiation from BM
cells; | bone resorption
Glutamine Balb/C mice | 10 weeks 12 weeks Monosodium glutamate LCT; determination of the With LP diet + glutamine N/A Blais et al.
supplementation (MSG) supplementation in femur protein fraction; supplementation: 2019 [135]
of low-protein low-protein (LP) diet (6% determination of free amino 1 glutamine plasma
diet energy from soy protein) acids in plasma concentration
LP diet: | BMD gain;
With higher concentrations
of MSG (0.5/1/2%): 1 BMD
gain, 1 the trabecular and
cortical bone
microarchitecture;
Tosteoblast activity; T bone
quality
Glutamine Sprague N/A 3 months Control diet combined with DXA; histology With control N/A Hanna et al.
supplemen-tation Dawley orally administered diet + glutamine: T BMD 2009
OVX rats L-glutamine dissolved in and BMC in femur [137]
10% lactose in a dose of
3.2 g/lkg/day
Diet restricted in C57BL/6J 3 weeks 5 weeks Control diet with 0.86% pCT analysis, four-point With HFD restricted in MR: With HFD Plummer et
methionine mice methionine or methionine- bending test, qQRT-PCR, | bone length, | mechanical | restricted in al. 2016
restricted diet (0.12%, MR) osmium tetroxide staining; | properties, | Runx 2 mRNA, | methionine: [123]
BMAT evaluation | OB differentiation 1T BMAT in

femur
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HFD restricted in C57BL/6J 8 weeks M 12 weeks | Control HFD with methionine Whole body and femur With HFD restricted in N/A Ouattara et
methionine mice and F (0.84% w/w) or HFD length; uCT methionine: | body length; al. 2016
9 months restricted in methionine | femur length in young [121]
(0.12% w/w) M+F mice and aged M mice;
| Cortical BMD in M mice
and aged F mice;
| trabecular BMD in young
mice and aged F; | cortical
BMC in all MR mice while
trabecular BMC | in young
mice No sex differences
Diet enriched in Wistar rats 10-12 F 12 weeks 2.4% methionine-enriched Histomorphometry, Bone With HFD enriched in MR: N/A Herrmann
methionine weeks diet turnover markers t 1 bone fragility, | bone et al 2007
quality; 1 bone loss in the [120]
cancellous bone
Amino acid C57BL/6J 18 N/A | 2 months Low-protein diet and low- three-point bending test, With low-protein diet with N/A Ding et al.
supplemented mice months protein diet with AA DXA, pCT, primary BMSC | AA: 1 OB proliferation and 2018 [126]

low-protein diet

supplementation: triad of
serine, valine and threonine
(SVT) and triad of
phenylalanine, tyrosine and
tryptophan (PTT)

differentiation

differentiation.

SVT | bone mass but PTT
revert effects of low-protein
diet in terms of femoral and

spinal BMD and BV/TV

1- increased; |- decreased; # not changed.
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Table 2. Dietary factors affecting bone and BMAT in humans.
Clinical study Age Sex Duration of Composition of the diet Methods Effect on bone Effect on Reference
the diet BMAT
Diet enriched in carbohydrates
Carbonated 14.3+1.8 years M N/A Various carbonated beverages Food intake; bone 1 strong association between N/A Wyshak et
beverages girls 14.6£1.6 F consumption fracture risk analysis | drinking cola beverage and al. 1994 [61]
years boys bone fracture in girls; total
caloric intake inversely
associated with fracture risk
in boys
Carbonated 9-16 years M N/A Soft drinks and milk DXA; metacarpal Positive association between N/A Ma and
beverages F consumption morphometry cola drinking and increased Jones 2004
fracture rate of wrist and [62]
forearm; # between different
beverages in BMD
Mediterranean F 60-80 years M 7 years Mediterranean diet (MedDiet; Bone fracture Patients with 1 glycemic N/A Garcia-
diet in patients M 55-80 years F supplemented with extra-virgin | assessment; dietary | index and glycemic load had Gavilan et al.
with high olive oil (50 ml/day)); MedDiet assessment significantly 1 risk of 2018 [64]
glycemic index supplemented with mixed nuts osteoporotic fractures
(30 g/day)
Carbohydrate 45-65 years F N/A Low carbohydrate diet and diet DXA,; dietary Diets with 1 glycemic index N/A Nouri ef al.
quality index in with higher glycemic index assessment; had 1 fracture risk; low- 2023 [65]
postmenopausal carbohydrate quality | carbohydrate diet score and
women index analysis carbohydrate quality index
| fracture risk of osteopenia
in osteoporotic subjects
Calorie-restricted diet
CR (anorexia 29-42 years F N/A AN group and control group 'H-MRS; MRI; BMAT correlates inversely AN patients Bredella et
nervosa (AN)) DXA with BMD 1 BMAT al. 2009 [67]
compared to
control group
CR 47.8 £9.1 years M 6-18 months low-fat diet or MRI N/A Transiently Ofir et al.
F low-carbohydrate diet | BMAT 2023 [81]
CR + HFD 22-44 years M 10 days on HFD diet (30-40% fat, 45-55% DXA; MRI N/A HFD: 1 BMAT Fazeli et al.
F HFD, then 10 | carbohydrates, >25% protein); CR: 1 BMAT 2021 [66]
days on CR CR diet (drink water
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and FO (60% LA, 8% GLA,
4% EPA, 3% DHA) + 600
mg/day calcium
Control group: 6 g of coconut
oil as placebo (97% saturated
fat; 0.2% LA) + 600 mg/day
calcium

analysis; bone
densitometry —
Lunar DPX-L

lumbar and 1 femoral neck
BMD

Obesity
Cross-sectional > 18 years F N/A Obese and lean group CT; 'H-MRS BMAT correlates inversely 1T VAT is Bredella et
study in lean and (according to composition of with BMD accompanied al. 2011 [77]
obese subjects visceral adipose tissue) with 1 BMAT
Cross-sectional 13.6 + 1.4 years M N/A Boys and girls with obesity MRI N/A 1 thoracic and | Vander Wyst
study in obese F (BMI percentile 98.5 + 1.2%) lumbar BMAT etal 2021
subjects in in men [78]
respect to sex compared to
women
Cross-sectional 33.7 £ 6.8 years M N/A Men and women obese groups "H-MRS N/A 1 ectopic and Bredella et
study in obese F (BMI 33.1 £ 7.1 kg/m?; serum lipid al. 2013 [68]
subjects in range 18.1-48.8 kg/m?) levels associated
respect to sex with 1 BMAT
Longitudinal +16.7 years M Study after No dietary intervention DXA n-3 FA (especially DHA) N/A Hogstrom et
study 6 years; positively associated with al. 2007
follow up peak BMD and negatively [145]
after 8 years correlated with oleic acid
and MUFAs in young men
Diet enriched in fatty acids
Longitudinal 25-40 years F 12 months Control groups (1.0 g calcium) DXA BMD 1 in both groups; N/A Bassey et al.
study premenopausal treatment group (1.0 g calcium, # between premenopausal 2000 [146]
4.0 g primrose oil and 440 mg and postmenopausal
50-65 years marine FO) females; Postmenopausal vs.
postmenopausal premenopausal F: | total
body BMD, 1 bone turnover
markers
Flaxseed dietary 45-65 years F 12 months 40 g flaxseed/day or placebo Serum analysis, Flaxseed vs. placebo: # N/A Dodin et al.
supplementation (wheat germ) DXA BMD 2005 [147]
Senile +79.5 years F 18 months Treatment group: 6 g of a Serum and urine Treatment vs. control group: N/A Kruger et al.
osteoporosis mixture of evening primrose oil analysis; FA FA + Calcium maintain 1998 [100]
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Short-term 18-67 years F 12 weeks 1.48 g/day n-3 PUFAs Serum analysis n-3 PUFAs vs. placebo: # on N/A Appleton et
n-3 PUFA M (0.63 g EPA, 0.85 g DHA) or bone resorption al. 2011
supplementation placebo — olive oil [148]
Long-term 47-69 years F 12 weeks of Treated group: n-3 fortified Lipid extraction and Treated group vs. control N/A Dawczynski
n-3 PUFA M diet and dairy (1.1 g ALA, 0.7 g EPA, FA analysis; blood group: | urinary marker of et al. 2009
supplementation 8 weeks of 0.4 g DHA) and urinary analysis bone resorption [149]
(Rheumatoid washout Control group: standard dairy
arthritis patients)
Hyperlipidemic 48.6 £ 1.6 years F 6 weeks of Treated groups: Serum analysis ALA diet: | N-terminal N/A Griel et al.
adults M diet and LA diet (n-6/n-3 ratio 3.5); telopeptide- marker of bone 2007 [150]
3 weeks of ALA diet (n-6/n-3 ratio 1.6) resorption compared to AAD
washout Control group:
Average American diet (AAD,
n-6/n-3 ratio 9)
n-6 PUFA 65 years and older F 10 years Dietary EPA and DHA intakes Statistical analysis; # between intake of N/A Virtanen et
supplementation M calculated from questionnaire DXA EPA/DHA combined and the al. 2010 [99]
responses risk of hip fractures
Protein-enriched diet
Head-down-tilt- 20-45 years M 3 weeks high protein intake MRI N/A # in lumbar Trudel et al.
bed-rest + protein (1.2 g/lkg body weight/d) + whey vertebral fat 2019 [110]
supplementation protein with alkaline salts; fraction
control group — 1.2 g/kg body
weight/day of protein
Soy protein diet <65 years F 12 months Soy containing diet DXA; Immunoassay # hip BMD and BMC; N/A Arjmandi et
(25 g protein and 60 mg analysis of serum 1 bone formation markers al. 2005
isoflavones) and urine in both group [114]
Protein diet 20 + 1 years F 1 month Protein at 0.8; 1.6; 2.4 g/kg/day. DXA; ELISA #BMC, BMD N/A Cao et al.
M Ten days of weight maintenance 1 bone turnover markers in 2014 [113]
preceded 21 days of energy serum

deficit (ED), during which total
daily ED was 40%, achieved by
reduced dietary energy intake
(w30%) and increased physical
activity (w10%)




Nutrition and Bone Marrow Adiposity S129

2024

Strength training 55 £ 1 years F 24 weeks Nutrient group: - 730 kJ, DXA; MRI 1 femoral neck BMD; N/A Holm et al.
with nutrient composed of 10 g of protein 1 bone formation 2008 [115]
supplementation (whey protein), 31 g of

carbohydrate, 1 g of fat, 5.0 pg

of vitamin D, and 250 mg of
calcium; the placebo (control)
group received 102 kJ as 6 g of
carbohydrate and 12 mg of
calcium
Bed rest and a 25-40 years F 2 years Bedrest + exercise group; bed MRI N/A # in lumbar Trudel et al.
high protein diet rest + nutrition group or bed rest vertebral fat 2009 [111]
only (control group) fraction
Protein 70.5 + 6.4 years F 18 months Protein supplementation DXA # lumbar spine BMD N/A Kerstetter et
supplementation M (160 kcal/45 g powder) al. 2015
[112]

1- increased; |- decreased; # not changed.



S130 Dzubanova et al. Vol. 73

References

10.

10a.

11.

12.

13.

14.

15.

16.

17.

18.

Buckwalter JA, Cooper RR. Bone structure and function. Instr Course Lect 1987;36:27-48.

Ralston SH. Bone structure and metabolism. Medicine 2021;49:567-571.
https://doi.org/10.1016/j.mpmed.2021.06.009

Benova A, Tencerova M. Obesity-induced changes in bone marrow homeostasis. Front Endocrinol (Lausanne)
2020;11:294. https://doi.org/10.3389/fendo.2020.00294

Tencerova M, Kassem M. The bone marrow-derived stromal cells: Commitment and regulation of adipogenesis.
Front Endocrinol (Lausanne) 2016;7:127. https://doi.org/10.3389/fend0.2016.00127

Cawthorn WP, Scheller EL, Learman BS, Parlee SD, Simon BR, Mori H, Ning X, ET AL. Bone marrow adipose
tissue is an endocrine organ that contributes to increased circulating adiponectin during caloric restriction.
Cell Metab 2014;20:368-375. https://doi.org/10.1016/j.cmet.2014.06.003

Tencerova M, Figeac F, Ditzel N, Taipaleenmaki H, Nielsen TK, Kassem M. High-fat diet-induced
obesity promotes expansion of bone marrow adipose tissue and impairs skeletal stem cell functions in mice.
J Bone Miner Res 2018;33:1154-1165. https://doi.org/10.1002/jbmr.3408

Tencerova M, Ferencakova M, Kassem M. Bone marrow adipose tissue: Role in bone remodeling and energy
metabolism. Best Pract Res Clin Endocrinol Metab 2021;35:101545. https://doi.org/10.1016/j.beem.2021.101545
Carleton SM, Whitford GM, Phillips CL. Diectary fluoride restriction does not alter femoral biomechanical
strength in colla2-deficient (oim) mice with type I collagen glomerulopathy. J Nutr 2010;140:1752-1756.
https://doi.org/10.3945/jn.109.120261

Lindberg MK, Alatalo SL, Halleen JM, Mohan S, Gustafsson JA, Ohlsson C. Estrogen receptor specificity in the
regulation of the skeleton in female mice. J Endocrinol 2001;171:229-236. https://doi.org/10.1677/j0e.0.1710229
Wallace JM, Rajachar RM, Chen XD, Shi S, Allen MR, Bloomfield SA, Les CM, Robey PG, Young MF,
Kohn DH. The mechanical phenotype of biglycan-deficient mice is bone- and gender-specific. Bone
2006;39:106-116. https://doi.org/10.1016/j.bone.2005.12.081

Yao X, Carleton SM, Kettle AD, Melander J, Phillips CL, Wang Y. Gender-dependence of bone structure
and properties in adult osteogenesis imperfecta murine model. Ann Biomed Eng 2013;41:1139-1149.
https://doi.org/10.1007/s10439-013-0793-7

Nieves JW, Formica C, Ruffing J, Zion M, Garrett P, Lindsay R, Cosman F. Males have larger skeletal size and

bone mass than females, despite comparable body size. J Bone Miner Res 2005;20:529-535.
https://doi.org/10.1359/JBMR.041005

Laurent M, Antonio L, Sinnesael M, Dubois V, Gielen E, Classens F, Vanderschueren D. Androgens
and estrogens in skeletal sexual dimorphism. Asian J Androl 2014;16:213-222. https://doi.org/10.4103/1008-
682X.122356

Gabel L, Macdonald HM, McKay HA. Sex differences and growth-related adaptations in bone microarchitecture,

geometry, density, and strength from childhood to early adulthood: A mixed longitudinal HR-pQCT study.
J Bone Miner Res 2017;32:250-263. https://doi.org/10.1002/{bmr.2982

Oppenheimer-Velez ML, Giambini H, Rezaei A, Camp JJ, Khosla S, Lu L. The trabecular effect: A population-
based longitudinal study on age and sex differences in bone mineral density and vertebral load bearing capacity.
Clin Biomech (Bristol, Avon) 2018;55:73-78. https://doi.org/10.1016/j.clinbiomech.2018.03.022

Tanno M, Horiuchi T, Nakajima I, Maeda S, Igarashi M, Yamada H. Age-related changes in cortical and

trabecular bone mineral status. A quantitative CT study in lumbar vertebrae. Acta Radiol 2001;42:15-19.
https://doi.org/10.1080/028418501127346396

Nieuwoudt MK, Shahlori R, Naot D, Patel R, Holtkamp H, Aguergaray C, Watson M, ET AL.
Raman spectroscopy reveals age- and sex-related differences in cortical bone from people with osteoarthritis.
Sci Rep 2020;10:19443. https://doi.org/10.1038/s41598-020-76337-2

Anderson JJ. Calcium requirements during adolescence to maximize bone health. J Am Coll Nutr
2001;20(2 Suppl):186S-191S. https://doi.org/10.1080/07315724.2001.10719030

Heo HR, Chen L, An B, Kim KS, Ji J, Hong SH. Hormonal regulation of hematopoietic stem cells and their niche:
a focus on estrogen. Int J Stem Cells 2015;8:18-23. https://doi.org/10.15283/ijsc.2015.8.1.18




2024 Nutrition and Bone Marrow Adiposity S131

19. Nakada D, Oguro H, Levi BP, Ryan N, Kitano A, Saitoh Y, Takeichi M, Wendt GR, Morrison SJ. Oestrogen
increases haematopoietic stem-cell self-renewal in females and during pregnancy. Nature 2014;505:555-558.
https://doi.org/10.1038/nature12932

20. Smithson G, Couse JF, Lubahn DB, Korach KS, Kincade PW. The role of estrogen receptors and
androgen receptors in sex steroid regulation of B lymphopoiesis. J Immunol 1998;161:27-34.
https://doi.org/10.4049/jimmunol.161.1.27

21. Singer K, Maley N, Mergian T, DelProposto J, Cho KW, Zamarron BF, Martinez-Santibanez G, ET AL.
Differences in hematopoietic stem cells contribute to sexually dimorphic inflammatory responses to high fat diet-
induced obesity. J Biol Chem 2015;290:13250-13262. https://doi.org/10.1074/jbc.M114.634568

22. Feng X, McDonald JM. Disorders of bone remodeling. Annu Rev Pathol 2011;6:121-145.
https://doi.org/10.1146/annurev-pathol-011110-130203

23. Connelly KJ, Larson EA, Marks DL, Klein RF. Neonatal estrogen exposure results in biphasic age-dependent effects on
the skeletal development of male mice. Endocrinology 2015;156:193-202. https://doi.org/10.1210/en.2014-1324

24. Dunsworth HM. Expanding the evolutionary explanations for sex differences in the human skeleton.
Evol Anthropol 2020;29:108-116. https://doi.org/10.1002/evan.21834

25. Eriksen EF, Colvard DS, Berg NJ, Graham ML, Mann KG, Spelsberg TC, Riggs BL. Evidence of estrogen
receptors in normal human osteoblast-like cells. Science 1988;241:84-86. https://doi.org/10.1126/science.3388021

26. Saxon LK, Galea G, Meakin L, Price J, Lanyon LE. Estrogen receptors alpha and beta have different gender-

dependent effects on the adaptive responses to load bearing in cancellous and cortical bone. Endocrinology
2012;153:2254-2266. https://doi.org/10.1210/en.2011-1977

27. Demontiero O, Vidal C, Duque G. Aging and bone loss: new insights for the clinician.
Ther Adv Musculoskelet Dis 2012;4:61-76. https://doi.org/10.1177/1759720X11430858

28. Lo JC, Burnett-Bowie SA, Finkelstein JS. Bone and the perimenopause. Obstet Gynecol Clin North Am
2011;38:503-517. https://doi.org/10.1016/1.02¢.2011.07.001

29. Dalzell N, Kaptoge S, Morris N, Berthier A, Koller B, Braak L, van Rietbergen B, Reeve J. Bone micro-
architecture and determinants of strength in the radius and tibia: age-related changes in a population-based
study of normal adults measured with high-resolution pQCT. Osteoporos Int 2009;20:1683-1694.
https://doi.org/10.1007/s00198-008-0833-6

30. Khosla S, Riggs BL, Atkinson EJ, Oberg AL, McDaniel LJ, Holets M, Peterson JM, Melton LJ 3rd. Effects of sex
and age on bone microstructure at the ultradistal radius: a population-based noninvasive in vivo assessment.
J Bone Miner Res 2006;21:124-131. https://doi.org/10.1359/JBMR.050916

31. Fazeli PK, Horowitz MC, MacDougald OA, Scheller EL, Rodeheffer MS, Rosen CJ, Klibanski A. Marrow fat and
bone - new perspectives. J Clin Endocrinol Metab 2013;98:935-945. https://doi.org/10.1210/j¢c.2012-3634

32. Li Z, Hardij J, Bagchi DP, Scheller EL, MacDougald OA. Development, regulation, metabolism and function of
bone marrow adipose tissues. Bone 2018;110:134-140. https://doi.org/10.1016/j.bone.2018.01.008

33 Li Y, Meng Y, Yu X. The unique metabolic characteristics of bone marrow adipose tissue.
Front Endocrinol (Lausanne) 2019;10:69. https://doi.org/10.3389/fendo.2019.00069

34. Lecka-Czernik B, Stechschulte LA, Czernik PJ, Sherman SB, Huang S, Krings A. Marrow adipose tissue: Skeletal
location, sexual dimorphism, and response to sex steroid deficiency. Front Endocrinol (Lausanne) 2017;8:188.
https://doi.org/10.3389/fendo0.2017.00188

35. Kricun ME. Red-yellow marrow conversion: its effect on the location of some solitary bone lesions.
Skeletal Radiol 1985;14:10-19. https://doi.org/10.1007/BF00361188

36. Scheller EL, Troiano N, Vanhoutan JN, Bouxsein MA, Fretz JA, Xi Y, Nelson T, ET AL. Use of osmium
tetroxide staining with microcomputerized tomography to visualize and quantify bone marrow adipose tissue in
vivo. Methods Enzymol 2014;537:123-139. https://doi.org/10.1016/B978-0-12-411619-1.00007-0

37. Liney GP, Bernard CP, Manton DJ, Turnbull LW, Langton CM. Age, gender, and skeletal variation in bone
marrow composition: a preliminary study at 3.0 Tesla. J Magn Reson Imaging 2007;26:787-793.
https://doi.org/10.1002/jmri.21072




S132 Dzubanova et al. Vol. 73

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Beekman KM, Regenboog M, Nederveen AJ, Bravenboer N, den Heijer M, Bisschop PH, Hollak CE,
Akkerman EM, Maas M. Gender- and age-associated differences in bone marrow adipose tissue and bone marrow
fat unsaturation throughout the skeleton, quantified using chemical shift encoding-based water-fat MRI.
Front Endocrinol (Lausanne) 2022;13:815835. https://doi.org/10.3389/fend0.2022.815835

Baum T, Rohrmeier A, Syvari J, Diefenbach MN, Franz D, Dieckmeyer M, Scharr A, ET AL. Anatomical variation of
age-related changes in vertebral bone marrow composition using chemical shift encoding-based water-fat magnetic
resonance imaging. Front Endocrinol (Lausanne) 2018;9:141. https://doi.org/10.3389/fendo.2018.00141

Kugel H, Jung C, Schulte O, Heindel W. Age- and sex-specific differences in the 1H-spectrum of vertebral bone
marrow. J Magn Reson Imaging 2001;13:263-268. https://doi.org/10.1002/1522-2586(200102)13:2<263::AID-
JMRI1038>3.0.CO:2-M

Griffith JF, Yeung DK, Ma HT, Leung JC, Kwok TC, Leung PC. Bone marrow fat content in the elderly: a reversal of
sex difference seen in younger subjects. J Magn Reson Imaging 2012;36:225-230. https://doi.org/10.1002/jmri.23619
Mistry SD, Woods GN, Sigurdsson S, Ewing SK, Hue TF, Eiriksdottir G, Xu K, Hilton JF, Kado DM,
Gudnason V, Harris TB, Rosen CJ, Lang TF, Li X, Schwartz AV. Sex hormones are negatively associated with
vertebral bone marrow fat. Bone 2018;108:20-24. https://doi.org/10.1016/1.bone.2017.12.009

Syed FA, Oursler MJ, Hefferanm TE, Peterson JM, Riggs BL, Khosla S. Effects of estrogen therapy on bone
marrow adipocytes in postmenopausal osteoporotic women. Osteoporos Int 2008;19:1323-1330.
https://doi.org/10.1007/s00198-008-0574-6

Limonard EJ, Veldhuis-Vlug AG, van Dussen L, Runge JH, Tanck MW, Endert E, Heijboer AC, ET AL.
Short-term effect of estrogen on human bone marrow fat. J Bone Miner Res 2015;30:2058-2066.
https://doi.org/10.1002/jbmr.2557

Scheller EL, Doucette CR, Learman BS, Cawthorn WP, Khandaker S, Schell B, Wu B, ET AL. Region-specific
variation in the properties of skeletal adipocytes reveals regulated and constitutive marrow adipose tissues.
Nat Commun 2015;6:7808. https://doi.org/10.1038/ncomms8808

Mosialou I, Shikhel S, Luo N, Petropoulou PI, Panitsas K, Bisikirska B, Rothman NJ, ET AL. Lipocalin-2
counteracts metabolic dysregulation in obesity and diabetes. J Exp Med 2020;217:¢20191261.
https://doi.org/10.1084/jem.20191261

Shen W, Chen J, Gantz M, Punyanitya M, Heymsfield SB, Gallagher D, Albu J, ET AL. Ethnic and sex differences in
bone marrow adipose tissue and bone mineral density relationship. Osteoporos Int 2012;23:2293-2301.
https://doi.org/10.1007/s00198-011-1873-x

Beekman KM, Duque G, Corsi A, Tencerova M, Bisschop PH, Paccou J. Osteoporosis and bone marrow
adipose tissue. Curr Osteoporos Rep 2023;21:45-55. https://doi.org/10.1007/s11914-022-00768-1

Karner CM, Long F. Glucose metabolism in bone. Bone 2018;115:2-7. https://doi.org/10.1016/j.bone.2017.08.008
Zhu M, Fan Z. The role of the Wnt signalling pathway in the energy metabolism of bone remodelling. Cell Prolif
2022;55:€133009. https://doi.org/10.1111/cpr.13309

Dong K, Hao P, Xu S, Liu S, Zhou W, Yue X, Rausch-Fan X, Liu Z. Alpha-lipoic acid alleviates high-glucose
suppressed osteogenic differentiation of MC3T3-E1 cells via antioxidant effect and PI3K/Akt signaling pathway.
Cell Physiol Biochem 2017;42:1897-1906. https://doi.org/10.1159/000479605

Ogawa N, Yamaguchi T, Yano S, Yamauchi M, Yamamoto M, Sugimoto T. The combination of high glucose and

advanced glycation end-products (AGEs) inhibits the mineralization of osteoblastic MC3T3-E1 cells through
glucose-induced increase in the receptor for AGEs. Horm Metab Res 2007;39:871-875. https://doi.org/10.1055/s-
2007-991157

Medeiros C, Wallace JM. High glucose-induced inhibition of osteoblast like MC3T3-E1 differentiation promotes
mitochondrial perturbations. PLoS One 2022;17:¢0270001. https://doi.org/10.1371/journal.pone.0270001
Tjaderhane L, Larmas M. A high sucrose diet decreases the mechanical strength of bones in growing rats. J Nutr
1998;128:1807-1810. https://doi.org/10.1093/jn/128.10.1807

Li KC, Zernicke RF, Barnard RJ, Li AF. Effects of a high fat-sucrose diet on cortical bone morphology and
biomechanics. Calcif Tissue Int 1990;47:308-313. https://doi.org/10.1007/BF02555914




2024 Nutrition and Bone Marrow Adiposity S133

56. Yarrow JF, Toklu HZ, Balaez A, Phillips EG, Otzel DM, Chen C, Wronski TJ, Aguirre JI, Sakarya Y, Tumer N,
Scarpace PJ. Fructose consumption does not worsen bone deficits resulting from high-fat feeding in young male
rats. Bone 2016;85:99-106. https://doi.org/10.1016/j.bone.2016.02.004

57. Felice JI, Gangoiti MV, Molinuevo MS, McCarthy AD, Cortizo AM. Effects of a metabolic syndrome
induced by a fructose-rich diet on bone metabolism in rats. Metabolism 2014;63:296-305.
https://doi.org/10.1016/j.metabol.2013.11.002

58. Tsanzi E, Light HR, Tou JC. The effect of feeding different sugar-sweetened beverages to growing female Sprague-
Dawley rats on bone mass and strength. Bone 2008;42:960-968. https://doi.org/10.1016/j.bone.2008.01.020

59. Lorincz C, Reimer RA, Boyd SK, Zernicke RF. High-fat, sucrose diet impairs geometrical and mechanical
properties of cortical bone in mice. Br J Nutr 2010;103:1302-1308. https://doi.org/10.1017/S0007114509993084

60. Minematsu A, Nishii Y, Sakata S. High-fat/high-sucrose diet results in higher bone mass in aged rats. Bone Rep
2018;8:18-24. https://doi.org/10.1016/j.bonr.2018.01.001

61. Wyshak G, Frisch RE. Carbonated beverages, dietary calcium, the dietary calcium/phosphorus ratio, and bone
fractures in girls and boys. J Adolesc Health 1994;15:210-215. https://doi.org/10.1016/1054-139X(94)90506-1

62. Ma D, Jones G. Soft drink and milk consumption, physical activity, bone mass, and upper limb fractures in children:
a population-based case-control study. Calcif Tissue Int 2004;75:286-291. https://doi.org/10.1007/s00223-004-0274-y

63. Montagnani A, Gonnelli S, Alessandri M, Nuti R. Osteoporosis and risk of fracture in patients with diabetes:
an update. Aging Clin Exp Res 2011;23:84-90. https://doi.org/10.1007/BF03351073

64. Garcia-Gavilan JF, Bullo M, Camacho-Barcia L, Rosique-Esteban N, Hernandez-Alonso P, Basora J,

Martinez-Gonzalez MA, ET AL. Higher dietary glycemic index and glycemic load values increase the risk of
osteoporotic fracture in the PREvencion con Dleta MEDiterranea (PREDIMED)-Reus trial. Am J Clin Nutr
2018;107:1035-1042. https://doi.org/10.1093/ajcn/nqy043

65. Nouri M, Mahmoodi M, Shateri Z, Ghadiri M, Rajabzadeh-Dehkordi M, Vali M, Gargari BP. How do
carbohydrate quality indices influence on bone mass density in postmenopausal women? A case-control study.
BMC Womens Health 2023;23:42. https://doi.org/10.1186/s12905-023-02188-4

66. Fazeli PK, Bredella MA, Pachon-Pena G, Zhao W, Zhang X, Faje AT, Resulaj M, ET AL. The dynamics of
human bone marrow adipose tissue in response to feeding and fasting. JCI Insight 2021;6:e138636.
https://doi.org/10.1172/jci.insight. 138636

67. Bredella MA, Fazeli PK, Miller KK, Misra M, Torriani M, Thomas BJ, Ghomi RH, Rosen CJ, Klibanski A.
Increased bone marrow fat in anorexia nervosa. J Clin Endocrinol Metab 2009;94:2129-2136.
https://doi.org/10.1210/j¢.2008-2532

68. Bredella MA, Gill CM, Gerweck AV, Landa MG, Kumar V, Daley SM, Torriani M, Miller KK. Ectopic and
serum lipid levels are positively associated with bone marrow fat in obesity. Radiology 2013;269:534-541.
https://doi.org/10.1148/radiol.13130375

69. Devlin MJ, Brooks DJ, Conlon C, Vliet M, Louis L, Rosen CJ, Bouxsein ML. Daily leptin blunts marrow fat but
does not impact bone mass in calorie-restricted mice. J Endocrinol 2016;229:295-306.
https://doi.org/10.1530/JOE-15-0473

70. Devlin MJ, Cloutier AM, Thomas NA, Panus DA, Lotinun S, Pinz I, Baron R, Rosen CJ, Bouxsein ML. Caloric
restriction leads to high marrow adiposity and low bone mass in growing mice. J Bone Miner Res 2010;25:2078-2088.
https://doi.org/10.1002/jbmr.82

71. Doucette CR, Horowitz MC, Berry R, MacDougald OA, Anunciado-Koza R, Koza RA, Rosen CJ. A high fat diet
increases bone marrow adipose tissue (MAT) but does not alter trabecular or cortical bone mass in C57BL/6J
mice. J Cell Physiol 2015;230:2032-2037. https://doi.org/10.1002/jcp.24954

72. Hamrick MW, Ding KH, Ponnala S, Ferrari SL, Isales CM. Caloric restriction decreases cortical bone mass

but spares trabecular bone in the mouse skeleton: implications for the regulation of bone mass by body weight.
J Bone Miner Res 2008;23:870-878. https://doi.org/10.1359/jbmr.080213

73. McGrath C, Sankaran JS, Misaghian-Xanthos N, Sen B, Xie Z, Styner MA, Zong X, Rubin J, Styner M. Exercise
degrades bone in caloric restriction, despite suppression of marrow adipose tissue (MAT). J Bone Miner Res
2020;35:106-115. https://doi.org/10.1002/jbmr.3872




S134 Dzubanova et al. Vol. 73

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Bermudez B, Ishii T, Wu YH, Carpenter RD, Sherk VD. Energy Balance and bone health: a nutrient availability
perspective. Curr Osteoporos Rep 2023;21:77-84. https://doi.org/10.1007/s11914-022-00765-4

Ali D, Figeac F, Caci A, Ditzel N, Schmal C, Kerckhofs G, Havelund J, ET AL. High-fat diet-induced obesity
augments the deleterious effects of estrogen deficiency on bone: Evidence from ovariectomized mice. Aging Cell
2022;21:€13726. https://doi.org/10.1111/acel.13726

Baek K, Bloomfield SA. Blocking beta-adrenergic signaling attenuates reductions in circulating leptin, cancellous

bone mass, and marrow adiposity seen with dietary energy restriction. J Appl Physiol 2012;113:1792-1801.
https://doi.org/10.1152/japplphysiol.00187.2012

Bredella MA, Torriani M, Ghomi RH, Thomas BJ, Brick DJ, Gerweck AV, Rosen CJ, Klibanski A, Miller KK.
Vertebral bone marrow fat is positively associated with visceral fat and inversely associated with IGF-1 in obese
women. Obesity (Silver Spring) 2011;19:49-53. https://doi.org/10.1038/0by.2010.106

Vander Wyst KB, Hu HH, Pena A, Olson ML, Bailey SS, Shaibi GQ. Bone marrow adipose tissue content in
Latino adolescents with prediabetes and obesity. Obesity (Silver Spring) 2021;29:2100-2107.
https://doi.org/10.1002/0by.23279

Devlin MJ. Why does starvation make bones fat? Am J Hum Biol 2011;23:577-585.
https://doi.org/10.1002/ajhb.21202

Dimitri P, Bishop N, Walsh JS, Eastell R. Obesity is a risk factor for fracture in children but is protective against
fracture in adults: a paradox. Bone 2012;50:457-466. https://doi.org/10.1016/j.bone.2011.05.011

Ofir N, Mizrakli Y, Greenshpan Y, Gepner Y, Sharabi O, Tsaban G, Zelicha H, ET AL. Vertebrae but not femur
marrow fat transiently decreases in response to body weight loss in an 18-month randomized control trial. Bone
2023;171:116727. https://doi.org/10.1016/j.bone.2023.116727

Karastergiou K, Smith SR, Greenberg AS, Fried SK. Sex differences in human adipose tissues - the biology of
pear shape. Biol Sex Differ 2012;3:13. https://doi.org/10.1186/2042-6410-3-13

Liu AG, Ford NA, Hu FB, Zelman KM, Mozaffarian D, Kris-Etherton PM. A healthy approach to dietary
fats: understanding the science and taking action to reduce consumer confusion. Nutr J 2017;16:53.
https://doi.org/10.1186/s12937-017-0271-4

Swinburn BA, Caterson I, Seidell JC, James WP. Diet, nutrition and the prevention of excess weight gain and
obesity. Public Health Nutr 2004;7:123-146. https://doi.org/10.1079/PHN2003585

Kruger MC, Coetzee M, Haag M, Weiler H. Long-chain polyunsaturated fatty acids: selected mechanisms
of action on bone. Prog Lipid Res 2010;49:438-449. https://doi.org/10.1016/j.plipres.2010.06.002

Wang D, Haile A, Jones LC. Dexamethasone-induced lipolysis increases the adverse effect of adipocytes on

osteoblasts using cells derived from human mesenchymal stem cells. Bone 2013;53:520-530.
https://doi.org/10.1016/j.bone.2013.01.009

Lecka-Czernik B, Stechschulte LA, Czernik PJ, Dowling AR. High bone mass in adult mice with diet-induced
obesity results from a combination of initial increase in bone mass followed by attenuation in bone formation;

implications for high bone mass and decreased bone quality in obesity. Mol Cell Endocrinol 2015;410:35-41.
https://doi.org/10.1016/j.mce.2015.01.001

Wang T, Zhu X, Dai F, Li C, Huang D, Fang Z, Zhang Q, Lu Y. Effects of a standard high-fat diet with or without
multiple deficiencies on bone parameters in ovariectomized mature rat. PLoS One 2017;12:e0184983.
https://doi.org/10.1371/journal.pone.0184983

Scheller EL, Khoury B, Moller KL, Wee NK, Khandaker S, Kozloff KM, Abrishami SH, Zamarron BF, Singer K.
Changes in skeletal integrity and marrow adiposity during high-fat diet and after weight loss.
Front Endocrinol (Lausanne) 2016;7:102. https://doi.org/10.3389/fend0.2016.00102

Gautam J, Choudhary D, Khedgikar V, Kushwaha P, Singh RS, Singh D, Tiwari S, Trivedi R. Micro-architectural
changes in cancellous bone differ in female and male C57BL/6 mice with high-fat diet-induced low bone mineral
density. Br J Nutr 2014;111:1811-1821. https://doi.org/10.1017/S0007114514000051

Silva MJ, Eekhoff JD, Patel T, Kenney-Hunt JP, Brodt MD, Steger-May K, Scheller EL, Cheverud JM. Effects of
high-fat diet and body mass on bone morphology and mechanical properties in 1100 advanced intercross mice.
J Bone Miner Res 2019;34:711-725. https://doi.org/10.1002/{bmr.3648




2024 Nutrition and Bone Marrow Adiposity S135

92. Sistilli G, Kalendova V, Cajka T, Irodenko I, Bardova K, Oseeva M, Zacek P, Kroupova P, Horakova O,
Lackner K, Gastaldelli A, Kuda O, Kopecky J, Rossmeisl M. Krill oil supplementation reduces exacerbated
hepatic steatosis induced by thermoneutral housing in mice with diet-induced obesity. Nutrients 2021;13:437.
https://doi.org/10.3390/nu13020437

93. wvan Schothorst EM, Flachs P, Franssen-van Hal NL, Kuda O, Bunschoten A, Molthoff J, Vink C, ET AL.
Induction of lipid oxidation by polyunsaturated fatty acids of marine origin in small intestine of mice fed a high-
fat diet. BMC Genomics 2009;10:110. https://doi.org/10.1186/1471-2164-10-110

94. Shen CL, Yeh JK, Rasty J, Li Y, Watkins BA. Protective effect of dietary long-chain n-3 polyunsaturated
fatty acids on bone loss in gonad-intact middle-aged male rats. Br J Nutr 2006;95:462-468.
https://doi.org/10.1079/BJN20051664

95. Bani Hassan E, Alderghaffar M, Wauquier F, Coxam V, Demontiero O, Vogrin S, Wittrant Y, Duque G.
The effects of dietary fatty acids on bone, hematopoietic marrow and marrow adipose tissue in a murine model of
senile osteoporosis. Aging (Albany NY) 2019;11:7938-7947. https://doi.org/10.18632/aging.102299

96. Benova A, Ferencakova M, Bardova K, Funda J, Prochazka J, Spoutil F, Cajka T, ET AL. Omega-3 PUFAs
prevent bone impairment and bone marrow adiposity in mouse model of obesity. Commun Biol 2023;6:1043.
https://doi.org/10.1038/s42003-023-05407-8

97. Cao JJ, Gregoire BR, Michelsen KG, Picklo MJ. Increasing dietary fish oil reduces adiposity and mitigates bone
deterioration in growing C57BL/6 mice fed a high-fat diet. J Nutr 2020;150:99-107. https://doi.org/10.1093/jn/nxz215

98. Farina EK, Kiel DP, Roubenoff R, Schaefer EJ, Cupples LA, Tucker KL. Dietary intakes of arachidonic acid and
alpha-linolenic acid are associated with reduced risk of hip fracture in older adults. J Nutr 2011;141:1146-1153.
https://doi.org/10.3945/jn.110.133728

99. Virtanen JK, Mozaffarian D, Cauley JA, Mukamal KJ, Robbins J, Siscovick DS. Fish consumption, bone mineral

density, and risk of hip fracture among older adults: the cardiovascular health study. J Bone Miner Res
2010;25:1972-1979. https://doi.org/10.1002/jbmr.87
100. Kruger MC, Coetzer H, de Winter R, Gericke G, van Papendorp DH. Calcium, gamma-linolenic acid

and eicosapentaenoic acid supplementation in senile osteoporosis. Aging (Milano) 1998;10:385-394.
https://doi.org/10.1007/BF03339885

101. Thompson M, Hein N, Hanson C, Smith LM, Anderson-Berry A, Richter CK, Stessy Bisselou K, ET AL.
Omega-3 fatty acid intake by age, gender, and pregnancy status in the United States: National Health
and Nutrition Examination Survey 2003-2014. Nutrients 2019;11:177. https://doi.org/10.3390/nul 1010177

102. Cunha MC, Lima Fda S, Vinolo MA, Hastreiter A, Curi R, Borelli P, Fock RA. Protein malnutrition induces bone
marrow mesenchymal stem cells commitment to adipogenic differentiation leading to hematopoietic failure.
PLoS One 2013;8:€58872. https://doi.org/10.1371/journal.pone.0058872

103. Hastreiter AA, Dos Santos GG, Makiyama EN, Santos EWC, Borelli P, Fock RA. Effects of protein malnutrition
on hematopoietic regulatory activity of bone marrow mesenchymal stem cells. J Nutr Biochem 2021;93:108626.
https://doi.org/10.1016/j.jnutbio.2021.108626

104. Takeda S, Kobayashi Y, Park JH, Ezawa I, Omi N. Effect of different intake levels of dietary protein and
physical exercise on bone mineral density and bone strength in growing male rats. J Nutr Sci Vitaminol (Tokyo)
2012;58:240-246. https://doi.org/10.3177/jnsv.58.240

105. Dubois-Ferriere V, Rizzoli R, Ammann P. A low protein diet alters bone material level properties and the response to in
vitro repeated mechanical loading. Biomed Res Int 2014;2014:185075. https://doi.org/10.1155/2014/185075

106. Ammann P, Bourrin S, Bonjour JP, Meyer JM, Rizzoli R. Protein undernutrition-induced bone loss is
associated with decreased IGF-I levels and estrogen deficiency. J Bone Miner Res 2000;15:683-690.
https://doi.org/10.1359/jbmr.2000.15.4.683

107. Fournier C, Rizzoli R, Ammann P. Low calcium-phosphate intakes modulate the low-protein diet-related effect on

peak bone mass acquisition: a hormonal and bone strength determinants study in female growing rats.
Endocrinology 2014;155:4305-4315. https://doi.org/10.1210/en.2014-1308

108. Wright CS, Hill ER, Reyes Fernandez PC, Thompson WR, Gallant MA, Campbell WW, Main RP. Effects of
dietary protein source and quantity on bone morphology and body composition following a high-protein weight-
loss diet in a rat model for postmenopausal obesity. Nutrients 2022;14:2262. https://doi.org/10.3390/nu14112262




S136 Dzubanova et al. Vol. 73

1009.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Duque G, Al Saedi A, Rivas D, Miard S, Ferland G, Picard F, Gaudreau P. Differential effects of
long-term caloric restriction and dietary protein source on bone and marrow fat of the aging rat.
J Gerontol A Biol Sci Med Sci 2020;75:2031-2036. https://doi.org/10.1093/gerona/glaa093

Trudel G, Melkus G, Sheikh A, Ramsay T, Laneuville O. Marrow adipose tissue gradient is preserved through

high protein diet and bed restt A randomized crossover study. Bone Rep 2019;11:100229.
https://doi.org/10.1016/j.bonr.2019.100229

Trudel G, Payne M, Madler B, Ramachandran N, Lecompte M, Wade C, Biolo G, ET AL. Bone marrow fat
accumulation after 60 days of bed rest persisted 1 year after activities were resumed along with hemopoietic

stimulation: the Women International Space Simulation for Exploration study. J Appl Physiol 2009;107:540-548.
https://doi.org/10.1152/japplphysiol.91530.2008

Kerstetter JE, Bihuniak JD, Brindisi J, Sullivan RR, Mangano KM, Larocque S, Kotler BM, ET AL. The effect of
a whey protein supplement on bone mass in older caucasian adults. J Clin Endocrinol Metab 2015;100:2214-2222.
https://doi.org/10.1210/j¢.2014-3792

Cao JJ, Pasiakos SM, Margolis LM, Sauter ER, Whigham LD, McClung JP, Young AJ, Combs GF Jr. Calcium
homeostasis and bone metabolic responses to high-protein diets during energy deficit in healthy young adults:
a randomized controlled trial. Am J Clin Nutr 2014;99:400-407. https://doi.org/10.3945/ajcn.113.073809
Arjmandi BH, Lucas EA, Khalil DA, Devareddy L, Smith BJ, McDonald J, Arquitt AB, Payton ME, Mason C.
One year soy protein supplementation has positive effects on bone formation markers but not bone density in
postmenopausal women. Nutr J 2005;4:8. https://doi.org/10.1186/1475-2891-4-8

Holm L, Olesen JL, Matsumoto K, Doi T, Mizuno M, Alsted TJ, Mackey AL, Schwarz P, Kjaer M. Protein-containing
nutrient supplementation following strength training enhances the effect on muscle mass, strength, and bone formation
in postmenopausal women. J Appl Physiol 2008;105:274-281. https://doi.org/10.1152/japplphysiol.00935.2007

Le Couteur DG, Solon-Biet SM, Cogger VC, Ribeiro R, de Cabo R, Raubenheimer D, Cooney GJ, Simpson SJ.
Branched chain amino acids, aging and age-related health. Ageing Res Rev 2020;64:101198.
https://doi.org/10.1016/j.arr.2020.101198

Sartori T, Santos ACA, Oliveira da Silva R, Kodja G, Rogero MM, Borelli P, Fock RA. Branched chain amino
acids improve mesenchymal stem cell proliferation, reducing nuclear factor kappa B expression and modulating
some inflammatory properties. Nutrition 2020;78:110935. https://doi.org/10.1016/j.nut.2020.110935

Mu WC, VanHoosier E, Elks CM, Grant RW. Long-term effects of dietary protein and branched-chain amino
acids on metabolism and inflammation in mice. Nutrients 2018;10:918. https://doi.org/10.3390/nul10070918

Cao JJ, Picklo MJ. N-acetylcysteine supplementation decreases osteoclast differentiation and increases bone mass
in mice fed a high-fat diet. J Nutr 2014;144:289-296. https://doi.org/10.3945/jn.113.185397

Herrmann M, Wildemann B, Claes L, Klohs S, Ohnmacht M, Taban-Shomal O, Hubner U, Pexa A, Umanskaya N,
Herrmann W. Experimental hyperhomocysteinemia reduces bone quality in rats. Clin Chem 2007;53:1455-1461.
https://doi.org/10.1373/clinchem.2007.086272

Ouattara A, Cooke D, Gopalakrishnan R, Huang TH, Ables GP. Methionine restriction alters bone morphology
and affects osteoblast differentiation. Bone Rep 2016;5:33-42. https://doi.org/10.1016/].bonr.2016.02.002

Ables GP, Johnson JE. Pleiotropic responses to methionine restriction. Exp Gerontol 2017;94:83-88.
https://doi.org/10.1016/j.exger.2017.01.012

Plummer J, Park M, Perodin F, Horowitz MC, Hens JR. Methionine-restricted diet increases miRNAs that can

target RUNX2 expression and alters bone structure in young mice. J Cell Biochem 2017;118:31-42.
https://doi.org/10.1002/j¢cb.25604

Kim H, Lee K, Kim JM, Kim MY, Kim JR, Lee HW, Chung YW, ET AL. Selenoprotein W ensures physiological
bone remodeling by preventing hyperactivity of osteoclasts. Nat Commun 2021;12:2258.
https://doi.org/10.1038/s41467-021-22565-7

Lai J, Zhou J, Yin S. Effect of selenium and zinc level in diet on bone development in rats exposed to lead.
(Article in Chinese) Wei Sheng Yan Jiu 2004;33:584-586.

Ding KH, Cain M, Davis M, Bergson C, McGee-Lawrence M, Perkins C, Hardigan T, ET AL. Amino acids as
signaling molecules modulating bone turnover. Bone 2018;115:15-24. https://doi.org/10.1016/j.bone.2018.02.028




2024 Nutrition and Bone Marrow Adiposity S137

127. Hill TR, Verlaan S, Biesheuvel E, Eastell R, Bauer JM, Bautmans I, Brandt K, ET AL. A vitamin D, calcium and
leucine-enriched whey protein nutritional supplement improves measures of bone health in sarcopenic non-
malnourished older adults: The PROVIDE Study. Calcif Tissue Int 2019;105:383-391. https://doi.org/10.1007/s00223-
019-00581-6

128. Palacios-Gonzalez B, Ramirez-Salazar EG, Rivera-Paredez B, Quiterio M, Flores YN, Macias-Kauffer L,
Moran-Ramos S, ET AL. A multi-omic analysis for low bone mineral density in postmenopausal women

suggests arelationship between diet, metabolites, and microbiota. Microorganisms 2020;8:1630.
https://doi.org/10.3390/microorganisms8111630

129. Mendes AB, Martins FF, Cruz WM, da Silva LE, Abadesso CB, Boaventura GT. Bone development in children
and adolescents with PKU. J Inherit Metab Dis 2012;35:425-430. https://doi.org/10.1007/s10545-011-9412-7

130. Michalowska M, Znorko B, Kaminski T, Oksztulska-Kolanek E, Pawlak D. New insights into tryptophan and its
metabolites in the regulation of bone metabolism. J Physiol Pharmacol 2015;66:779-791.

131. Lv Z, Shi W, Zhang Q. Role of essential amino acids in age-induced bone loss. Int J Mol Sci 2022;23:11281.
https://doi.org/10.3390/ijms231911281

132. Cleminson JR, Stuart AL, Pasco JA, Hodge JM, Berk M, Samarasinghe RM, Williams LJ. Dietary tryptophan
and bone health: a cross-sectional, population-based study. Arch Osteoporos 2020;15:167.
https://doi.org/10.1007/s11657-020-00838-w

133. Cruzat VF, Rogero MM, Tirapegui J. Effects of supplementation with free glutamine and the dipeptide alanyl-

glutamine on parameters of muscle damage and inflammation in rats submitted to prolonged exercise.
Cell Biochem Funct 2010;28:24-30. https://doi.org/10.1002/cbf. 1611

134. Yu Y, Newman H, Shen L, Sharma D, Hu G, Mirando AJ, Zhang H, Knudsen E, Zhang GF, Hilton MJ,
Karner CM. Glutamine metabolism regulates proliferation and lineage allocation in skeletal stem cells. Cell Metab
2019;29:966-978e964. https://doi.org/10.1016/1.cmet.2019.01.016

135. Blais A, Rochefort GY, Moreau M, Calvez J, Wu X, Matsumoto H, Blachier F. Monosodium glutamate
supplementation improves bone status in mice under moderate protein restriction. JBMR Plus 2019;3:e10224.
https://doi.org/10.1002/jbm4.10224

136. Tapiero H, Mathe G, Couvreur P, Tew KD. II. Glutamine and glutamate. Biomed Pharmacother 2002;56:446-457.
https://doi.org/10.1016/S0753-3322(02)00285-8

137. Ahmed HH, Hamza AH. Potential role of arginine, glutamine and taurine in ameliorating osteoporotic biomarkers

in ovariectomized rats. Rep Opin 2009;1:24-35.

138. Bass EF, Baile CA, Lewis RD, Giraudo SQ. Bone quality and strength are greater in growing male rats fed
fructose compared with glucose. Nutr Res 2013;33:1063-1071. https://doi.org/10.1016/j.nutres.2013.08.006

139. Cugno C, Kizhakayil D, Calzone R, Rahman SM, Halade GV, Rahman MM. Omega-3 fatty acid-rich fish oil
supplementation prevents rosiglitazone-induced osteopenia in aging C57BL/6 mice and in vitro studies.
Sci Rep 2021;11:10364. https://doi.org/10.1038/s41598-021-89827-8

140. Sun D, Krishnan A, Zaman K, Lawrence R, Bhattacharya A, Fernandes G. Dietary n-3 fatty acids decrease

osteoclastogenesis and loss of bone mass in ovariectomized mice. J Bone Miner Res 2003;18:1206-1216.
https://doi.org/10.1359/jbmr.2003.18.7.1206

141. Bonnet N, Somm E, Rosen CJ. Diet and gene interactions influence the skeletal response to polyunsaturated fatty
acids. Bone 2014;68:100-107. https://doi.org/10.1016/j.bone.2014.07.024

142. Wang Y, Dellatore P, Douard V, Qin L, Watford M, Ferraris RP, Lin T, Shapses SA. High fat diet enriched with
saturated, but not monounsaturated fatty acids adversely affects femur, and both diets increase calcium absorption
in older female mice. Nutr Res 2016;36:742-750. https://doi.org/10.1016/j.nutres.2016.03.002

143. Lau BY, Ward WE, Kang JX, Ma DW. Femur EPA and DHA are correlated with femur biomechanical strength in
young fat-1 mice. J Nutr Biochem 2009;20:453-461. https://doi.org/10.1016/j.jnutbio.2008.05.004

144. Kioka K, Aikawa Y, Wakasugi Y, Narukawa T, Fukuyasu T, Ohtsuki M, Yamashita T, Sasai N, Omi N.
Soy protein intake increased bone mineral density under nonenergy-deficiency conditions but decreased

it under energy-deficiency conditions in young female rats. Nutr Res 2022;106:1-11.
https://doi.org/10.1016/j.nutres.2022.08.001




S138 Dzubanova et al. Vol. 73

145.

146.

147.

148.

149.

150.

Hogstrom M, Nordstrom P, Nordstrom A. n-3 Fatty acids are positively associated with peak bone mineral density
and bone accrual in healthy men: the NO2 Study. Am J Clin Nutr 2007;85:803-807.
https://doi.org/10.1093/ajcn/85.3.803

Bassey EJ, Littlewood JJ, Rothwell MC, Pye DW. Lack of effect of supplementation with essential fatty acids on
bone mineral density in healthy pre- and postmenopausal women: two randomized controlled trials of Efacal
v. calcium alone. Br J Nutr 2000;83:629-635. https://doi.org/10.1017/S0007114500000805

Dodin S, Lemay A, Jacques H, Legare F, Forest JC, Masse B. The effects of flaxseed dietary supplement on lipid

profile, bone mineral density, and symptoms in menopausal women: a randomized, double-blind, wheat germ
placebo-controlled clinical trial. J Clin Endocrinol Metab 2005;90:1390-1397. https://doi.org/10.1210/jc.2004-
1148

Appleton KM, Fraser WD, Rogers PJ, Ness AR, Tobias JH. Supplementation with a low-moderate dose of
n-3 long-chain PUFA has no short-term effect on bone resorption in human adults. Br J Nutr
2011;105:1145-1149. https://doi.org/10.1017/S0007114510004861

Dawczynski C, Schubert R, Hein G, Muller A, Eidner T, Vogelsang H, Basu S, Jahreis G. Long-term moderate
intervention with n-3 long-chain PUFA-supplemented dairy products: effects on pathophysiological biomarkers in
patients with rheumatoid arthritis. Br J Nutr 2009;101:1517-1526. https://doi.org/10.1017/S0007114508076216
Griel AE, Kris-Etherton PM, Hilpert KF, Zhao G, West SG, Corwin RL. An increase in dietary n-3 fatty acids
decreases a marker of bone resorption in humans. Nutr J 2007;6:2. https://doi.org/10.1186/1475-2891-6-2





<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize false

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues false

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /CZE <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [595.276 841.890]

>> setpagedevice



