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Abstract: The existence of a common mesenchymal cell progenitor shared by bone, skeletal muscle,
and adipocytes cell progenitors, makes the role of the skeleton in energy metabolism no longer
surprising. Thus, bone fragility could also be seen as a consequence of a “poor” quality in nutrition.
Ketogenic diet was originally proven to be effective in epilepsy, and long-term follow-up studies
on epileptic children undergoing a ketogenic diet reported an increased incidence of bone fractures
and decreased bone mineral density. However, the causes of such negative impacts on bone health
have to be better defined. In these subjects, the concomitant use of antiepileptic drugs and the
reduced mobilization may partly explain the negative effects on bone health, but little is known
about the effects of diet itself, and/or generic alterations in vitamin D and/or impaired growth factor
production. Despite these remarks, clinical studies were adequately designed to investigate bone
health are scarce and bone health related aspects are not included among the various metabolic
pathologies positively influenced by ketogenic diets. Here, we provide not only a narrative review on
this issue, but also practical advice to design and implement clinical studies on ketogenic nutritional
regimens and bone health outcomes. Perspectives on ketogenic regimens, microbiota, microRNAs,
and bone health are also included.

Keywords: ketone bodies; ketogenic diets; energy metabolism; bone health; bone mass; bone turnover
markers; DXA scans; fragility fractures

1. Introduction

During the evolution, the mankind has gone through alternating periods of famine/
abundances, determined by the seasons and environmental condition changes, conse-
quently inducing switching metabolism efficiency. Of course, the capacity of adaptation
and adjustment to these changes has helped us to survive as a species. Currently, in devel-
oped countries, radical diet fluctuations are extremely rare, and in this sense, the human
metabolism is largely “unchallenged”, but whether or not this represents a favorable aspect
is hard to assess. To date, an important aspect to be considered is not only the quantity
of ingested food, but also its quality and nutrients combination. Indeed, obesity and
type 2 diabetes mellitus (T2DM) are approaching epidemic proportions, which is also a
consequence of a “poor” quality in nutrition. Through the metabolism, our body draws
the necessary energy from food, during both rest and physical activity. The nutrients in
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food, summarized for convenience in carbohydrates (CHO), proteins and fats, are broken
down during digestion into smaller molecules: glucose, amino acids, and fatty acids,
respectively. CHO are the main source of energy for the human body. Interconnections
between glycolysis, tricarboxylic acids cycle (TCA) and ketogenesis exist, as summarized
in Figure 1. Each oxidized glucose molecule degraded within the glycolysis pathway may
provide an effective yield of 30–32 molecules of the most useful energy molecule known as
adenosine triphosphate (ATP). Additionally, proteins and lipids degradation contribute to
ATP formation. The term “ketogenic”, in general, indicates the capacity to stimulate the
production of ketone bodies (KBs) by various cells in our body, when a supplementation
of less than 100 g of glucose is provided in the diet.The most recent knowledge of bone
pathophysiology shows evidence of the role of the skeleton in energy metabolism as well,
in particular in glucose homeostasis. However, both basic and clinical studies on the possi-
ble relationship between ketogenic nutritional regimens and skeletal health are still needed,
which is also in consideration of the vast “audience” of patients for whom ketogenic diets
(KDs) can be of great help, other than epileptic subjects resistant to specific therapies.

Figure 1. Scheme of interconnections between glycolysis (A), tricarboxylic acids cycle (TCA) (B), and ketogenesis (C).
ADP = adenosine diphosphate; ATP = adenosine triphosphate; Acetyl-CoA = acetyl coenzyme A; CO2 = carbon dioxide;
CoA = coenzyme A; FAD = flavin adenine dinucleotide; GDP = Guanosine diphosphate; GTP = Guanosine triphosphate;
H+ = positively charged hydrogen ion, i.e., a hydrogen atom deprived of its electron; HMG-CoA = 3-hydroxy-3-methyl-
glutaryl-coenzyme A; NAD = nicotinamide adenine dinucleotide; NADH = reduced version of NAD; Pi = inorganic
phosphate; at the bottom of Figure 1B (under the TCA) classification of glucogenic-, ketogenic-, and gluco/ketogenic amino
acids is reported together with the specification of the font type in which they are written.

In this review, we report the available data regarding bone cells energy metabolism
physiology, bone pathophysiology, cell-/animal-model investigations and human clinical
studies with relation to KDs and bone health. Moreover, based on the author’s experiences,
practical and theoretical advice for the design and implementation of clinical studies on
ketogenic nutritional regimens and bone health outcomes are provided. Finally, the per-
spectives on the possible relationship between inflammation, KD regimens, microbiota,
microRNAs, and bone health have also been explored.
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According to PRISMA guidelines, PubMed and MEDLINE were searched from March
1990 to November 2020 to identify published articles about KDs and bone health, bone min-
eral density (BMD) and content (BMC), bone metabolism, bone turnover markers (BTMs),
fragility fractures, inflammation, microbiome, and microRNAs. The clinical studies that an-
alyzed the KDs impact on bone health and fragility were evaluated. Only English-language
publications were included.

2. Ketogenic Diets

KDs are normal-high-fat and low-CHO diets that respect an adequate protein regimen,
and this proved to be effective in epilepsy in the last 100 years, with potential mechanisms
including the direct anticonvulsant effect and the reduced neuronal excitability induced
by KBs. Interestingly, it has been shown that KBs produce more energy than glucose
due to the metabolic effects of ketosis. In particular, the high chemical potential of 3-β-
hydroxybutyrate (3βOHB), the major KB in human metabolism, leads to an increase in
the Gibbs free energy (∆G0), or the thermodynamic potential that is minimized when a
system reaches chemical equilibrium at constant pressure and temperature [1], from the
hydrolysis of ATP molecules. The blood sugar levels, although reduced, remain within
the physiological range since glucose in blood comes from two sources: (a) the glucogenic
amino acids [alanine, arginine, asparagine, aspartic acid, cysteine, glutamic acid, glutamine,
glycine, histidine, methionine, proline, serine, and valine (Figure 1)], and (b) the glycerol
released from triglycerides of lysine residue (lysine is a ketogenic amino acid (Figure 1)).

In long-term follow-up studies, approximately 20% of children treated with KD
(≥6 years) experienced an increased incidence of bone fractures [2]. Bone fractures and
decreased bone mineral density (BMD) are of concern for children maintained on KD
therapy (KDT) and chronic antiepileptic drugs (AED) [2–6]. The causes of such negative
effects on bone health may be due to the KD itself, to the high “acid load” milieu via the
KBs, to alterations in vitamin D levels, to decreased levels of growth factors, together with
both the concomitant use of AEDs, and the reduced/absent mobilization observed in a
large proportion of patients with intractable epilepsies [5,6].

2.1. Forms of KDs

Schematically, four major forms of KDs can be described: (1) the “classic” KD; (2) the
modified Atkins diet (MAD); (3) the medium chain triglyceride diet (MCT); and (4) the low
glycemic index diet (LGID). These regimens are mainly differentiating in the lipids to the
protein/CHO ratio [7]. More recently, Very Low Calories Ketogenic Diet (VLCKD) has been
developed as a nutritional intervention mimicking fasting through a marked restriction
of daily intake of CHO, usually <30 g/day ('13% of total energy intake), with a relative
increase in the proportions of fats ('44%) and proteins ('43%) and a total daily energy
intake <800 Kcal. Importantly, VLCKD should not be considered as a hyper-protein diet
since its daily protein intake is around 1.2–1.5 g/kg of ideal body weight [8]. Weight loss
in obese subjects is able to reduce the prevalence of related complications, in terms of
type 2 diabetes mellitus (T2DM) prevention and severity, hypertension, dyslipidemia,
sleep apnea, fatty liver disease, osteoarthritis, stress incontinence, gastroesophageal reflux,
and polycystic ovary syndrome [8]. Consequently, several guidelines, including the Italian
ones, have listed specific metabolic diseases in which VLCKD is indicated in the clinical
management of patients. Unfortunately, due to the lack of adequate studies, bone and
mineral metabolism diseases are still not considered as possibly influenced by KD [8].

2.2. Are KBs the Only Main Source of Energy in Fast and/or Low Carbohydrate Periods?

During a prolonged fasting, gluconeogenesis removes intermediate products from
the Krebs cycle or TCA (Figure 1) and directs acetyl-coenzyme A (CoA) towards KBs,
which may also have a role in regulating food intake. The main KBs in humans are
represented by 3βOHB, acetone and acetoacetic acid (Figure 1) generated by the liver
from fatty acids [9] during periods of low food intake (fasting), carbohydrate restrictive
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diets, starvation, and prolonged intense physical exercise [10]. They represent ancient
fuel substrates, evolutionarily preserved, and a fundamental energy source for heart,
skeletal muscle, kidney, and brain. It has been suggested that KBs, in particular 3βOHB,
preserve muscle protein by the occurrence of systemic inflammation, also participating to
the metabolic defense against insulin-induced hypoglycemia [11]. Moreover, 3βOHD is
not only the substrate for ATP production (Figure 2), but binding to specific hydroxyl-
carboxylic acid receptors (HCAR), inhibits histone deacetylase (HDAC) enzymes, free fatty
acid receptors (FFAR), and the NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3)
inflammasome, thus acting as a signaling molecule, promoting the transcription of genes
for oxidative stress resistance factors [12] and ultimately influencing, at an epigenetic level,
bone cell physiology [11] (Figure 3).

Figure 2. Schematic role of 3betahydroxybutyrate (3βOHB) in energy metabolism, response to oxidative stress, apoptosis,
inflammation and signaling pathways. In the center of the figure, within the dotted circle, is depicted the molecule
of 3βOHB, “central” to all the physiological events described. The top of the figure shows how 3βOHB, “through the
intervention of mitochondria”, may impact the metabolism of adipose tissue, liver, skeletal muscle, and bone, both in terms
of oxidative stress modulation and energetic regulation impairment. In turn, oxidative stress, and energetic regulation
impairment impact, even with 3βOHB, on cell apoptosis, and inflammation/NLP3 inflammatory activation, (lower figure).
Visceral adipose tissue plays an active role on the above events. Thus, 3βOHB may act as a signaling molecule.
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Figure 3. Molecular links between biological functions, environmental factors and 3betahydroxybutyrate (3βOHB).
3βOHD inhibits the function of histone deacetylases (hDAC), molecules representing key transcriptional cofactors that
regulating gene expression by deacetylation of lysine residues on histone and nonhistone proteins. Activity of hDAC
is important to regulate/influence all the physiopathological events inserted inside the ellipsoidal figures. Through the
influence exerted on the processes of DNA methylation, histonic deacetylation and microRNAs expression, 3βOHB may act
at epigenetic levels, mostly involving changes that affect gene activity and expression.

3. Skeleton and Energy Metabolism: A Complex “Multiplayers Ping Pong
Match Model”

Bone cell progenitors, skeletal muscle cells and adipocytes share a common mesenchy-
mal stem cell progenitor, and the bone cell progenitors can be redirected to become fat
cells. These mechanisms evolved to acquire and store fuel, and so it is no longer surprising
that the skeleton could also play a role in energy metabolism. In the early tetrapods,
a vertebrate superclass with four limbs prevalently adapted to life in a subaerial environ-
ment; the evolution of a large appendicular skeleton, powered by robust skeletal muscles,
was a successful strategy for walking on the ground, and this general concept can also be
extended to mankind. This strategy also justified the need for a “new” skeleton as storage
for the calcium contemporary, providing hormonal/molecular mechanisms for the “fast”
calcium-phosphate removal from the bone. The development of the parathyroid glands,
producing the parathyroid hormone (PTH), was equally necessary. According to its needs,
our body may orchestrate different appropriate energy strategies to determine or imbalance
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with the loss of bone mass (and osteoporosis) or muscle/fat disorders [13]. Over the past
25 years, some findings have suggested human skeleton to play a role in energy metabolism
through “local” hormones, such as adipokines, Insulin/Insulin-like growth factor-1 (IGF-1),
osteocalcin (OC)/undercarboxylated osteocalcin (UcOC) pathways [13–15], and bone mor-
phogenic proteins (BMPs) [16], in cooperation with organs involved in metabolic control
(e.g., skeletal muscles, small intestine, and endocrine pancreas) [13]. This complex molecu-
lar multidirectional network may be fundamental in maintaining energy homeostasis by
controlling and coordinating both “fuel” uptake and energy expenditure, probably within
an equally complex hierarchical order in which the central nervous system and peripheral
energy centers, sensing and regulating the energy needs, cooperate.

3.1. Bone Remodeling Needs of Boosting Energy

Bone remodeling is a continuous skeletal metabolic structural adaptation to stress
forces, fundamental to always ensure a “dynamic” bone structure to adequately satisfy
the different biomechanical needs throughout life. To be effective, bone remodeling must
have an extremely coordinated regulation, in time and space, of bone resorption and new
bone formation phases [17,18], by systemic and local release of cytokines and growth fac-
tors [13–16]. Osteoblasts (OBLs), lining cells, osteoclasts (OCLs), and osteocytes (Ocs) are
ultra-organized into the so called “bone remodeling units” (BRUs) with a highly regulated
coupling of the specific bone cell functions [19]. There are approximately two million BRUs
working in each individual at any given time. The first step of the remodeling cycle consists
of bone resorption by OCLs, the “pick hammers”, which release protons and specific
proteases (an energy consuming process), thus creating a highly acid environment, which is
an essential prerequisite for bone resorption. Later, stromal-derived mesenchymal cells,
recruited at the newly excavated site, differentiate into OBLs, the “bricklayers”, and are
able to affix and mineralize the “new” freshly formed bone [20] by the production and
secretion of specific proteins, particularly type I collagen. All these biological processes
require adequate and appropriate energy expenditure. Once bone formation is completed,
OBLs give rise to Ocs [21] that act as mechanical sensors [22] and secrete specific osteokines,
such as sclerostin. Sclerostin binds to the low-density lipoprotein receptor-related proteins
5 and 6 (LRP5/6) receptors on OBLs cell surface and inhibits the Wnt signaling pathway
determining anti-anabolic effects on bone formation [23]. In humans, the complete remod-
eling process takes approximately 100 days and the entire skeleton is remodeled every
10 years. Consequently, a high energy cost must be incurred [24].

3.2. Insulin, Osteocalcin, Osteoprotegerin, Receptor Activator of Nuclear Factor Kappa-B Ligand:
A Complex, Interconnected, Network

At the skeletal level, insulin signaling stimulates either the OC expression or the OBLs
differentiation, by inhibiting Twist2, an inhibitor of the osteoblastogenic factor Runt-related
transcription factor 2 (RUNX2), also known as the core-binding factor subunit alpha-1
(CBF-alpha-1), encoded by the RUNX2 gene [25]. The expression of Forkhead box protein
O1 (Foxo1), a transcription factor (TF) encoded by FOXO1 gene [26], is higher in skeletal
tissues and both Foxo1 activity and the expression increases in mouse mesenchymal cells
under osteogenic stimulants. The Foxo1 silencing blocks the expression of Runx2 as well
as other osteogenic markers, such as alkaline phosphatase (ALP) and OC, thus reducing
the calcification process, even in the presence of strong osteogenic stimulants. Therefore,
the main mechanism, through which Foxo1 affects mesenchymal cell differentiation into
OBLs, occurs exactly through the regulation of Runx2 [27]. Moreover, Foxo1 plays impor-
tant roles in the regulation of both gluconeogenesis and glycogenolysis by insulin signaling
and it is also central to the decision for preadipocytes to commit to adipogenesis [28].
This TF is primarily regulated through phosphorylation on multiple residues, and its tran-
scriptional activity is dependent on its phosphorylation state, resulting in the accumulation
of carboxylate OC in the bone matrix. Conversely, insulin activates OCLs and accelerate
bone turnover via the increasing of the ratio of the osteoprotegerin/receptor activator of
nuclear factor kappa-B ligand (OPG/RANKL). Activation of OCLs determines decarboxy-
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lation of the bone matrix-embedded OC, which, in turn, reduce OC affinity to the matrix
itself with consequent UcOC release into the circulation. The circulating UcOC stimulates
the expression of insulin in pancreas and adiponectin in adipose tissue, both expressing
the cytosolic OC specific receptor, GPRC6A, also expressed in testis tissue [29]. Table 1
describes the main hypothesized endocrine UcOC functions.

Table 1. Endocrine effects/functions of UcOC, mediated by binding to specific GPRC6A membrane
receptor [15], on insulin, energy, and testosterone metabolism.

Effects on Insulin Metabolism Effects on Energy Metabolism and Other
Suggested Endocrine Effects

Increase of β-cells proliferation, synthesis, and
secretion of insulin

Improvement of energy expenditure through
multiple mechanisms [15].

Improvement of insulin sensitivity through
multiple mechanisms [15].

Increased expression of adiponectin (ADPN) in
white fat and reducing lipid accumulation (and
inflammation in the steatosis liver).

Modulation of hepatic insulin sensitivity

Stimulation of energy expenditure by
increasing mitochondrial biogenesis in muscle
and regulating the expression of genes
involved in energy consumption in brown
adipose and musculoskeletal tissue.

Promotion of male fertility by stimulating the
synthesis of testosterone in Leydig cells.

Genetic Data on UcOC in Glucose Metabolism Regulation

Interestingly, genetic data support the fact that, through UcOC, the skeleton con-
tributes to regulating glucose metabolism: (i) heterozygous dominant negative mutation
of GPRC6A gene in two patients has been associated with peripheral testicular failure,
glucose intolerance, insulin resistance, and increased body mass index (BMI) [30]; (ii) a
significant association between BGLAP (OC gene) genetic variants and BMI in healthy
subjects has been reported to be most likely associated with body mass as composite pheno-
type and less likely associated with adipose tissue itself, even though not only the BGLAP
gene variants may cause this association [31]; (iii) R94Q Single Nucleotide Polymorphism
(SNP) of BGLAP exon 4, near to one γ-carboxylation site of OC, associates with insulin
sensitivity and glucose disposal in Afro-Americans [32]. However, DNA polymorphic
variants of BGLAP have been excluded as a major risk factor for T2DM in Caucasians [24];
and (iv) patients with autosomal dominant osteopetrosis, due to an OCL activity deficit,
exhibited reduced levels of UcOC together with hypoinsulinemia [33]. Interestingly, if ex-
posed to chronic high glucose levels, the bone marrow stromal stem cells (BMSCs) show an
enhanced adipogenic activity due to both the enhancement of the peroxisome proliferator-
activated receptor gamma (PPARγ)-dependent pathway, and the of cyclin D3 expression
increase [34], which, in turn, is associated with a decreased Runx2 [35], ALP [36], and OC
expression in OBLs.

In summary, the skeleton can achieve its role in maintaining glucose homeosta-
sis through the interaction with different systems/organs, such as endocrine glucose-
regulation of the pancreas, liver, white adipose and skeletal muscle tissue, especially when
a general increase in fuel requirements is necessary.

4. The Role of Wingless-Type Mouse Mammary Virus Integration Site (Wnt) Pathway
in Bone Pathophysiology and Energy Metabolism

The Wnt signaling enters into many biological processes, including embryogenesis,
postnatal development, and tissue homeostasis in adults [37]. More recently, the Wnt sig-
naling also revealed a regulatory role in bone formation and healing [38], so that proteins
as sclerostin, LRP5/6, and Dickkopf-related protein 1 (Dkk-1), which are crucial actors of
this signaling pathway, have been the targets of randomized clinical trials (RCTs) for the
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development of anti-fracture therapies [39]. Studies in animal models confirmed a reduced
mineralization rate and a reduced trabecular bone volume in T2DM subjects, probably due
to the decreased RUNX2 gene expression and reduction of OC, OPG, BMP-2, and ALP
expression [18,40–44]. Specifically, BMP signaling was demonstrated to interact with sev-
eral signaling pathways such as the mammalian target of rapamycin (mTOR), activated by
amino acids, glucose, insulin, hypoxia-inducible factor (HIF), Wnt, and self-degradative
process autophagy to coordinate both energy metabolism and bone homeostasis [44].

According to such findings, it can be suggested that some forms of osteoporosis
may occur as a consequence of several impairing energy metabolism disorders, as T2DM
and anorexia nervosa. Changes in bone cell energy metabolism have significant roles in
regulating the differentiation and function of bone cells.

4.1. Bone Cells-Specific Bioenergetic Program

Differentiation stage-specific bioenergy programs exist in bone cells [44], which are
also requirements for specific different energy programs at distinct stages of matura-
tion/function of the OBLs and OCLs. In fact, proliferative BMSCs and cells already at
an osteogenic differentiation stage essentially use glycolysis as an energy source, even if
the underlying mechanisms of glucose metabolism involvement at this “early” stage of
cell maturation are still to be clearly defined [45,46]. In rats, the essential amino acids
effect on the proliferation and differentiation of osteoprogenitors depends on IGF-1 sig-
naling [47,48]. After osteogenic induction, OBLs switch to use both glycolysis (including
aerobic glycolysis) and the TCA (Figure 1) [48–53].

4.1.1. “Fuel” Selection according to Bone Cells Differentiation Steps

The glucose metabolism has several “controllers” during bone cells differentiation,
such as Glucose transporter 1 (GLUT1)-RUNX2 [54], hypoxia-inducible factor 1α (HIF-1α),
a TF sensitive to the decreased availability of oxygen in the cellular environment, or hy-
poxia [55], PTH, IGF-1 [56], or Wnt-mTORC2 signaling [57]. Interestingly, either pathologi-
cal or environmental hypoxic conditions appear to influence bone health, since bone cells
are distinctly responsive to hypoxic stimuli, even though it is still unknown whether or
not they act in a negative or positive way. It has been suggested that hypoxia may induce
an osteogenic-angiogenic response, but also stimulate excessive OCL activity. Moreover,
several hypoxia-associated factors may influence bone metabolism by determining changes
in energy metabolism and increasing the generation of reactive oxygen species (ROS),
mechanisms that may impair the physiological acid–base balance [58]. Practically, there is a
metabolic reprogramming during OBL differentiation so that, while the aerobic glycolysis
(one molecule of glucose is split into two pyruvate molecules) increases during the OBL
differentiation process (Table 2), the mitochondrial respiration and energy production
progressively decrease, reaching their minimum in the mature OBL [59]. In the presence of
low O2 concentrations, pyruvate is converted into lactate, which, in turn, determines the
increase of (a) formation of ALP positive (ALP+) cells; (b) ALP activity; and (c) expression
of osteoblastic differentiation markers. Lactate, together with citrate, would facilitate
bone turnover and contribute to the global solubility of mineral ions in the extracellular
bone matrix [60]. Table 2 depicts the main biochemical process underlying metabolic
reprogramming during osteoblast differentiation.

Table 2. Scheme of the main biochemical processes during osteoblast differentiation, related to
“environmental” O2 conditions.

Low O2 Conditions Normal O2 Conditions

Glucose is converted into pyruvate with ATP
production, and pyruvate is converted into
lactate. Then, 80% of glucose is converted into
lactate, representing the “predominant destiny”
of glucose in OBL

Pyruvate enters the mitochondria where it is
oxidized to CO2 + H2O
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Therefore, the TCA cycle represents the final common pathway for the oxidation
of CHOs, lipids, and proteins because glucose, fatty acids, and most amino acids are
metabolized to acetyl-CoA or intermediates of the cycle.

The Wnt-related “governance” of fuel selection by OBLs mostly depends on their
differentiation status. Immature OBLs increased the use of glucose and glutamine (Gln),
whereas the mature cells switch to increase the use of fatty acids. Differentiated OBLs,
engaged in matrix synthesis and mineralization, exhibit abundant mitochondria for the
high energy demands of protein synthesis. This cell differentiation phase associates with
β-oxidation of fatty acids, producing approximately more than 100 ATP molecules per
palmitate molecule, in response to Wnt anabolic stimulation. Wnt activation inhibits the
entry of glucose into the TCA cycle, regulating the availability of substrates for histone
acetyltransferases, epigenetic enzymes, which are able to install acetyl groups onto lysine
residues of cellular proteins such as histones and others [61].

4.1.2. Glutamine and Wnt-Dependent Bone Metabolism

Glutamine is a polar amino acid, and its enantiomer L form represents one of the
20 ordinary amino acids, essential for the metabolism of the nervous system being also a
basal intermediate of liver and kidney functions. In a fasted bird model, the rate of Gln
release from skeletal muscles increases when elevated concentrations of KBs are present,
which are due to the increased availability of glutamate for Gln synthesis [62]. More-
over, in vitro studies on skeletal muscle cells from fasted mammalian and avian species,
revealed that KBs inhibit both protein synthesis and protein degradation in skeletal mus-
cles, probably representing an important adaptation, survival, a mechanism in prolonged
fasting, or in general, in catabolic states. However, since Gln shares transporters with
other amino acids, its increased intake or cell/tissue availability may alter the tissues
distribution of amino acids and their absorption in the intestine and kidneys [63]. It is
currently unknown whether these mechanisms also occur at the bone cells level, as a
whole or with a cell-specificity. Furthermore, it is not conceptually correct to translate
the information obtained in skeletal muscle cells directly to the bone cells. Recent studies
indicate Gln and fatty acids as potential energy sources used by OBLs [64,65], confirming
that, when glucose availability is scarce, most tissues use fatty acids as an energy source,
or convert other substances into sugars. In a hyperactive Wnt signaling mouse model of
human osteosclerosis, the inhibition of Gln, together with the suppression of the excessive
bone formation, indicates that Gln metabolism may mediate the in vivo “Wnt-induced”
bone anabolism. Consequently, Gln could act as both an energy source and a protein-
translation rheostat, responsive to Wnt, and the handling of Gln signaling pathway could
represent a future pharmacological target to correct the deranging protein anabolism in
human diseases [66]. This mechanism is likely to be very sophisticated, and in immature
OBL, the Wnt-mediated activation of mTORC1 increases the abundance of glutaminase,
the first enzyme in glutaminolysis, whereas the mTORC2 complex activation regulates the
abundance of proteins involved in glycolysis, as an epigenetic mechanism [67].

4.1.3. Inhibiting the Inhibitor of the Wnt-Dependent Differentiation and Maturation of
OBLs: Improvements of the Insulin Sensitivity in an Animal Model

Sclerostin, encoded by the SOST gene, is expressed by Ocs and articular chondrocytes
and represents an endogenous inhibitor of Wnt signaling, and consequently, of both
OBL differentiation and maturation. Interestingly, sclerostin overproduction in adipocyte
cells increases fat mass by regulating catabolic and anabolic metabolism. In a Sost−/−

knock-out model of diabetic mice, an increased insulin sensitivity and a reduction of fat
tissue accumulation, as compared to the wild-type, has been described. Sost−/− mice and
mice treated with anti-sclerostin antibodies were resistant to metabolic disorders induced
by an obesogenic diet. The white adipose tissue mass reduction and protective effects
against the high fat content diet might be in relation to an increased oxidation and reduced
de novo synthesis of fatty acids in the adipocytes due to the increase of Wnt/β-catenin
signaling [68]. However, whether or not this mechanism represents the result of the real



Int. J. Mol. Sci. 2021, 22, 435 10 of 33

effects of sclerostin on Wnt signaling and white adipose tissue metabolism is still unclear.
It should be considered that sclerostin expression by Ocs is inhibited by either PTH or
mechanical stress. Interestingly, glycolysis is also predominant in fully differentiated OBLs,
but the underlying molecular mechanisms are still unknown. The differentiation and
function of OCLs also need energy boosts and glucose represents an important energy
source for them. Unlike what occurs in OBL, in the progression of differentiation in OCLs,
the TCA cycle dominates over glycolysis, although the latter seems to be critical for bone
resorption. Glucose metabolism in OCLs depend on mitochondrial nicotinamide adenine
dinucleotide (NAD)-dependent deacetylase sirtuin-3 (Sirt3)-5′ AMP-activated protein
kinase (AMPK) [69,70], HIF-1α, the transcription factors family MYC, and p38-MAPK
signaling [44]. What role amino acids and fatty acids may play in the energy metabolism in
OCL differentiation and function is still unknown.

Finally, even if Ocs represent the most prevalent bone cells (~95%) in the adult skele-
ton, [71], data on their bioenergetics metabolism are virtually lacking, and which could be
their preferential fuel sources and bioenergetic programs is still unknown. More details on
this aspect are reported in the review by Yang et al. [44].

4.2. Osteoanabolic Signals Stimulate Glycolysis

It has been suggested that PTH stimulates aerobic glycolysis via IGF-1. The PTH-
dependent «engage» of IGF-1 enhances the activation of mTORC2, which is involved in the
skeleton growth and in the aerobic glycolysis induction [56]. Osteoanabolic PTH, whose re-
ceptor (PTHR) is expressed in the osteoblastic lineage, promotes glycolysis “in vitro”,
and the suppression of the glucose uptake blows the “in vivo” PTH anabolic effect. More-
over, PTH increases both the glucose absorption rate and O2 consumption in OBL. However,
PTH suppresses glucose entry and progression of glycolytic metabolites into the TCA cy-
cle, but, currently, it is not clear if OBLs do not get the full energy benefit of the glucose
consumed. Several questions are still open regarding all this, and in particular: (i) it is a
large portion of the pyruvate generated by glycolysis converted and secreted as lactate and
why carbon derived from glucose cannot be used in biosynthetic routes? Studies of early
radio-tracing demonstrated the presence of 14C-glucose molecules in bone collagen [60,72];
(ii) could pyruvate and lactate act as «scavengers» to protect bone from cytotoxic oxidants?
Moreover, it could not be excluded that PTH may play a role in other metabolic substrates.
Indeed, PTH suppresses glucose oxidation in the TCA cycle, while simultaneously induc-
ing a paradoxical increase in O2 consumption. A furthermore plausible explanation for
this is that PTH promotes the oxidation of other substrates to generate ATP (see later in
the text). However, it is still unknown whether PTH “orders” the OBLs to convey glucose
metabolites toward amino acid synthesis. Understanding whether or not this mechanism
may actually take place at the cellular level would have important repercussions in improv-
ing our knowledge of the pathophysiology of bone cells. In order to unravel the possible
bone cellular molecular mechanisms, it would first be appropriate to investigate whether
glucose homeostasis, more generally, really depends on the existence of a direct/indirect
relationship between production/secretion of PTH and insulin, as described below.

Is the Existence of an Insulin/PTH Axis Conceivable?

In 2000, Clowes et al. suggested that the growth hormone (GH)/IGF-1 axis may
be involved in the differential suppression of PTH following oral and intravenous (i.v.)
glucose [73]. Lately, it has been reported that, in non-diabetic post-menopausal osteoporotic
women with primary hyperparathyroidism, the administration of PTH (1–84) reduces basal
blood glucose and this effect can be mediated by changes in serum OC levels rather
than PTH-induced glucose uptake by peripheral tissues [74]. A small clinical study on
eight healthy, normal glucose-tolerant, individuals, with a negative familial history of
diabetes, and on nine patients with type 1 diabetes mellitus (T1DM), with C-peptide
exhibiting a negative response to 5 g i.v. arginine test, demonstrated a more pronounced
inhibition of PTH secretion in healthy individuals versus T1DM patients during OGTT.
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Covariance analysis showed that insulin levels correlated significantly and inversely with
PTH levels, thus suggesting that insulin may act as an acute regulator of PTH secretion in
humans via insulin binding to insulin receptors, IGF1R and IGF2R, expressed in human
parathyroid cells [75], as already suggested by other authors [76].

4.3. What Do We Know about the Role of IGF-1 in Bone Health?

IGF-1 may have anabolic effects on bone, particularly during the acquisition of bone
mass in adolescents and the maintenance of skeletal architecture in adults, parameters po-
tentially affecting the risk of subsequent fracture [77,78]. Results from observational studies
on the role of IGF-1 for bone health have been conflicting, some authors finding a reduced
risk of both BMD loss and fracture in the presence of high serum IGF-1 levels [79–82],
while others did not confirm these findings [83,84]. Two RCTs provided conflicting results
concerning the skeletal effects of a one-year treatment with IGF-1. The former RCT revealed
an attenuation of the proximal femur bone loss, together with a shorten hospital stay among
patients with recent hip fracture [85], treated with IGF-1. The latter RCT, on 16 individuals
treated with IGF-1 for 12 months, showed no effects on BMD [86]. Table 3 describes the
potential relationship linking IGF-1 levels to 3βOHB levels in famine and IGF-1 levels
to KDs.

Table 3. IGF-1 levels and their correlation to 3βOHB blood levels in famine, and IGF-1 levels
KDs relationship.

IGF-1, 3βOHB, and Famine IGF-1 and KDs

IGF-1 levels reduce into famine [87]. IGF-1 levels may be reduced up to 46% after
7 days of KD [88].

3βOHB blood levels and IGF-1 related growth
speed inversely correlated [89].

KD-induced famine-like metabolic state may
reduce either the IGF-1 levels or its

bioavailability [89,90].

4.4. Other Energetic Substrates in OBLs

Amino acids and fatty acids metabolism appear to be relatively less stringently
controlled, the former by HIF-1α and activating transcription factor 4 (ATF4) [55,66,67],
while the latter by Wnt-CD [64,66,91,92], Wnt-β-catenin [62,91–94], and GPR120, CD36 [94–96].
The cluster of differentiation antigens (CDs) are cell surface proteins that can act as re-
ceptors. The oxidation of fatty acids is sensitive to cyclic adenosine monophosphate
(cAMP)/protein kinase A (PKA) signaling activated by PTH [97,98]. The β-oxidation
of fatty acids is capable of producing KBs from food or storage lipids, and interestingly,
it has been described that the pharmacological inhibition of β-oxidation alters the OBL
differentiation in vitro [64].

In summary, glycolysis, gluconeogenesis, and oxidation of fatty acids regulate the
availability of acetyl CoA, and therefore, the KBs formation.

5. How Could KDs and KBs Affect Bone Metabolism?

On the basis of all the evidence reported, it is not surprising that KDs may have an
effect on bone. This relationship is also sustained by in vitro data. Indeed, in an in vitro
model of OBL cultures, different ALP and mineralization activities have been shown to
depend on the type of prevalent KB. Specifically, the OBL mineralization activity seems to be
up-regulated by acetoacetate and down-regulated by 3βOHB [99]. Moreover, high-fat diet
(HFD)-induced obesity determines the increases of the acetoacetyl-CoA synthetase (AACS)
gene expression, involved in utilizing KBs for the fatty acid-synthesis during adipose
tissue development [100]. A study on HFD-fed mice model, revealed that AACS was also
expressed at both the backbone region and adult femur epiphysis, at variance with other
embryo regions. Interestingly, HFD-fed mice exhibited higher AACS mRNA expression
in the adult femur versus normal-diet fed mice. This mechanism was not observed in
those mice whose obesity was induced by a high sucrose diet. Gene expression increases
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were also reported for 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) and
interleukin (IL)-6 genes, in HFD strand. Higher AACS mRNA expression was found in
RAW 264, a differentiated OCL cells line, significantly up-regulated by IL-6 treatment that
induce bone resorption. These findings may possibly be considered as a novel function
of the KBs in bone metabolism, also indicating AACS and KBs as a sort of molecular
bridging factors between obesity and osteoporosis. In a mouse model, the 3βOHB and
its derivative methyl ester 3βOHB inhibited the development of osteoporosis in mice
maintained under simulated microgravity, preserving both the bone microstructure and
mechanical properties. These KBs inhibit the activation of the nuclear factor of activated
T cells DNA-binding transcription complex 1 (NFATC1), a master transcription regulator
of OCL differentiation [101], preventing the differentiation and maturation of pre-OCLs.
Ultrastructure analysis by micro-CT in mice revealed that a dose of 100 mg/kg of KBs
produced the most obvious effect on the prevention of osteoporosis by reducing calcium
concentrations, as an indirect index of reduced OCL activity, and increasing the bone
volume/total volume ratio (BV/TV), Trabecular Number (Tb.N), Trabecular Thickness
(Tb.Th), and Trabecular Spacing (Tb.Sp) indexes at the bone specimen levels [102].

5.1. Animal Studies on KDs and Bone Metabolism

Low BMD, abnormal cancellous and cortical bone mass have been described in mice
under KD treatment [103]. Quite recently, an every other-day ketogenic diet (EODKD)
and a combination of KD with intermittent fasting has been introduced in order to com-
bine KD with intermittent fasting as a new regimen for epilepsy therapy, with a better
potential for seizure control [104]. In rats, EODKD determines higher ketone levels in
both serum and cerebrospinal fluid than KD [105]. However, its effects on bone remain
largely unknown. Recently, a study aimed to set different ketogenic rat models (thirty
male Sprague-Dawley rats) and to compare the influence of EODKD with KD on bone mi-
crostructure and metabolism in KD treated rats, EODKD treated rats and controls, fed with
continuous KD, intermittent KD and standard diet, respectively. After 12 weeks, BMD and
body fat percentage were calculated by dual energy X-ray absorptiometry (DXA) scans,
whereas the bone microstructure and mechanical properties were evaluated by micro-CT
and a three-point bending test. Bone turnover parameters, specifically serum ALP and
tartrate-resistant acid phosphatase (TRAP) were evaluated, together with the osteogenic
capabilities of BMSCs according to both ALP activities and alizarin red stain results at
different osteogenic stages. Either EODKD or KD treated rats showed higher ketone levels
and fat percentage, with a lower body weight than the control group. Both EODKD and KD,
however, resulted in compromising bone mass and mechanical properties. More specifi-
cally, EODKD demonstrated higher ketone levels and more pronounced inhibition of either
the OCL process or early osteogenic differentiation than KD. Thus, if, on the one hand,
EODKD accelerates ketosis, on the other hand it may not deteriorate bone microstructure
or strength [106]. However, an interesting hypothesis, suggesting a bone compartmental-
specific effect of KD, came from a study on 14 male Sprague-Dawley rats, which evaluated
both the microstructures and mechanical properties of the skeleton. Rats, treated with KD
or standard diet for 12 weeks, were equally divided into two groups. The KD regimen asso-
ciated with higher ketone levels and lower glucose levels, with reduced body weight and
total BMD. Bone morphometric analyses by micro-CT were performed at both cortical and
trabecular bone of the middle L4 vertebral body, proximal humerus and tibia. Micro-finite
element analysis (MFEA) provided the calculation of compressive stiffness and strength of
the skeletal areas analyzed. After 12 weeks, the KD regimen associated with a reduction of
BV fraction, Th.N of cancellous bone, cortical thickness, total cross-sectional area (tCSA)
inside the periosteal envelope and of the cortical bone area of tibia and humerus. Contem-
porarily, Th.S was increased. Moreover, bone stiffness and strength were also found to be
significantly decreased by the KD regimen, with a significant correlation with BMD and
bone area at all the scanned sites. All this may suggest that KD leads to bone loss and a
reduction in the biomechanical function more on appendicular bones than axial bones [107].
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A subsequent study by the same research group, with similar methodological approaches,
was performed on 48-weeks-old female C57BL/6J mice, firstly randomized into two main
groups: (A) SD (standard diet); and (B) KD (ketogenic diet), then the SD and KD groups
were subdivided into four groups, respectively: (1) SD + Sham (SD + ovary intact); and (2)
SD + OVX (SD + ovariectomy); (3) KD + Sham (KD + ovary intact); and (4) KD + OVX (KD
+ ovariectomy). In addition to the previous study [108], in order to describe changes at
the biomechanical and histomorphology level, a L4 and L5 vertebral compressive test and
histological staining of these vertebrae were performed. An important reduction of the
cancellous bone parameters was observed in KD + Sham and SD + OVX when compared to
the SD + Sham group. Overall, the KD + OVX group exhibited the most serious bone loss.
Qualitative parameter, such as the stiffness, significantly correlated trabecular parameters,
resulted in the significantly higher SD + Sham group than all the others, with no differ-
ence observed between the remaining groups. The compressive test revealed a significant
decrease in the failure load in the OVX + Sham and KD + OVX groups, but no difference
was reported between the KD + Sham and SD + Sham groups. Such findings suggest
that, similarly to OVX, KD may compromise the vertebral microstructure and compressive
stiffness, thus indicating adverse effects of KD on the axial bone of these animals [108].
Another interesting study on mice models evaluated microarchitectural and biomechanical
properties of KD-induced osteoporosis with and without the administration of the oral
antidiabetic drug metformin (Met), comparing the effect of Met on the KD induced bone
loss + OVX. As reported in the study, 40 female C57BL/6J mice were randomly divided
into Sham, OVX, OVX + Met (100 mg/kg/day), KD (3:1 ratio of fat to carbohydrate and
protein), and KD + Met (100 mg/kg/day) groups. After 12 weeks, bone mass and biome-
chanical parameters were taken in distal cancellous bone and femoral mid-shaft cortical
bone. Biochemical parameters, such as the activities of serum ALP and TRAP, with the
latter as a biochemical marker of OCL function and degree of bone resorption, were eval-
uated together with OC and TRAP immunohistochemistry staining. Both OVX and KD
determined significant bone loss, compromising biomechanical properties in the cancellous
bone, without an effect on cortical bone. The administration of Met enabled the increase of
the cancellous BV/TV fraction following the OVX and KD, also enhancing the compressive
stiffness following the OVX and KD. By a biochemical point of view, Met was associated
with: (i) effectively increased serum ALP in the KD group; (ii) decreased serum TRAP in
the OVX group; (iii) up-regulated expression of OC; and (iv) down-regulated expression of
TRAP in both OVX and KD groups. The authors suggested that Met effectively attenuated
the KD-induced cancellous bone loss, while it maintained the biomechanical properties of
long bones. Table 4 summarizes the findings of all the above-mentioned studies. Overall,
these data supported that KD enables the increase in the blood ketone level as well as
the induction of the occurrence of osteoporosis through the impairment of the cancellous
bone mass only in mice, similar to that determined by OVX. However, the use of Met as a
potential treatment to prevent KD-induced osteoporosis in younger skeletons cannot be
confirmed yet. [109]. Moreover, in rats treated with Low-carbohydrate high-fat diets (LC-
HF), a lower rate of mesenchymal stem cells differentiating into OBLs has been reported.
This finding may explain the observed LC-HF related reduced bone formation [110].
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Table 4. Summary of the findings of animal studies related to KD and bone health.

Model Evaluated Parameters Findings/Conclusions

Forty C57BL/6J 8-week-old female mice
randomly divided into SD + Sham,

SD+OVX, KD + Sham KD + OVX groups;
KD fed for 12 weeks [103]

Micro-CT scanning of distal femur
trabecular bone and middle femur of

cortical bone; tibial maximum bending
force and stiffness; TRAP, collagen type I

(ColI) expression, and OC staining

KD compromised cancellous and cortical bone
of long bones. Combination of KD and OVX

may lead to more bone loss.

Sprague-Dawley rats
control, KD and EODKD groups, fed
with standard diet, continuous and
intermittent KD, respectively [106]

ketone levels
EODKD demonstrated higher ketone levels

than KD, inhibition of either osteoclastic
process or early osteogenic differentiation.

DXA-assessed BMD and body fat
percentage; micro-CT analysis of bone

microstructure and mechanical
properties, three-point bending test;

bone turnover markers (serum ALP and
TRAP), plus osteogenic capabilities of
BMSCs (ALP activities and alizarin red

stain) in different osteogenic stage.

Sprague-Dawley male rats
KD or a standard diet for 12 weeks,

equally divided into two groups [107]

Cortical and trabecular bone micro-CT
morphometric analyses;

micro-finite element analysis to calculate
compressive stiffness and strength of the

skeletal areas.

KD leaded to bone loss and reduction of the
biomechanical function more on appendicular

bones than axial bones

48-weeks-old female C57BL/6J mice
Two main groups: A) SD; and B) KD; SD
and KD were then subdivided into four

groups: A1) SD + Sham (SD + ovary
intact); and A2) SD + OVX (SD +

ovariectomy); B1) KD + Sham (KD +
ovary intact); and B2) KD + OVX (KD +

ovariectomy) [108]

L4 and L5 vertebral compressive test and
histological staining of these vertebrae

The compressive test decreased in the failure
load in OVX + Sham and KD + OVX.

female C57BL/6J mice
Randomly divided: Sham, OVX, OVX +
Met (100 mg/kg/day), KD (3:1 ratio of

fat to carbohydrate and protein), and KD
+ Met (100 mg/kg/day) groups [109]

After 12 weeks: bone mass and
biomechanical parameters in distal

cancellous bone and femoral mid-shaft
cortical bone; biochemical parameters:
serum ALP and TRAP, OC, and TRAP

immunohistochemistry staining

Met associated with increased serum ALP in
the KD group, decreased serum TRAP in

OVX group, and up-regulation and
down-regulation of OC and TRAP

expression, respectively.

Twenty-four male Wistar rats
fed for 4 weeks either normal chow (CH,

9% fat, 33% protein, and 58%
carbohydrates), LC-HF-1 (66% fat, 33%

protein, and 1% carbohydrates), or
LC-HF-2 (94.5% fat, 4.2% protein, and

1.3% carbohydrates) [110]

pQCT, µCT analysis; three-point bending
test; histology of humeri, bone marrow
quantitative real-time PCR; P1NP, OC,

PINP1, CTX, IGF-1, 25OHD, GH, leptin,
IGF-1, Insulin-like growth factor binding
protein 2-3, rat intact PTH, serum calcium

and phosphate

LC-HF diets associated with more
visceral and bone marrow fat, increased

leptin but decreased IGF-1 and body
length;

LC-HF-2 reduced humerus, tibia, and
femur lengths;

pQCT and µCT revealed significant
reductions in tibial BMD in both groups;
in LC-HF groups, tibial maximum load

was impaired and serum PINP1 reduced;
in LC-HF, real-time PCR showed bone
marrow reduced expression (70 to 80%)

of Runx2, osterix, and C/EBPβ.

5.2. Clinical Studies on KDs and Human Bone Health

In the early 90s, a study showed analyzed stable serum ionized and total calcium,
PTH and calcitonin levels in human subjects during a four-week long, very low caloric
diet [111]. Subsequently, other data suggested that obese subjects undergoing a moderate
VLCKD, but with high calcium intake (1200 mg/day), had a positive calcium balance.
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Importantly, the retention of ingested calcium was proportional to the CHO content of the
diet [112,113]. However, scarce evidence exists on the fact that VLCD may play a negative
effect on both BMD and BMC, in particular in the peripheral skeletal site with a higher
percentage of cortical bone, proportionally to the rate of decrease of body weight, as well
as in fat and lean mass [113,114].

5.2.1. KDs, Growth Delay, and the Developing Skeleton

A reduced bone mass in children may be the result of inadequate bone accrual with
decreased rat bone mineral deposition. Throughout all the childhoods, adequate bone
mineralization verifies with a peak around the end of the adolescence time. Consequently,
the amount of BMD achieved during childhood and adolescence will account for the risk of
osteoporosis and fractures during adulthood [115]. Children not reaching adequate bone
accretion have higher risk of fragility fractures (FFs), since, from childhood, they are also
predisposed to develop involutional osteoporosis when adults [116]. Human studies on
this issue are limited and are mainly performed on specific, restricted, peculiar populations
such as the children affected by drug resistant epilepsy (DRE). Children with epilepsy,
as well as other neurological disorders, are prone to low BMD and FFs [117–119]. It has
been described that patients on KD had low BMD, with a significant association between
low BMD and the duration of dietary therapy, and that KD might be associated with a
growth delay. High ketone levels induced by high degree ketosis diets can be a potential
cause of poor growth with a negative correlation between growth rate and ketone levels.
After 12 months, 144 young subjects with high urinary ketone levels (80–120 mg/dl) were
characterized by a reduced height versus those with moderate ketosis (<80 mg/dl) [120].
More recently, an Argentinian prospective study evaluated the growth and nutritional
status in 45 children on KD, between 0.8 and 17.3 years of age. The nutritional follow-up
was helpful to improve overweight and thinness, but showed growth deceleration in some
of the subjects, confirming that children with refractory epilepsy treated with KD need
careful growth monitoring. However, as was also declared by the authors themselves,
several limiting problems affected the data interpretation of the study: (a) the lack of
consideration of other causes of delayed growth, as represented by different antiepileptic
drugs, type of epileptic syndrome, or severity of neurologic dysfunction; (b) the lack of
addressing the association between height velocity and hormonal growth status before
starting and while on KD [121].

Several studies explored the effect of the KD on the developing skeleton. Bergqvist et al.
demonstrated a reduced bone mineral content (BMC) in patients on KD, with a follow up
after 15 months. The study protocol was adequate according to its purposes, including ques-
tionnaires on calcium daily intake and DXA-assessed BMC performed at a sufficiently
appropriate time interval for a correct interpretation of the DXA results themselves, even if
BTMs were not included in the study [5]. A subsequent RCT with placebo on forty-two
randomized subjects of both sexes analyzed the possible effects of two arms with dif-
ferent dietary treatments, and these lasted three weeks each, followed by a three-week
washout period: (1) VLCKD1 arm, in which 50% of protein intake was replaced with
synthetic amino acids; and (2) VLCKD2 arm, with placebo. The two VLCKD treatments
(<800 kcal/day) differed in terms of protein content and quality. All the subjects were
evaluated for various health parameters (health and nutritional status, by anthropometric
analysis, DXA-assessed body composition, bio-impedancemetry, biochemical evaluation,
and PPARγ expression by transcriptomic analysis), also including DXA-BMD and -BMC,
before and after each dietary treatment. In this study, however, bone DXA scans, at baseline
and at the end of each dietary treatment, were not appropriately performed with regard to
the time interval (three weeks) between the two scans in order for the observed changes to
be adequately interpreted. Moreover, the lumbar spine (LS) BMD was reported as T-scores
(i.e., the BMD normalized for the BMD of a healthy young adults of the same population),
but the population analyzed in both sexes was heterogeneous by age, ranging from 18
to 65 years, and consequently, the Z-scores (i.e., the BMD normalized for the BMD of
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individuals of the same sex and age of the same population) should have been reported
in this population, especially because premenopausal women and male subjects younger
than 50 years were included in the study [122]. Moreover, the daily calcium intake was not
reported, thus preventing this study giving clear-cut conclusions. Another prospective lon-
gitudinal study was performed on 29 patients and was commenced on KD, for a minimum
of six months, monitoring DXA-BMD and -BMC. Where possible, also areal BMD (aBMD)
was converted to bone mineral apparent density (BMAD), and biochemical parameters,
including serum calcium-phosphate, vitamin D, and BTMs, were collected. Patients were
stratified for the level of mobility by the gross motor functional classification system and
a trend towards a reduction in LS-BMD Z-score, 0.1562/year, was reported. Sixty-eight
percent of patients exhibited lower BMD Z-score at the end of treatment. Interestingly,
while less mobile patients showed lower baseline Z-scores, the bone loss rates were greater
in the more mobile patients on KD. Importantly, height adjustment of DXA results was
obtained for 13 patients, with 0.19 SD of mean reduction in BMAD Z scores. Approximately,
7% of these patients sustained fractures and the mean urinary calcium/creatinine ratio
resulted in being generally elevated, even if only one patient developed nephrolithiasis.
The authors found that children on KD showed differences in skeletal development, inde-
pendent of height, potentially and possibly related to KD. In particular, such differences
appear to be exaggerated in subjects who were ambulant [119]. A Swedish clinical study
was performed on 38 pediatric subjects (55.2% girls) that were mainly affected by drug
intractable epilepsy. They were treated by the modified Atkins diet (MAD) for 24 months.
MAD is less restrictive than the KD, including 10–20 g of CHO per day, without limiting the
amount of protein and as much fat as possible, and it is reported to be as efficacious as the
classic KD in seizure reduction [123,124]. This study assessed growth, body composition,
and bone mass in children, by DXA at baseline, at 6, 12, and 24-months visits, and serum
calcium, phosphate, magnesium, alkaline phosphatase, cholesterol, 25-hydroxyvitamin
D, IGF-1 and insulin like growth factor binding protein 3 (IGFBP3), at baseline and af-
ter 24 months. Approximately half of the patients treated with MAD showed a positive
response to the diet, with over 50% seizure reduction. The authors concluded that MAD ef-
ficiently reduced seizures with no negative effect observed on longitudinal growth or bone
mass, probably explainable also by the stable pH and lower 3βOHB level reached [125].
However, additional long-term studies concerning MAD and bone health are necessary.
An eight-year retrospective observational cohort study, on 68 KD treated children with for
more than six months, evaluated both the changes in DXA-BMD and the possible effect of
an intravenous bisphosphonate therapy [anti-(bone)resorption therapy]. Fractures were
reported in approximately 9.0%, and approximately 9.0% of the included subjects suffered
from kidney stones. A statistically significant BMD increase, as compared to the base-
line, has been reported in five patients treated with intravenous bisphosphonate therapy,
while BMD did not improve in the non-pharmacologically treated group. This survey
demonstrated that children on KD exhibited low to normal BMD values, susceptible to
further decreases during KD, over the time they were under KD [126]. A speculative
consideration can be made regarding the possible link between epilepsy associated with
GLUT1 gene mutations and the possible occurrence of unhealthy bone. It has been reported
that vitamin C is transported as dehydroascorbic acid (DHA) in OBLs, as well as skeletal
muscle cells, by functioning GLUT1 transporters. At physiological pH levels, DHA is
uncharged and can easily diffuse through the plasma membrane, efficiently transported
via GLUT1. Noteworthy, both insulin and IGF-1 stimulate vitamin C recycling, facilitating
the accumulation of ascorbic acid (ASC) in OBLs [127]. Interestingly, insulin and IGF-1
increase the GLUT-mediated DHA absorption in OBLs by insulin-receptor-dependent
mechanism, and then DHA is reduced to ASC, so that high ASC levels are available for
adequate collagen synthesis [128]. All this amount of data suggests the hypothesis that in
young GLUT1 mutant epileptic subjects, an impaired vitamin C metabolism at OBLs level
may influence both an abnormal synthesis and production of collagen with a consequent
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negative impact on bone mineralization and strength that could be clinically manifested at
a later age in life.

5.2.2. KDs and Calcium Metabolism

A high incidence of renal calculi with hypercalciuria have been reported in patients
on KD, suggesting a major effect of the KD on calcium metabolism [129,130]. KD-related
calcium and bone mass deficiency were originally reported in five children maintained
chronically on combined KD-anticonvulsant drug therapy [131]. While studies on these
children suggested that chronic adaptation to a ketogenic Low CHO High Fat (KLCHF)
diet may be associated with poor bone health [5,110,132,133], it still remains unknown if
changes in BTMs persist or amplify after chronic exposure to low CHO availability. Anti-
epileptic drug (AED) use associates with lower BMD in both adults and children [134–137],
and epileptic adults, who have been treated with AED since childhood, exhibit lower
bone mass than epileptic adults who started AED therapies in adult life. These findings
point out a specific effect of AEDs on the developing skeleton [138], as also to a possible
cumulative effect. Over the past 15 years, KDs represent a valid therapeutic intervention
for these patients [139,140]. A systemic ketosis can be obtained through the maintenance
of a high fat, low CHO, and restricted protein intake, with a beneficial effect on raising
seizure threshold [141]. However, a chronic ketoacidosis state may create the conditions
for both a negative balance of bone mineral ions (buffering capacity) and a decreased renal
conversion of 25OHD to its active metabolite 1,25(OH)2D [142]. Of course, the presence of
cerebral palsy as comorbidity further increases the risk of BMD decrease likely through an
increased bone turnover during a ketonic state in epileptic adults [143].

5.3. Duration of the KD Regimen and Study of Bone Health Parameters

The use of KD therapies in adults has expanded in the last two decades. In general,
long-term KDs are “intended” for adult patients with epilepsy, while shorter-term KDs
(usually lasting 3–4 months, less frequently than six months or more) are used in patients
suffering from various dysmetabolic conditions (e.g., T2DM, obesity, PCOS and so on),
even if they can be repeatedly performed over time. While possible correlations between
KD and bone health were at least conceivable in children, it remains unclear whether
the KD effects on bone health may be different in adults. In any case, available data are
derived from studies mainly on adults undergoing KD, similarly to what was reported
for children, with most studies being not adequately designed to provide relevant data on
bone involvement [144–147]. More recently, data on other peculiar human subjects under
“temporary” restricted CHO regimen or KD, such as professionals and non-professional
athletes, are emerging. An acute increase of bone resorption in CHO restriction, before,
during, and after prolonged endurance exercise has been reported [148–150]. This increased
bone resorption has been hypothesized to be potentially linked to the concomitant increases
in IL-6 concentrations [148]. However, acute reductions in CHO availability have been
suggested to modulate the increase of bone resorption markers independently of the energy
availability and circulating IL-6 levels [151]. Increased post-exercise IL-6 concentrations
have been described in elite race walkers following a 3.5-week adaptation to a ketogenic
low-carbohydrate, high-fat (LCHF) diet [152]. A study on short term LCHF diet regimen
aimed to investigate the interactions between diet/exercise and BTMs [cross-linked C-
terminal telopeptide of type I collagen (CTX), procollagen 1 N-terminal propeptide (P1NP),
and OC] in thirty world-class race walkers (25 males and 5 females) during a 3.5-week
adaptation to a LCHF diet, followed by restoration of CHO feeding. The BTMs were
evaluated at rest at baseline, after the 3.5-week intervention, after acute CHO feeding
(fasting and 2 h post meal) and after exercise (0 and 3 h). The authors found BTMs decrease
after short-term LCHF diet, with only one resorption marker recovering after acute CHO
restoration [151]. However, long-term studies of the effects of LCHF on bone health are
necessary. Table 5 summarizes most of the cited human clinical studies.
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Table 5. Summary of the findings of human clinical studies related to KD and bone health (systematic reviews and
metanalysis are not included).

Population Type of Study
Outcome Considered and Methods

to Evaluate Diet and/or Bone Health
Parameters

Findings/Conclusions

Twenty-five US children
with intractable epilepsy (IE), on a 4:1
KD (by weight fat:CHO and protein)

[5]

2-phase, 15-mo longitudinal study of
growth and nutritional effects of KD

Effect of KD on bone health, growth,
nutritional status, and seizures;
DXA-assessed whole-body and

LS-BMC z score;
evaluation/measurements of

demographics, anthropometry, serum
25OHD, intact PTH, electrolytes, and

dietary intake.
All at baseline and at 3, 6, 12, and 15
mo.; evaluation of BMC change over

time.

Bone health was poor, particularly for
younger nonambulatory children with low

BMI status. KD resulted in progressive
loss of BMC

Eight UK obese subjects
on therapy with low energy

(2741–3301 kJ/day), high calcium
(28.9–35.1 mmol/day) diets [112]

Observational

Effects of dietary CHO content and of
tri-iodothyronine administration on

calcium, zinc, and phosphate balances
and on urinary hydroxyproline output

Calcium balances generally positive at the
high levels of intake, but significantly

more calcium was retained when dietary
CHO intake increased

Twenty-one US healthy obese women
aged 38 +/− 9 years, randomly on

either diet alone or diet plus resistance
training. Both groups with a

925-kcal/d portion-controlled diet for
the first 16 of 17 weeks and a 1000 to

1500-kcal/d balanced deficit diet
thereafter [113]

RCT
DXA-BMC, -BMD, fat-free mass

(FFM), and DXA-fat mass before and
after 24 weeks of dieting

Diet and resistance training not
associated with a better outcome vs. diet
alone. Increasing the energy content of
very-low-calorie diets to 925 kcal/d may

prevent the loss of total BMD, but not the
loss from the FN and GT

Two hundred and seven healthy
Caucasian, aged 9–18 yrs. [115] Cross-sectional study

Rate of skeletal growth at
LS-BMD-BMC and FN-BMD-BMC

sites, in relation to age and pubertal
stages in both sexes

Marked age-related delay in L2-L4-BMD
or -BMC increase in males vs. females,

unrelated to pubertal stages; higher mean
values in males for BMD and BMC, at the

end of the rapid growth spurt; dramatic
reduction (2–4 years after menarche), in
bone mass growth in females >15 yrs. of

age

One hundred and seventeen US
subjects, from 3-county areas, age
range 2–19 years with moderate to

severe cerebral palsy (CP) according
to the Gross Motor Functional

Classification scale. Population-based
sampling from both hospital- and

school-based sources [117]

Observational study

DXA assessed LS- and distal
femur-BMD; anthropometric

assessment of growth and evaluation
of nutritional status; Child Health

Status Questionnaire; serum calcium,
phosphate, ALP (total and

bone-specific), OC, NTx, total protein,
albumin, prealbumin, 25OHD

Femur osteopenia in 77% of the cohort
and 97% of all study participants.

Fractures in 26% of the children older
than 10 years.

Severity of neurologic impairment,
increasing difficulty feeding, use of
anticonvulsants, and lower triceps

skinfold z scores, independently
contribute to lower femoral BMD z scores.
Low BMD prevailed in moderate-severe

CP and associated with significant
fracture risk

Fifty-seven US subjects, age range 1-26
years, on KD for seizures management
and one on KD for GLUT1 deficiency.
Fourteen children had CP other than

seizure disorder [120]

Retrospective study analysis
3-day food diary nutrient analysis.
Height or length and weight at 0, 6
mo., and 12 mo. follow-up visits.

KD for 12 months significantly
decreased height z scores. Daily

urinary ketone levels (reagent strip)
categorized into two groups: <80

mg/dL (moderate ketosis) and 80–120
mg/dL (high ketosis). High ketosis

significantly decreased height z scores.
Subjects on the KD showed a delay in

growth

Fourthy-five Argentinian children, 23
boys, on KD for at least two years,
between 0.8 and 17.3 years of age

(mean 6.6) [121]

Prospective cohort

Growth assessment (weight, height,
and BMI). Standard deviation scores

for all measurements calculated at KD
initiation and at follow-up

Height growth < percentile third for 2
boys and 2 girls

Sixty-three Australian patients on the
KD, 29 patients on the KD for a

minimum of 6 months (range 0.5–6.5
years, mean 2.1 years) [109]

Prospective, longitudinal study

LS-, right TH-DXA z-scores at baseline
and 6 mo. intervals;

serum calcium, phosphate, 25OHD,
PTH, ALP, OC, urine

calcium/creatinine ratio at baseline
and 3 mo. intervals; gross motor
functional classification system

(GMFCS)

Trend in reduction of LS-BMD
z-score/year; 68% had lower BMD z-score

at the end of treatment. Lower baseline
z-scores in less mobile patients, but the

rate of bone loss on the diet was greater in
the more mobile patients. Only 2 patients

fractured.
Elevated mean urinary calcium-creatinine

ratios; 1 patient developed renal calculi



Int. J. Mol. Sci. 2021, 22, 435 19 of 33

Table 5. Cont.

Population Type of Study
Outcome Considered and Methods

to Evaluate Diet and/or Bone Health
Parameters

Findings/Conclusions

Seventy-five UK children providing
growth data on 1 of 2 KDs at baseline

and after 3, 6, and 12 months, if
continued [141]

Prospective, longitudinal study
Weight, height, and BMI z scores at

baseline and 3, 6, 12 mo.; evaluation of
growth trend.

Height z scores decreased at 6 and 12 mo.,
particularly in younger and ambulatory
children; weight z scores decrease in the
MCT group only at 3 and 6 mo. and in

both groups at 12 mo.; forty children
completed the study with no differences in
growth trend between classical and MCT
diets for weight, height, or BMI; the MCT

group had significantly higher protein
intake

One hundred ninety-five US children
on the KD for intractable epilepsy

from 2000 to 2005 [142]

Cohort study
kidney stones formers vs. not kidney

stones formers

Demographics, urine laboratory
markers, and intervention with urine

alkalization (potassium citrate)

Thirteen children developed kidney
stones; oral potassium citrate

significantly decreased the prevalence
of stones and increased the mean time

on the KD before a stone was first
noted; the prevalence of kidney stones

trended toward higher correlation
with hypercalciuria (92% vs. 71%).
No child stopped the diet due to stones;

kidney stones continue to occur in
approximately 1 in 20 children on the KD

Thirty US patients (15 study subjects
and 15 controls). The 15 patients on

diet to consume less than 20 g of CHO
per day for the 1st month and then
less than 40 g per day for months 2

and 3. Control subjects without
restrictions on diet [45]

3-month study

Primary end point: urinary UNTx at 3
mo. Secondary end points: UNTx at 1

mo., BSAP at 1 mo., bone turnover
ratio (BSAP/UNTx) at 1 mo., and

weight loss

Patients on low-CHO diet lost
significantly more weight than controls,

the diet not increased bone turnover
markers vs. controls.

No significant change in the bone
turnover ratio compared with controls

Thirty-eight Swedish patients, mean
age (SD) 6.1 years (4.8 years), 21 girls,

with intractable epilepsy, glucose
transporter type 1 deficiency

syndrome, or pyruvate
dehydrogenase complex deficiency

[125]

Prospective longitudinal cohort study

Assessment of growth, body
composition, and bone mass in

children on MAD for 24 months.
Body weight, height, BMI, DXA-BMD,

serum calcium, phosphorus,
magnesium, ALP, cholesterol, 25OHD,
IGF-1 and IGFBP3 at baseline and 24

mo. of MAD

Approximately, 50% of the patients
responded with more than 50% seizure
reduction. Weight and height standard

deviation score stabilized over 24 months;
median BMI SDS significantly increased.

MAD efficiently reduced seizures. No
negative effect observed on longitudinal

growth or bone mass after 24 months
MAD treatment.

Sixty-eight Dutch children on KDT for
more than 6 months and who had at

least two DXA scans [126]

Retrospective, observational cohort
study

Changes in DXA-BMD in children
with KDT and evaluation of efficacy of

i.v. bisphosphonate therapy

In 50% of patients, ≥ 1 LS-DXA scans
performed. 8.8% got a fracture during
KDT, and also 8.8% got kidney stones.
Not significant BMD decrease. BMD

significantly increased in the five patients
treated with i.v. bisphosphonate therapy,

vs. not treated.

Three adult Italian patients with
GLUT-1 deficiency syndrome on KD
for > 5 years. Normocaloric KD on a

3:1 ketogenic ratio [129]

Case series report

Long-term effects of KD on body
composition and bone mineral status

in GLUT-1 deficiency syndrome;
Anthropometric and body

composition measurements (weight,
height, BMI, waist circumference,

abdominal circumference,
skinfold-thickness measurement, arm
muscle circumference, DXA-assessed
body fat mass, lean body mass (LBM),

BMC, and BMD.

No appreciable changes in weight and
body composition of adults with GLUT-1

deficiency. No evidence of potential
adverse effects of KD on bone health

Ten healthy, physically active UK men,
age 24 ± 3 yrs., nonsmokers, not

suffered a bone fracture or injury of
any type in the previous 12 mo., free

from musculoskeletal injury, not
taking any medication, and not

suffering from any condition known
to affect bone metabolism.

Two randomized, repeated-measures,
counterbalanced 7-day experimental
trials, involving either placebo (PBO)
or CHO ingestion during 120 min of

treadmill running [149]

Clinical trial

Immediate and short-term bone
metabolic responses to CHO feeding

during treadmill running; β-CTX,
P1NP, OPG, OC, PTH, leptin, GLP-2,

and IL-6, cortisol, insulin, serum
calcium, albumin, and phosphate.

CHO feeding during exercise attenuated
the β-CTX and P1NP responses in the
hours following exercise, indicating an

acute effect of CHO feeding on bone
turnover.
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Table 5. Cont.

Population Type of Study
Outcome Considered and Methods

to Evaluate Diet and/or Bone Health
Parameters

Findings/Conclusions

Ten physically active UK men with at
least one bout of endurance running
per week, free from fracture in the

previous 12 months and any condition
known to affect bone metabolism.

Free from musculoskeletal injury [149]

Clinical trial

Effect of an overnight fast vs. feeding
of a single mixed meal, on the bone

metabolic response to an acute bout of
treadmill running; three-day food

diary, β-CTX, P1NP, OC, OPG,
cortisol, bone ALP, PTH,

albumin-adjusted calcium, phosphate,
leptin, and ghrelin

Bone markers not significantly differ from
baseline on follow up 1–4. Fasting had a

minor effect on the bone metabolic
response to subsequent acute, endurance

exercise, reducing the duration of the
increase in β-CTX during early recovery,

but no effect on changes in bone formation
markers. Reduction of duration of the
β-CTX response with fasting not fully
explained by changes in PTH, OPG,

leptin or ghrelin

Nine UK male runners, age 21 ± 1.9
years, completing a morning and
afternoon high-intensity interval

running protocol (interspersed by 3.5
h) under dietary conditions: high

CHO availability, reduced CHO but
high fat availability, or reduced CHO
and reduced energy availability [150]

Clinical trial

Effects of post-exercise CHO and
caloric restriction on the modulation

of skeletal muscle cell signaling
pathways as well as indicators of bone

metabolism.

Post-exercise circulating βCTX was
significantly lower in high CHO

compared to low CHO-high fat and low
CHO and reduced energy availability

Twenty-five males, and 5 females
Australian World-class race walkers

completing 3.5-weeks of
energy-matched high CHO or

ketogenic low-carbohydrate, high-fat
diet followed by acute CHO

restoration [152]

Clinical trial

Diet-exercise interactions related to
bone markers in elite endurance

athletes after a 3.5-week ketogenic
low-CHO, high-fat diet and

subsequent restoration of CHO
feeding; serum CTX, P1NP, OC

assessed at rest (fasting and 2 h post
meal) and after exercise (0 and 3 h) at

baseline, after the 3.5-week
intervention (Adaptation) and after

acute CHO feeding (Restoration)

Markers of bone modeling/remodeling
were impaired after short-term LCHF diet,
and only a marker of resorption recovered

after acute CHO restoration.

Legend: KD = ketogenic diet; DXA = dual x-ray absorptiometry; PTH = parathyroid hormone; 25OHD = 25 OH vitamin D; BMI = body
mass index; BMC = bone mineral content; BMD = bone mineral density; LS = lumbar spine; FN = femoral neck; GT = greater trochanter;
CHO = carbohydrates; ALP = alkaline phosphatase; OC = osteocalcin; mo./mos. = month/months; βCTX = carboxy-terminal collagen
crosslinks; P1NP = Procollagen I N—Terminal Propeptide; GLP-2 = Glucagon-like peptide-2; IGFBP3 = Insulin-like growth factor-binding
protein 3; BSAP = bone specific alkaline phosphatase; uNTX = urinary N-terminal telopeptide collagen type 1, MAD = modified Atkins
diet; SDS = standard deviations.

5.4. VLCKD and Acid-Ash Proteins Diet

While no studies have been carried out in VLCKD, diet high in acid-ash proteins (acid-
ash hypothesis identifies protein and grain foods as cause of the calcium release from the
skeleton to buffer the acid load from the diet and increase urinary excretion of calcium) [153]
has been associated with excessive calcium loss due to its acidogenic content. Calcium has
provided as a buffer from the skeleton through the active resorption of bone; indeed,
calciuria is directly related to net acid excretion and it is not compensated by increasing
intestinal calcium absorption [154]. Thus, taken together, all these observations raise some
concerns about the risk of loss of BMC during VLCD. To prevent such a consequence, it is
recommended to provide an adequate high intake of calcium and vitamin D, as well as an
appropriate amount of CHO.

5.5. KDs and the Role of Mineral Supplements

Apart the protective role of KDs/KBs on the epileptic clinical manifestations, it is also
important to stress the importance that these diets are adequately associated with appro-
priate supplements of minerals, such as calcium, preferably as calcium citrates, and magne-
sium salts [138,155], and vitamins, including C and D, in order to confer a sort of skeletal
protection, especially, but not limited to, young subjects destined to follow KD regimens for
long periods of time, if not for all the life. In particular, associated treatment with potassium
citrate may act as a protecting factor to prevent nephrolithiasis due to aciduria and hypoc-
itraturia [155] induced by KD and MAD. Of course, randomized and controlled clinical
trials versus placebo are not ethically recommendable in these patients, but both in vitro
and in vivo model studies on animal/human mature bone/osteoprogenitor cell/primary
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culture cells may give further insights on this topic. Finally, an important question is still
open: how much might KBs support these different aspects of bone pathophysiology?

6. Some Specific Key Points to Be Considered to Adequately Perform Clinical Study
Having Bone Health as Primary Endpoint in Subjects Treated by KDs, VLCKD

Clinical studies concerning the potential effects of KDs on human bone health are
scarce and suffer from experimental designs and methodological approaches, which render
these studies not always adequate for the intended purposes. Moreover, not many data are
available on long-term fracture risk in individuals undergone KDs.

In general, especially for studies investigating the effects of KDs and VLCKD in
children, the sample size of all these studies is limited. In children studies, moreover,
BMC is the preferred outcome measure since, in this age range group, the bone expands
and the BMC increase at different rates during childhood [156], and in order to combine
DXA results for individuals of different ages and to adequately “correct” for the growth-
related changes in BMC, Z-scores for BMC/age and BMC/height need to be calculated
based on a healthy reference sample. Height adjustment of DXA results, such as aBMD
converted to BMAD, should be performed when it is possible [137].

6.1. The Importance of Least Significant Change Concept

The concept of least significant change (LSC) is calculated by the formula 2.8× preci-
sion error. Indeed, the LSC commonly recommended for detecting a variation in a subject
with only a 5% chance of a type 1 error (i.e., stating that there is a variation when in reality
there is not) is 2.8 times the inter-assay coefficient of variation of the diagnostic test used.
In other words, the LSC represents the smallest difference between two f BMD or BTMs
measurements that could be considered as a real variation and not attributable to chance.
The LSC is fundamental when a clinical study on bone health is designed. For example,
BMD changes are considered significant if they are above the least significant change,
that for LS and total hip BMD are generally about 2.8% and 4.8%, respectively and for
BTMs may reach the 30%Consequently, the minimum time interval to elapse between
the assessments of BMD or BTMs must also be calculated by taking these aspects into
consideration [157].

6.1.1. DXA Measurements

Except for special cases (e.g., first check after diagnosis and start of gluten-free diet
in celiac subjects, patients with severe hypercortisolism or hyperparathyroidism), it is not
appropriate to repeat the DXA scan before 15–18 months have passed. Indeed, since the
BMD/BMC changes detected in the short term could be less than the margin of error of the
measure (coefficient of variation) (www.iofbonehealth.org). Moreover, when the population
study is a heterogeneous population by age, including both sexes, ranging from ≤18 to
≥65 years, Z-scores should have always to be evaluated in premenopausal women and
male subjects ≤50 years of age. In case of KD-treated obese individuals, a study on these
patients revealed that >50% of the included subjects, with at least one vertebral fracture,
had a normal or only a slightly reduced BMD, but not osteoporotic values, with 4.4-fold
higher vertebral fractures occurrence than in controls. Then, in obese subjects, DXA may
not represent an accurate instrument to adequately estimate the fracture risk [158,159],
especially when DXA-based BMD assessment is performed only at the lumbar and femoral
sites. In this case, the BMD evaluation at the level of non-dominant forearm can be more
useful than the previously mentioned skeletal sites [160].

6.1.2. BTMs Measurements

Similar recommendations have to be done also regarding the clinical use of BTMs,
such as ALP, carboxy-terminal collagen crosslinks (CTX), and procollagen type I N propep-
tide (PINP). All these BTMs have important analytical and preanalytical variability, with dif-
ferences depending on the specific BTM considered, the assay used, and the technician’s
expertise [157]. A clinical study on postmenopausal osteoporotic women, randomized to

www.iofbonehealth.org
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alendronate, ibandronate or risedronate (all amino bisphosphonates), plus calcium and
vitamin D supplementation for 2 years, revealed the existence of an LSC of 56% for CTX
and 38% for PINP, respectively [161]. Recently, the International Osteoporosis Foundation
(IOF) and the European Calcified Tissue Society (ECTS) working group published recom-
mendations specifically limited to the use of BTMs in the screening of the adherence to
oral therapy with bisphosphonates, indicating a period of at least three months between
basal, before starting oral bisphosphonate therapy, and follow-up monitoring of CTX
and/or PINP [162]. Therefore, currently, all these recommendations for an appropriate
time interval to elapse between DXA and BTMs measurements must also be followed
in clinical protocols searching for correlations between KD/VLCKD regimens and bone
health. Finally, in pediatric populations undergoing KDs, MADs, the lack of age- and sex-,
diagnosis-, height-, BMI-, bone age- and puberty-matched the control group represents a
strong limitation.

6.2. Other Suggestions

Specific food intake questionnaire, for example concerning the calcium/phosphate
daily intake, the daily sun exposure should be always included at the basal and during
follow-up visits in these studies, together with phospho-calcium metabolism investiga-
tions (at least 25-hydroxyvitamin D (25OHD), serum calcium, serum phosphate, BTMs,
citraturia, calciuria and phosphaturia in 24 h urine collection), and sex hormonal status
(post pubertal age). A stratification for the level of mobility by appropriate functional
classification system should be included in the study design and all the environmental
and pathological factors, concomitant therapies, in addition to other factors negatively
impacting/influencing the bone health, which should be carefully considered and excluded
and/or statistically evaluated to give weight-adjusted results. Table 6 provides, as a gen-
eral example, suggestions on clinical, biochemical, and instrumental tests to predict bone
health-related endpoints in various KDs regimen lasting 24-months protocol. Clinical trials
of less than 12 months duration are not really appropriate to evaluate skeletal endpoints
by a statistical point of view. All the other types of tests to be potentially studied for this
purpose are not considered here, but each researcher will establish them on the basis of the
other non-skeletal endpoints and the type of population under study.

Table 6. General example of a lasting 24-months study protocol to evaluate bone health-related endpoints.

Clinical Parameters Biochemical Parameters Instrumental Parameters

Baseline
Familial clinical history, physiological and
pathological personal history (especially regarding
clinical fracture risk factors); calcium/phosphate
daily intake questionnaire; sun exposure
questionnaire; drug history; presence/absence and
type of physical activity; smoke and alcohol habitus.
Tanner stage or bone age results should be applied
in the pediatric age.
Baseline, 6, 12, 18, and 24 mos.
Height
Weight
BMI
Waist circumference
Clinical evaluation

Baseline, 6 mo., 12 mo., 18 mo., and 24 mo.
Serum: 25OHD, PTH, calcium, phosphate, BTMs *◦ ,
total proteins, fractioned proteins, insulin, glucose,
creatinine. Standard urine test and 24 hrs. urinary
collection for: calcium, phosphate, and citrates
To assess and confirm a stable ketosis state: early
morning blood β–OHbutyrate and post-dinner
urine acetoacetate.
Alternatively, urinary stick tests for ketone bodies.
* also, serum OPG, sclerostin, and IL-6 could be
considered in the biochemical assessment.
◦ Follow-up BTMs testing should be done when its
expected change equals or exceeds the least
significant change (LSC) [157].

Baseline, 12 mo., 24 mo.
DXA for LS, FN/Total hip, Nondominant
BMC/BMD (when the population includes females
prior to menopause and males younger than age 50
use Z-score; this is particularly important in children
whose adjustments have to be made for growth, and
interpretation) [163]. Follow-up BMD testing should
be done when its expected change equals or exceeds
the least significant change (LSC) [156]. One year
after initiation or change of therapy is appropriate,
with longer intervals once therapeutic effect is
established [163]
DXA Fracture Risk Assessment when subjects at
high fracture risk are included [163]
Baseline, 6, 12, 18, and 24 mos.
Bio-impedancemetry

7. Inflammation, Diet, and Bone Health

Inflammation may be closely related to bone metabolism, in particular to the remod-
eling phase, and consequently, to the pathophysiology of postmenopausal osteoporosis.
In fact, interleukin (IL) molecules, IL-1, IL-6, and tumor necrosis factor-alpha (TNF-α),
all known pro-inflammatory cytokines, may regulate bone resorption [164,165]. Estro-
gens attenuate oxidative stress and the differentiation and the apoptosis of OBLs [166]
and the postmenopausal estrogen deficiency correlates with increased monocytic produc-
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tion of IL-1. Increased circulating TNF-α levels are found in women affected by severe
(or that presence of fragility fracture) osteoporosis [167]. Inflammatory process also pro-
duces free radicals, metabolites of arachidonic acid that, together with other cytokines,
and chemokines, contribute to the further production of free radicals, such as ROS [168],
which are known to be involved in the apoptosis of OBL and in OCLgenesis, and there-
fore, bone resorption [166]. In mice, the oxidative stress demonstrated to antagonize the
Wnt pathway, necessary for a corrected OBLgenesis from precursors [166], and the age-
related oxidative stresses may be fundamental in the decline of human bone mass and
strength [169]. Interestingly, dietary factors may modify the inflammation, and associa-
tions between dietary inflammatory index (DII)® and inflammatory markers have been
investigated [170]. CHO, saturated fatty acids, proteins, and other micronutrients represent
pro-inflammatory dietary factors that should be adequately counterbalanced by contents
of anti-inflammatory micronutrients, such as low unsaturated fatty acids, flavonoids,
vitamin A, vitamin C, vitamin D, vitamin E, and selenium. Some studies suggested a
significant association between DII® and bone health as reported in an Iranian women
population where higher DII® scores more likely had below-median BMD values at lumbar
spine [171]. In the Women’s Health Initiative data longitudinal study, women with the
least inflammatory dietary patterns exhibited greater lower-hip BMD loss [172]. While an
increase in osteoporosis risk has been described in postmenopausal women with an in-
crease in DII® [173], a contemporary cross-sectional analysis of DII® and BMD in young
adult subjects failed to find such correlation [174]. Therefore, further clinical, observa-
tional, and basic research studies, possibly not limited only to postmenopausal women,
have to be developed to better define the relationship between diet micronutrients mixture
components, DII® and bone health, and to describe what kind of relationship it is.

8. Future Perspectives on KDs, Microbiota, microRNAs, Bone Marrow Lipids
Composition, and Bone Health

Studies on the possible interactions between KD regimens, gut microbiota, microR-
NAs (miRNAs), and bone health may offer new opportunities to better understand the
therapeutic potentials of these dietary therapies on distinct cells, organs, or at the systemic
level. In the last ten years, a large body of evidence revealed the importance of the human
gut microbiota on human health, being involved in several and different pathophysiolog-
ical functions [174,175]. Unfortunately, the high variability of microbiome composition
among people, makes it currently difficult to identify the various microbiota changes in
relation to a specific dietary pattern including KDs [176].

8.1. Microbiota, Short-Chain Fatty Acids, Butyrate, and Bone Health

The gut microbiome has been proposed as a key regulator of bone health, potentially
influencing both the postnatal skeletal development and the skeletal involution. Abnor-
mal changing in microbiota composition and host responses to the microbiota has been
recently suggested to sustain pathological bone loss. Prebiotics and probiotics nutritional
supplements can determine changes in microbiota composition enabling the prevention,
or the reversion, of bone loss by the production of metabolites, such as short-chain fatty
acids (SCFAs), by the gut microbiota [175]. Animal studies strongly suggested that SCFAs
might blunt osteoclastogenesis and bone resorption, stimulating bone formation. In par-
ticular, the probiotic Lactobacillus rhamnosus GG (LGG) was demonstrated to increase
bone mass in mice through the butyrate production, precursor of β-hydroxybutyrate,
and LGG or butyrate contribute to expand the pool of Treg cells, both in the gut and the
bone marrow. These cells enable the upregulation of the osteogenic Wnt ligand Wnt10b
expression by CD8+ T-cells and Wnt10b may stimulate bone formation by activating Wnt
signaling in OBLs, supporting the hypothesis that the bone anabolic activity of SCFAs
depends on Tregs and CD8+ T-cells [176], even if the antiresorptive activity of SCFAs could
be T cell–independent [177,178]. The lowering of butyrate levels by microbiota depletion
alters the requirement for PTH in stimulating bone formation and bone mass increase,
and the reestablishment of physiologic levels of butyrate also restored the PTH-induced
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anabolism. Thus, the gut luminal microbiota-derived butyrate may play an important role
to positively stimulate the regulatory pathways underlying the anabolic action of PTH in
bone [179]. In mice models of primary and secondary hyperparathyroidism, the presence
of segmented filamentous bacteria (SFB) in the gut microbiota enables the PTH-dependent
expansion of intestinal TNF positive (TNF+) T- and Th17-cells, increasing their egres-
sion, by sphingosine-1-phosphate (S1P)-receptor-1 mediated mechanism, from the gut
and their recruitment to the bone marrow, determining bone loss [180]. Finally, a plasma
high-resolution metabolomics approached cross-sectional study on 179 adult animals, sug-
gest that either pro-inflammatory fatty acids or gut microbiome may be regarded as novel
regulators of postnatal bone remodeling [181]. All these interesting studies need also need
the application on humans.

8.2. KDs, miRNAs, and Bone Health

Circulating microRNAs (miRNAs) may represent “new” potential biomarkers for the
early diagnosis of bone metabolism impairment [182]. Their diagnostic potential emerged
in several human oncological, dysmetabolic, and cardiovascular pathologies [183–190],
and also in bone metabolism diseases, such as primary, secondary, and idiopathic osteo-
porosis, suggesting a possible correlation between the molecular signature of circulating
miRNAs and osteoporosis. Recent studies also investigated their potential role as biomark-
ers for osteoporosis diagnosis and osteoporotic fracture prediction [191–198]. A case-control
study on 448 individuals, subdivided in normal, osteopenic, and osteoporotic cohorts, sug-
gested that a panel of specific circulating miRNAs may represent a potential biomarker for
osteoporosis, also enhancing the osteoporosis detection rate as a method complementary
to DXA [199]. KD has been reported to regulate the microRNA expression profile in obese
subjects [200–204], and study identified a panel of 11 miRNAs normalized by KD regimen
when compared to the lean counterpart, being also able to counteract inflammatory and
oxidative stress, regulating the ROS-producing molecular network [205]. In a study of 36
obese subjects, equally distributed in both sexes, undergoing six weeks of biphasic KD,
some miRNAs have been identified as potentially useful to monitor low CHO nutritional
regimens. At the same time, specific miRNAs panels, with a cell- and/or tissue-specificity
and/or in a health status-dependent manner, could be identified as opening the possibility
to use them as biomolecular/biochemical tools, indirectly reflecting the regulatory bio-
chemical mechanisms underlying cell signaling pathways. These preliminary results are
encouraging and may also represent a fertile ground for new pathophysiological knowl-
edge of bone metabolism for both diagnostic and therapeutic purposes, although neither
basic nor clinical studies have not yet been published, so far.

8.3. Bone Marrow Lipids Composition and Bone Health

The bone marrow lipid composition does not strictly depend only on lipids dietary
intakes and may act in bone homeostasis as a key regulator. Palmitic and stearic saturated
fatty acids may result in being lipotoxic to bone [206,207] and impair the OBL physiol-
ogy [208,209], whereas palmitoleic, oleic, and linoleic unsaturated fatty acids seem to
promote OBL differentiation, survival, and mineralization activity [206,209,210], while in-
hibiting OCL both differentiation and function [211,212]. Considering the association
with bone fragility [213,214], it has been suggested that bone marrow saturated index,
the proportion of saturated fatty acids to total fatty acids, to be a potential biomarker for
osteoporosis [215]. By a lipidomic approach in a pediatric population affected by vary-
ing degrees of bone fragility, the investigation of bone marrow lipidic composition was
revealed to be a test that may amplify the clinical armamentarium of measures powering
both research and clinical studies [216–219]. Thus, an appropriate dietary intake of lipids
has to be maintained for not only cardiovascular health, but probably also for skeletal
integrity even if further appropriate in vitro and clinical studies in humans are needed.
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9. Conclusions

In summary, at present there are no human clinical studies with adequate powerful
experimental design to definitively determine if subjects under KD therapies can derive
positive/negative effects on bone health. Apart from the subjects with AED epilepsy,
either GLUT1 mutant or not, most of the patients undergone KDs are exposed to these regi-
mens for periods of time probably not long enough to create qualitative/quantitative bone
damages or to be currently clinically and/or biochemically perceived. Clinicians should
also be aware of the potential skeletal side effects during KD treatment, and consequently,
monitor bone health status. Longer term follow-up is required to determine peak bone
mass, bone mass maintenance and fracture risk throughout life, consequently adequate
and appropriate monitoring of BMD and BTMs has to be considered crucial, as well as
the monitoring of occurrence of kidney stones and hypercalciuria. Multidisciplinary task-
forces, including the bone specialist, are needed in order to adequately design and power
clinical studies that are able to evaluate the potential effects on the bone health of various
KD schemes.
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129. Yaşar, E.; Adigüzel, E.; Arslan, M.; Matthews, D.J. Basics of bone metabolism and osteoporosis in common pediatric neuromuscular
disabilities. Eur. J. Paediatr. Neurol. 2018, 22, 17–26. [CrossRef]

130. Ko, A.; Kong, J.; Samadov, F.; Mukhamedov, A.; Kim, Y.M.; Lee, Y.-J.; Nam, S.O. Bone health in pediatric patients with neurological
disorders. Ann. Pediatr. Endocrinol. Metab. 2020, 25, 15–23. [CrossRef]

131. Hahn, T.J.; Halstead, L.R.; DeVivo, D.C. Disordered mineral metabolism produced by ketogenic diet therapy. Calcif. Tissue Int.
1979, 28, 17–22. [CrossRef]

132. Scheller, E.L.; Khoury, B.; Moller, K.L.; Wee, N.K.Y.; Khandaker, S.; Kozloff, K.M.; Abrishami, S.H.; Zamarron, B.F.; Singer, K.
Changes in Skeletal Integrity and Marrow Adiposity during High-Fat Diet and after Weight Loss. Front. Endocrinol. 2016, 7, 102.
[CrossRef]

133. Scott, M.C.; Fuller, S.E.; Watt, J.D.; Osborn, M.L.; Johannsen, N.M.; Irving, B.A.; Noland, R.C. Cortical and Trabecular Bone
Morphology in Response to Exercise and a Ketogenic Diet. Med. Sci. Sports Exerc. 2019, 51, 755–756. [CrossRef]

134. Sheth, R.D.; Wesolowski, C.A.; Jacob, J.; Penney, S.; Hobbs, G.R.; Riggs, J.E.; Bodensteiner, J.B. Effect of carbamazepine and
valproate on bone mineral density. J. Pediatr. 1995, 127, 256–262. [CrossRef]

135. Petty, S.; Paton, L.M.; O’Brien, T.J.; Makovey, J.; Erbas, B.; Sambrook, P.; Berkovic, S.F.; Wark, J.D. Effect of antiepileptic medication
on bone mineral measures. Neurology 2005, 65, 1358–1365. [CrossRef] [PubMed]

136. Babayigit, A.; Dirik, E.; Bober, E.; Cakmakcı, H. Adverse Effects of Antiepileptic Drugs on Bone Mineral Density. Pediatr. Neurol.
2006, 35, 177–181. [CrossRef]

137. Sheth, R.D.; Montouris, G. Chapter 19 Metabolic Effects of AEDs. Int. Rev. Neurobiol. 2008, 83, 329–346. [CrossRef] [PubMed]
138. Fuleihan, G.E.-H.; Dib, L.; Yamout, B.; Sawaya, R.; Mikati, M.A. Predictors of bone density in ambulatory patients on antiepileptic

drugs. Bone 2008, 43, 149–155. [CrossRef]
139. Keene, D.L. A Systematic Review of the Use of the Ketogenic Diet in Childhood Epilepsy. Pediatr. Neurol. 2006, 35, 1–5. [CrossRef]
140. Hartman, A.L.; Stafstrom, C.E. Harnessing the power of metabolism for seizure prevention: Focus on dietary treatments.

Epilepsy Behav. 2013, 26, 266–272. [CrossRef]
141. Neal, E.G.; Chaffe, H.M.; Edwards, N.; Lawson, M.S.; Schwartz, R.H.; Cross, J.H. Growth of Children on Classical and Medium-

Chain Triglyceride Ketogenic Diets. Pediatrics 2008, 122, e334–e340. [CrossRef]
142. Sampath, A.; Kossoff, E.H.; Furth, S.L.; Pyzik, P.L.; Vining, E.P.G. Kidney Stones and the Ketogenic Diet: Risk Factors and

Prevention. J. Child Neurol. 2007, 22, 375–378. [CrossRef]
143. Carter, J.D.; Vasey, F.B.; Valeriano, J. The effect of a low-carbohydrate diet on bone turnover. Osteoporos. Int. 2006, 17, 1398–1403.

[CrossRef]
144. Bertoli, S.; Trentani, C.; Ferraris, C.; De Giorgis, V.; Veggiotti, P.; Tagliabue, A. Long-term effects of a ketogenic diet on body

composition and bone mineralization in GLUT-1 deficiency syndrome: A case series. Nutrients 2014, 30, 726–728. [CrossRef]
[PubMed]

145. Cervenka, M.C.; Henry, B.J.; Felton, E.A.; Patton, K.; Kossoff, E.H. Establishing an Adult Epilepsy Diet Center: Experience,
efficacy and challenges. Epilepsy Behav. 2016, 58, 61–68. [CrossRef]

146. Husari, K.S.; Cervenka, M.C. The ketogenic diet all grown up—Ketogenic diet therapies for adults. Epilepsy Res. 2020, 162, 106319.
[CrossRef] [PubMed]

147. Scott, J.P.R.; Sale, C.; Greeves, J.P.; Casey, A.; Dutton, J.; Fraser, W.D. Effect of fasting versus feeding on the bone metabolic
response to running. Bone 2012, 51, 990–999. [CrossRef] [PubMed]

148. Sale, C.; Varley, I.; Jones, T.W.; James, R.M.; Tang, J.C.Y.; Fraser, W.D.; Greeves, J.P. Effect of carbohydrate feeding on the bone
metabolic response to running. J. Appl. Physiol. 2015, 119, 824–830. [CrossRef]

149. Townsend, R.; Elliott-Sale, K.J.; Currell, K.; Tang, J.; Fraser, W.D.; Sale, C. The effect of post exercise carbohydrate and protein
ingestion on bone metabolism. Med. Sci. Sports Exerc. 2017, 49, 1209–1218. [CrossRef] [PubMed]

150. Hammond, K.M.; Sale, C.; Fraser, W.; Tang, J.; Shepherd, S.O.; Strauss, J.A.; Close, G.L.; Cocks, M.; Louis, J.; Pugh, J.N.; et al.
Post-exercise carbohydrate and energy availability induce independent effects on skeletal muscle cell signalling and bone
turnover: Implications for training adaptation. J. Physiol. 2019, 597, 4779–4796. [CrossRef]

151. McKay, A.K.A.; Peeling, P.; Pyne, D.B.; Welvaert, M.; Tee, N.; Leckey, J.J.; Sharma, A.P.; Ross, M.L.R.; Garvican-Lewis, L.A.;
Swinkels, D.W.; et al. Chronic Adherence to a Ketogenic Diet Modifies Iron Metabolism in Elite Athletes. Med. Sci. Sports Exerc.
2019, 51, 548–555. [CrossRef]

http://doi.org/10.1177/0883073812441062
http://doi.org/10.1016/j.ejpn.2019.04.001
http://doi.org/10.1055/s-0039-1693059
http://doi.org/10.1002/jbmr.2709
http://doi.org/10.1080/23808993.2018.1482211
http://doi.org/10.1016/j.ejpn.2017.08.001
http://doi.org/10.6065/apem.2020.25.1.15
http://doi.org/10.1007/BF02441213
http://doi.org/10.3389/fendo.2016.00102
http://doi.org/10.1249/01.mss.0000562752.04493.10
http://doi.org/10.1016/S0022-3476(95)70304-7
http://doi.org/10.1212/01.wnl.0000180910.72487.18
http://www.ncbi.nlm.nih.gov/pubmed/16275821
http://doi.org/10.1016/j.pediatrneurol.2006.03.004
http://doi.org/10.1016/s0074-7742(08)00019-6
http://www.ncbi.nlm.nih.gov/pubmed/18929091
http://doi.org/10.1016/j.bone.2008.03.002
http://doi.org/10.1016/j.pediatrneurol.2006.01.005
http://doi.org/10.1016/j.yebeh.2012.09.019
http://doi.org/10.1542/peds.2007-2410
http://doi.org/10.1177/0883073807301926
http://doi.org/10.1007/s00198-006-0134-x
http://doi.org/10.1016/j.nut.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24800673
http://doi.org/10.1016/j.yebeh.2016.02.038
http://doi.org/10.1016/j.eplepsyres.2020.106319
http://www.ncbi.nlm.nih.gov/pubmed/32199222
http://doi.org/10.1016/j.bone.2012.08.128
http://www.ncbi.nlm.nih.gov/pubmed/22960044
http://doi.org/10.1152/japplphysiol.00241.2015
http://doi.org/10.1249/MSS.0000000000001211
http://www.ncbi.nlm.nih.gov/pubmed/28121797
http://doi.org/10.1113/JP278209
http://doi.org/10.1249/MSS.0000000000001816


Int. J. Mol. Sci. 2021, 22, 435 31 of 33

152. Heikura, I.A.; Bowen, D.J.; Hawley, J.A.; Ross, M.L.; Garvican-Lewis, L.; Sharma, A.P.; McKay, A.K.A.; Leckey, J.J.; Welvaert, M.;
McCall, L.; et al. A Short-Term Ketogenic Diet Impairs Markers of Bone Health in Response to Exercise. Front. Endocrinol. 2020,
10, 880. [CrossRef]

153. Fenton, T.R.; Lyon, A.W.; Eliasziw, M.; Tough, S.C.; Hanley, D.A. Meta-Analysis of the Effect of the Acid-Ash Hypothesis of
Osteoporosis on Calcium Balance. J. Bone Miner. Res. 2009, 24, 1835–1840. [CrossRef]

154. Barzel, U.S.; Massey, L.K. Excess Dietary Protein Can Adversely Affect Bone. J. Nutr. 1998, 128, 1051–1053. [CrossRef]
155. Palermo, A.; Naciu, A.M.; Tabacco, G.; Manfrini, S.; Trimboli, P.; Vescini, F.; Falchetti, A.; Falchetti, A. Calcium citrate: From bio-

chemistry and physiology to clinical applications. Rev. Endocr. Metab. Disord. 2019, 20, 353–364. [CrossRef]
156. Heaney, R.P. Bone mineral content, not bone mineral density, is the correct bone measure for growth studies. Am. J. Clin. Nutr.

2003, 78, 350–351. [CrossRef]
157. Schafer, A.; Vittinghoff, E.; Ramachandran, R.; Mahmoudi, N.; Bauer, D.C. Laboratory reproducibility of biochemical markers of

bone turnover in clinical practice. Osteoporos. Int. 2009, 21, 439–445. [CrossRef]
158. Prentice, A.; Parsons, T.J.; Cole, T.J. Uncritical use of bone mineral density in absorptiometry may lead to size-related artifacts in

the identification of bone mineral determinants. Am. J. Clin. Nutr. 1994, 60, 837–842. [CrossRef]
159. Ruosi, C.; Liccardo, S.; Rossi, D.; Colella, G.; Di Somma, C.; Colao, A. Importance of spinal deformity index in risk evaluation of

VCF (vertebral compression fractures) in obese subjects: Prospective study. Eur. Spine J. 2013, 22, 945–949. [CrossRef]
160. Eller-Vainicher, C.; Falchetti, A.; Gennari, L.; Cairoli, E.; Bertoldo, F.; Vescini, F.; Scillitani, A.; Chiodini, I. DIAGNOSIS OF

ENDOCRINE DISEASE: Evaluation of bone fragility in endocrine disorders. Eur. J. Endocrinol. 2019, 180, R213–R232. [CrossRef]
161. Naylor, K.; Jacques, R.M.; Paggiosi, M.; Gossiel, F.; Peel, N.F.A.; McCloskey, E.V.; Walsh, J.S.; Eastell, R. Response of bone turnover

markers to three oral bisphosphonate therapies in postmenopausal osteoporosis: The TRIO study. Osteoporos. Int. 2016, 27, 21–31.
[CrossRef]

162. Diez-Perez, A.; Adherence Working Group of the International Osteoporosis Foundation and the European Calcified Tissue
Society; Naylor, K.E.; Abrahamsen, B.; Agnusdei, D.; Brandi, M.L.; Cooper, C.; Dennison, E.; Eriksen, E.F.; Gold, D.T.; et al.
International Osteoporosis Foundation and European Calcified Tissue Society Working Group. Recommendations for the
screening of adherence to oral bisphosphonates. Osteoporos. Int. 2017, 28, 767–774. [CrossRef]

163. Shepherd, J.A.; Schousboe, J.T.; Broy, S.B.; Engelke, K.; Leslie, W.D. Executive Summary of the 2015 ISCD Position Development
Conference on Advanced Measures from DXA and QCT: Fracture Prediction Beyond BMD. J. Clin. Densitom. 2015, 18, 274–286.
[CrossRef]

164. Schett, G. Effects of inflammatory and anti-inflammatory cytokines on the bone. Eur. J. Clin. Investig. 2011, 41, 1361–1366.
[CrossRef]

165. Loi, F.; Córdova, L.A.; Pajarinen, J.; Lin, T.-H.; Yao, Z.; Goodman, S.B. Inflammation, fracture and bone repair. Bone 2016, 86,
119–130. [CrossRef]

166. Almeida, M.; Martin-Millan, M.; Ambrogini, E.; Bradsher, R.; Han, L.; Chen, X.-D.; Roberson, P.K.; Weinstein, R.S.; O’Brien,
C.A.; Jilka, R.L.; et al. Estrogens Attenuate Oxidative Stress and the Differentiation and Apoptosis of Osteoblasts by DNA
Binding-Independent Actions of the ERα. J. Bone Miner. Res. 2009, 25, 769–781. [CrossRef]

167. Pfeilschifter, J.; Köditz, R.; Pfohl, M.; Schatz, H. Changes in Proinflammatory Cytokine Activity after Menopause. Endocr. Rev.
2002, 23, 90–119. [CrossRef]

168. Federico, A.; Morgillo, F.; Tuccillo, C.; Ciardiello, F.; Loguercio, C. Chronic inflammation and oxidative stress in human
carcinogenesis. Int. J. Cancer 2007, 121, 2381–2386. [CrossRef]

169. Manolagas, S.C.; Parfitt, A.M. What old means to bone. Trends Endocrinol. Metab. 2010, 21, 369–374. [CrossRef]
170. Shivappa, N.; E Steck, S.; Hurley, T.G.; Hussey, J.R.; Hébert, J.R. Designing and developing a literature-derived, population-based

dietary inflammatory index. Public Health Nutr. 2014, 17, 1689–1696. [CrossRef]
171. Shivappa, N.; Hébert, J.R.; Karamati, M.; Shariati-Bafghi, S.-E.; Rashidkhani, B. Increased inflammatory potential of diet is

associated with bone mineral density among postmenopausal women in Iran. Eur. J. Nutr. 2015, 55, 561–568. [CrossRef]
172. Orchard, T.; Yildiz, V.; Steck, S.E.; Hébert, J.R.; Ma, Y.; Cauley, J.A.; Li, W.; Mossavar-Rahmani, Y.; Johnson, K.C.; Sattari, M.; et al.

Dietary Inflammatory Index, Bone Mineral Density, and Risk of Fracture in Postmenopausal Women: Results from the Women’s
Health Initiative. J. Bone Miner. Res. 2017, 32, 1136–1146. [CrossRef]

173. Kim, H.S.; Sohn, C.; Kwon, M.; Na, W.; Shivappa, N.; Hébert, J.R.; Kim, M.K. Positive Association between Dietary Inflammatory
Index and the Risk of Osteoporosis: Results from the KoGES_Health Examinee (HEXA) Cohort Study. Nutrients 2018, 10, 1999.
[CrossRef]

174. Correa-Rodríguez, M.; Ortego-Centeno, N.; González-Jiménez, E.; Correa-Bautista, J.E.; Ramírez-Vélez, R.; Schmidt-RioValle, J.
Dietary inflammatory index, bone health and body composition in a population of young adults: A cross-sectional study. Int. J.
Food Sci. Nutr. 2018, 69, 1013–1019. [CrossRef]

175. Thursby, E.; Juge, N. Introduction to the human gut microbiota. Biochem. J. 2017, 474, 1823–1836. [CrossRef]
176. Gill, S.R.; Pop, M.; DeBoy, R.T.; Eckburg, P.B.; Turnbaugh, P.J.; Samuel, B.S.; Gordon, J.I.; Relman, D.A.; Fraser-Liggett, C.M.;

Nelson, K.E. Metagenomic Analysis of the Human Distal Gut Microbiome. Science 2006, 312, 1355–1359. [CrossRef]
177. Backhed, F. Host-Bacterial Mutualism in the Human Intestine. Science 2005, 307, 1915–1920. [CrossRef]
178. Healey, G.; Murphy, R.; Brough, L.; A Butts, C.; Coad, J. Interindividual variability in gut microbiota and host response to dietary

interventions. Nutr. Rev. 2017, 75, 1059–1080. [CrossRef]

http://doi.org/10.3389/fendo.2019.00880
http://doi.org/10.1359/jbmr.090515
http://doi.org/10.1093/jn/128.6.1051
http://doi.org/10.1007/s11154-019-09520-0
http://doi.org/10.1093/ajcn/78.2.350
http://doi.org/10.1007/s00198-009-0974-2
http://doi.org/10.1093/ajcn/60.6.837
http://doi.org/10.1007/s00586-013-3009-9
http://doi.org/10.1530/EJE-18-0991
http://doi.org/10.1007/s00198-015-3145-7
http://doi.org/10.1007/s00198-017-3906-6
http://doi.org/10.1016/j.jocd.2015.06.013
http://doi.org/10.1111/j.1365-2362.2011.02545.x
http://doi.org/10.1016/j.bone.2016.02.020
http://doi.org/10.1359/jbmr.091017
http://doi.org/10.1210/edrv.23.1.0456
http://doi.org/10.1002/ijc.23192
http://doi.org/10.1016/j.tem.2010.01.010
http://doi.org/10.1017/S1368980013002115
http://doi.org/10.1007/s00394-015-0875-4
http://doi.org/10.1002/jbmr.3070
http://doi.org/10.3390/nu10121999
http://doi.org/10.1080/09637486.2018.1446915
http://doi.org/10.1042/BCJ20160510
http://doi.org/10.1126/science.1124234
http://doi.org/10.1126/science.1104816
http://doi.org/10.1093/nutrit/nux062


Int. J. Mol. Sci. 2021, 22, 435 32 of 33

179. Zaiss, M.M.; Jones, R.M.; Schett, G.; Pacifici, R. The gut-bone axis: How bacterial metabolites bridge the distance. J. Clin. Investig.
2019, 129, 3018–3028. [CrossRef]

180. Tyagi, A.M.; Yu, M.; Darby, T.M.; Vaccaro, C.; Li, J.-Y.; Owens, J.A.; Hsu, E.; Adams, J.; Weitzmann, M.N.; Jones, R.M.; et al.
The Microbial Metabolite Butyrate Stimulates Bone Formation via T Regulatory Cell-Mediated Regulation of WNT10B Expression.
Immunity 2018, 49, 1116–1131.e7. [CrossRef]

181. Lucas, S.; Omata, Y.; Hofmann, J.; Böttcher, M.; Iljazovic, A.; Sarter, K.; Albrecht, O.; Schulz, O.; Krishnacoumar, B.; Krönke, G.;
et al. Short-chain fatty acids regulate systemic bone mass and protect from pathological bone loss. Nat. Commun. 2018, 9, 1–10.
[CrossRef]

182. Malik, T.A.; Yu, M.; Pal, S.; Malik, T.A.; Dar, H.; Adams, J.; Weitzmann, M.N.; Jones, R.M.; Pacifici, R. Parathyroid hormone–
dependent bone formation requires butyrate production by intestinal microbiota. J. Clin. Investig. 2020, 130, 1767–1781. [CrossRef]

183. Yu, M.; Tyagi, A.M.; Li, J.-Y.; Adams, J.; Denning, T.L.; Weitzmann, M.N.; Jones, R.M.; Pacifici, R. PTH induces bone loss via
microbial-dependent expansion of intestinal TNF+ T cells and Th17 cells. Nat. Commun. 2020, 11, 1–17. [CrossRef]

184. Bellissimo, M.P.; Ziegler, T.R.; Jones, D.P.; Liu, K.H.; Fernandes, J.; Roberts, J.L.; Weitzmann, M.N.; Pacifici, R.; Alvarez, J.A.
Plasma high-resolution metabolomics identifies linoleic acid and linked metabolic pathways associated with bone mineral density.
Clin. Nutr. 2020, S0261-5614(20)30277-6. [CrossRef]

185. Etheridge, A.; Lee, I.; Hood, L.; Galas, D.; Wang, K. Extracellular microRNA: A new source of biomarkers. Mutat. Res. Mol. Mech.
Mutagen. 2011, 717, 85–90. [CrossRef]

186. Zhou, J.; Yu, L.; Gao, X.; Hu, J.; Wang, J.; Dai, Z.; Wang, J.-F.; Zhang, Z.; Lu, S.; Huang, X.; et al. Plasma MicroRNA Panel to
Diagnose Hepatitis B Virus–Related Hepatocellular Carcinoma. J. Clin. Oncol. 2011, 29, 4781–4788. [CrossRef]

187. Schultz, N.A.; Dehlendorff, C.; Jensen, B.V.; Bjerregaard, J.K.; Nielsen, K.R.; Bojesen, S.E.; Calatayud, D.; Nielsen, S.E.; Yilmaz, M.;
Holländer, N.H.; et al. MicroRNA Biomarkers in Whole Blood for Detection of Pancreatic Cancer. JAMA 2014, 311, 392–404.
[CrossRef]

188. Lin, X.-J.; Chong, Y.; Guo, Z.-W.; Xie, C.; Yang, X.-J.; Zhang, Q.; Li, S.-P.; Xiong, Y.; Yuan, Y.; Min, J.; et al. A serum microRNA
classifier for early detection of hepatocellular carcinoma: A multicentre, retrospective, longitudinal biomarker identification
study with a nested case-control study. Lancet Oncol. 2015, 16, 804–815. [CrossRef]

189. Liu, Y.; Gao, G.; Yang, C.; Zhou, K.; Shen, B.; Liang, H.; Jiang, X. The Role of Circulating MicroRNA-126 (miR-126): A Novel
Biomarker for Screening Prediabetes and Newly Diagnosed Type 2 Diabetes Mellitus. Int. J. Mol. Sci. 2014, 15, 10567–10577.
[CrossRef]

190. Willeit, P.; Skroblin, P.; Moschen, A.R.; Yin, X.; Kaudewitz, D.; Zampetaki, A.; Barwari, T.; Whitehead, M.; Ramírez, C.M.;
Goedeke, L.; et al. Circulating MicroRNA-122 Is Associated with the Risk of New-Onset Metabolic Syndrome and Type 2 Diabetes.
Diabetes 2017, 66, 347–357. [CrossRef]

191. Shi, Q.; Yang, X. Circulating MicroRNA and Long Noncoding RNA as Biomarkers of Cardiovascular Diseases. J. Cell. Physiol.
2015, 231, 751–755. [CrossRef]

192. Kessler, T.; Erdmann, J.; Vilne, B.; Bruse, P.; Kurowski, V.; Diemert, P.; Schunkert, H.; Sager, H.B. Serum microRNA-1233 is a
specific biomarker for diagnosing acute pulmonary embolism. J. Transl. Med. 2016, 14, 1–10. [CrossRef]

193. Gui, J.; Tian, Y.; Wen, X.; Zhang, W.; Zhang, P.; Gao, J.; Run, W.; Tian, L.; Jia, X.; Gao, Y. Serum microRNA characterization
identifies miR-885-5p as a potential marker for detecting liver pathologies. Clin. Sci. 2010, 120, 183–193. [CrossRef]

194. Seeliger, C.; Karpinski, K.; Haug, A.T.; Vester, H.; Schmitt, A.; Bauer, J.S.; Van Griensven, M. Five Freely Circulating miRNAs and
Bone Tissue miRNAs Are Associated With Osteoporotic Fractures. J. Bone Miner. Res. 2014, 29, 1718–1728. [CrossRef]

195. Panach, L.; Mifsut, D.; Tarín, J.; Cano, A.; Garciaperez, M.A. Serum Circulating MicroRNAs as Biomarkers of Osteoporotic
Fracture. Calcif. Tissue Int. 2015, 97, 495–505. [CrossRef]

196. Hackl, M.; Heilmeier, U.; Weilner, S.; Grillari, J. Circulating microRNAs as novel biomarkers for bone diseases—Complex
signatures for multifactorial diseases? Mol. Cell. Endocrinol. 2016, 432, 83–95. [CrossRef]

197. Kocijan, R.; Muschitz, C.; Geiger, E.; Skalicky, S.; Baierl, A.; Dormann, R.; Plachel, F.; Feichtinger, X.; Heimel, P.; Fahrleitner-
Pammer, A.; et al. Circulating microRNA Signatures in Patients with Idiopathic and Postmenopausal Osteoporosis and Fragility
Fractures. J. Clin. Endocrinol. Metab. 2016, 101, 4125–4134. [CrossRef]

198. Mandourah, A.Y.; Ranganath, L.; Barraclough, R.; Vinjamuri, S.; Hof, R.V.; Hamill, S.; Czanner, G.; Dera, A.A.; Wang, D.;
Barraclough, D.L. Circulating microRNAs as potential diagnostic biomarkers for osteoporosis. Sci. Rep. 2018, 8, 1–10. [CrossRef]

199. Ramírez-Salazar, E.G.; Carrillo-Patiño, S.; Hidalgo-Bravo, A.; Rivera-Paredez, B.; Quiterio, M.; Ramírez-Palacios, P.; Patiño, N.;
Valdés-Flores, M.; Salmerón, J.; Velázquez-Cruz, R. Serum miRNAs miR-140-3p and miR-23b-3p as potential biomarkers for
osteoporosis and osteoporotic fracture in postmenopausal Mexican-Mestizo women. Gene 2018, 679, 19–27. [CrossRef]

200. Ladang, A.; Beaudart, C.; Locquet, M.; Reginster, J.-Y.; Bruyère, O.; Cavalier, E. Evaluation of a Panel of MicroRNAs that Predicts
Fragility Fracture Risk: A Pilot Study. Calcif. Tissue Int. 2019, 106, 239–247. [CrossRef]

201. Zarecki, P.; Hackl, M.; Grillari, J.; Debono, M.; Eastell, R. Serum microRNAs as novel biomarkers for osteoporotic vertebral
fractures. Bone 2019, 130, 115105. [CrossRef]

202. Shuai, Y.; Liao, L.; Su, X.; Sha, N.; Li, X.; Wu, Y.; Jing, H.; Kuang, H.; Deng, Z.; Li, Y.; et al. Circulating microRNAs in serum as
novel biomarkers for osteoporosis: A case-control study. Ther. Adv. Musculoskelet. Dis. 2020, 12. [CrossRef]

203. Canning, K.L.; Brown, R.E.; Wharton, S.; Sharma, A.M.; Kuk, J.L. Edmonton Obesity Staging System Prevalence and Association
with Weight Loss in a Publicly Funded Referral-Based Obesity Clinic. J. Obes. 2015, 2015, 1–7. [CrossRef]

http://doi.org/10.1172/JCI128521
http://doi.org/10.1016/j.immuni.2018.10.013
http://doi.org/10.1038/s41467-017-02490-4
http://doi.org/10.1172/jci133473
http://doi.org/10.1038/s41467-019-14148-4
http://doi.org/10.1016/j.clnu.2020.05.041
http://doi.org/10.1016/j.mrfmmm.2011.03.004
http://doi.org/10.1200/JCO.2011.38.2697
http://doi.org/10.1001/jama.2013.284664
http://doi.org/10.1016/S1470-2045(15)00048-0
http://doi.org/10.3390/ijms150610567
http://doi.org/10.2337/db16-0731
http://doi.org/10.1002/jcp.25174
http://doi.org/10.1186/s12967-016-0886-9
http://doi.org/10.1042/CS20100297
http://doi.org/10.1002/jbmr.2175
http://doi.org/10.1007/s00223-015-0036-z
http://doi.org/10.1016/j.mce.2015.10.015
http://doi.org/10.1210/jc.2016-2365
http://doi.org/10.1038/s41598-018-26525-y
http://doi.org/10.1016/j.gene.2018.08.074
http://doi.org/10.1007/s00223-019-00628-8
http://doi.org/10.1016/j.bone.2019.115105
http://doi.org/10.1177/1759720X20953331
http://doi.org/10.1155/2015/619734


Int. J. Mol. Sci. 2021, 22, 435 33 of 33

204. Cannataro, R.; Perri, M.; Gallelli, L.; Caroleo, M.C.; De Sarro, G.; Cione, E. Ketogenic Diet Acts on Body Remodeling and
MicroRNAs Expression Profile. MicroRNA 2019, 8, 116–126. [CrossRef]

205. Tan, B.L.; Norhaizan, M.E.; Liew, W.-P.-P. Nutrients and Oxidative Stress: Friend or Foe? Oxidative Med. Cell. Longev. 2018, 2018,
1–24. [CrossRef]

206. Malivindi, R.; Rago, V.; De Rose, D.; Gervasi, M.C.; Cione, E.; Russo, G.; Santoro, M.; Aquila, S. Influence of all- trans retinoic acid
on sperm metabolism and oxidative stress: Its involvement in the physiopathology of varicocele-associated male infertility. J. Cell.
Physiol. 2018, 233, 9526–9537. [CrossRef]

207. Perri, M.; Pingitore, A.; Cione, E.; Vilardi, E.; Perrone, V.; Genchi, G. Proliferative and anti-proliferative effects of retinoic acid
at doses similar to endogenous levels in Leydig MLTC-1/R2C/TM-3 cells. Biochim. Biophys. Acta (BBA) Gen. Subj. 2010, 1800,
993–1001. [CrossRef]

208. Cione, E.; Pingitore, A.; Perri, M.; Genchi, G. Influence of all-trans-retinoic acid on oxoglutarate carrier via retinoylation reaction.
Biochim. Biophys. Acta (BBA) Mol. Cell Biol. Lipids 2009, 1791, 3–7. [CrossRef]

209. Alsahli, A.; Kiefhaber, K.; Gold, T.; Muluke, M.; Jiang, H.; Cremers, S.; Schulzespate, U. Palmitic Acid Reduces Circulating Bone
Formation Markers in Obese Animals and Impairs Osteoblast Activity via C16-Ceramide Accumulation. Calcif. Tissue Int. 2016,
98, 511–519. [CrossRef]

210. Gillet, C.; Spruyt, D.; Rigutto, S.; Valle, A.D.; Berlier, J.; Louis, C.; Debier, C.; Gaspard, N.; Malaisse, W.J.; Gangji, V.; et al.
Oleate Abrogates Palmitate-Induced Lipotoxicity and Proinflammatory Response in Human Bone Marrow-Derived Mesenchymal
Stem Cells and Osteoblastic Cells. Endocrinology 2015, 156, 4081–4093. [CrossRef]

211. Gunaratnam, K.; Vidal, C.; Gimble, J.M.; Duque, G. Mechanisms of Palmitate-Induced Lipotoxicity in Human Osteoblasts.
Endocrinology 2014, 155, 108–116. [CrossRef]

212. Elbaz, A.; Wu, X.; Rivas, D.; Gimble, J.M.; Duque, G. Inhibition of fatty acid biosynthesis prevents adipocyte lipotoxicity on
human osteoblasts in vitro. J. Cell. Mol. Med. 2009, 14, 982–991. [CrossRef]

213. Platt, I.D.; El-Sohemy, A. Regulation of osteoblast and adipocyte differentiation from human mesenchymal stem cells by
conjugated linoleic acid. J. Nutr. Biochem. 2009, 20, 956–964. [CrossRef]

214. Rahman, M.; Halade, G.V.; Williams, P.J.; Fernandes, G. t10c12-CLA maintains higher bone mineral density during aging by
modulating osteoclastogenesis and bone marrow adiposity. J. Cell. Physiol. 2010, 226, 2406–2414. [CrossRef] [PubMed]

215. Van Heerden, B.; Kasonga, A.; Kruger, M.C.; Kasonga, A. Palmitoleic Acid Inhibits RANKL-Induced Osteoclastogenesis and
Bone Resorption by Suppressing NF-κB and MAPK Signalling Pathways. Nutrients 2017, 9, 441. [CrossRef] [PubMed]

216. Yeung, D.K.W.; Griffith, J.F.; Antonio, G.E.; Lee, F.K.; Woo, J.; Leung, P.C. Osteoporosis is associated with increased marrow fat
content and decreased marrow fat unsaturation: A proton MR spectroscopy study. J. Magn. Reson. Imaging 2005, 22, 279–285.
[CrossRef] [PubMed]

217. Patsch, J.M.; Li, X.; Baum, T.; Yap, S.P.; Karampinos, D.C.; Schwartz, A.V.; Link, T.M. Bone marrow fat composition as a novel
imaging biomarker in postmenopausal women with prevalent fragility fractures. J. Bone Miner. Res. 2013, 28, 1721–1728.
[CrossRef] [PubMed]

218. Di Pietro, G.; Capuani, S.; Manenti, G.; Vinicola, V.; Fusco, A.; Baldi, J.; Scimeca, M.; E Hagberg, G.; Bozzali, M.; Simonetti, G.;
et al. Bone Marrow Lipid Profiles from Peripheral Skeleton as Potential Biomarkers for Osteoporosis: A 1H-MR Spectroscopy
Study. Acad. Radiol. 2016, 23, 273–283. [CrossRef] [PubMed]

219. Whitney, D.G.; Alford, A.I.; Devlin, M.J.; Li, Y.; Caird, M.S. Intersite reliability of vertebral bone marrow lipidomics-derived
lipid composition among children with varying degrees of bone fragility undergoing routine orthopedic surgery. Bone 2021, 143,
115633. [CrossRef] [PubMed]

http://doi.org/10.2174/2211536608666181126093903
http://doi.org/10.1155/2018/9719584
http://doi.org/10.1002/jcp.26872
http://doi.org/10.1016/j.bbagen.2010.06.006
http://doi.org/10.1016/j.bbalip.2008.09.004
http://doi.org/10.1007/s00223-015-0097-z
http://doi.org/10.1210/en.2015-1303
http://doi.org/10.1210/en.2013-1712
http://doi.org/10.1111/j.1582-4934.2009.00751.x
http://doi.org/10.1016/j.jnutbio.2008.08.008
http://doi.org/10.1002/jcp.22578
http://www.ncbi.nlm.nih.gov/pubmed/21660964
http://doi.org/10.3390/nu9050441
http://www.ncbi.nlm.nih.gov/pubmed/28452958
http://doi.org/10.1002/jmri.20367
http://www.ncbi.nlm.nih.gov/pubmed/16028245
http://doi.org/10.1002/jbmr.1950
http://www.ncbi.nlm.nih.gov/pubmed/23558967
http://doi.org/10.1016/j.acra.2015.11.009
http://www.ncbi.nlm.nih.gov/pubmed/26774740
http://doi.org/10.1016/j.bone.2020.115633
http://www.ncbi.nlm.nih.gov/pubmed/32927104

	Introduction 
	Ketogenic Diets 
	Forms of KDs 
	Are KBs the Only Main Source of Energy in Fast and/or Low Carbohydrate Periods? 

	Skeleton and Energy Metabolism: A Complex “Multiplayers Ping Pong Match Model” 
	Bone Remodeling Needs of Boosting Energy 
	Insulin, Osteocalcin, Osteoprotegerin, Receptor Activator of Nuclear Factor Kappa-B Ligand: A Complex, Interconnected, Network 

	The Role of Wingless-Type Mouse Mammary Virus Integration Site (Wnt) Pathway in Bone Pathophysiology and Energy Metabolism 
	Bone Cells-Specific Bioenergetic Program 
	“Fuel” Selection according to Bone Cells Differentiation Steps 
	Glutamine and Wnt-Dependent Bone Metabolism 
	Inhibiting the Inhibitor of the Wnt-Dependent Differentiation and Maturation of OBLs: Improvements of the Insulin Sensitivity in an Animal Model 

	Osteoanabolic Signals Stimulate Glycolysis 
	What Do We Know about the Role of IGF-1 in Bone Health? 
	Other Energetic Substrates in OBLs 

	How Could KDs and KBs Affect Bone Metabolism? 
	Animal Studies on KDs and Bone Metabolism 
	Clinical Studies on KDs and Human Bone Health 
	KDs, Growth Delay, and the Developing Skeleton 
	KDs and Calcium Metabolism 

	Duration of the KD Regimen and Study of Bone Health Parameters 
	VLCKD and Acid-Ash Proteins Diet 
	KDs and the Role of Mineral Supplements 

	Some Specific Key Points to Be Considered to Adequately Perform Clinical Study Having Bone Health as Primary Endpoint in Subjects Treated by KDs, VLCKD 
	The Importance of Least Significant Change Concept 
	DXA Measurements 
	BTMs Measurements 

	Other Suggestions 

	Inflammation, Diet, and Bone Health 
	Future Perspectives on KDs, Microbiota, microRNAs, Bone Marrow Lipids Composition, and Bone Health 
	Microbiota, Short-Chain Fatty Acids, Butyrate, and Bone Health 
	KDs, miRNAs, and Bone Health 
	Bone Marrow Lipids Composition and Bone Health 

	Conclusions 
	References

