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It is well consolidated that a common mesenchymal cell progenitor shared by bone, skeletal muscle, and
adipocytes cell progenitors exists. This makes the role of the skeleton in energy metabolism no longer surprising.
Moreover, it also suggests that bone fragility could also be seen as a consequence of a “poor” quality in nutrition.
Despite of the fact that ketogenic diet has been proven to be effective in epilepsy, long-term follow-up studies on
epileptic children undergoing ketogenic diet reported an increased incidence of bone fractures and decreased bone
mineral density too. However, the causes of such negative impacts on bone health have to be better defined. More
recently, shorter-terms, or repeated cyclically for more or less short periods, KDs are used also in patients affected
by T2DM, obesity, PCOS and so on. 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. Only
few clinical studies have been adequately designed to investigate bone health are scarce and bone health related
aspects, so far. A narrative review on this issue, together practical advice on designing and implementing clinical

studies on ketogenic nutritional regimens and bone health outcomes, is provided.

ketone bodies ketogenic diets energy metabolism 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, consequently 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
developed 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 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
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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 possible 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.

A ¢ Ghecon [
A
.\I'-:'J.“ Ead
-
£ o G -
I-rpirany-f mathyighulerp-Cad
5 L ...,
" Glucsssd-phosphats Y dspmpaad,
=t ey 8 Cc Aceinscelsly
- = -W
i L O Jdepil a ety il
_‘- T K e ol il
I s E '
ol i Fructess-S-phusphate
e 1 T
|- = G
PhoaphotreciohenEre
asw o k2 E
i
> w ¢ Dilgdrewyscebans ™ LT e Y
fofe ™0 phowpiats K " u e, Prw, Thv, Ty, T i e by e 'E.
T L r— -
o e WieiRen £ 2 e 5
=h L k.
tnm-u.s-x‘ o R rirnes. gty i ? e o I
brsphes phate HEED  genyegenase ) - 5
|3 bisphosgrogiyd e it
Giyceraidepde-J-phowphate

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; CO, = 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.

| 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-B-
hydroxybutyrate (3BOHB), the major KB in human metabolism, leads to an increase in the Gibbs free energy
(AGO), or the thermodynamic potential that is minimized when a system reaches chemical equilibrium at constant
pressure and temperaturell, 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,

https://encyclopedia.pub/entry/6831 2/10



Energy Metabolism and Ketogenic Diets | Encyclopedia.pub

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 fracturesl@. Bone fractures and decreased bone mineral density (BMD) are of concern for
children maintained on KD therapy (KDT) and chronic antiepileptic drugs (AED)ZEIEIBIE 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®I€!,

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 ratiolZ. 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 weightl&!.
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 syndromel&. 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,

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 (EFigure
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 3BOHB, acetone and acetoacetic acid (Figure 1) generated by the liver
from fatty acids® during periods of low food intake (fasting), carbohydrate restrictive diets, starvation, and
prolonged intense physical exercised. 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 3BOHB, preserve muscle protein by the occurrence of systemic inflammation, also participating to the
metabolic defense against insulin-induced hypoglycemiallll. Moreover, 3BOHD 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

https://encyclopedia.pub/entry/6831 3/10



Energy Metabolism and Ketogenic Diets | Encyclopedia.pub

oxidative stress resistance factorsifZand ultimately influencing, at an epigenetic level, bone cell

physiology2d! (Eigure 3).
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Figure 2. Schematic role of 3betahydroxybutyrate (3BOHB) 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 3OHB, “central” to all the physiological events described. The top of the figure shows how 3OHB,
“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 30OHB, on cell apoptosis, and inflammation/NLP3
inflammatory activation, (lower figure). Visceral adipose tissue plays an active role on the above events. Thus,

3BOHB may act as a signaling molecule.
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Figure 3. Molecular links between biological functions, environmental factors and 3betahydroxybutyrate (3BOHB).
3BOHD 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, 3BOHB 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 mesenchymal 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 environment; 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
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parathyroid hormone (PTH), was equally necessary. According to its needs, our body may orchestrate different
appropriate energy strategies to determine or imbalance with the loss of bone mass (and osteoporosis) or
muscle/fat disorders23l. 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) pathways2324I151  and bone morphogenic proteins
(BMPs)18, in cooperation with organs involved in metabolic control (e.g., skeletal muscles, small intestine, and
endocrine pancreas)23l. This complex molecular 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 phasesZZ8l py systemic and local release of cytokines and growth factors/23I[141[15][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®. 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 bonel2? by the production and
secretion of specific proteins, particularly type | collagen. All these biological processes require adequate and
appropriate energy expenditure. Once bone formation is completed, OBLs give rise to Ocs[&! 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 formation23l. In humans, the complete remodeling process
takes approximately 100 days and the entire skeleton is remodeled every 10 years. Consequently, a high energy

cost must be incurred24],

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 genel22l, The expression of Forkhead
box protein O1 (Foxol), a transcription factor (TF) encoded by FOXO1 genel28, is higher in skeletal tissues and

both Foxol activity and the expression increases in mouse mesenchymal cells under osteogenic stimulants. The
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Foxol 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 Foxol affects mesenchymal cell differentiation into
OBLs, occurs exactly through the regulation of Runx2[2Z. Moreover, Foxol plays important 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 transcriptional 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 decarboxylation 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, GPRCBA, also expressed in testis tissuel2d. Table 1 describes the main hypothesized endocrine UcOC

functions.

Table 1. Endocrine effects/functions of UcOC, mediated by binding to specific GPRC6A membrane receptorl2®, on

insulin, energy, and testosterone metabolism.

Effects on Insulin Effects on Energy Metabolism and Other Suggested Endocrine
Metabolism Effects
Increase of 3-cells proliferation,
synthesis, and secretion of Improvement of energy expenditure through multiple mechanisms2.
insulin

Improvement of insulin
sensitivity through multiple
mechanisms[£2],

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

Stimulation of energy expenditure by increasing mitochondrial biogenesis in
muscle and regulating the expression of genes involved in energy
Modulation of hepatic insulin consumption in brown adipose and musculoskeletal tissue.
sensitivity
Promotion of male fertility by stimulating the synthesis of testosterone in
Leydig cells.

Interestingly, genetic data support the fact that, through UcOC, the skeleton contributes 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)E2:
(i) 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 phenotype and less likely associated with
adipose tissue itself, even though not only the BGLAP gene variants may cause this association3dl:
(i) R94Q Single Nucleotide Polymorphism (SNP) of BGLAP exon 4, near to one y-carboxylation site of OC,
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associates with insulin sensitivity and glucose disposal in Afro-Americans22. 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
hypoinsulinemial23l. Interestingly, if exposed 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 (PPARYy)-dependent pathway, and the of cyclin D3 expression increasel24, which, in

turn, is associated with a decreased Runx232!, ALPEEl and OC expression in OBLs.

In summary, the skeleton can achieve its role in maintaining glucose homeostasis 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.
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