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Activation of the immune system is associated with an increase in the break-
down of various peripheral tissues, including bone. Despite the widely
appreciated role of inflammatory mediators in promoting bone resorption,
the functional value behind this process is not completely understood.
Recent advances in the field of immunometabolism have highlighted the meta-
bolic reprogramming that takes place in activated immune cells. It is now
believed that the breakdown of peripheral tissue provides metabolic substrates
to fuel metabolic anabolism in activated immune cells. We argue that phos-
phate, liberated by bone resorption, plays an indispensable role in sustaining
immune cell metabolism. The liberated phosphate is then incorporated into
macromolecules such as nucleotides and phospholipids, and is also used for
the phosphorylation of metabolites (e.g. glycolytic intermediates). In addition,
magnesium, also liberated during the breakdown of bone, is an essential cofac-
tor required by various metabolic enzymes which are upregulated in activated
immune cells. Finally, calcium activates various additional molecules involved
in immune cell migration. Taken together, these factors suggest a key role for
bone resorption during infection.

1. Introduction

Bone is a dynamic organ which is repeatedly subjected to processes that promote
resorption, followed by the deposition of matrix proteins and bone minerals. Nor-
mally, these processes are balanced, resulting in no net loss or gain in bone
mineral density. However, during an inflammatory insult, a disproportional
shift towards bone resorption takes place, resulting in a net loss of bone tissue.
Indeed, inflammatory mediators have a well-established role in inducing bone
resorption [1-3] and low-grade chronic inflammation is known to result in a
decrease in bone quality [4,5]. Mechanistically, nuclear factor kappa B (NF-«B),
a classic inflammatory transcription factor, plays a central role in bone resorption:
NF-«B activation has been shown to suppress osteoblast function [6], while in
osteoclasts, activation of the NF-«kB transcription cascade through receptor activa-
tor of NF-kB (RANK) plays a critical role in promoting osteoclast differentiation
and activation [7]. Here, inflammatory mediators promote bone resorption
via a number of processes. As an example, inflammatory mediators such as
tumour necrosis factor (TNF) not only render osteoclast precursors far more sen-
sitive toward RANK ligand (RANKL) [8], but along with IL-1B and IL-6 also
enhance the expression of RANKL on osteoblasts [9]. Thus by both increasing
the sensitivity of RANK towards RANKL, as well as increasing the expression
of RANKL enhance bone resorption by promoting the maturation of osteoclasts.

Although it is now well established that inflammatory mediators promote
bone resorption, the exact reason why an inflammatory insult induces bone
resorption remains unclear. Two lines of evidence suggest that bone resorption
represents a dedicated immunological response, and is not merely an ‘accidental’
by-product of inflammation. Firstly, the fact that inflammatory mediators pro-
mote bone resorption through various mechanisms, strongly suggest that bone

© 2018 The Author(s) Published by the Royal Society. Al rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1098/rsbl.2017.0783&domain=pdf&date_stamp=2018-02-28
mailto:gustav.v.niekerk@gmail.com
http://orcid.org/
http://orcid.org/0000-0001-5530-6830

resorption represents a dedicated immunological response.
Secondly, bone resorption induced by inflammatory insults
are observed in various species, signifying that bone resorption
may be an evolutionary conserved response, which would
then suggests an adaptive function for bone resorption
during infection or severe trauma.

Here we review a number of mechanisms by which bone
resorption may enhance immune function during infection.
In particular, we highlight recent developments in the field
of immunometabolism which suggest that bone resorption
may support the metabolic needs of activated immune cells.
It is argued that bone resorption plays an evolutionary con-
served role in liberating phosphate, which in turn sustains
biosynthetic activities of immune cells, and promotes cell pro-
liferation. In addition, magnesium liberated from bone, is a
key cofactor for various enzymes involved in reactions that
catalyse the addition of phosphate groups, for example the
phosphorylation of glycolytic intermediates, as well as
nucleotide polymerization. Finally, liberated calcium may
play a central immunological role in facilitating immune
cell trafficking during infection (e.g. activation of adhesion
molecules) and in upregulating autophagy.

2. Immunometabolism

The current re-emerging interest in immune cell metabolism
(immunometabolism) has highlighted the extent to which
metabolic reprogramming in these cells influences immune
function [10,11]. Various immune cells, once activated,
engage in glycolysis despite the presence of oxygen—a
phenomenon first described in cancer cells and referred to as
aerobic glycolysis or the “Warburg effect’ [10]. It is now under-
stood that aerobic glycolysis represents a strategy to rapidly
produce ATP [12] as well as to provide carbon units for biosyn-
thetic pathways [10,11]. However, the rapid expansion of
immunological tissue imposes a challenge, particularly in
light of sickness-associated anorexia (SAA), as it necessitates a
redistribution of biomass. In this regard, we have recently
argued that hyperglycaemia observed in critically ill patients
is precisely directed to address this problem [13]. Peripheral cat-
abolism of muscle provides amino acids for gluconeogenesis
and for protein synthesis in expanding immune cells, which
also helps explain why the levels of various amino acids may
decrease during sepsis [14]. In addition, inflammatory
mediators induce a state of insulin resistance, ensuring the
availability of glucose to immune cells [13]. Thus, catabolism
in peripheral tissue drives anabolism in immune cells.

3. Bone resorption supports immunological
anabolism

Immune cell activation is thus associated with an increased
demand for metabolic substrates such as glucose and amino
acids. However, another indispensable requirement of rapidly
dividing cells is phosphate. Phosphate groups, acquired via the
hydrolysis of ATP, are added to a number of glycolytic inter-
mediates that will ultimately be assimilated into structural
molecules such as nucleotides and phospholipids. Indeed,
the very first committing step in glycolysis involves the phos-
phorylation of glucose. Consequently, rapid cell division, as
well as an increase in biosynthetic activity would impose a
greater demand for exogenous phosphate.

Here, bone resorption could play an integral role in supply-
ing phosphate during immune activation. Even effector
immune cells would require large amounts of phosphate.
This is well exemplified in plasma cells, where thousands of
immunoglobulins are produced per cell per second. Sustaining
such high levels of protein synthesis would necessitate a sub-
stantial pool of nucleotides e.g. for ribosomal and messenger
RNA, as well as the generation of phospholipids to expand
the endoplasmic reticulum to ultimately accommodate the pro-
cessing and maturation of protein products. Similarly, lipid
synthesis to sustain expanding cell membranes of phagocytic
or antigen presenting cells would also ultimately depend on
the availability of phosphate.

A number of observations highlight the importance of phos-
phate in maintaining rapid cell metabolism. Employing a
biological stoichiometric analysis of the elements carbon, nitro-
gen, and phosphorus, Elser and co-workers demonstrated that
some, although not all cancers exhibited an increase in phos-
phorus content [15]. The authors speculate that in phosphate-
rich cancers, tumour growth is sustained by rapid growth and
high levels of cell death, whereas cancers not exhibiting elevated
phosphate content might be indicative of tumours with lower
cell turnover. The dependency of rapidly dividing cells on phos-
phate is also demonstrated by hypophosphataemia that
develops in patients with certain fast-growing haematological
cancers [16,17]. Hypophosphataemia may also manifest
during the rapid expansion of non-malignant tissue. For
example, a decrease in serum phosphate levels following
haematopoietic reconstitution correlates with an increase in leu-
cocyte count [18,19]. It is also evident that a shortfall in
phosphate may adversely affect immune function. For instance,
earlier studies conducted on dogs demonstrated that hypo-
phosphataemia following parenteral feeding results in
decreased phagocytosis and bactericidal activity of granulocytes
[20,21]. These observations suggest that the role of phosphate in
sustaining rapid cell proliferation is not merely theoretical, but
may exert clinically relevant effects. Finally, the dependency of
activated immune cells on phosphate is also implicated by the
observation that inflammatory mediators such as IL-1B and
IL-6 promote the upregulation of calcium-sensing receptor
(CaSR), which in turn lowers the threshold for parathyroid
hormone (PTH) release [22]. Since PTH induces the release of
phosphate, suppression of PTH levels would enhance phos-
phate retention. These observations suggest that inflammatory
mediators may influence hormonal control of bone resorption
in order to supply phosphate to activated immune cells.

The metabolism of activated immune cells may also be
indirectly supported by bone resorption. Bone is a major storage
site for magnesium [23], an important cofactor in various
enzymes involved in glycolysis, as well as in nucleic acid bio-
chemistry, for example polymerase enzymes and enzymes
that phosphorylate and dephosphorylate proteins [24-26].
Thus, bone resorption not only supplies phosphate groups criti-
cal for cell metabolism, but also provides magnesium, a key
enzymatic cofactor for various enzymes that catalyse reactions
involving the addition of phosphates (e.g. glycolysis and
nucleotide polymerization).

4. (alcium

Calcium has a host of important physiological functions. In this
regard, Straub and colleagues [27] have pointed out that an
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inflammatory insult resulting in bone resorption is likely to also
induce SAA, suggesting that enhanced bone resorption may
function to supply the calcium during fasting. In addition to a
'housekeeping” function, calcium released by bone resorption
may also promote cell survival and immune function.

Emerging evidence suggests that calcium release by bone
resorption may also promote cell survival by upregulating
autophagy. Although a cellular influx of calcium can induce
apoptosis, a marginal increase in calcium may activate AMPK
via calmodulin-dependent protein kinase kinase-g [28]. In
turn, AMPK induces catabolic activities and coordinates var-
ious cell stress response systems, including autophagy [29].
Similarly, recent findings have also highlighted the role of cal-
cium signalling in regulating autophagy by induction of
lysosomal biogenesis [30]. Elevated calcium enhances the
activity of calcineurin which in turn dephosphorylates the tran-
scription factor EB, leading to its translocation into the nucleus
where it controls various genes involved in the biogenesis of
lysosomal vesicles [30].

Sustaining elevated levels of autophagic activity are
believed to be important in promoting host survival during
an infection as autophagy is involved in both cell survival
and host defence [31]. Autophagy plays a role in mitochondrial
quality control [32], a process likely to play an important role in
severe inflammatory insults such as sepsis where mitochon-
drial dysfunction has been implicated as a contributing factor
in the manifestation of organ dysfunction [33]. Furthermore,
autophagy may enhance cell survival by removing aggregated
proteins resulting from an increase in misfolded proteins due
to a febrile response, or oxidative stress [34] and it may also
modulate inflammation by degradation of inflammasomes
[35]. Finally, autophagy plays a multifaceted role in host
defence as induction of autophagy by serum and amino acid
starvation enhances the degradation of Mycobacterium tubercu-
losis by macrophages [36]. In fact, autophagy also plays a
pivotal role in cell-autonomous defence mechanisms where
the same catabolic machinery of autophagy is repurposed to
degrade pathogens [37]. This would suggest that an influx
of calcium into peripheral tissue may not only promote cell
survival, but also augments host defence during infection.

In addition to supporting housekeeping functions in
immune cells, calcium may also play a more direct role in aug-
menting immune function. As an example, a transient increase
in intracellular calcium levels in endothelium cells facilitate the
loosening of gap junction integrity between cells and allows for
the transmigration of immune cells [38]. Also of note, various
adhesion molecules, e.g. cadherin proteins, which are used
by leucocytes to attach to cells during migration, are calcium-
dependent [39]. These observations suggest that calcium
released during bone resorption may facilitate immune cell
trafficking. Calcium also acts as a danger signal inducing the
release of inflammatory cytokines, as well as acting as a chemo-
tactic agent [40,41], highlighting the importance of calcium in
modulating immune responses. However, serum calcium
levels are supressed in various inflammatory contexts [42],
suggesting that these calcium-mediated effects are more
relevant within a paracrine context.

Finally, the movement of calcium liberated by bone resorp-
tion into cells of the vascular system may also have an adaptive
function. It was found that an influx of calcium may alter con-
tractile function in smooth muscle [43], thus modulating
vascular tone. Calcium also plays an important role in facilitat-
ing coagulation [44]. These observations suggest that calcium

release may represent a pre-emptive response to potential n

blood loss following severe trauma.

5. Growth factors

Bone resorption would not only liberate various ionic mol-
ecules, but could also liberate various growth factors
deposited by osteoblasts [45]. Many of these growth factors
such as vascular endothelial growth factor, fibroblast growth
factor and insulin-like growth factors are mitogenic and
known to promote tissue repair [45]. These factors can also
exert additional effects. For instance, TGF-B also induces
autophagy [46]. Interestingly, TGF-B is usually associated
with a strong immunosuppressive effect, playing an important
role in the resolution of inflammation [47]. In fact, TGF-$ has
also been shown to promote the alternative activation of
macrophages [48], thus playing a key role in polarizing the
immune response towards a tolerogenic phenotype associated
with wound healing. This suggests that bone resorption could
act as a counter measure of excessive inflammation. However,
these factors are usually associated with a paracrine function
relating to bone remodelling. It remains to be established
whether bone resorption can support a systemic effect via the
release of these growth factors.

6. Bone resorption: supporting the immune

system

Taken together, these observations highlight how bone resorp-
tion in response to an inflammatory stimulus represents a
dedicated, evolutionary conserved response aimed at support-
ing immune function (figure 1). Muscle breakdown would
mobilize amino acids for gluconeogenesis in the liver as well
as protein synthesis in immune cells. Of note, the breakdown
of muscle also contributes to the release of phosphate, calcium
and magnesium, but to a much lower extent than bone.

Interestingly, these bone-derived ions are often decreased
during severe inflammation. Although magnesium deficiency
is usually very rare in healthy individuals, low serum
magnesium levels are common in sepsis [49]. Similarly, hypo-
phosphataemia is often observed in the context of severe
inflammatory conditions such as sepsis [50] as well as in surgi-
cal intensive care patients [51] while hypocalcaemia has
likewise long been known to manifest in most critically ill
patients [42]. A decrease in serum levels of these ions may
result from an influx into cells, or may be a consequence of
increased urinary excretion.

An earlier study report that intravenous infusion of phos-
phate results in urinary loss of phosphate [52]. Similarly, in the
context of supplementing patients with magnesium during
sepsis, the tissue absorption of magnesium is slow, with
almost half of all magnesium being excreted in the urine [49].
Thus, supplementation with phosphate and magnesium may
result in increased urinary output of these electrolytes and
suggest that urinary loss of ions may contribute to decreased
serum levels of magnesium and phosphate. In contrast, calcium
loss seem to be more constrained: Lind and colleagues [53]
reported that, despite the high incidence of hypocalcaemia
among ICU patients, such a decrease in serum calcium was
not the result of suppressed bone resorption or increased urinary
loss [53]. This would suggest that hypercalciuria is not the only
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Figure 1. Catabolism in peripheral tissue drives anabolism in immune cells. Bone represents the largest source of calcium, magnesium and phosphate. However,
muscle breakdown, induced by inflammatory mediators, also supplies these ions. (Online version in colour.)

mechanism by which calcium is lost. This implies that the liber-
ated calcium may be rapidly cleared by influx into cells,
or possibly through associating with adhesion molecules.

It is unlikely that bone resorption results in the liberation
of magnesium, calcium and phosphate at the exact stoichio-
metric relations in which they are required by the body.
Rather, an increase in urinary loss of phosphate may result
from too much phosphate being liberated in an effort to
acquire sufficient amounts of calcium. Also, a variety of clini-
cal interventions as well as co-morbidities may also alter
excretion of electrolytes. As an example, fluid resuscitation
could also alter electrolyte balance, while insulin adminis-
tration to treat hyperglycaemia also induce an influx of
phosphate into cells, resulting in a drop in serum phosphate
levels [54]. Also of interest, it was reported that the urinary
loss of ions during sepsis was lower than that of surgical
patients [53], suggesting that either the intensity, or the
type of inflammatory insult potentially impacts urinary loss
of ions. Clarifying the fate of liberated ions could indicate
the significance of bone resorption and highlight the role of
particular ions in supporting host survival during various
inflammatory insults.

7. Conclusion

Bone is a dynamic organ with a widely appreciated structural
role. In addition to facilitating locomotion, protecting organs,
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