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Critical illness and bone metabolism:
where are we now and what is next?

Yun Cai, Fuxin Kang and Xiaozhi Wang"

Abstract

Critical illness refers to the clinical signs of severe, variable and life-threatening critical conditions, often accompanied
by insufficiency or failure of one or more organs. Bone health of critically ill patients is severely affected during and
after ICU admission. Therefore, clinical work should focus on ICU-related bone loss, and early development and imple-
mentation of related prevention and treatment strategies: optimized and personalized nutritional support (high-qual-
ity protein, trace elements and intestinal prebiotics) and appropriate physiotherapy and muscle training should be
implemented as early as possible after ICU admission and discharge. At the same time, the drug regulates excessive

metabolism and resists osteoporosis.
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Introduction

Critical illness is defined as “clinical signs of severe, varia-
ble, and life-threatening critical conditions, often accom-
panied by insufficiency or failure of one or more organs
“ [1]. Despite extensive research efforts, many challenges
remain in assessing short- and long-term prognosis in
critically ill patients (CIPs) [2]. Critically ill survivors still
face higher mortality, physical and cognitive impairment,
and psychological distress compared with premorbid
state and general population control subjects. The physi-
cal domain mainly refers to muscle weakness and loss of
activities of daily living [3]. CIPs are often accompanied
by hypermetabolism, easily leading to systemic wasting
disease [4]. However, even though bone constitutes 15%
of body weight and is closely linked to muscle, little atten-
tion has been paid to bone loss during and after ICU and
its impact on the prognosis of this group—whether bone
loss is also part of multi-organ failure? Furthermore,
recent studies have uncovered multiple extra-skeletal
functions of bone that are mediated by systemic crosstalk

*Correspondence: wxz671030@163.com

Department of Critical Care Medicine, the Second Affiliated Hospital
of Hainan Medical College, Hainan province, Haikou City, China

B BMC

between bone-derived factors and the bone-reactive par-
acrine/endocrine axis [5]. Whether these functions are
related to disease progression and severity in CIPs has
not been established. Therefore, this review will summa-
rize the relevant research progress in this area, hoping to
help understand the changes of bone metabolism in CIPs
and advance our understanding of organ dysfunction in
CIPs.

Methods

Search summary

Studies involving critically ill patients or bone metabo-
lism or osteoporosis were included. To find relevant orig-
inal articles, we conducted a comprehensive search in the
database, involving Medline through PubMed and Web
of Science, and using the following words: “ critically ill
patients ”, “ OPG/RANK/RANKL 7, “Wnt ”, “ estrogen, 7,
“ bone metabolism ” and “ osteoporosis ” As of May 18,
2022, the papers have been searched in the language
range. We also refer to the recognized literature to find
other qualified research subjects. We first screened the
article title and abstract, as well as publications that may
involve data on bone metabolism or osteoporosis and
critically ill patients.
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Inclusion and exclusion standard

This study had no national restrictions. All studies
reporting on critically ill patients non-osteoporosis/
osteoporosis, and laboratory confirmed osteoporotic
CIPs data were included in the study. Moreover, the stud-
ies had to be limited to include raw data, be published
in English and be in either abstract form or full text.
Repeated studies, letters, case reports, abstracts, and
comments were excluded from the study. Ninety-one rel-
evant articles were identified.

Causes of bone loss in CIPs

CIPs are severely compromised during ICU admission,
likely independent of the original reason for ICU admis-
sion [5]. Critical illness is associated with accelerated
bone loss, leading to rapid osteopenia and osteoporosis,
which seriously affects CIPs’ prognosis and living quality
(Fig. 1) [6]. Significant drivers of ICU-related bone loss
include inflammation, neuroendocrine stress, restraint,
vitamin D (VD) deficiency (especially in long-term hos-
pitalizations), malnutrition, gut microbiota dysbiosis, and
medications (corticosteroids, catecholamines, or loop
diuretics). These factors increase the incidence of bone
loss/osteoporosis in CIPs [4, 6].

Detection of bone loss in CIPs

Bone condition is usually expressed by bone mineral den-
sity (BMD). The most commonly used tool for clinical
detection of BMD is dual-energy X-ray absorptiometry
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(DXA). Although DXA is a standardized and well-val-
idated measure, CIPs are often associated with hemo-
dynamic instability, making the use of DXA to detect
BMD in CIPs impractical. According to some published
reports, computed tomography (CT) densitometry is
quite even better than the DXA [7]. Chest or abdominal
CT scans are available for most patients treated in the
ICU, which provides CIPs with the opportunity to exam-
ine bone quality without increasing cost, radiation expo-
sure, or taking up rescue time [8]. A previous study found
that patients’ femoral neck and spine BMD decreased
significantly within 1 year of ICU discharge [9]. In addi-
tion, a latest study has reported that BMD of the lumbar
spine was significantly reduced after ICU admission, and
that non-osteoporotic patients had more significant bone
loss than osteoporotic patients [7].

Bone turnover is generally increased in CIPs, decou-
pling between the physiological activities of osteoblasts
and osteoclasts—an imbalance between bone formation
and bone resorption [6, 10].

Bone turnover biomarkers (BTMs) are the products
synthesized by the self-decomposition of bone tissue.
Classical bone turnover markers can be divided into two
categories: (1) bone resorption markers: bone tissue prod-
ucts secreted or metabolized by osteoclasts during bone
resorption, which can reflect the activity of osteoclasts
and the state of bone resorption, including hydroxypro-
line (HYP), pyridinoline (PYD), tartrate-resistant acid
phosphatase 5b (TRAP 5b), deoxypyridinoline (DPD),
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the carboxyl-terminal cross-linked telopeptide of type I
collagen (CTX-I), amino-terminal cross-linked telopep-
tide of type I collagen (NTX-I) and receptor activator for
nuclear factor-kB ligand (RANKL); (2) Bone formation
markers: direct or indirect products reflecting osteo-
blast activity and bone formation status, including bone-
specific alkaline phosphatase (BSAP), osteocalcin (OC),
procollagen type I N-terminal propeptide (PINP) and
procollagen type I C-terminal propeptide (PICP). The
serum level of BTMs can dynamically reflect the bone
metabolism and detect bone loss timely. It is clinically
used to monitor the progression of osteoporosis and the
efficacy of anti-osteoporotic drugs [5, 11]. Thus, BTMs
can also be used to assess changes in bone mass during
and after critical illness.

Markers of bone resorption were 4-8 times higher
than the reference range within 24 h of ICU admission
and remained elevated for 1 month, suggesting that the
skeletal system responds rapidly to critical illness, and
bone resorption most likely begins before ICU admis-
sion. In contrast, bone formation was disproportionately
inhibited. Bone formation marker levels are mainly con-
centrated above or within the lower limit of the normal
reference range [4].

Systemic effects of bone loss
Fibroblast growth factor 23 (FGF23), a phosphatide hor-
mone secreted by osteocytes and osteoblasts, inhibits
the activation of VD and induces excretion of Pi through
proximal renal tubular epithelial cells [12]. Excessive
action of FGF23 will impair bone mineralization, lead-
ing to hypophosphatemic rickets/osteomalacia. The
insufficiency of FGF23 can lead to hyperphosphatemia
neoplastic calcinosis with high 1.25-dihydroxyvitamin
D level [13]. In addition, FGF-23 plays an essential role
in regulating the expression of the OPG gene [14]. Stud-
ies have found that FGF23 is elevated during critical ill-
ness, accompanied by bone loss [15]. The loss of bone can
promote glucose intolerance or systemic inflammation,
which can aggravate bone loss [16]. In addition, FGF23
can also increase the risk of infection [17]. Recent stud-
ies have reported that FGF23 may be a novel target for
early diagnosis of renal insufficiency and cardiovascu-
lar disease, and may also be a potential therapeutic tar-
get for patients with chronic kidney disease [18]. Some
scholars even believe that elevated serum levels of FGF23
may help predict mortality and adverse neurological
outcomes [19]. These suggest that FGF23 may be associ-
ated with poor outcomes and even increased mortality in
CIPs [20].

Osteopontin (OPN) is an acidic secreted glycosylated
phosphoprotein which originates from bone marrow
hematopoietic stem cells and widely present in bone,
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kidney, immune system and blood system. In the skeletal
system, it is secreted by osteoblasts and osteoclasts [21].
OPN is a vital regulator of inhibiting osteoblast prolif-
eration and promoting osteoclast differentiation: on one
hand, it can encourage osteoclast adhesion and improve
osteoclast activity; on the other hand, osteoblasts secrete
OPN after being stimulated by bone resorption stimu-
lators (tumor necrosis factor, interleukin, etc.), while
osteoclasts can interact with integrin avp3 on the sur-
face of OPN and adhere to bone tissue, thereby exerting
an osteolytic effect [21]. OPN is a downstream signaling
molecule activated by RANKL/NF-«kB receptors, and the
reduction of OPN secretion can trigger the reduction of
bone resorption induced by PTH, RANKL and M-CSE,
thereby affecting the proliferation of osteoclasts [22]. In
addition, OPN also exhibits multiple immunomodula-
tory effects: (1) OPN is a potent neutrophil chemotactic
agent; (2) OPN can upregulate the innate immune pro-
gram. OPN plays a crucial role in MODS and SIRS [4].
These suggest that the serum level of OPN can not only
reflect the bone metabolism level, but evaluate the sever-
ity of the disease and even the mortality in CIPs.

The development of osteoporosis is closely related to
the dysfunction of three pathways: the estrogen—endo-
crine pathway, the Wnt/B-catenin signaling and the
OPG/RANK/RANKL pathway. These three pathways
have their own signal transduction targets and are closely
related, forming a complex system to regulate bone
metabolism in osteoporosis [23].

The Wnt/B-catenin signaling

The Wnt/B-catenin signaling is associated with devel-
opmental processes and affects the cell cycle at differ-
ent timepoints [24]. Briefly, Wnt is a growth-stimulating
factor that causes cell proliferation. This pathway is acti-
vated when Wnt proteins bind to a receptor complex that
includes seven transmembrane receptors of the Frizzled
(Frz) family of membrane receptors and low-density lipo-
protein receptor-related protein 5/6 (LRP5/6) [25]. This
complex mobilizes glycogen synthase kinase 3 5 (GSK3p)
and casein kinase 1 (CK1) to the membrane and phos-
phorylates series on Lrp5/6, promoting the formation
of semaphores, and recruits disheveled (Dvl), axis inhi-
bition (Axin) and adenomatous polyposis Coli (APC)
[26]. These will lead to the release of -catenin, thereby
increasing the intracellular concentration of [-catenin,
and translocating the activated p-catenin into the
nucleus, where it interacts with T cell factor (TCF)/Lym-
phoid enhancer (LEF) (Fig. 2). In the absence of upstream
Wnt signaling, GSK3p phosphorylates residues near the
amino terminus of B-catenin, hydrolyzes [B-catenin via
the ubiquitination pathway, and maintains B-catenin in
the cytoplasm and nucleus at a lower level [27].
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The Wnt/B-catenin signaling has become a hotspot
in bone biology laboratories due to its importance in
skeletal development, bone mass maintenance, and
therapeutic potential in regenerative medicine [28]. The
Wnt/B-catenin signaling is involved in cartilage, osteo-
genesis, muscle and adipogenesis. In addition, it plays a
key role in the differentiation of the MSC lineage, affect-
ing various aspects of skeletal development. For exam-
ple, reduced expression of Lrp5 and Lrp6 in compound
mutant mice can lead to limb defects [29]. Wntless, a
chaperone protein required for clearance of Wnt pro-
tein secretion in the osteogenic stage, can lead to severe
osteoporosis caused by the impaired bone formation
and increased bone resorption [29]. p-Catenin is a cru-
cial link in the Wnt/p-catenin signaling cascade. High
levels of persistently active p-catenin inhibit mature
osteoclasts and bone resorption, leading to osteosclero-
sis [30]. Meanwhile, blocking the Wnt/fB-catenin signal-
ing triggers the initiation of adipogenic differentiation
[31]. Therefore, the stimulation of the Wnt/p-catenin
signaling can promote the osteogenic differentiation of
MSC lineage and inhibit its adipogenic differentiation,
and the above mechanisms jointly regulate the process of
osteogenesis.

Studies have shown that the Wnt/B-catenin signal-
ing is involved in the progression of myocardial infarc-
tion, including inflammation, angiogenesis, and fibrosis
[32]. Scholars found that the Wnt/p-catenin signaling
was activated in cardiomyocytes located in the border
region of the infarct [33]. In addition, this pathway was
also activated in pro-inflammatory macrophages in the
myocardial infarction area, manifested by increased lev-
els of lymphocyte infiltration and increased expression of
pro-inflammatory cytokines [34]. Another study found
that loss of Wnt inhibitory factor 1 (WIF1) can lead to
increased inflammatory monocytes and severe myocar-
dial adverse remodeling, while overexpression of WIF1
impairs monocyte response and improves cardiac func-
tion [35]. During the angiogenesis stage after myocar-
dial infarction, B-catenin accumulates in a large amount
in the cytoplasm of tubular endothelial cells, thereby
activating the Wnt/B-catenin signaling and inhibit-
ing angiogenesis [36]. Myocardial fibrosis is a necessary
pathophysiological process after myocardial infarction.
The Wnt/B-catenin signaling plays a significant role in
the regulation of cardiac fibrosis. In acute ischemic heart
injury, up-regulated Wnt is first expressed in the epi-
cardium and subsequently in cardiac fibroblasts in the
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injured area. Wnt induces cardiac fibroblasts to prolif-
erate and express pro-fibrotic genes. In addition to the
role of Wnt, deletion of B-catenin in cardiac fibroblasts
inhibits pressure overload-induced cardiac tissue fibrosis,
protects cardiac function and reduces interstitial fibrosis
[36].

The OPG/RANK/RANKL pathway

The OPG/RANK/RANKL pathway is an essential path-
way for regulating bone metabolism balance, regulating
osteoclast activation, promoting bone resorption, and
participating in the process of bone remodeling [23].
OPG, RANK, and RANKL are the members of the tumor
necrosis factor-a (TNF-a) receptor superfamily. In the
OPG/RANK/RANKL pathway, the competitive bind-
ing of OPG secreted by osteoblasts to RANKL inhibits
bone resorption and induces apoptosis of osteoclasts
(Fig. 3). In contrast the RANK receptor on the surface
of osteoclasts recruits tumor necrosis factor receptor-
associated factor 6 (TRAF6) by binding to RANKL and
combine in cells to form trimers, and then initiate down-
stream cascade signaling, such as activation of nuclear
factor-xB (NF-kB) [23]. Under normal physiological
conditions, the two work together to maintain the bal-
ance of bone metabolism. Under pathological conditions,
the "bone formation-bone resorption” coupling is dis-
rupted, and the relationship between RANKL and OPG
is dysregulated, resulting in bone loss. In addition, OPG
is also expressed in mature B cells, macrophages, vascu-
lar endothelial cells, and vascular smooth muscle cells.
It binds and neutralizes tumor necrosis factor-related
apoptosis-inducing ligands, inhibits apoptotic bodies,
and prevents atherosclerosis [37]. However, RANKL
and RANK are only expressed in atherosclerotic vessel
walls [38]. These suggest that the activation of the OPG/
RANK/RANKL pathway is a crucial link linking osteo-

Page 5 of 10

factor for the increased risk of cardiovascular events in
CIPs.

The OPG/RANK/RANKL pathway is considered to
be associated with the regulation of inflammation and
immune response, and interacts with various regulatory
factors (hormones, cytokines and growth factors, etc.)
[39]. Inflammatory cytokines can directly or indirectly
regulate the OPG/RANK/RANKL pathway to promote
or inhibit bone resorption. Interleukin-1 (IL-1) is an
inflammatory cytokine that promotes bone resorption
and up-regulates RANK and RANKL [40]. Interleukin-7
(IL-7) and TNF-a can only up-regulate the expression
of RANKL, so they are considered as osteoclast fac-
tors, while interleukin-4 (IL-4), Interleukin-13 (IL-13)
and interferon-1 can inhibit the formation of osteoclasts
and are deemed to be an anti-osteoclast factor. In addi-
tion, C-reactive protein, VD, angiotensin II, etc., are all
involved in regulating the OPG/RANK/RANKL pathway.
In short, the OPG/RANK/RANKL pathway may be one
of the major links linking disease progression to bone
loss in CIPs.

The estrogen-endocrine pathway

Estrogen receptors are highly expressed in osteoblasts,
osteoclasts and osteocytes, and have protective effects
on bones. Estrogen binds to the estrogen receptor, which
regulates the expression of proteins encoded by estrogen
target genes, such as insulin-like growth factor 1 (IGF1)
and transforming growth factor-p (TGEp) [41]. Studies
have shown that estrogen can directly affects cell differ-
entiation and apoptosis [42].

The estrogen receptor complex in osteoblastic pro-
genitor cells activates the Wnt/B-catenin signaling,
manifesting as increased osteogenesis [43]. Estrogen
reduces bone resorption by restraining RANKL and
promoting OPG (Fig. 4). In the state of estrogen defi-

porosis and atherosclerosis, which may be an important ciency, RANKL expression increases, leading to
Nucleus.

[ [
it | IL1,7,TNF-af @
o
c-Fos o
oreoy . ¢
i |
| -~
L ¥ @

| oPG

Osteoclastogenic genes Osteoclast precursor
Fig. 3 Interaction between the OPG/RANK/RANKL pathway, inflammation and immune response




Cai et al. European Journal of Medical Research (2022) 27:177

Page 6 of 10

L]

&

adipocyte

estrogen
deficienc

uonjeIjUdIdIPSUEI)

\ imbalance

monocyte \ ﬂ
inflammatory I
—_— cytokines
IL-1,6,7 TNF-a
o
stress
7L RANK H ““““
! RANKLT orGl
| 0% 4
! v B deli
1 osteoclast oneremoae mg]

Fig. 4 Interaction between the estrogen—-endocrine pathway, the OPG/RANK/RANKL pathway and the Wnt/B-catenin signaling

osteoclastogenesis [44]. Osteocytes act as mechanosen-
sors regulating bone remodeling and mineralization.
In the absence of estrogen receptors and their com-
plexes, osteocytes cannot elicit an adequate response to
mechanical strain, suggesting that estrogen deficiency
is associated with damage to mechanoreceptors in oste-
ocytes [42]. Osteocytes also produce RANKL, which
activates the formation of osteoclasts. Furthermore,
osteocytes inhibit Wnt signaling by forming sclerostin
that binds to the Wnt co-receptors LRP5/6, reducing
bone formation [45]. Estrogen maintains bone stabil-
ity by regulating the sclerostin production. Meanwhile,
estrogen accomplishes anti-atherosclerotic effect by
regulating the OPG/RANK/RANKL pathway, which
can simultaneously up-regulate the expression of OPG
mRNA and RANKL, ultimately prevent bone loss and
atherosclerosis [46].

Animal experiments and clinical studies have shown
that estrogen closely linked to immune response:
increases the phagocytic function of macrophages, and
shows an immunomodulatory effect with the increase
of cytokines and chemokines [47-49]. Estrogen defi-
ciency leads to the increase of IL-7 to promote the acti-
vation of T cells, and T cells secrete immunologically
active substances, such as IL-1, IL-6 and TNF-«, which
promote the formation of osteoclasts [42]. Estrogen
deficiency also promotes T cell activation and osteo-
clastogenesis by increasing reactive oxygen species,
leading to the production of TNF [42]. RANKL levels
in mesenchymal stem cells (MSCs), T cells, and B cells
are also up-regulated, leading to osteoporosis [41]. In
addition, estradiol levels in septic patients are posi-
tively correlated with disease severity and mortality,

regardless of gender, and the authors believe that estra-
diol levels can be used as prognostic markers [49].

Administration

The impact of bone loss after critical illness on health-
related costs and living quality, as well as the interaction
between the skeleton and other systems, underscores the
importance of an interdisciplinary comprehensive and
multimodal prevention strategy, preferably in the early
stages of critical illness just start.

Nutritional support

Nutritional support for CIPs is an evolving topic. The
importance of nutritional support for CIPs is increasingly
recognized, especially for patients who have been hospi-
talized in ICU for a long time, who usually experience a
severe catabolic state and require long-term maintenance
of necessary nutritional support [50]. Nutritional support
is the primary means of reducing the risk of malnutrition,
sarcopenia, and osteoporosis in CIPs. Currently, con-
tinuous enteral nutrition is the preferred feeding method
for CIPs who cannot eat on their own, and early enteral
nutrition can significantly reduce the risk of death in CIPs
[51], while intermittent feeding is thought to contrib-
ute to the presence of anabolic patients with the disor-
der restore the anabolic effects provided by amino acids
[52]. However, these still need to be confirmed by clinical
studies. Furthermore, the needs of every CIP are differ-
ent, and their needs have not been constant throughout
the process. Therefore, nutritional support should be
individualized. They are well complemented by the lat-
est guidelines of the European Society for Parenteral and
Parenteral Nutrition (ESPEN) [53]. Optimizing nutrition,
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especially ensuring an adequate supply of amino acids,
during ICU stay and after discharge, can synergize with
early risers and drug therapy to increase the rate of pro-
tein synthesis in muscle [54]. Special attention should
also be paid to the intake of minerals, such as calcium
[55] and selenium [56]. There are no clinical data on the
effects of protein- and mineral-adjusted nutritional strat-
egies on bone loss and bone recovery in CIPs.

Vitamin D

The prevalence of VD deficiency in ICU is usually
between 40% and 70% [57]. Numbers of observational
studies have consistently demonstrated an association
between low VD levels and poor clinical outcomes in
CIPs [57]. The beneficial effects of VD on the musculo-
skeletal system are beyond doubt. Relevant guidelines
point out that most people need regular VD supplemen-
tation, and daily supplementation of 600-2000 IU of
VD can maintain normal VD levels [58]. For CIPs, VD-
related side effects are rare, and there are no reports of
VD intoxication. However, identifying adverse events in
CIPs is difficult due to the complexity of treatment and
underlying diseases. Relevant studies have primarily
used oral cholecalciferol in doses ranging from 200 IU to
540,000 IU, with limited reported side effects [59-62]. In
the VITDAL-ICU study, only 1% of patients developed
mild hypercalcemia, but these patients were asympto-
matic. There were no significant differences in calcium,
phosphorus, and renal parameters between the two
groups in this trial [59]. In addition, the patients in these
studies had VD levels well below the toxic dose (200 ng/
mL). Some scholars believe that these patients are at
increased risk of fractures and falls, but the available evi-
dence for critical illness in the VITdAL-ICU trial does
not suggest an increased risk of falls or fractures [59].
Research on the potential effects of different doses of VD
on ICU mortality is ongoing [57, 63, 64].

Gut microbiome regulation

The microbiome affects bone conditions [65]. Experi-
mental data suggest that the use of probiotics to modu-
late the gut microbiota can increase bone mass [66].
Administration of prebiotics leads to enhanced calcium
absorption and favorable changes in gut microbiota com-
position, resulting in improved bone mass [67]. In addi-
tion, a variety of endogenous and iatrogenic factors, such
as gastrointestinal motility disorders, changes in intralu-
minal pH, increased catecholamine production, antibi-
otic therapy, proton pump inhibitors, opioids, and enteral
feeding, can contribute to the development of severe
disruption of the microbiota in CIPs [68]. Thus, micro-
biome modulation may become a novel adjuvant for the
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prevention and even treatment of ICU-related osteopo-
rosis or osteoporosis.

Recovery treatment

Clinical data suggest that early mobilization is feasible
and well-tolerated in most CIPs [69, 70]. Multiple meta-
analyses have shown that early mobilization improves
physical performance [71-73]. Research has found that
whole-body vibration is an effective training method for
increasing BMD [74]. There has been no study of the
effect of physical rehabilitation on bone mass and frac-
ture risk in patients during their ICU stay. However,
physical rehabilitation is an extremely vital part of ICU
clinical practice guidelines [75, 76]. Therefore, it is neces-
sary to maintain rehabilitation training in the ICU, trans-
fer from ICU to the general ward, and after discharge
[77].

Bone-promoting drugs

Hypermetabolism frequently occurs in CIPs, which can
easily lead to systemic wasting diseases. In addition, the
skeletal system is difficult to escape. Therefore, some
scholars have started to study “the effect of regulating
bone metabolism on systemic metabolism” Androgens
are a classic drug that promotes bone formation. The
synthetic testosterone analog oxyandrosterone may be
a potential therapeutic option. A recent meta-analysis
showed that oxyandrosterone increased BMD with-
out affecting mortality in severely burned patients [78].
In addition, oxyandrosterone can reduce weight loss in
trauma patients [79].

Teriparatide, a recombinant human parathyroid hor-
mone (PTH), is one of the most effective anabolic ther-
apies for the severe osteoporosis. Intermittent skeletal
exposure to PTH increases bone formation with a more
minor increase in bone resorption compared to continu-
ous exposure, thus exhibiting a net anabolic effect [80].
These culminated in a pivotal clinical trial, where teri-
paratide at 20 pg/day (the FDA-approved dose) reduced
the risk of vertebral fracture by 65% (RR 0.35, 95% CI
0.22-0.55), and reduced the risk of nonvertebral fractures
by 53% (RR 0.47, 95% CI 0.25-0.88) [80]. Because high
doses of teriparatide can increase the risk of osteosar-
coma in growing rodents, the FDA limited the duration
of clinical treatment with teriparatide to 24 months [81].
However, in subsequent follow-up, it was found that the
risk of osteosarcoma in patients treated with teripara-
tide was not significantly higher than that in the general
population [82]. Regrettably, there are no data on PTH
in CIPs, but antiresorptive therapy is biologically more
appropriate to reduce the risk of fractures associated
with critical illness.
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Anti-bone resorption drugs

The loss of BMD was significant in CIPs receiving
anti-osteoporosis drugs compared with patients not
receiving anti-osteoporosis drugs [83]. However, all
anti-osteoporosis drugs should be started after main-
taining adequate VD levels to reduce the risk of severe
hypocalcemia.

Bisphosphonates can specifically combine with
hydroxyapatite in bone to inhibit osteoclast activity,
and ultimately reduce bone resorption. It is the most
widely used clinical drug for the prevention and treat-
ment of osteoporosis. Compared with CIPs who did
not receive bisphosphonates, CIPs who received bis-
phosphonates had significantly lower BMD loss, com-
bined bisphosphonates with VD had a better prognosis
and lower mortality [84]. Moreover, we should con-
sider the contraindications and potential side effects of
bisphosphonates, such as hypocalcemia, renal impair-
ment and atrial fibrillation, which may also limit the
use of bisphosphonates in CIPs.

Denosumab is a bone resorption inhibitor with a
unique mechanism, which specifically targets RANKL,
inhibits the activation and development of osteoclasts,
reduces bone resorption and increases BMD. In a
1-year study, denosumab was more effective against
osteoporosis than bisphosphonates. Unfortunately,
rebound vertebral fractures are prone to occur after
the interruption of denosumab [85]. However, patients
treated with denosumab for less than 2 years had sig-
nificantly lower rates of rebound vertebral fractures
compared with patients treated with long-term deno-
sumab [86]. This suggests that the rebound phenom-
enon may not occur with a single dose during ICU
stay. Denosumab has been shown to improve bone
metabolism in patients with spinal cord injury [87].
However, studies on the efficacy of denosumab in CIPs
are lacking.

Research data suggest that monoclonal antibody
inhibitors or deficiency of sclerostin can enhance bone
strength [88]. Therefore, sclerostin antibodies such as
romosuzumab (AMG-785) [89] and BPS804 [90] have
been gradually included in clinical trials. Results of a
phase 2 study comparing the anti-osteoporotic efficacy
of 12 month romosuzumab with placebo, alendronate,
and teriparatide in postmenopausal women, showed
that the romosuzumab group’s lumbar spine BMD
increased by 11.3%, and hip BMD increased by 4.1%,
which were significantly higher than other groups [91].
It is inspiring that romosuzumab has been approved in
Europe to treat severe osteoporosis in postmenopausal
women with a high risk of fractures [5]. Unfortunately,
there are no data on efficacy in CIPs.
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Conclusions

The skeletal system is closely associated with the immune
system, cardiovascular system and other systems through
the above three pathways and self-secreted factors. Criti-
cal illness has a long-term impact on bone metabolism,
and changes in bone metabolism will also affect other
systems through the above multiple pathways. Accord-
ingly, scholars even put forward the hypothesis of bone
failure—the rapid loss of bone in CIPs is an unrecognized
component of MODS/ICU wasting [4]. If the hypothesis
holds, it will not only advance our understanding of ICU
organ dysfunction and systemic inflammation, but also
provide new therapeutic targets for critical illness.
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