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Osteoporosis and type 2 diabetes (T2D) are common diseases that often coexist. While both of these diseases are associated with
poor bone quality and increased fracture risk, their pathogenesis of increased fracture risk differs and is multifactorial. Mounting evi-
dence now indicates that key fundamental mechanisms that are central to both aging and energy metabolism exist. Importantly, these
mechanisms represent potentially modifiable therapeutic targets for interventions that could prevent or alleviate multiple complica-
tions of osteoporosis and T2D, including poor bone quality. One such mechanism that has gained increasing momentum is senes-
cence, which is a cell fate that contributes to multiple chronic diseases. Accumulating evidence has established that numerous bone-
resident cell types become susceptible to cellular senescence with old age. Recent work also demonstrates that T2D causes the pre-
mature accumulation of senescent osteocytes during young adulthood, at least in mice, although it remains to be seen which other
bone-resident cell types become senescent with T2D. Given that therapeutically removing senescent cells can alleviate age-related
bone loss and T2D-induced metabolic dysfunction, it will be important in future studies to rigorously test whether interventions that
eliminate senescent cells can also alleviate skeletal dysfunction in context of T2D, as it does with aging.
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INTRODUCTION

Osteoporosis and type 2 diabetes (T2D) are common diseases
that often coexist in the elderly, and in recent years the preva-
lence and worldwide burden of these diseases has increased
dramatically [1,2]. Unfortunately, the available treatments for
osteoporosis, T2D, and their complications are suboptimal.
Whereas aging is predominantly associated with deficient bone
mineral density (BMD) and loss of bone microarchitecture lead-
ing to the development of osteoporosis, patients with T2D in
contrast tend to have higher BMD yet paradoxically are at in-
creased risk for suffering fragility fractures [3]. Furthermore,
the poor bone quality that is characteristic in both osteoporosis

and T2D often coincides with the accumulation of several other
complications of aging, including cardiovascular disease, can-
cer, dementia, frailty, infection susceptibility, neuropathy, renal
disease, macular degeneration, and sarcopenia [3-5]. The com-
bination of these complications and risk factors significantly in-
creases the development of additional comorbidities and chronic
diseases as well as the risk of fractures and death in these indi-
viduals [3-5].

There are numerous pharmacological agents currently avail-
able for the treatment of osteoporosis as well as for treating var-
ious metabolic bone diseases and skeletal disorders (Table 1).
These include the antiresorptive drugs such as hormone replace-
ment therapy (i.e., estrogen and raloxifene), four bisphospho-
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Table 1. Drugs for the Prevention or Treatment of Osteoporosis

Risedronate 5 mg/day or 35 mg/wk orally

Ibandronate
every 3 mo

Zoledronic acid 5 mg intravenously every 12 mo

Denosumab 60 mg subcutaneously every 6 mo

Antiresorptive Anabolic
Drug Dose Drug Dose
Estrogen Variable doses and routes (oral or transdermal) Teriparatide 20 pg/day subcutaneously
Raloxifene 60 mg/day orally Abaloparatide 80 pg/day subcutaneously
Alendronate 10 mg/day or 70 mg/wk orally Romosozumab 210 pg subcutaneously every mo for 12 mo

2.5 mg/day or 150 mg/mo orally or 3 mg intravenously

nates (i.e., alendronate, risedronate, ibandronate, and zoledronic
acid), and a receptor activator of nuclear factors kB ligand
(RANKL) inhibitor (denosumab) as well as two classes of ana-
bolic drugs that include the parathyroid hormone analogues
(teriparatide and abaloparatide) and a sclerostin inhibitor (romo-
zosumab) [6]. Although there has been remarkable progress in
the treatment of skeletal diseases, these drugs typically only
treat bone fragility and not all have been rigorously tested in pa-
tients with T2D, whereas aging and T2D are associated with
several additional complications (as noted above), thus increas-
ing the prevalence of polypharmacy and the risk of adverse drug
interactions in these patients. An alternative approach to the cur-
rent paradigm is to therapeutically target fundamental hallmark
mechanisms that exist at the nexus of osteoporosis and T2D be-
cause these diseases are driven by the same underlying patho-
logical mechanisms. By utilizing this strategy, there is now
mounting evidence demonstrating that there are key fundamen-
tal mechanisms central to energy metabolism and accelerated
aging that are potential therapeutic targets for interventions that
could slow, prevent, alleviate, or even reverse multiple diseases
of aging and complications of T2D [7,8], including poor bone
quality and fragility fractures. One such mechanism that has
gained increasing momentum in recent years is cellular senes-
cence [9-11].

CELLULAR SENESCENCE

In the early 1960’s, work performed by Hayflick and Moorhead
[12] established the so-called “Hayflick limit,” which demon-
strated that mammalian cells have a finite capacity for cell divi-
sion resulting in an essentially irreversible permanent cell
growth arrest. Since the time of this phenomenal discovery, it
has been appreciated by many that diverse forms of age-related
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stress or metabolic insults can converge to cause a cell to enter
this essentially irreversible permanent growth arrest, termed
“senescence” [13]. Examples of common stressors that can in-
duce senescence include DNA breaks, reactive oxygen species
(ROS), proteotoxic aggregates, and chronic inflammation. The
cellular senescence program is activated, for example, by multi-
ple cyclin dependent kinase inhibitors (CDKIs) that can antago-
nize the actions of CDKs thus resulting in the halt of cell prolif-
eration and in the prevention of malignant transformation
[14,15]. Two most notable CDKIs that can be activated to initi-
ate cellular senescence include p /6™ (cyclin dependent kinase
inhibitor 2A [Cdkn2a]) and p21°?' (cyclin dependent kinase in-
hibitor 1A [Cdknla]). Senescent cells consistently develop an
altered pattern of gene expression that involves the upregulation
of senescent cell anti-apoptotic pathways (SCAPs) [16] as well
as a senescence-associated secretory phenotype (SASP) that
typically consists of proinflammatory chemokines, cytokines,
and matrix degrading/remodeling proteins [17-19]. The SASP
can have diverse effects at different stages of life depending on
various stimuli and circumstances. Senescent cell accumulation
increases in various tissues most commonly with aging, al-
though increased cellular senescence has also been found to oc-
cur earlier in life in the contexts of obesity and T2D [9-11]. Un-
der these circumstances, senescent cells presumably accumulate
due to metabolic dysfunction, inefficient removal or clearance
by the immune system, and because of their resistance to apop-
tosis or as a result of a combination these factors [20,21]. The
biological significance and consequences of senescent cells and
their detrimental SASP are becoming more clear as in several
models of aging and disease, many laboratories have shown that
genetic clearance or pharmacologic killing of senescent cells
can improve healthspan (i.e., the period of life free of chronic
diseases) and extend lifespan [9-11].
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CELLULAR SENESCENCE IN BONE

Given that senescent cells accumulate in essentially a universal
fashion in several tissues with aging, it is perhaps not surprising
that numerous cell types in the bone microenvironment become
susceptible to cellular senescence under various scenarios, most
notably in response to stress, damaging stimuli, or with old age.
Indeed, multiple groups have shown using various approaches
and combinations of senescence biomarkers that senescent cells
do, in fact, accumulate with aging in old bone tissue and bone
marrow where, via their SASP, they are causal in aberrant bone
remodeling and in skeletal deterioration. For example, it has
been demonstrated that expression of p6™“_ which is a key me-
diator of senescence encoded by the Ink4a/Arf locus [14] (also
known as Cdkn2a), increases with aging in various hematopoi-
etic lineage cells (e.g., B-cells and T-cells, myeloid cells) as well
as in multiple mesenchymal bone cell lineages (e.g., osteopro-
genitors, osteoblasts, and osteocytes [22]) that reside within the
bone microenvironment. By contrast, p2/“?' (also known as
Cdknla), which is another driver of cellular senescence [15],
has been shown to be activated or induced in cells that are under
acute stress leading to their senescence in other contexts, such
as during wound healing and tissue repair [23,24]. Interestingly,
when focusing specifically on the SASP produced by various
bone-resident cell populations, it was found that both senescent
myeloid lineage cells and senescent osteocytes develop an up-
regulation of numerous SASP factors with aging [22]. As a
whole, the collective data establish that senescent cells are pres-
ent at the time and location of age-related bone loss and there-
fore could be causal in the development of osteoporosis.

In order to establish causality and prove that senescent cells
drive age-related bone loss, multiple research laboratories have
either utilized transgenic mouse models or have administered
drugs (termed “senolytics™) to aged mice to selectively elimi-
nate senescent cells. For example, in one such study [25], senes-
cent cells were removed from old mice using a genetic mouse
model called “p16-ATTAC” (i.e., apoptosis through targeted ac-
tivation of caspase 8), which harbors a “suicide” transgene driv-
en by the p16™** promoter [26]. In addition, a separate cohort of
old mice were intermittently treated with senolytics; dasatinib
(D; an tyrosine kinase inhibitor used for treating hematologic
disorders [27]) plus quercetin (Q; a natural flavanol present in
some fruits [28]). Previous studies had shown that the combina-
tion of D+Q acts a senolytic cocktail that targets SCAPs to se-
lectively kill senescent cells [29]. After four months of treat-
ment, both the genetic (p16-ATTAC) and pharmacologic (D+Q)
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approaches were effective in eliminating senescent osteocytes
and in preventing the loss of bone quality and strength that oc-
curs with natural chronological aging by reducing bone resorp-
tion and improving bone formation [25]. Thus, therapeutically
targeting cellular senescence with senolytics may represent an
effective strategy to prevent or alleviate age-related bone loss.

TYPE 2 DIABETES CAUSES POOR BONE
QUALITY AND ALTERS BONE TURNOVER

T2D can cause several features of accelerated aging in both ani-
mals and humans. In addition, with obesity and T2D, senescent
cells have been shown to accumulate earlier in life in several
tissues including, among potentially others, adipose, liver, pan-
creas, brain, and bone (Fig. 1) where they can prematurely drive
several features of aging, at least in mice [30-35]. However,
with regards to bone, there are still many unanswered questions
regarding which specific cell types are susceptible to cellular
senescence in T2D. To address this question, it will first be nec-
essary to develop inducible diabetic animal models that mimic
human T2D, specifically in adulthood (after skeletal maturity).
Given that T2D often coexists with obesity, these animal mod-
els will require high fat diet (HFD) feeding to recapitulate an
obesity environment. Furthermore, it will be important for these
models to display several hallmark features of human T2D, in-
cluding hyperglycemia, inadequate insulin secretion, and pan-
creatic B-cell dysfunction.
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Fig. 1. Cellular senescence in type 2 diabetes (T2D). Accelerated
cellular senescence has been observed in mice with T2D in adipose
tissue, pancreatic B-cells, liver, brain, and bone (among potentially
other tissues) (created with BioRender.com).
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Although several animal models of T2D have been well doc-
umented in the literature, one established model that consistent-
ly displays these features is the HFD/streptozotocin (STZ)
mouse model of T2D, which has been commonly used through-
out the diabetes field for many years [36]. With regards to their
skeletal phenotype, young adult HFD/STZ (i.e., T2D) mice dis-
play several alterations in bone parameters at various skeletal
sites that closely mirror those observed in human patients with
T2D. For example, one study of HFD/T2D mice found that at 7
months of age, as compared to age-matched non-diabetic con-
trols, that T2D mice have deficient cortical volumetric BMD,
thinner cortices, and reduced bone strength as derived by micro-
finite element analysis [37]. In addition to these impairments in
bone microarchitecture, various testing of direct measures of
biomechanical strength revealed that bones of T2D mice had re-
duced ultimate stress and stiffness as examined by spine com-
pression loading or three-point bending of the femur [37]. In ad-
dition to bone mass and strength, bone material properties are
well recognized as important determinants of bone quality. In-
terestingly, one test of bone material properties that can be per-
formed on mouse femurs, i.e, cyclic reference point microin-
dentation (RPI) testing, showed that mice with T2D had, on av-
erage, higher total indentation distance increase values and low-
er average loading slope values [37]. These RPI results suggest
that, at the tissue-level, bone material properties of T2D mice
exhibited reduced fracture toughness and an impaired resistance
to microcrack propagation, which both increase the bone’s sus-
ceptibility to fracture.

In order to better understand the underlying cellular changes
responsible for the impairments in bone quality, endocortical
bone histomorphometry was performed, which revealed that
mice with T2D had significantly higher bone resorption (i.e.,
osteoclast numbers) as compared to age-matched control mice,
without a coupled change in the number of osteoblasts [37],
which would under normal circumstances be reduced due to
coupling between bone resorption and formation. However, de-
spite this maintenance of osteoblasts, bone formation rates were
significantly lower on endocortical bone surfaces of T2D mice
as compared to age-matched controls, thus demonstrating that
the activity of osteoblasts was defective in T2D mice [37].
Therefore, mice treated with HFD/STZ (i.e., T2D mice) have
alterations in bone remodeling that lead to deficient bone mass
and strength as well as poor bone quality. Importantly, several
groups have found similar cortical (using high-resolution pe-
ripheral quantitative computed tomography) and bone material
property (using in vivo microindentation testing) defects in hu-
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mans with T2D [38-40].

MECHANISMS OF BONE FRAGILITY WITH
TYPE 2 DIABETES

Numerous mechanisms have been postulated to be involved in
the pathogenesis of skeletal fragility in the context of T2D. Ex-
amples of these mechanisms include the damaging effects of
prolonged hyperglycemia as well as the accumulation of ad-
vanced glycation endproducts (AGESs), proinflammatory factors,
oxidative stress, ROS, and cellular senescence [5,11]. In addi-
tion, the increased adiposity that is a common feature of T2D
has complex effects on bone that can be either beneficial or det-
rimental in nature [5,11]. For example, while higher body weight
and lean soft tissue mass associated with obesity and T2D can
have positive mechanical loading effects on weight-bearing skel-
etal sites, the concomitant increase in circulating adipokines and
proinflammatory cytokines, particularly those secreted from vis-
ceral adipose tissue stores, can stimulate bone resorption [5,11].
There is also an accumulation of bone marrow adiposity that
occurs with obesity and T2D that may have detrimental conse-
quences for the surrounding bone microenvironment, including
negative effects on bone formation, although more research is
needed to better understand the precise roles of bone marrow ad-
iposity in the pathogenesis of skeletal fragility in T2D.

SKELETAL CELLULAR SENESCENCE IN
TYPE 2 DIABETES

As noted above, senescent cells have been shown to accumulate
in several tissues earlier in life in animal models of T2D [30-
35]. These tissues include, but may not limited to, fat, pancreatic
B-cells, liver, brain, and bone (Fig. 1) [30-35]. Furthermore,
clearance of senescent cells in mice with obesity or T2D has
been shown to at least partially alleviate several features of met-
abolic dysfunction [32,34,41]. Although parallel data in humans
with T2D treated with senolytics in still being collected, prelim-
inary studies in patients with diabetic kidney disease treated
with senolytics demonstrated efficacy for clearance of senescent
cells in adipose tissue and skin as well as reductions in the
SASP in blood and fat biopsies [42,43]. From a mechanistic
standpoint, senescent cells via their SASP have been shown to
contribute to insulin resistance and disrupt insulin signaling by
attracting and over-activating immune cells [9]. Examples of
immune cell populations that have been implicated include my-
eloid lineage cells and macrophages that, via their SASP, ampli-
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fy the accumulation of senescent cells and can spread cellular
senescence to neighboring tissues [9]. The SASP produced by
non-immune cells can also spread senescence to previously
healthy cells [44,45], including to osteocytes in bone [46].
However, whether this also occurs in bone in the context of
T2D remains to be tested.

Notwithstanding, recent studies in mice have already begun
to examine the extent to which senescent cells accumulate in
bone with T2D, as they do with aging. For example, in young
adult mice exposed to HFD/STZ (i.e., T2D mice), osteocyte-en-
riched bone samples were shown to have elevated mRNA ex-
pression of the key mediators of senescence, pI6™* and p21“7*,
as compared osteocyte-enriched samples from age-matched
control mice [37]. Furthermore, the senescence-associated dis-
tension of satellites (SADS) assay [47], revealed that the per-
centage of senescent osteocytes (defined as =4 SADS per os-
teocyte) was significantly higher in bone cortices of T2D as
compared to age-matched control mice [37]. In addition, the
telomere-associated foci (TAF) assay, a robust specific marker
of cellular senescence that identifies DNA damage sites co-lo-
calized at sites of telomeres [48], confirmed that the percentage
of TAF+ osteocytes increased significantly in bone cortices of
T2D relative to age-matched control mice [37]. Finally, mea-
sures of the SASP (i.e., based on an a priori established panel of
36 factors [22]) in the osteocyte-enriched samples of T2D ver-
sus control mice, revealed a unique proinflammatory SASP in
osteocytes of T2D mice that was comprised predominantly of
increased levels of multiple matrix metalloproteinases (MMPs)
as well as significantly higher expression of nuclear factor-xB
(NF-kB) [37]. It is noteworthy that NF-kB is a key downstream
target of the receptor for advanced glycation endproducts
(RAGE) pathway that is activated by AGEs [49,50], which rep-
resent a hallmark mechanism underlying bone destruction in the
pathogenesis of T2D [5,11]. Therefore, elevated MMPs and NF-
kB constitute at least part of the SASP signature of senescent
osteocytes unique to T2D [37]. Taken together, these findings
establish that T2D results in the premature accumulation of se-
nescent osteocytes during young adulthood, at least in mice
[37], although other bone-resident cell types may also become
senescent and additional key SASP factors specific to T2D are
likely to be revealed given the rapidly expanding nature of the
field. Certainly, future studies are warranted to rigorously test
these unanswered questions.

Since T2D patients have higher fracture risk and poor bone
quality [3], and because senescent cells may represent an impor-
tant mechanistic link between T2D and poor bone quality [11],
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it will also be important to examine the biological consequences
of selectively eliminating senescent cells (using both genetic
and pharmacological approaches) on bone microarchitecture,
strength, and quality in animal models of T2D. Interestingly,
work by Palmer et al. [32] demonstrated in mice that therapeuti-
cally targeting senescent cells with senolytics can alleviate obe-
sity-induced metabolic dysfunction. Consistent with these find-
ings, recent studies in mice with T2D by Aguayo-Mazzucato et
al. [34] reported that systemic removal of senescent cells, using
p16-ATTAC (genetic model of senescent cell elimination) or ad-
ministration of senolytics (pharmacologic killing of senescent
cells) to young adult mice improved insulin secretion and glu-
cose homeostasis. Furthermore, even more recently, Wang et al.
[41] reported, using a novel transgenic strategy, that the selec-
tive elimination of p21“% highly expressing cells in adipose tis-
sue alleviates insulin resistance in obese mice. However, in each
of the above studies, the skeletal phenotype of these animals
was not examined. Therefore, it will be important in future stud-
ies to rigorously test whether genetic or pharmacological inter-
ventions that eliminate senescent cells to thereby alleviate meta-
bolic dysfunction, can also prevent or reverse skeletal dysfunc-
tion in context of T2D, as it does with aging [25,30,31].

CONCLUSIONS

In conclusion, numerous bone-resident cell types become sus-
ceptible to cellular senescence with old age. Furthermore, T2D
causes the premature accumulation of senescent osteocytes dur-
ing young adulthood, at least in mice, although it remains to be
seen which other bone-resident cell types become senescent
with T2D. Given that therapeutically removing senescent cells
can alleviate age-related bone loss and T2D-induced metabolic
dysfunction, it will be important in future studies to rigorously
test whether interventions that eliminate senescent cells can also
alleviate skeletal dysfunction in context of T2D, as it does with

aging.
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