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Abstract

Increased understanding of the Wnt signaling pathway has led to the development of romosozumab, one of the most
potent osteoanabolic agents to date for osteoporosis treatment. Romosozumab is a monoclonal antibody that inhibits
sclerostin, a natural inhibitor of the Wnt signaling pathway. Romosozumab, by inhibiting sclerostin activates the Wnt
signaling pathway, leading to increased bone formation and decreased bone resorption. The pivotal ARCH and FRAME
studies established romosozumab’s fracture reduction efficacy. Romosozumab was superior to alendronate in fracture
reduction and bone mineral density gain in the ARCH study. Romosozumab treatment should be followed sequentially
with a potent antiresorptive agent. The antifracture efficacy gained from romosozumab is maintained or improved
after transitioning to an antiresorptive agent. As one of the most potent osteoanabolic agents, the introduction of
romosozumab has significantly increased our ability to treat osteoporosis. Studies have provided important information
on using romosozumab with other osteoporosis medications to optimize osteoporosis treatment. Romosozumab
used before antiresorptive medications is associated with more significant bone mineral density increases than when
an antiresorptive agent is used before romosozumab. Romosozumab is recommended for osteoporosis treatment
in patients at very high risk for fracture with low cardiovascular risk. Romosozumab is generally well tolerated, with
4%—-5% of patients having injection site reactions. The ARCH trial showed a higher risk of cardiovascular events in
patients receiving romosozumab. Romosozumab carries a black box warning that romosozumab should not be initiated
in patients with myocardial infarction or stroke in the preceding year. However, the information on romosozumab
and increased cardiovascular risk is conflicting. The risk of cardiovascular disease with romosozumab is unclear. While
romosozumab has demonstrated significant osteoanabolic effect and antifracture efficacy and will benefit high fracture
risk patients, further studies are needed to investigate the cardiovascular safety of romosozumab.
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Introduction significant medical and personal burdens on individuals,

o . . . affecting their quality of life. Osteoporosis-related fractures
Osteoporosis is a systemic skeletal disease characterized by

low bone mass and deterioration of bone microarchitecture.
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are costly and pose economic burdens to the health care
system and society.’

Postmenopausal osteoporosis is the most common type
of osteoporosis, occurring in women due to estrogen defi-
ciency.* Estrogen deficiency during menopause leads to
increased bone turnover where bone resorption exceeds
bone formation.* Bone loss in postmenopausal women
occurs in two phases. Initially, menopause-related bone
loss occurs when trabecular bone is rapidly lost within 3—5
years. Menopause-related bone loss is followed by age-
related bone loss, where bone loss in the trabecular and
cortical components occurs over a 5- to 10-year period.*
The international osteoporosis foundation estimates that
worldwide, 1 in 3 women over age 50 and above will expe-
rience a fragility fracture.?

The goal of the treatment of osteoporosis is to improve
bone architecture, improve bone strength and reduce frac-
ture risk. Treatments for osteoporosis reduce fracture risk
by 50%—-70%.5 Antiresorptive agents such as bisphospho-
nates and denosumab primarily prevent bone resorption.
Antiresorptive medications are not sufficient to restore
skeletal architecture.® In recent years, medications that
build bone have been developed, including teriparatide,
abaloparatide, and romosozumab. These medications are
potent osteoanabolics that stimulate bone formation,
improve and restore bone architecture and reduce the risk
of fracture. This article discusses romosozumab for osteo-
porosis treatment in women and the safety concerns,
focusing on cardiovascular risk.

Romosozumab: targeting sclerostin
to activate Wnt signaling selectively
in bone

Sclerosteosis and van Buchem disease are genetic condi-
tions characterized by high bone mass with generalized
osteosclerosis of the skull, mandible, ribs, clavicles, and
long bones. Patients with Sclerosteosis and van Buchem
disease have a very low fracture risk due to high bone
mass. It was subsequently discovered that these patients
had genetic abnormalities in the SOST gene that encodes
sclerostin. These genetic abnormalities lead to decreased
production of biologically active sclerostin, causing unreg-
ulated growth of bone in the cortical skeleton.”® Insights
from sclerosteosis and van Buchem led to the discovery of
sclerostin and the Wnt signaling pathway.

Sclerostin is a glycoprotein mainly produced in osteo-
cytes. Osteoblasts lay down bone matrix, are embedded in
the bone matrix, then transform into osteocytes. Osteocytes
have canalicular projections to other osteocytes and are
mechanosensors of the mechanical response of bone. In
response to weight-bearing, the osteocytes reduce scle-
rostin expression, leading to bone formation. With no
weight-bearing, expression of sclerostin increases leading
to decreased bone formation. Hormones and cytokines

such as parathyroid hormone and glucocorticoids influ-
ence sclerostin expression.'® Sclerostin is a negative regu-
lator of bone formation, likely through regulation of the
Wnt signaling pathway.!?

The Wnt signaling pathway activates when the Wnt
proteins bind to Frizzled family receptor and low-density
lipoprotein receptor-related protein (LRP) 5/6 complexes,
leading to activation of downstream enzymes and increased
bone formation and decreased bone resorption.!'”!3
Specifically, with the activation of the Wnt signaling path-
way, the intracellular destruction complex that degrades
beta-catenin is inhibited. Beta-catenin enters the cell’s
nucleus, binding to the T-cell factor transcription factor to
activate Wnt-responsive genes, stimulating bone forma-
tion. Conversely, when Wnt signaling is not activated, the
destruction complex is activated and phosphorylates beta-
catenin. Phosphorylated beta-catenin is ubiquitinated and
degraded by a proteasome. When beta-catenin does not
enter the nucleus, Wnt-responsive genes are not activated.
Increased beta-catenin levels also lead to increased osteo-
protegerin, which prevents the binding of RANK ligand to
RANK. Binding of RANK ligand to RANK stimulates
osteoclast activation.'* Therefore, with Wnt activation,
osteoclast activity is decreased, reducing bone resorption.
The net effect of activation of the Wnt signaling pathway
is increased bone formation and reduced bone resorption
to a lesser degree. Sclerostin binds to surface osteoblasts at
the LRPs. By bindings to LRPs, sclerostin acts as a com-
petitor for Wnt proteins to attach to LRP, inhibiting the
Wnt signaling pathway."

Increased understanding of the Wnt signaling pathway
and bone metabolism opened up opportunities to target
this pathway to treat osteoporosis. However, the Wnt sign-
aling is ubiquitous and is involved in various organ sys-
tems in normal homeostasis and repair after injury.'
Therefore, targeting the Wnt signaling pathway raises the
concern of untoward systemic side effects. Because scle-
rostin is predominantly restricted to cells of osteoblast lin-
eage, especially osteocytes, it presents a unique therapeutic
target for osteoporosis treatment.!” Romosozumab is a
humanized 1gG2 monoclonal antibody that binds to and
inhibits sclerostin. Binding to sclerostin removes inhibi-
tion of sclerostin on the Wnt-B-catenin pathway, ulti-
mately leading to bone formation and decreased bone
resorption and its utility in the treatment of osteoporosis.

Romosozumab: a monoclonal
antibody against sclerostin in the
treatment of osteoporosis

Romosozumab was evaluated in several phase one trials at
single doses or multiple doses in healthy men and post-
menopausal women.!”!8 Patients in the single-dose study
received romosozumab subcutaneously (0.1, 0.3, 1, 3, 5, or
10mg/kg), intravenously (1 or 5mg/kg) or placebo.!®
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In the study where patients received multiple doses, post-
menopausal women received six doses of 1 or 2mg/kg
every 2 weeks or three doses of 2 or 3 mg/kg once every 4
weeks or placebo. Healthy men received six doses 1 mg/kg
every 2 weeks or 3 mg/kg once every 4 weeks or placebo.!’
Patients tolerated romosozumab well. Adverse events
were well balanced, and investigators did not note any sig-
nificant safety signals.

Romosozumab exhibited nonlinear pharmacokinetics,
that is, with increased romosozumab dose, clearance
decreases. Therefore, exposure to romosozumab increases
at a greater rate relative to a given dose at higher doses.!*?
Although no specific studies specifically study the absorp-
tion, distribution, and excretion of romosozumab, romo-
sozumab most likely has similar properties as most other
monoclonal antibodies. Drug absorption after subcutane-
ous injection occurs via lymphatic drainage.?!?> Systemic
absorption occurs via convective antibody transport via
the lymphatic vessels, with subsequent diffusion of anti-
bodies across blood vessels.?!"?2

In general, hepatic and renal excretion plays a minimal
role in eliminating the monoclonal antibody from the body.
Monoclonal antibodies are too large to be filtered by the
kidneys and are not excreted in the urine. Biliary excretion
of monoclonal antibodies is minimal.?> Monoclonal anti-
body elimination primarily occurs through intracellular
catabolism.?? This intracellular catabolism occurs via two
processes (1) nonspecific fluid-phase endocytosis or (2) a
more specific receptor-mediated endocytosis process. The
receptor-mediated endocytosis process is saturated at higher
concentrations, leading to nonlinear pharmacokinetics.?

Romosozumab: a potent
osteoanabolic agent with dual
mechanism of action

Romosozumab was evaluated in a phase 2 randomized,
placebo-controlled, parallel-group, eight-group study.?
The study included 419 postmenopausal women ages 55—
85. Patients included had a bone mineral density 7'score of
<-2.0 and >-3.5 at the lumbar spine, total hip, and femo-
ral neck. Patients were randomized to various groups
receiving (1) monthly subcutaneous romosozumab (70,
140, 210mg), (2) every 3-month subcutaneous romo-
sozumab (doses 140, 210 mg), (3) placebo, (4) open-label
alendronate 70mg weekly, or (5) subcutaneous teripara-
tide 20 pg daily. The treatment duration was 1 year. The
study’s primary endpoint was percentage change from
baseline lumbar spine bone mineral density at 12 months.
At 12 months, romosozumab significantly increased bone
mineral density in the lumbar spine and the total hip and
femoral neck. The highest gain in bone mineral density
was in the group that received monthly romosozumab
210 mg administered subcutaneously (11.3% in the lumbar
spine, 4.1% in the total hip, 3.7% in the femoral neck).

Effect of Teriparatide, Abaloparatide and
Romosozumab on bone formation and bone
resorption
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Figure |. Directional changes of bone formation and bone
resorption with subcutaneous injections of teriparatide,
abaloparatide compared with romosozumab.®

Magnitude of bone formation and resorption are arbitrary.

This bone mineral density gain was more significant than
active comparators of subcutaneous teriparatide 20 pg
daily or alendronate 70mg weekly. Romosozumab was
well tolerated, with serious adverse events balanced
between all groups.?

In the subgroups that received romosozumab, bone for-
mation markers (serum P1NP) showed a transitory increase
which peaked at 1 month of treatment. Serum PINP
decreased back to baseline by months 2-9 depending on
the romosozumab dose. Conversely, bone resorption mark-
ers (serum CTX) decreased with nadir reached in the first
week. However, they remained below baseline up to 12
months of treatment. The pattern change of bone turnover
markers suggests that with romosozumab treatment, there
is marked initial gain in bone formation and a more pro-
longed decrease in bone resorption leading to a sizable
osteoanabolic window where significant bone gain
occurs.” This contrasts teriparatide, where both PINP and
serum CTX are elevated. The PTH analogs (teriparatide
and abaloparatide) stimulate bone formation and absorp-
tion, leading to a smaller osteoanabolic window (Figure 1).
In the alendronate group, both serum PINP and serum
CTX were decreased (serum CTX suppressed more than
serum PINP).23

Clinical studies establishing the
efficacy of romosozumab in the
treatment of osteoporosis

The efficacy of romosozumab in fracture reduction has
been evaluated in large phase 3 randomized control trials.
In subsequent sections, we describe pivotal studies study-
ing the effectiveness of romosozumab in treating osteopo-
rosis in postmenopausal women (Table 1). The two largest
romosozumab trials evaluating fracture outcomes were the
FRAME (FRActure study in postmenopausal woMen with
ostEoporosis) study and the ARCH (Active-contRolled
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Table I. Phase Il trials: clinical efficacy, and safety in osteoporosis patients in postmenopausal women.

Study Context Patients Enrolled Treatment/ Primary Outcomes  Results
Comparator

Study ID: Fracture 7180 Romosozumab Cumulative I) Vertebral

NCTO01575834 prevention postmenopausal 210mg incidence of fracture

FRActure study efficacy and women with subcutaneous morphometric incidence

in postmenopausal safety study in osteoporosis gmonthly for 12 vertebral fracture decreased

woMen with
ostEoporosis
(FRAME)

postmenopausal
women with
osteoporosis

Mean age 71 years
18% with

fracture

22% with
prevalent
nonvertebral
fracture

4093
postmenopausal
women with

Study ID:
NCTO01631214
Active-contRolled
FraCture Study in
Postmenopausal
Women with
Osteoporosis at

Fracture
prevention
efficacy and
safety study in
a population
with higher risk
of fracture than

fragility fracture

96% with

High Risk of Fracture FRAME prevalent vertebral
(ARCH) fracture
38% with
prevalent
nonvertebral
fracture
Study ID: Head-to- 436 with
NCTO01796301 head study of postmenopausal
STudy evaluating romosozumab osteoporosis
effect of versus Mean age 71.5
RomosozUmab teriparatide in years
Compared with postmenopausal Duration
Teriparatide in women with of previous
postmenopaUsal osteoporosis alendronate use
women with previously on 5.5 years.
osteoporosis at high bisphosphonate Duration
risk for fracture of previous

pReviously treated
with bisphosphonatE
therapy
(STRUCTURE)

bisphosphonate
use 6.2 years

prevalent vertebral

osteoporosis and a

Mean age 74 years.

months, followed
by denosumab for
12 months.
Comparator:
Placebo for 12
months followed
by denosumab for
12 months.
Romosozumab
210mg
subcutaneous
gmonthly for 12
months, followed
by open-label
alendronate.
Comparator:
Alendronate

70 mg weekly.

Romosozumab
210mg
subcutaneous
gmonthly for 12
months
Comparator
Teriparatide.

at 12 months and
24 months

Cumulative
incidence of new
morphometric
vertebral fracture
at 24 months
Cumulative
incidence of
clinical at the time
of the primary
analysis (when
clinical fracture
confirmed in =330
patients)
Percentage change
from baseline in
areal BMD by
dual-energy X-ray
absorptiometry

at the total hip
through month 12

by 73% at 12
months and 75%
at 24 months.

Vertebral
fracture
incidence
decreased

by 48% at 24
months.

Clinical fractures
incidence
decreased by
27% at the

time of primary
analysis (33
months)

Mean percentage
change from
baseline in the
total hip areal
bone mineral
density with
romosozumab
2.6%,
teriparatide
—0.6%, difference
3.2%.

ARCH: Active-contRolled FraCture Study in Postmenopausal Women with Osteoporosis at High Risk of Fracture.

fraCture Study in Postmenopausal Women with Osteopo-
rosis at High Risk of Fracture) study. The FRAME study
assessed the efficacy of romosozumab in osteoporotic post-
menopausal women compared with placebo. The ARCH
study evaluated the effectiveness of romosozumab in a
group of patients with higher fracture risk. The ARCH
study had an active comparator design comparing romo-
sozumab to alendronate in osteoporotic postmenopausal
women in the first year of treatment. The STRUCTURE
(STudy evaluating effect of RomosozUmab Compared
with Teriparatide in postmenopaUsal women with osteo-
porosis at high risk for fracture pReviously treated with
bisphosphonatE therapy) study was a smaller active

comparator trial comparing romosozumab with teriparatide
in patients who were previously on alendronate. The
STRUCTURE study evaluated changes in bone mineral
density and structural bone changes with romosozumab
treatment compared with teriparatide.

Romosozumab in the treatment
of osteoporosis in postmenopausal
women

The FRAME study is one of the largest randomized con-
trol trials to have demonstrated the efficacy of romo-
sozumab in treating osteoporosis. The FRAME was a
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Romosozumab-Denosumab Group

Placebo-Denosumab Group

FRAME
7180 postmenopausal women with osteoporosis

Denosumab |2 months

Denosumab |2 months

Figure 2. Study design of the FRAME study.

randomized, double-blind, placebo-controlled trial evalu-
ating the effectiveness of romosozumab in treating osteo-
porosis. In this study, 7180 women with postmenopausal
osteoporosis (7" score of —2.5 to —3.5 at the total hip or
femoral neck) were randomized to receive romosozumab
210mg monthly or placebo in year 1.2* Both groups
received denosumab 60mg subcutaneously qémonths in
year 2 (Figure 2). The study excluded patients with a his-
tory of hip fracture, severe vertebral compression frac-
ture/2, or more vertebral compression fracture. The
primary endpoint of this study was cumulative morpho-
metric (symptomatic + asymptomatic) vertebral fracture
incidence at 12 and 24 months.

At 12 months, treatment of romosozumab led to a bone
mineral density gain from a baseline of 13.3% in the lum-
bar spine and 6.9% at the total hip. The improvements in
bone mineral density were maintained/increased at 24
months after transitioning to denosumab. At 24 months,
the gain in the lumbar spine was 17.6%, while the gain in
the total hip was 8.8%. At 12 months, romosozumab treat-
ment led to a 73% risk reduction of vertebral fractures
compared with placebo (p<<0.001). Fracture reduction
was noted rapidly after 6 months of treatment on romo-
sozumab. Between 6 and 12 months, only two additional
patients had vertebral compression fractures, compared
with 33 patients in the placebo group. The benefit of reduc-
ing vertebral fracture risk was maintained after patients
were transitioned to 1 year of denosumab, with the verte-
bral fracture relative risk reduction of the romosozumab—
denosumab group at 75% at year two as compared with the
placebo—denosumab group (p < 0.001). Both reductions in
fracture risk were statistically significant.

After 1 year of romosozumab treatment, clinical frac-
tures were reduced by 36% (p=0.008), while nonverte-
bral fractures decreased by 25% (p=0.096). A fixed
sequence testing procedure was used for coprimary end-
points and selected secondary endpoints to adjust for
multiple comparisons. Due to the lack of statistical sig-
nificance for nonvertebral endpoint and prespecified test-
ing sequence, all other endpoint analyses were considered
exploratory (Table 2).24%5 Although there was a trend of
reduction in clinical (24 months) and nonvertebral frac-
ture risk (12 and 24 months), these reductions were not

statistically significant. In post hoc analysis, it was noted
a low placebo fracture rate in patients enrolled from Latin
America. The FRAME has a more substantial proportion
of patients enrolled from Latin America than ARCH.
When the analysis was performed, romosozumab reduced
vertebral fracture risk in Latin America by 70% (p=0.014)
and the rest of the world by 74% (p <0.001). Although a
statistically significant 42% risk reduction in nonverte-
bral fracture was noted in the rest of the world, no treat-
ment effect was noted in Latin America.?

In the FRAME study, adverse and serious adverse
events were well balanced between patients who received
romosozumab—denosumab and those who received pla-
cebo—denosumab.?* Notably, there was no difference in the
incidence of adjudicated serious cardiovascular events in
both groups. Patients who received romosozumab had
higher rates of injection site reactions. 5.3% of patients
who received romosozumab had injection site reactions. In
comparison, only 2.9% of patients who received placebo
had injection site reactions. Two cases of osteonecrosis
of the jaw were noted in the romosozumab—denosumab
group, one case after 12 months of romosozumab, and 1
case after 12 months of romosozumab and one dose of
denosumab. One atypical femoral fracture was noted 3.5
months after the first dose of romosozumab. There were no
cases of atypical femoral fracture or osteonecrosis of the
jaw in the placebo—denosumab group.

Romosozumab in the treatment
of osteoporosis of postmenopausal
women: patients at high risk for
fracture

The ARCH study evaluated the utility of romosozumab in
the treatment of osteoporosis in a group of postmenopausal
osteoporotic women who were at a higher risk of fracture
than the FRAME study. Specifically, the ARCH study
enrolled 4093 postmenopausal women with osteoporosis
with a history of fragility fracture. The inclusion criteria of
the ARCH study were a total hip or femoral neck bone
mineral density 7 score <-2.5, with either one or more
moderate/severe vertebral fractures or two or more mild
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Table 2. Major Adverse Cardiac Event (MACE) in the ARCH and FRAME studies.?.

ARCH Study

Frame Study

Romosozumab—

2014) Alendronate (N

Romosozumab  Alendronate—

(N

Alendronate

3581) (N

Romosozumab Placebo—Denosumab Romosozumab—

(N

Placebo
(N

2040)

Alendronate (N

2040)

2014)

Denosumab (N

3576)

(N=

3581)

3576)

17 (5.7)

102 (5.1)

41 (2.0
17 (0.8)

22 (1.1)

95 (2.7)
43 (1.2)

86 (2.4)

30 (0.8)
17 (0.5)

29 (0.8)
15 (0.4)

MACE, n (%)

67 (3.3)

68 (3.4)

12 (0.6)

50 (1.4)

Cardiovascular

Death, n (%)
Nonfatal

23 (I.1)

21 (1.0)

16 (0.8)

5(0.2)

23 (0.6)

19 (0.5)

9(0.3)

8(0.2)

myocardial

infarction, n (%)
Nonfatal stroke,

n (%)

42 (2.1)

24 (1.2)

13 (0.6)

7(0.3)

37 (1.0)

31 (0.9)

8(0.2)

10 (0.3)

ARCH: Active-contRolled FraCture Study in Postmenopausal Women with Osteoporosis at High Risk of Fracture; MACE: major adverse cardiac event.
Information in table assessed from |. United States Food and Drug Administration (FDA)?; FDA presentation: Cardiovascular Safety Assessment.

vertebral fractures; bone mineral density 7' score <-2.0,
with either two or more moderate/severe vertebral frac-
tures, or a fracture of the proximal femur sustained 3-24
months before randomization. The ARCH study is one of
the few head-to-head trials showing the fracture benefit of
one osteoporosis drug versus another. In the ARCH study,
1 year of romosozumab treatment followed by alendronate
treatment was superior to alendronate treatment alone.?

In the ARCH study, patients were randomized to receive
either subcutaneous romosozumab 210mg monthly or
alendronate 70mg weekly in the first year. After 1 year,
both groups transitioned to open-label oral alendronate
until the time of primary analysis (Figure 3). The primary
analysis was performed when at least 330 events of clini-
cal fracture (nonvertebral and symptomatic vertebral frac-
ture) had been confirmed, and all patients completed the
month 24 visit.3® The study’s primary endpoints were
cumulative incidence of new morphometric vertebral frac-
tures at 24 months and cumulative incidence of clinical
fractures (symptomatic vertebral fractures + nonvertebral
fractures) at the time of primary analysis.*

At 24 months, the study met the primary endpoints,
where the cumulative incidence of vertebral fractures in
the romosozumab—alendronate group was 48% lower than
in the alendronate—alendronate group (p <0.001). At the
time of primary analysis (33 months), the romosozumab—
alendronate group had a 27% lower risk of clinical frac-
tures (p»<<0.001), while nonvertebral fractures were
reduced by 19% (p=0.04). Patients who received romo-
sozumab had more significant bone mineral density gains
from baseline than those who received alendronate alone
at all time points. At 12 months, patients who received
romosozumab had bone mineral density gains of 13.7%
(lumbar spine), 6.2% (total hip), as compared with 5.0%
(lumbar spine), 2.8% (total hip) in patients who received
alendronate. Bone density continued to gain when patients
were transitioned from romosozumab to alendronate in
year 2, with gains at 24 months being 14.9% in the lumbar
spine and 7.0% in the total hip.

Similar to the FRAME study, incidences of adverse
events and serious adverse events were similar in the romo-
sozumab—alendronate group versus the alendronate—alen-
dronate group, except for serious cardiovascular events.
Injection site reactions were more common in the romo-
sozumab—alendronate group (4.4%) than in the alendro-
nate—alendronate group (2.6%). In the ARCH study,
adjudicated serious cardiovascular events were imbalanced.
In the ARCH study’s first year, a higher frequency of serious
cardiovascular adverse events (50 patients in the romo-
sozumab group versus 38 patients in the alendronate group:
difference not statistically significant) (Figure 4).>* This led
to further analysis contributing to a boxed warning for
romosozumab that it may increase the risk of heart attack,
stroke, and cardiovascular death. We discuss romosozumab
and cardiovascular risk in the subsequent section.
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Alendronate-Alendronate Group

ARCH (Event-Driven Clinical Trial)
4093 postmenopausal women with osteoporosis and fragility fracture

fracture confirmed

primary analysis.
when clinical

Figure 3. Study design of the ARCH study.

Cardiovascular outcomes in the ARCH Study 12
month study period

Nonfatal stroke r
Nonfatal myocardial infarction F
Cardiovascular Death -
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Cardiovascular Severe Adverse Events

o

Proportion of patients, %

B Romosozumab M Alendronate
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Cardiovascular outcomes in the FRAME Study 12
month study period
Nonfatal stroke | —
Nonfatal myocardial infarction [
Cardiovascular Death [
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e

Cardiovascular Severe Adverse Events
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Figure 4. Cardiovascular outcomes in the ARCH and FRAME studies |2-month study period.
Information in table assessed from I. United States Food and Drug Administration (FDA)?; FDA presentation: Cardiovascular Safety Assessment.

Switching high-risk patients
previously on bisphosphonates to
romosozumab

In clinical practice, there may be a need to transition to osteo-
anabolic agents in patients at higher risk for fractures previ-
ously treated with bisphosphonates. This could be due to poor
response to bisphosphonates, fracture while on treatment, or
patient remains at increased risk for fracture after treatment.
This clinical situation was evaluated in the STRUCTURE
study.3! The STRUCTURE study enrolled 436 postmenopau-
sal women with osteoporosis with prior oral bisphosphonates
for at least 3 years and alendronate the year before enroll-
ment. Patients had a T score of —2.5 or lower at the total hip,
femoral neck, or lumbar spine and a history of fracture.
Patients were randomized to receive 1 year of romosozumab
210mg monthly or subcutaneous teriparatide 20 pg daily.
The primary endpoint was the percentage from baseline
BMD by DEXA at the total hip through month 12 (mean of
months 6 and 12). Bone strength was further evaluated by
Quantitative Computed Tomography (QCT).

After 1 year of treatment, romosozumab led to a mean
percentage gain from baseline in the total hip areal bone
mineral density of 2.6%, while teriparatide led to a loss of
0.6%. The difference between groups was 3.2% (statisti-
cally significant). Other sites, including the spine, noted

more significant gains in bone mineral density with romo-
sozumab treatment than with teriparatide treatment.
Furthermore, romosozumab is associated with increased
estimated hip strength compared with teriparatide. When
transitioning from alendronate to romosozumab, romo-
sozumab was associated with a gain in cortical bone volu-
metric bone mineral density in 1 year. At the same time,
there was a loss in cortical volumetric bone mineral den-
sity with teriparatide. Because recent studies show that
more significant BMD increases are associated with
reduced fracture risk, these data suggest that romosozumab
may benefit high-risk osteoporosis patients transitioning
from bisphosphonates to osteoanabolic agents.

Compared with the ARCH and FRAME trials (no prior
antiresorptive treatment), the gain of BMD in the hip and
spine in the STRUCTURE study after 1-year of romo-
sozumab treatment was lower when preceded by alendro-
nate treatment. Lower BMD gains were also noted when
romosozumab treatment was preceded by denosumab.®
Taken together, romosozumab used before rather than after
alendronate leads to more significant bone mineral density
increases and BMD responder rates. Therefore, with BMD
gain with treatment being an essential indicator for bone
strength and reduction in fracture risk, using romosozumab
before an antiresorptive agent might be the ideal sequence
for treatment.>
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Clinical considerations when using
romosozumab

Romosozumab is given as two subcutaneous injections
(210 mg) once monthly for 12 months. Each injection is in
a single-use, prefilled syringe containing 105mg of the
medication. A healthcare provider administers the medi-
cation subcutaneously into the abdomen, thigh, or upper
arm.® Due to its superior antifracture efficacy, potent ana-
bolic properties, and rapid onset of action, romosozumab
has been recommended for patients at very high risk for
fracture in various guidelines.”* Treatment with romo-
sozumab should be followed sequentially with a potent
antiresorptive agent. The bone mineral density gains are
maintained or improved after transitioning to an antire-
sorptive agent. The transition to an antiresorptive agent
also maintains fracture reduction efficacy. Using romo-
sozumab before an antiresorptive agent may be ideal for
optimal bone density gain. When antiresorptive agents are
used before romosozumab, bone density gain from romo-
sozumab treatment is attenuated. However, cost and payer
considerations need to be considered in treatment deci-
sions, and more expensive osteoanabolic patients may not
be appropriate for the initial treatment of all osteoporosis
patients. Romosozumab may be a better choice than teri-
paratide when treatment is preceded by antiresorptive,
especially in high-risk patients. When teriparatide is used
after antiresorptive agents, there is a transient loss of bone
mineral density in the hips. In contrast, with romo-
sozumab, there was bone density gain, although attenu-
ated. Romosozumab is well tolerated; 4%—5% of patients
have injection site reactions in the ARCH and FRAME
trials. There is a possibility that romosozumab may
increase the risk of cardiovascular events. Therefore, cau-
tion is needed until further data are available.

Romosozumab and risk of
cardiovascular disease

Findings in the ARCH study raised the concern about
romosozumab and cardiovascular risk. Due to these con-
cerns, romosozumab carries a black box warning per the
United States Food and Drug Administration (FDA).
Romosozumab should not be initiated in patients with
myocardial infarction or stroke in the preceding year. Per
the European Medicines Agency (EMA),** romosozumab
is contraindicated in patients with history of myocardial
infarction or stroke. The following sections summarize
preclinical studies, genetic studies, and clinical trials
examining the cardiovascular risk with romosozumab.

Preclinical data

Preclinical studies have found that sclerostin is expressed
in the vasculature, usually within the vascular smooth

muscle cells, and in aortic plaque.’*® However, sclerostin’s
role in the vasculature and if there is a relationship to the
pathogenesis of atherosclerosis remains unclear.’” Various
hypotheses of the role of sclerostin have been postulated,
including sclerostin expression in calcified blood vessels,
which may represent a secondary phenomenon of the ossi-
fication process, where vascular smooth muscle cells trans-
differentiate to an osteoblastic/osteocytic phenotype during
the calcification process.’®* Others have postulated that
sclerostin upregulation is a negative regulator for vascular
calcification. Therefore, sclerostin may protect against vas-
cular inflammation, aortic aneurysm, and atherosclerosis in
selected animal models.***> Consequently, inhibition of
sclerostin by romosozumab could theoretically lead to
increased vascular calcification.?”*

However, animal studies in rats and monkeys have not
demonstrated an association between sclerostin inhibition
and increased vascular calcification.”’#** A 6-month
repeat dose monkey toxicity study, with romosozumab up
to 93-fold clinic exposure based on area under the concen-
tration-time curve (AUC), did not note vascular effects.?
There was no vascular mineralization in aged ovariecto-
mized monkeys receiving one year of romosozumab at
22-fold clinical AUC exposure.’ Along similar lines, a
6-month study of rats did not note vascular lesions with
romosozumab exposure up to 39-fold clinical AUC expo-
sure.?’ Notably, the process of vascular calcification occurs
gradually over some time. This does not explain the ARCH
study finding, where separation of the alendronate and
romosozumab arms occurred within the first three months
of the study.?®** AMGEN, the company filing for approval,
performed additional studies to explore possible mecha-
nisms where romosozumab would cause a rapid increase
cardiovascular risk. This included an in vitro human plate-
let activation study. The study did not find a prothrombotic
effect of romosozumab through platelet activation. In an in
vitro vasoconstriction study, romosozumab did not induce
vasoconstriction at approximately 10-fold greater than
reported serum values in postmenopausal women.?’ In a
study of the ApoE —/— mouse model of atherogenesis, the
administration of sclerostin antibody had no meaningful
effects on the incidence and morphology of the plaque in
the aorta.?®

The association between serum level of sclerostin and
surrogate markers of cardiovascular dysfunction/cardio-
vascular outcomes has been investigated and has yielded
inconsistent findings.*> The conflicting results were related
to variations in study design, differences between study
populations and animal models, and heterogeneous meth-
ods used to investigate this association.*> For example, in a
cohort of patients with chronic kidney disease, aortic calci-
fications were noted in patients with higher sclerostin lev-
els. However, in multivariate analysis, the association was
inversed.*® Studies investigating the association of serum
sclerostin and aortic valve, coronary, or aortic calcification
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have yielded positive associations, negative associations,
and no correlation.*> Golledge and Thanigaimani reviewed
14 studies examining the association between serum scle-
rostin concentration and arterial stiffness or atherosclerosis
severity. 12 studies reported positive associations, while
one study reported a negative association, and one study
reported no association.*?

Similarly, conflicting results have been noted between
the association of sclerostin and cardiovascular outcomes
such as cardiovascular events and mortality. Some stud-
ies reported better cardiovascular survival,*’*® while oth-
ers predicted higher rates of adverse cardiovascular
outcomes with higher levels of sclerostin.*> Golledge and
Thanigaimani reviewed nine studies examining the asso-
ciation between serum sclerostin and cardiovascular
events. Four of the nine studies showed that higher scle-
rostin levels were associated with a significantly greater
risk of cardiovascular events; four reported no significant
association. In contrast, one study reported an inverse
association between sclerostin concentration and risk of
major cardiovascular and cerebrovascular events.*> A
meta-analysis of six observational studies showed that
median or upper tertile sclerostin levels were not associ-
ated with a greater risk of MACE (hazard ratio 1.2, 95%
confidence interval (CI) 0.75-1.93).*> However, subanaly-
sis in patients with chronic kidney disease demonstrated a
statistically significant risk of cardiovascular events (HR
2.28, 95% CI 1.10-4.74). At the same time, higher serum
sclerostin levels were not associated with a higher risk of
cardiovascular events in healthy individuals.*?

Genetic studies

No increased risk of cardiovascular disease has been noted
in patients with sclerosteosis and van Buchem disease.*’ In
a mouse model for sclerosteosis, the SOST gene knockout
mouse showed increased bone density but did not demon-
strate increased vascular calcification.”' To investigate the
role of sclerostin in cardiovascular events, investigators
also evaluated human genetic data. Investigators examined
genome-wide association studies in public databases to
test for the association of single nucleotide polymorphisms
(SNPs) that associate SOST RNA expression levels with
BMD, stroke, or myocardial infarction. Investigators
chose SNP rs2741856 because it has been reported to be
strongly linked to the most significant BMD association at
the SOST locus.?? The more common c allele of the
rs2741856 SNP was associated with increased bone min-
eral density, decreased risk of osteoporosis, and fracture
with decreased sclerostin levels in the tibial artery, aorta,
and coronary artery. Searching GWAS databases, which
included Gene Atlas, Rapid GWAS, and Global Biobank
Engine database, noted no detectable effect on the risk of
myocardial infarction or stroke associated with the major
allele C of SNP rs2741856.%

However, Bovijn et al. subsequently identified two
independent genetic variants in the SOST locus associated
with bone mineral density from a large-scale genome-wide
association study of estimated heel bone mineral density.
The two independent genetic variants were 157209826
(A>G, G allele frequency in UK Biobank, 40%) and
rs188810925 (G>A; A allele frequency 8%). The minor
alleles 157209826 (G allele), and rs188810925(A allele),
were associated with lower sclerostin expression in vari-
ous human tissues, including the tibial artery and aorta.
These minor alleles of both SNPs were associated with
higher bone mineral density and a lower risk of fracture.
These minor alleles of both SNPs were associated with a
higher risk of myocardial infarction and/or coronary revas-
cularization and major adverse cardiovascular events.
These alleles also had a positive association with diabetes
and hypertension. The authors concluded that inhibition of
sclerostin may be associated with increased cardiovascular
risk and further evaluation of the cardiovascular safety of
romosozumab is needed.”

Clinical trials

The FRAME trial was one of the largest studies to evaluate
the efficacy of romosozumab in treating osteoporosis.
There were no differences in serious cardiovascular
adverse events in the FRAME trial (7180 patients). After 1
year of romosozumab treatment, adjudicated cardiovascu-
lar events were 1.1% in the placebo group compared to
1.2% in the romosozumab group (hazard ratio 1.0; 95% CI
0.66—1.50). At 24 months, when both groups were transi-
tioned to denosumab, adjudicated serious cardiovascular
events were 2.2% in the placebo—denosumab group and
2.3% in the romosozumab—denosumab group.?*

However, the smaller ARCH study (4093 patients)
noted concerns of cardiovascular disease in patients
receiving romosozumab. It was noted that in the first year,
a higher frequency of serious cardiovascular adverse
events occurred (50 patients in the romosozumab group
versus 38 in the alendronate group; odds ratio 1.31; 95%
CI1 0.85-2.00). Further analysis showed that increased risk
of cardiovascular events was related to increased cardiac
ischemic events and cerebrovascular events. Sixteen
patients in the romosozumab group and six in the alendro-
nate group (odds ratio 2.65; 95% CI 1.03-6.77) developed
cardiac ischemic events. Sixteen patients in the romo-
sozumab group compared with 7 patients in the alendro-
nate group had cerebrovascular events (odds ratio 2.27;
95% CI 0.93-5.22). Heart failure, noncoronary revascu-
larization, and peripheral vascular events not requiring
revascularization were lower in the romosozumab group.>

In the smaller BRIDGE study studying the efficacy of
romosozumab in men, numerically higher adjudicated car-
diovascular events were noted. In the BRIDGE study, 245
men with osteoporosis were randomized 2:1 to receive
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romosozumab or placebo for 12 months. Although the pri-
mary endpoint of gain in bone density compared with pla-
cebo was met, investigators noted a numerical increase in
positively adjudicated cardiovascular serious events: 8
patients in the romosozumab group (4.9%) and two
patients in the placebo (2.5%).5> There was an increased
risk of cardiovascular events and cerebrovascular events.
Conclusions drawn from the BRIDGE trial regarding car-
diovascular events are limited due to the very few cardio-
vascular events reported.

Interpretation of clinical trial data

While the imbalance of severe adverse cardiovascular
events in the ARCH and BRIDGE study is concerning,
cardiovascular outcome data in these studies must be inter-
preted cautiously. Severe adverse vascular events are
defined as death, cardiac ischemic events (myocardial
infarction, angina requiring hospitalization, coronary
revascularization), cerebrovascular events (stroke, tran-
sient ischemic attack), noncoronary revascularization,
hospitalization of heart failure, and peripheral vascular
event not requiring revascularization.’® The FDA noted
that these clinical trials were designed to assess fracture
efficacy and not to evaluate cardiovascular safety. Because
of this, baseline data regarding measures of cardiovascular
risk and data regarding adverse cardiovascular events were
not rigorously collected. Post hoc analysis after the imbal-
ance of serious cardiovascular events was noted is limited
due to a lack of rigorously collected data needed to assess
cardiovascular risk and outcomes. Furthermore, the num-
bers of severe cardiovascular events in the trials were low,
as they were not powered to assess cardiovascular out-
comes.?® Very few numbers of cardiovascular events led to
wide Cls of risk estimates, leading to uncertainty in assess-
ing the true risk of cardiovascular events attributable to
romosozumab use.

Regarding cardiovascular risk factors of the patients in
ARCH, BRIDGE, and FRAME, patients in the ARCH
study had a mean age of 74. The mean age for patients in
the FRAME was 71, and BRIDGE was 71.5. Patients in
the ARCH had higher rates of hypertension, consistent
with the older population. Patients in ARCH had the high-
est proportion of previous cardiovascular disease (73%),
as compared with FRAME (66%) and BRIDGE (65%).2%>
Although there were differences between trials, cardiovas-
cular risk factors, age, and use of cardiovascular-related
baseline medications were similar between treatment
groups in each study.?® Almost 90% of patients in the
ARCH and BRIDGE trial who had a cardiovascular event
in the ARCH trial had a history of cardiovascular disease
or one or more cardiovascular risk factors.>

In their meta-analysis of the ARCH, BRIDGE, and
FRAME trial, the FDA indicated that the incidence of pos-
itively adjudicated cardiovascular severe adverse events

during the 12-month double-blind treatment period was
higher in the romosozumab group (hazard ratio 1.17 CI
0.88—1.56). For meta-analysis of the three studies’ overall
study periods, the hazard ratio for positively adjudicated
cardiovascular severe adverse events was 1.06 (95% CI
0.89-1.25). Major Adverse Cardiac Event (MACE) com-
posite endpoint is a vital endpoint used to evaluate cardio-
vascular risk in clinical trials. Duke Clinical Research
Institute and Myocardial Infarction Study Group (TIMI)
adjudicated MACE events with similar results. MACE
comprises only cardiovascular death, nonfatal myocardial
infarction, or nonfatal stroke, removing noncoronary vas-
cular events and heart failure from severe adverse cardio-
vascular events.”> MACE events were increased in the
ARCH trial at 12 months, hazard ratio of 1.87 (95% CI
1.11-1.34), with an increased risk of serious myocardial
infarction and stroke (Table 2 and Figure 4). The FRAME
trial did not show an imbalance regarding MACE events at
12 months (Table 2 and Figure 4). A meta-analysis of the
ARCH, FRAME, and BRIDGE studies showed that the
hazard ratio for MACE was 1.38 (95% CI 0.96-1.99).
ARCH and FRAME studies showed no imbalance in
MACE for the overall study periods (Table 2). A meta-
analysis from the three studies, ARCH, FRAME, and
BRIDGE, showed a hazard ratio of 1.14 (95% CI 0.94—
1.39). Along the same lines, Bovijn et al.” performed a
meta-analysis of the results of the ARCH, BRIDGE, and
FRAME trial showing that although the odds ratios were
in favor of cardiovascular events (OR 1.54, 95% CI 0.90—
2.65), cerebrovascular events (OR 1.44, 95% CI 0.80—
2.58), MACE (OR 1.39, 95% CI 0.98-1.98) and serious
cardiovascular events (OR 1.21, 95% CI 0.90-1.63).
However, these were not statistically significant.

Increased cardiovascular risk with
romosozumab in the ARCH trial: possible
explanations

Several possibilities could explain the increased cardio-
vascular events in the ARCH trial. Three main possibili-
ties have been raised (1) an actual increased risk of
cardiovascular risk with romosozumab, (2) cardioprotec-
tive effects of alendronate, and (3) Type 1 error where the
increased cardiovascular events were due to chance.
Cummings et al. analyzed the pattern of cardiovascular
events in the ARCH trial over time (Figure 5). There were
no cardiovascular events in the alendronate group during
the first 3 months, with fewer cardiovascular events in the
remainder of the 12 months. The rate of cardiovascular
events then increases steadily in parallel with the romo-
sozumab group (Figure 5). This pattern is not consistent
with what one would expect to see if romosozumab caused
increased cardiovascular events; one would expect the
separation of rates between two groups from the begin-
ning.>> Furthermore, rates of cardiovascular events would
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Figure 5. Cumulative incidence of cardiovascular events in
the ARCH study.

Accessed at https://www.fda.gov/advisory-committees/advisory-
committee-calendar/january- | 6-20 1 9-meeting-bone-reproductive-and-
urologic-drugs-advisory-committee-meeting-announcement; Amgen
presentation: Cardiovascular Safety.

decrease when romosozumab was stopped in year 2 of
treatment, but this was not observed.

The possibility of the cardioprotective effects of alen-
dronate has been raised as a possible explanation of the
finding in the ARCH trial. Retrospective cohort studies
have suggested the possibility of a cardioprotective effect
of bisphosphonates. However, there does not seem to be a
plausible biologic mechanism where alendronate could
cause an acute reduction in cardiovascular events in the
first 3 months.>>>7 While a network meta-analysis of the
ARCH and FRAME by the FDA also suggested this pos-
sibility with a hazard ratio of 0.55 (95% CI 0.27—1.14) for
alendronate versus placebo, this was not statistically sig-
nificant. Two meta-analyses have found no association of
effect of bisphosphonates on the risk of cardiovascular
events, with a hazard ratio of 1.03 (95% CI 0.91-1.17),%
and 0.98 (0.84-1.14).* The largest randomized trial of
alendronate compared to placebo did not show the effect
of alendronate over 3 years on cardiovascular events (rela-
tive risk=0.99; 95% CI 0.80-1.22).

The hazard ratio of cardiovascular event risk from the
FDA network meta-analysis of 0.55 for bisphosphonates
compared with placebo was well below the lower range of
95% CI of the aforementioned bisphosphonates and car-
diovascular risk meta-analysis (0.91, 0.81, 0.80), suggest-
ing a high likelihood that the lower rate of cardiovascular
events in the ARCH study was due to chance.® A type 1
error for the association of romosozumab with increased
cardiovascular events risk is possible. The FDA examined
baseline rates of myocardial infarction and strokes in simi-
lar populations. While noting the results were heterogene-
ous with a wide range, the incidence rates of myocardial

infarction and stroke in the ARCH and BRIDGE studies
fall within the expected baseline rates of similar popula-
tions.?® The FDA?%?8 also noted in the ARCH study that
incidence rates in year 1 on alendronate were 1.09% lower
than in years 2 and 3, regardless of treatment group
(1.63%—2.25%).

In summary, there is conflicting data regarding romo-
sozumab and increased cardiovascular risk. There is a high
level of uncertainty in assessing the romosozumab cardio-
vascular risk due to current data being inadequate from vari-
ous limitations. While there are other possible explanations
for increased cardiovascular events noted in the ARCH
study with romosozumab, there is a possibility that romo-
sozumab may increase the risk of cardiovascular events.
Therefore, caution is needed when using romosozumab.
Studies have shown romosozumab to be a potent osteoana-
bolic agent with remarkable antifracture efficacy. Avoiding
romosozumab in the highest risk patients with cardiovascu-
lar risk (myocardial infarction, stroke within 1 year) may be
a prudent approach where high fracture risk patients with
low cardiovascular risk may benefit from romosozumab
treatment. Discussing the cardiovascular disease risk with
patients, an individualized approach with shared decision
making weighing the fracture prevention benefit versus car-
diovascular risk is essential. To draw a more definitive con-
clusion in the future, a more appropriately powered
noninferiority study design may be necessary to evaluate the
cardiovascular risk with romosozumab.**

As a postmarketing requirement, the FDA has recom-
mended a 5-year observational feasibility study. A compara-
tive safety study may follow. Subsequent pharmacovigilance
analysis of the United States FDA Adverse Event Reporting
System (FAERS) has shown an increased risk of MACE
events with romosozumab. This was primarily driven by
significant disproportionality measures in Japanese reports.*’
This study reported 59.5% of cases from Japan. Of the 206
reported MACE outcomes, 164 originated from Japan.
Notably, Japan was the first country to authorize romo-
sozumab use and initially did not include a safety warning
for cardiovascular use (Japan placed safety warnings for
romosozumab in September 2019). In Japan, romosozumab
use is not restricted to postmenopausal women and can be
used in men. It was noted that Japanese patients were older
and more likely male.®° Also reported were a higher propor-
tion of patients who were on cardioprotective drugs.®® The
results support current safety warnings from the United
States FDA and European Medicines Agency to avoid
romosozumab in patients with higher cardiovascular risk.*

Limitations

This article was a narrative review of romosozumab’s effi-
cacy in osteoporosis treatment and its possible association
with increased cardiovascular risk. Narrative reviews are
limited due to bias and subjectivity in study inclusion
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determination.®! Narrative reviews are less standardized as
compared with systematic reviews.’' Nevertheless, we
have made our best effort to present the data and various
viewpoints in a balanced and comprehensive fashion to
provide up-to-date information and insights to clinicians to
facilitate patient care and clinical decision making.

Summary

Increased understanding of the Wnt signaling pathway has
allowed the development of romosozumab, one of the most
potent osteoanabolic agents to date for the treatment of
osteoporosis. The Wnt signaling pathway is essential in
bone formation, while sclerostin is a natural inhibitor of the
Wnt signaling pathway. Romosozumab is a monoclonal
antibody that binds to and inhibits sclerostin. The Wnt sign-
aling pathway is then activated, leading to increased bone
formation and decreased bone resorption, a unique uncou-
pling effect that leads to a sizable osteoanabolic window.
As one of the most potent osteoanabolics, the introduction
of romosozumab has significantly increased our ability to
treat osteoporosis. Studies have provided invaluable infor-
mation on optimally using romosozumab in combination
with other osteoporosis medications. Romosozumab should
be considered in patients at very high risk for fracture.
Further studies are needed to clarify the safety of romo-
sozumab, especially concerning cardiovascular events.
Caution is required when using romosozumab, and it is
prudent to avoid use in patients at high cardiovascular risk
until further data are available.
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