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Abstract

Myocardial infarction (MI) and heart failure (HF) are associated with low bone mineral
density (BMD). We aimed to investigate whether MI and HF directly cause bone loss using
three different experimental models of cardiac injury. Firstly, terminal myocardial infarction
was induced in adult wild-type mice by coronary ligation, followed by peripheral quanti-
tative computed tomography (pQCT) and histomorphometric and biochemical analyses
at 4 and 9 weeks post-infarction. Secondly, myocardial ischemia-reperfusion injury (I/R)
was performed in 4- and 9-month-old rats, followed by bone phenotyping 4 weeks after
injury. Finally, transverse aortic constriction (TAC) was performed in adult wild-type mice,
double Fgf23/VDR (fibroblast growth factor-23/vitamin D receptor) mutants, and VDR-
deficient mice to investigate bone changes in an HF model caused by afterload-induced
cardiac hypertrophy, 4 and 6 weeks after TAC. We found unchanged BMD after M1, in both
the terminal ischemia model in mice and in the myocardial I/R injury model in young
and aged rats. On the other hand, TAC significantly reduced especially cortical BMD in
femora. Global knockout of Fgf23 in Fgf23/VDR compound mutants did not rescue the
TAC-induced skeletal phenotype. Collectively, our data demonstrate that TAC-induced HF,
but not MI, is causing bone loss in mice in an FGF23-independent manner.

Keywords: myocardial infarction; heart failure; transverse aortic constriction; bone mineral
density; osteoporosis; fibroblast growth factor-23

1. Introduction

Osteoporosis and cardiovascular conditions such as myocardial infarction (MI) and
heart failure (HF) are associated with high morbidity, mortality, and health care costs.
Non-cardiovascular diseases such as osteoporosis are increasingly contributing to mortality
among MI survivors and HF patients [1-4]. Moreover, large-scale population-based studies
demonstrate that MI and HF increase the risk of developing an osteoporotic fracture [5,6].
However, it is still unknown whether heart disease and osteoporosis are epiphenomena, or
if there is a direct causal relationship between them.

During growth and adult life, bone is continuously remodeled under the influence
of various endogenous stimuli and hormones. MI and HF may disturb this balance by
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various mechanisms, including inflammation, oxidative injury, or hormonal disturbances
such as hyperparathyroidism [4,7,8]. We and others have recently shown that circulating
fibroblast growth factor-23 (FGF23) levels are increased in murine MI and left ventricular
hypertrophy models [9-11]. FGF23 may affect bone through its phosphaturic action, by
suppression of active vitamin D hormone synthesis, by modulating parathyroid hormone
(PTH) levels, or by a direct action on bone cells [12,13]. It is currently unknown whether
FGF23 plays a role in the potential mechanistic axis between heart and bone disease.

Despite clinical evidence suggesting an association between osteoporosis and car-
diac diseases, direct proof that MI or HF cause osteopenia remains scarce. To explore the
relationship between heart disease and bone loss and to clarify the underlying mecha-
nisms, experimental models of MI and HF have been employed. In contrast to the clinical
situation, animal models permit studying the effects of cardiac disease on bone without
the interference of confounding factors such as vitamin D deficiency, co-medications, and
comorbidities. Experiments in rodent models indicate that MI may induce bone loss, but
the underlying mechanism remains obscure [14,15]. In addition, a recent rat study demon-
strated that pressure overload-induced HF leads to bone loss, potentially mediated by
sympathetic activation [16].

To address the question of whether heart disease leads to bone loss and to further
explore the pathophysiological role of FGF23, we employed well-established experimental
models of MI in both mice and rats, as well as the transverse aortic constriction (TAC) model
of left ventricular hypertrophy and HF in mice. To test the hypothesis that FGF23 may
mediate TAC-induced bone loss, we employed Fgf23/vitamin D receptor (VDR) compound
mutant mice [17]. Single Fgf23 knockout mice cannot be subject to TAC due to their severe
phenotype. However, Fgf23/VDR compound mutant mice are healthy and can be studied
until old age [17]. Our data show that TAC-induced HF, but not MI, is causing bone loss in
mice in a FGF23-independent manner.

2. Results

2.1. Myocardial Infarction Induced by Terminal Ischemia or Ischemia/Reperfusion Injury Does Not
Cause Osteopenia in Mice or Rats

Recent data suggest a direct impact of MI on bone density in mice as soon as 9 days
after MI in the C57BL/6N strain [14], while in apolipoprotein E (ApoE)-deficient mice bone
loss was reported 8 weeks after MI [15]. RANKL is the key cytokine driving osteoclast
maturation, and we previously showed increased cardiac RANKL expression, 4 weeks after
MI in mice [18]. Therefore, we hypothesized that MI may lead to bone loss via enhanced
osteoclast activity, 4 weeks after ML

To test this idea, we induced terminal ischemia in the left ventricle of mice as previously
described [18]. To avoid potential interference with acute cardiac remodeling, we focused
on the longer-term effects of MI on bone and assessed bone mineral density (BMD) and bone
turnover, 4 weeks post-surgery. As expected, cardiac function had declined significantly
by 4 weeks post-MI (Figure 1A). However, body weight and lung/body weight ratio as a
readout of lung congestion and HF did not show changes relative to sham controls at the
4-week time point (Supplemental Figure S1A and Figure 1B). Serum electrolytes, alkaline
phosphatase activity, and PTH levels remained unchanged, 4 weeks after MI (Table 1). To
assess the impact of MI on volumetric BMD in the axial and appendicular skeleton, we
used peripheral quantitative computed tomography (pQCT). Surprisingly, no significant
changes were observed in total, trabecular, or cortical BMD in either the appendicular
(femur) or the axial (L4 vertebra) skeleton at 4 weeks post-MI, relative to sham controls
(Figure 1C and Supplementary Figure S1B). To capture any potential long-term effects of
MI on bone, we examined an additional time point at 9 weeks post-MI. However, as shown
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in Figure 1B and Table 2, no significant changes in BMD were observed by pQCT at 9 weeks
following MI surgery. Similar to the 4-week time point, lung oedema was absent in MI
mice at 9 weeks post-surgery (Figure 1B).
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Figure 1. Effect of MI on BMD and bone turnover in mice, 4 weeks and 9 weeks post-surgery. (A) left:
fractional shortening measured by echocardiography, 3 weeks post-MI, n = 4-6, right: representative
echocardiograms of M-mode analysis after sham and MI surgery; (B) lung weight to body weight
ratio, 4 and 9 weeks after MI, n = 4-9; (C) BMD of femora and vertebrae (L4) analyzed by pQCT
in adult mice, 4 weeks post-MI (n = 12-14); (D) serum osteocalcin measured by ELISA, n = 7-9;
(E) mineral apposition rate analyzed in vertebral cancellous bone (L1) by histomorphometry and
representative images of fluorochrome double labelling 4 weeks after MI, n = 8-9; (F) urinary de-
oxypyridinoline/creatinine (DPD/Crea) excretion, n = 7-9; (G) osteoclast surface and representative
images of tartrate-resistant acid phosphatase (TRAP) staining in mouse vertebrae, 4 weeks after MI,
n = 8-9. Data are bar dot plots & standard error of the mean (SEM), each circle represents one value,
green color represents sham group and blue color represents MI group. ** p < 0.01 vs. sham by ¢-test.
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Table 1. Serum parameters measured 4 weeks after MI in mice.
Serum Parameter Sham (n = 12) MI (n =12) p Value
Alkaline
Phosphatase (U/L) 46.6 £3.3 50127 0.41
Na (mmol/L) 150.3 £ 0.6 151.1 £ 4.6 0.86
Ca (mmol/L) 2.10 £ 0.03 2.24 £+ 0.07 0.09
P (mmol/L) 342 +0.2 3.67 £0.3 0.48
K (mmol/L) 493 +04 593+1 0.38
PTH? (pg/mL) 134.0 £ 18.4 149.8 £+ 25.07 0.65
2 PTH, parathyroid hormone, n = 3 sham, n =4 ML
Table 2. pQCT measurements in femora and L4 vertebrae, 9 weeks after MI in mice.
Parameter Sham n=8) MI@m=7) p Value
Femoral metaphysis total BMD (mg/cm?®) 4519 4 4.4 440.5 + 6.8 0.17
Femoral metaphysis trab. BMD (mg/cm?®)  154.1 £ 7.4 1513 £7.8 0.8
Femoral shaft total BMD (mg/ cm3) 651.9 £ 6.3 644.2 +9.0 0.5
L4 total BMD (mg/cm3) 400.6 +7.3 4035 +4.1 0.7
L4 trabecular BMD (mg/ cm?) 2399 £6.1 242.1+£43 0.8
L4 cortical BMD (mg/cm3) 516.2 £ 4.6 5232+ 4.6 0.3

To assess bone turnover, we measured biochemical bone turnover markers and per-
formed bone histomorphometry. In line with the lacking effect of MI on BMD, the bone
formation marker osteocalcin and the bone resorption marker urinary deoxypyridinoline
(DPD) as well as histomorphometric analysis in the cancellous bone of the femoral metaph-
ysis did not reveal statistically significant effects on bone turnover. At 9 weeks post-MI,
we observed a non-significant trend towards higher urinary DPD excretion and osteoclast
numbers (Figure 1EG). However, these effects did not reach statistical significance.

Taken together, our results indicate that terminal myocardial ischemia per se does not
affect BMD and bone turnover in mice, 4 and 9 weeks post-surgery.

To test whether myocardial reperfusion injury and the associated oxidative stress
would affect bone remodeling in a different manner than terminal ischemia, we induced
ischemia-reperfusion injury (I/R) in rats, recapitulating the clinical situation where coro-
nary artery blood flow can be restored by catheterization. The rat model was chosen
because it is technically very difficult to perform cardiac I/R injury in mice. In addition, we
intended to increase the robustness of our study by investigating Ml-related changes in two
different species. Both young, 4-month-old, and aged, 9-month-old rats were investigated,
and the 4-week time point was chosen to match the mouse experiments. As shown in
Figure 2A, I/R injury significantly reduced systolic cardiac function by 9%. However,
total BMD quantified by pQCT at the tibial metaphysis and at the first lumbar vertebra
remained unchanged in both 4- and 9-month-old rats, 4 weeks after I/R injury (Figure 2B,C).
Similarly, trabecular and cortical BMD were not affected by I/R injury (trabecular BMD
of tibial metaphysis in sham 240.3 + 7.7 vs. 257.3 + 11.67 after I/R; cortical BMD of tibial
shaft 1081 + 3.1 in sham vs. 1076 + 6.2 after I/R, means + SEM). The biochemical markers
of bone resorption and urinary DPD excretion, and of bone formation and serum osteocal-
cin, remained unchanged after I/R injury in both young and aged rats (Figure 2D,E). In
line with these findings, histomorphometric analysis of the second lumbar vertebra did
not reveal any changes in bone volume, bone formation rate, or number of osteoclasts in
4-month-old MI rats (Figure 2F-H). Hence, similar to the mouse MI experiments using
terminal ischemia, our results suggest that BMD and bone turnover are not affected by I/R
injury in young adult and aged rats.
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Figure 2. Bone phenotype after 4 weeks of cardiac ischemia/reperfusion injury in young adult
(4-month-old) and aged (9-month-old) rats. (A) Fractional shortening analyzed by echocardiography
4 weeks post-surgery and representative M-Mode echocardiograms in 4-month-old rats (1 = 4 per
group); (B,C) bone mineral density (BMD) analyzed by pQCT in the tibial metaphysis and in the
first lumbar vertebra (n = 8-11); (D) urinary deoxypyridinoline/creatinine (DPD/Crea) excretion
and (E) serum osteocalcin levels analyzed by ELISA, n = 9-11; (F-H) histomorphometric analysis
of vertebral cancellous bone (L2) in 4-month-old rats, 4 weeks after I/R injury: (F) bone volume,
(G) bone formation rate expressed as um? /um?/d after fluorochrome double labelling, (H) number
of osteoclasts per bone perimeter, n = 8-10. Data are bar dot plots £ SEM, each circle represents one
value, gray color represents sham group and red color represents MI group. *** p < 0.001 vs. sham by
t-test.
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2.2. Pressure Overload-Induced Heart Failure Reduces Cortical Bone Mineral Density

The terminal or transient ischemia-induced myocardial injury models shown above
did not progress to heart failure, as evidenced by unchanged lung/body weight ratio
(Figure 1B). To test whether heart failure leads to changes in bone remodeling, we used
TAC, a well-established model of non-ischemic heart failure by chronically increased
cardiac afterload [19]. Successful constriction was confirmed by increased maximal aortic
flow velocity distal to the ligation (Supplemental Figure S2A). As expected, TAC induced
significant cardiac hypertrophy, impaired cardiac function, and caused lung oedema,
6 weeks post-surgery (Figure 3A-C and Supplemental Figure S2B,C). pQCT analysis
revealed significantly reduced total BMD at the femoral metaphysis and the femoral shaft
(Figure 3D,G). However, femoral trabecular BMD was not affected (Figure 3E). Rather, the
reduced total BMD at the femoral metaphysis was caused by a reduction in cortical BMD
(Figure 3F). Micro-computed tomography (uCT) analysis of the femoral shaft confirmed
loss of cortical BMD and cortical thinning in TAC mice (Figure 3H-K). In agreement with
the pQCT data, histomorphometric analysis of trabecular bone in the femoral metaphysis
confirmed unchanged bone volume and structure (Table 3). Bone formation rate did not
show differences between sham and TAC mice, but osteoclast numbers were increased
relative to sham controls, 6 weeks after TAC (Table 3).

Table 3. Histomorphometric analysis of mouse femoral trabecular bone, 6 weeks after TAC.

Parameter Sham (n=7) TAC@®m=9) p Value
Bone volume (%) 425+ 0.55 3.81 + 0.38 0.51
Trabecular Thickness (pum) 269+ 1.1 27.9 £0.7 0.46
Trabecular Separation (um) 652.9 £ 68.3  763.6 + 84.6 0.35
MAR (pm/day) 1.35+0.14 1.53 + 0.09 0.28
BFR/BS (um?3/um?/d) 0.055 + 0.013  0.050 £ 0.008 0.74
N.Oc/B.Pm (#/mm) 036 £0.06 0.63 +0.08* 0.03
Osteoid Width (um) 2.13 +0.19 2.54 +0.17 0.12
Osteoid maturation time (days) 1.74 +0.28 1.72 + 0.17 0.96

* MAR, mineral apposition rate; BER/BS, bone formation rate per bone surface; N.Oc/B.Pm, number of osteoclasts
per bone perimeter.

In lumbar vertebrae, on the other hand, pQCT analysis showed a non-significant
trend towards reduced trabecular BMD, but unchanged cortical BMD in TAC mice
(Supplemental Figure S2D-G). In agreement with this finding, bone histomorphometry
confirmed the non-significant trend towards reduced bone volume and revealed trabec-
ular thinning in vertebral cancellous bone (Table 4). However, bone formation rate and
osteoclast number remained unchanged in vertebral cancellous bone of TAC mice (Table 4).
Interestingly, osteoid maturation time was slightly but significantly prolonged in TAC mice
(Table 4).

To gain further insight into the endocrine mechanisms that may underlie bone loss
in heart failure, we analyzed serum electrolytes, biochemical bone markers, and PTH
levels. Serum levels of alkaline phosphatase, calcium, phosphate, and potassium were
unchanged, 6 weeks after TAC. However, we found hypernatremia in TAC mice, possibly
due to hyperaldosteronism and/or increased FGF23 levels [9,20,21] (Table 5). Urinary
DPD excretion, a whole-body bone resorption marker, was not significantly changed,
6 weeks after TAC (Table 5). Secondary hyperparathyroidism is common in patients with
chronic heart failure and serum PTH levels correlated with reduced BMD in this patient
population [4]. However, serum PTH levels in TAC mice were not changed, 6 weeks
post-surgery (Table 5), suggesting that PTH is not driving the bone phenotype in mice with
heart failure.
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Figure 3. Pressure overload by transverse aortic constriction (TAC) induces osteopenia in adult WT
mice. (A) Heart/body weight ratio is significantly increased 6 weeks after TAC; (B) representative
H&E-stained cardiac cross-sections, 6-weeks after sham or TAC surgery (scale bar: 1000 pm); (C) TAC
induced lung oedema 6 weeks after surgery as evidenced by increased lung/body weight ratio;
(D-F) total BMD, trabecular BMD, cortical BMD analyzed by pQCT in the femoral metaphysis;
(G) total BMD analyzed by pQCT in the femoral midshaft region; (H) representative uCT images
of the femoral midshaft region; (I-K) pCT analysis of the femoral midshaft region: (I) total BMD,
(J) cortical thickness, (K) marrow area. Data are bar dot plots & SEM, each circle represents one value,
gray color represents sham group and orange color represents TAC group n =7-9. * p < 0.05 vs. sham,
***p < 0.001 vs. sham, *** p < 0.0001 vs. sham by t-test. ns—not significant.

Collectively, these data show that hypertrophic cardiomyopathy and heart failure
led to reduced cortical bone mass in the appendicular skeleton and a trend towards tra-
becular bone osteopenia in the axial skeleton of TAC mice. The osteopenia in TAC mice
was associated with a site-specific, PTH-independent upregulation in osteoclastic bone
resorption.
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Table 4. Histomorphometric analysis of mouse vertebral (L1) trabecular bone, 6 weeks after TAC.

Parameter Sham (n = 5-7) TAC (n = 6-9) p Value
Bone volume (%) 259 +22 214+1.2 0.07
Trabecular Thickness (um) 49.61 £ 2.2 4283 £ 1.7 0.03
Trabecular Separation (um) 145.6 £ 9.6 158.6 + 6.1 0.25
MAR (pm/day) 1.75+0.13 1.46 + 0.05 0.05
BFR/BS (um3/um?/d) 0.033 + 0.008 0.024 4+ 0.012 0.57
N.Oc/B.Pm (#/mm) 0.99 + 0.09 1.16 £0.18 0.45
Osteoid Width (um) 2.54 +0.17 245 +0.14 0.69
Osteoid maturation time (days) 1.41 +0.11 1.74 + 0.09 0.04

Table 5. Biochemical parameters measured 6 weeks after TAC.

Parameter Sham (n = 7-12) TAC (n =11) p Value
Alkaline Phosphatase (U/L) 53.13 + 2.52 61.02 &+ 3.27 0.65
Na (mmol/L) 148.3 £ 0.81 151.3 £ 0. 87 0.02
Ca (mmol/L) 2.27 £0.03 2.29 +£0.04 0.67
P (mmol/L) 2.66 +0.18 3.13 +£0.18 0.08
K (mmol/L) 439 +0.26 3.97 £0.19 0.22
Urinary DPD/Crea (nM/mM) 2 7.62 +£1.36 10.31 £ 1.67 0.25
PTH (pg/mL)? 110 +28.4 112.3 £ 284 0.95

2 Urinary deoxypyridinoline normalized to urinary creatinine levels, n = 7 sham, n = 9 TAC. b pTH, parathyroid
hormone, n = 6 sham, n = 6 TAC.

2.3. TAC-Induced Bone Loss Is Likely Not Caused by Hypoperfusion

To further characterize the local changes in gene expression in bone after TAC, we
measured mRNA expression of RANKL, Fgf23, and HIF-1alpha (hypoxia-inducible factor 1-
alpha) in the fifth lumbar vertebra (L5), 4 weeks after TAC. In line with unchanged osteoclast
numbers seen in histomorphometry, mRNA expression of RANKL was not significantly
changed in L5 vertebrae, 4 weeks after TAC (Figure 4A). Fgf23 mRNA abundance tended
to be increased, but this did not reach statistical significance (Figure 4A). However, the
expression of Hif-lalpha was significantly increased, 4 weeks after TAC as compared to
sham (Figure 4A).

Transcription of HIF-1alpha is induced by tissue hypoxia [22]. Thus, we hypothesized
that reduced bone perfusion may be an important mechanism of bone loss in heart failure.
In our TAC model, the aortic constriction is placed between the right brachiocephalic
and the left common carotid arteries (Figure 4B). Hence, the right brachiocephalic artery
is upstream of the constriction site, whereas the left subclavial artery is downstream of
the constriction site. Blood pressure upstream of the ligation is increased in this model,
whereas hypotension is found downstream of the constriction site [9,21,23]. Therefore,
although this has never been measured to our knowledge, TAC should lead to reduced
perfusion in the left upper extremity as compared to the right upper extremity. To test the
hypothesis that hypoperfusion is underlying the TAC-induced osteopenia, we performed a
comparative analysis of the right and left humerus by puCT, 4 weeks after TAC. Contrary
to our hypothesis, we found slightly increased trabecular bone mass in the metaphysis of
the (potentially hypoperfused) left humerus as compared to the right side. Cortical bone
thickness and cortical BMD in the shaft of the humerus did not show left-right differences
(Figure 4C-G). Thus, regional differences in perfusion are likely not the cause for the
reduced BMD observed after TAC.
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Figure 4. Gene expression analysis in the L5 vertebra and analysis of the effect of hypoperfusion on
left and right humeri by uCT. (A) Relative bone RANKL, Fgf23, and HIF-1alpha mRNA expression
in the L5 vertebra, 4 weeks after TAC, n = 5-6, data are presented as bar dot plots = SEM, circles
and white bars are sham, triangle and grey bars are TAC, ** p < 0.01 vs. sham by non-paired ¢-test.
(B) Schematic illustration of the experimental hypothesis: aortic ligation (TAC) creates a pressure
gradient, leading to differential perfusion of the right and left humerus. TAC image created in
BioRender.com, humeri are 3D reconstructions from puCT images; (C—G) uCT analysis of the right
and left humerus, 4 weeks after TAC, each point represents a single value; n = 6 per group; (H) 3D
rendering from pCT images of a left and right humerus from the same TAC mouse. * p < 0.05 by
paired t-test; ns—not significant.

2.4. FGF23 Lacks Essential Role in TAC-Induced Osteopenia

We have recently shown that TAC leads to increased serum FGF23, mainly through
upregulated bony FGF23 production [21]. Moreover, we reported that FGF23 impairs bone
mineralization by suppressing transcription of tissue nonspecific alkaline phosphatase
(TNAP) [13,24]. In line with the hypothesis that FGF23 may be involved in the pathogenesis
of TAC-induced osteopenia, we observed an increase in osteoid maturation time in vertebral
cancellous bone of TAC mice (Table 4). To assess whether increased FGF23 is responsible
for the reduced BMD after heart failure, TAC was induced in mice with a global deletion
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of Fgf23. Because the early lethality of Fgf23 deletion is prevented by genetic disruption
of vitamin D signaling (VDR?/%), TAC was induced in double-mutant Fgf23~/~/VDRA/4
mice. Wild-type (WT) and VDRA/2 mice served as controls. We previously reported that
VDR deficiency does not affect the TAC-induced increase in serum FGF23 [9]. To prevent
hypocalcemia and hypophosphatemia in VDR-deficient mice, all animals in this experiment
were kept on a diet enriched with calcium, phosphorus, and lactose.

pQCT analysis of the femoral metaphysis revealed a significant reduction in total and
cortical BMD in VDRA/2 and Fgf23_/ ~/VDRA/A mice, 4 weeks after TAC (Figure 5A,B).
In line with the data shown above, trabecular BMD at the femoral metaphysis was not
changed after TAC in any of the genotypes (Figure 5C). pQCT analysis of the femoral
shaft showed reduced total BMD and cortical thinning in WT mice after TAC, and similar
trends in Fgf23~/~ /VDRA/A mice and VDR?/2 controls, although the latter effect did not
reach statistical significance (Figure 5D). These data suggest that excessive FGF23 is not the
major driving factor behind the TAC-induced reduction in bone mass after heart failure.
It is interesting to note in this context that the high-calcium diet fed to all mice in this
experiment did not prevent the bone loss observed in WT mice (Figure 5B,D).
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Figure 5. Fgf23 deficiency does not rescue TAC-induced bone loss. (A-D) pQCT analysis of femora
from wildtype (WT), VDR?/2 mice, and Fgf23~/~ /VDRA/2 mice on a calcium- and phosphorus-
enriched rescue diet, 4 weeks after TAC. Data are bar dot plots & SEM, black circles represent sham
animals, grey squares represent TAC animals, n = 8-11. * p < 0.05 vs. sham of the same genotype by
t-test.

3. Discussion

Our data demonstrate that heart failure resulting from pressure overload-induced
left ventricular hypertrophy in mice leads to bone loss, a phenomenon that we did not
observe in rodent models of myocardial infarction. HF-induced bone loss primarily affected
the cortical bone, and both pQCT and histological analyses suggested that the vertebrae
may be affected differently than the femur. Although our data do not provide a final
mechanistic explanation for these observations, we could exclude PTH and FGF23 as
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hormonal mediators of HF-induced osteopenia. Also, HF-induced bone mineral loss could
not be prevented by a high-calcium diet.

3.1. Exploring the Heart—Bone Axis: Experimental Evidence and Clinical Implications

A cross-sectional study demonstrated that male patients who self-reported previous
MI were at greater risk of having a low bone mass [25]. This risk increase of about 28% was
independent of risk factors common for both MI and osteoporosis, such as age, smoking,
physical activity, and BMI [25]. Longitudinal investigations of BMD in patients after MI
are lacking, and due to the cross-sectional study design of previous studies, it is diffi-
cult to examine cause—effect relationships [26]. Vice versa, several studies reported an
increased risk of cardiovascular events in patients with established osteoporosis [27,28].
Interestingly, among the patients at high or imminent risk for osteoporotic fracture, the
major adverse cardiovascular event (MACE) rate was the highest in patients with incident
fragility fracture [27]. However, it remains unknown whether common pathophysiolog-
ical determinants link the development of these diseases as co-morbidities, or whether
cardiovascular diseases indeed cause osteopenia/osteoporosis [26].

In contrast to previously published studies [14,15], we could not demonstrate signifi-
cant bone loss following the induction of transient or terminal myocardial ischemia in rats
and mice. However, the methodology used in our study differs substantially from the work
of Tjandra et al. [14]. Firstly, we did not perform repeated measurements of BMD before
and after MI. Rather, we used sham-operated animals as a control group. Opening of the
thorax and of the pericardium is a major stressor and activates the sympathetic nervous
system, potentially leading to post-operative pain, reduced well-being, and decreased
mobility, despite analgesia. Hence, although longitudinal measurement of BMD before and
after Ml is intuitive and statistically advantageous, comparing unoperated and operated
animals in a surgical MI model may be potentially misleading. In agreement with this
scenario, a post-operative loss of lean body mass was reported in MI animals in the study
by Tjandra et al. [14]. Secondly, Tjandra et al. [14] measured BMD 9 days post-MI, whereas
our study focused on the long-term effects of MI on the bone over 9 weeks. Thus, the effect
of MI on BMD could be transient, as other experiments of the same group have shown [29].
Interestingly, a study performed in ApoE-deficient mice demonstrated that MI-induced
bone loss could be prevented by exercise [15].

Although we were unable to confirm MI-induced bone loss in our study, we found
bone loss in mice with TAC-induced myocardial hypertrophy and heart failure. This is
in line with data reported by Guan et al. [16]. The latter authors performed their study
in rats, using a different TAC model, where the abdominal and not the ascending aorta
was ligated. They found significant loss of both trabecular and cortical bone in tibial and
vertebral sites [16]. Our study in mice indicates a predominant involvement of cortical
bone. Previous research has shown that cortical bone is the main contributor to femoral
neck strength [30]. Furthermore, a recent meta-analysis reported that heart failure increases
the risk of hip fractures with a hazard ratio of 2.2, whereas the hazard ratio for any fracture
was only 1.67, highlighting the critical role of cortical bone [31]. So far, only few national
osteoporosis guidelines regard heart failure as a risk factor for osteoporotic fracture [32,33].

3.2. Pathophysiological Mechanisms Linking Heart Failure to Bone Loss

The mechanisms by which heart failure leads to reduced BMD and increased fracture
risk have not been fully elucidated. Since loss of BMD is reproducible in animal models of
heart failure, increased fracture risk in HF patients cannot be explained solely by common
risk factors, effect of co-medication, or reduced sun exposure due to reduced mobility.
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3.2.1. Role of Sympathetic Activation

It is well established that the sympathetic nervous system is activated in congestive
heart failure [34], leading to increased sympathetic outflow not only in the heart but also
peripheral organs such as kidneys and skeletal muscles, as described in a recent review [35].
Beta-adrenergic receptors regulate osteoblastogenesis and RANKL expression [36], and
an unselective beta receptor blockade using propranolol mitigates the deleterious skeletal
effects of ovariectomy in mice [37]. Furthermore, elevated norepinephrine levels have been
detected in cortical bone chips of mice during lactation, following glucocorticoid treatment,
and after ovariectomy [38]. Interestingly, osteocyte-specific deletion of adrenoceptor beta
2 (Adrb2) reduced osteocyte-mediated cortical bone resorption in lactating mice [38]. To
our knowledge, no clinical or experimental studies have directly demonstrated increased
sympathetic activity within the bone in heart failure. However, indirect evidence has
been provided by the study of Guan et al., who demonstrated upregulation of 31 and 32
adrenergic receptor expression in tibial bone after TAC [16]. In addition, the latter authors
showed that BMD and bone structure was improved by chemical sympathectomy using
guanethidine in the TAC model [16]. Clinical data from the Framingham Osteoporosis
Study showed that women on beta-blockers had a 3.7% increase in femoral neck BMD
as compared with nonusers, and this effect was partly dose-dependent [39]. Studies
specifically investigating the effect of beta blocker use on fracture risk in patients with
heart failure are lacking. However, existing evidence from cardiovascular or general adult
populations, according to a recent meta-analysis of observational studies, suggests that
beta blocker use has, if any, only a modest effect on fracture risk reduction [40,41]. Thus, it
is likely that additional mechanisms are involved.

3.2.2. Role of RANKL and HIF-1 « Signaling

RANKL signaling is essentially involved in bone remodeling by promoting osteoclas-
togenesis and osteoclast activity. The abundance of RANKL as well the RANKL/OPG
ratio is significantly increased in the bone marrow plasma of patients with heart failure
as compared to patients with preserved systolic and diastolic cardiac function diagnosed
with coronary artery disease [42]. Several signaling pathways, including inflammatory
mediators [43], PTH [44], vitamin D [45], and WNT-signaling [46], are major upstream
pathways that regulate RANKL expression in general, but little is known which signaling
pathway activates RANKL production in heart failure. In the study by Leistner et al., PTH
did not correlate with RANKL expression in patients with HF [42]. Guan et al. showed that
sympathectomy reduced RANKL transcription in their experimental rat model of HF [16].
In our study, we did not find a significant upregulation of RANKL gene expression in
vertebrae after TAC. However, we for the first time report increased bony expression of
HIF-1alpha in TAC mice, 4 weeks post-surgery. By targeting osteoblasts, osteoclasts, and vas-
cular cells, HIF-1alpha plays an important role in the regulation of bone homeostasis [22].
HIF-signaling also drives, directly or indirectly, the expression of FGF23 in bone [47,48].
Further research is needed to confirm our findings and to elucidate the potential role of
HIF-1x in TAC-induced heart failure. Specifically, it remains unclear whether HIF signal-
ing mediates bone loss or serves as a bone-protective, compensatory mechanism in heart
failure.

3.2.3. Role of Hypoperfusion

Based on our finding of increased HIF-1alpha in bones of TAC mice, we hypothesized
that hypoperfusion may be a key mechanism mediating bone loss in HF. It was previously
shown that aortic constriction in the mouse TAC model increases flow velocities in the right
carotid artery as compared to the left [23]. In agreement with these findings, we previously
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measured increased aortic blood pressure upstream of the constriction site in TAC relative
to sham mice [9]. Thus, we reasoned that the difference in perfusion between the left
and right upper extremities could be leveraged to test the hypothesis that hypoperfusion
may mediate HF-induced bone loss. However, contrary to this hypothesis, trabecular
bone volume was indeed increased in the left humerus as compared to the right, and
there was no left-right difference in cortical bone. Based on these results, it is unlikely
that HF-induced bone loss is mainly induced by hypoperfusion of bones. A potential
caveat in this reasoning is that, due to Bernoulli’s law, the aortic blood velocity distal
from the ligation is actually increased, as shown in Supplemental Figure S2A. Thus, more
sophisticated methods such as contrast-enhanced ultrasound (CEUS) or in vivo dynamic
contrast-enhanced MRI assessment may be needed to better understand the role of bone
perfusion in experimental models of heart failure.

3.2.4. Role of FGF23

In our study, we showed that osteoid maturation time in vertebral cancellous bone
was increased after TAC, and we hypothesized that this may be FGF23-mediated. FGF23
is an osteocyte-derived phosphaturic hormone that suppresses the synthesis of 1,25-
dihydroxyvitamin D (calcitriol), ultimately leading to hypophosphatemia and impaired
bone mineralization in patients with disorders characterized by elevated FGF23 secretion,
such as tumor-induced osteomalacia (TIO) or X-linked hypophosphatemia (XLH). We
earlier demonstrated that FGF23 suppresses the expression of tissue-nonspecific alkaline
phosphatase (TNAP) in bone cells, resulting in the accumulation of the mineralization
inhibitor pyrophosphate [24]. In addition, we found significantly elevated circulating
FGEF23 levels in TAC mice in several studies [9,21]. Data from heart failure patients also
show elevated FGF23 levels in serum and in bone marrow plasma [49]. However, existing
data from the general population are inconsistent concerning the effect of FGF23 on BMD.
Several studies, including Mendelian randomization and cross-sectional studies suggest
a negative correlation between FGF23 and BMD [50-53]. However, a prospective study
in a cohort of community-dwelling, well-functioning older adults found no significant
association between FGF23 levels and BMD or fracture risk over a median follow-up of
4.95 years [54]. Consistent with these findings, our data do not support a significant role of
FGF23 in heart failure-induced osteopenia.

In conclusion, our study showed that TAC-induced heart failure leads to cortical bone
osteopenia in a PTH- and FGF23-independent manner in mice. Together with available
evidence from clinical studies and other preclinical studies, our data support the inclusion
of bone health and fracture risk assessment as part of heart failure management.

3.3. Limitations of the Study

The current study has several limitations. First, it was designed as a purely preclinical
experimental study and therefore lacks human data. Second, the duration of MI exper-
iments in mice was limited to 9 weeks, and the I/R experiment in rats was limited to
4 weeks. Animals after MI and I/R injury did not develop heart failure; thus we cannot
rule out the possibility that a longer observation period following cardiac injury might
have revealed an effect on BMD. Third, the results of qRT-PCR analysis may be biased
because we used only a single housekeeping gene, ornithine decarboxylase antizyme 1 (Oaz1),
for normalization. Future experiments should especially re-assess the bony expression of
HIF-1alpha in TAC-induced bone loss, using two or more housekeeping genes for normal-
ization. Finally, we did not directly assess differences in bone perfusion between the left
and right humerus in the TAC model. Further studies should include advanced imaging
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techniques, such as CEUS and dynamic contrast-enhanced MRI, to investigate whether
hypoperfusion of the bone mediates bone loss in heart failure.

4. Materials and Methods
4.1. Ethics Statement

All animal procedures were approved by the Animal Welfare Committee of the Aus-
trian Federal Ministry of Education, Science and Research and were undertaken in accor-
dance with prevailing guidelines for animal care and welfare (permit numbers BMWE-
68.205/0111-11/10b/2010, originally approved 30 April 2010, and BMWF-68.205/0153-
WEF/V/3b/2014, originally approved 13 October 2014).

4.2. Animals

All animals were kept in groups of 2-5 mice and 2-5 rats at 22-24 °Cand a 12 h
light/12 h dark cycle with free access to tap water and a commercial rodent diet (Sniff™,
Soest, Germany). To measure the rate of bone formation in mouse experiments, animals
were injected with calcein (20 mg/kg in 1.4% NaHCO3) 4 days and 2 days before necropsy.
To investigate the role of FGF23 signaling in HF-induced bone loss, groups of adult male
WT mice and of mice expressing a non-functioning vitamin D receptor (VDR2/2) and com-
pound mutants deficient in VDR and FGF23 (Fgf23_/ ~ /VDRA/2) were used. WT, VDRA/A,
and F g]‘23_/ ~/VDRA/A mice were maintained on a so-called rescue diet (Sniff™) enriched
in calcium (2.0%), phosphorus (1.25%), and lactose (20%) to normalize mineral homeostasis
in VDR-ablated mice [55]. Genotyping of the mice was performed as described [9].

4.3. Myocardial Infarction in Mice

Terminal myocardial ischemia was induced in 4-month-old male C57BL/6N mice
as previously described [10]. Mice were anaesthetized with ketamine/medetomidine
(100/0.25 mg/kg i.p.) anesthesia. Endotracheal intubation was performed after disappear-
ance of the paw pinch reflex. Animals were ventilated with a tidal volume of 200 pL and a
frequency of 210 breathing cycles per min using a small animal ventilator (MiniVentTyp
845, Hugo Sachs Elektronik-Harvard Apparatus GmbH, March, Germany). Permanent lig-
ation of the left descending coronary artery was performed after a left lateral thoracotomy.
Analgesic (buprenorphine 0.25 mg/kg s.c.) and antibiotic (enrofloxacin, 10 mg/kg s.c.)
were injected for 4 and 5 days, respectively. Sham animals underwent the same procedure
but without the arterial ligation.

Mice were killed 4 and 9 weeks after myocardial infarction by exsanguination from
the abdominal vena cava under ketamine/xylazine anesthesia (70/7 mg/kg i.p.). Serum
and tissue samples were flash frozen and stored at —80 °C until assayed, or processed for
histological analysis.

4.4. Myocardial Ischemia/Reperfusion Injury in Rats

Briefly, I/R injury was performed under general anesthesia with medetomidine/fentanyl /midazolam
(150 ug/kg/5 ng/kg/2 mg/kg i.p.) by ligating the left descending coronary artery for
30 min followed by reperfusion under controlled ventilation with 100% oxygen [56]. Anes-
thesia was antagonized with Atipamezol/Flumazenil/Naloxon (0.75/0.2/0.12 mg/kg)
at the end of surgery. Pain was managed by metamizole (100 mg/kg s.c., two doses at
6 h interval on the surgery day) and continued with carprofen treatment (5 mg/kg s.c.)
for the following 3 days. Antibiotic (enrofloxacin 10 mg/kg s.c.) was given for 5 days
starting from the day of operation. Sham-operated animals underwent the same surgical
procedure except for coronary ligation. Rats were euthanized 4 weeks after MI or sham
surgery by exsanguination from the abdominal aorta under ketamine/xylazine anesthesia
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(50/10 mg/kg i.p.). Serum and tissue samples were flash frozen and stored at —80 °C until
assayed, or processed for histological analysis.

4.5. Transverse Aortic Constriction

Transverse aortic constriction (TAC) was performed as previously described [9]. Briefly,
in 4-month-old male C57BL/6 mice sternotomy was performed under general anesthesia
(ketamine/medetomidine 100/0.25 mg/kg i.p.) and endotracheal ventilation. Aortic
ligation was placed between the origins of the brachiocephalic and left common carotid
arteries around a 27-gauge needle, using a 60 silk suture, followed by prompt removal
of the needle. Sham animals underwent the same procedure without the aortic ligation.
Post-operative medication was performed as described above for MI. Animals were killed
4-6 weeks after TAC or sham surgery.

4.6. Transthoracic Doppler Echocardiography

Echocardiography was performed 3 weeks after sham/MI surgery and 4 weeks after
sham/TAC surgery using a 14 MHz linear-array transducer (Acuson s2000tm, Siemens,
Munich, Germany) under 1% isoflurane anesthesia. Left ventricular (LV) wall thickness, in-
ternal dimensions, and fractional shortening were evaluated in anatomic M-mode recorded
in the short axis view at the papillary muscles level. A minimum of 5 cardiac cycles were
averaged for each parameter.

4.7. Serum and Urine Biochemistry

Serum alkaline phosphatase, creatinine, sodium, calcium, potassium, and phospho-
rous were analyzed using a Cobas c111 analyzer (Roche, Mannheim, Germany). Serum
osteocalcin (Biomedical Technologies, Stoughton, MA, USA), serum parathyroid hormone
(Immutopics, San Clemente, CA, USA), and total deoxypyridinoline (DPD, Metra Biosys-
tems, Quidel Corporation, San Diego, CA, USA) concentrations in urine were assessed by
commercially available ELISAs.

4.8. Peripheral Quantitative Computed Tomography (pQCT)

Bone specimens were collected and stored in 70% ethanol until analysis. Volumetric
bone mineral density was assessed using an XCT Research M+ pQCT device (Stratec
Medizintechik, Pforzheim, Germany).

4.9. Micro Computed Tomography (uCT)

Mouse femora and humeri were collected and stored in 70% ethanol until analysis.
Quantitative micro-computed tomography of femora (uCT35, SCANCO Medical AG, Briit-
tisellen, Switzerland) was used to assess morphology and cortical BMD of the femoral shaft
as described previously [13], using a voxel size of 5 um (isotropic). The humeral metaphysis
and shafts were measured on the uCT50 with 55 kV and 82 pA with 750 ms integration
time, 0.18° rotation step, and a 5 pm voxel size. Dragonfly 3D World (Version 2025.1, Comet
Technologies Canada Inc., Montreal, QC, Canada, https://dragonfly.comet.tech/) was used
to perform the segmentation with an Al-assisted deep learning model and 3D rendering.
The plugin Bone] for Image]J (1.54 d) was used to assess the trabecular microarchitecture
and trabecular and cortical BMD. The pCT measurements were performed in compliance
with previously published guidelines [57].

4.10. Bone Histology and Histomorphometry

Bones for histomorphometric analysis were fixed in 4% paraformaldehyde (PFA)
overnight at 4 °C. The tissue specimens were dehydrated and embedded in a methyl-
methacrylate (MMA) embedding mixture. Histomorphometry of the cancellous bone
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(proximal tibial metaphysis and L1) was performed using OsteoMeasure 3.0 (OsteoMetrics,
Decatur, GA, USA) and AxioVision 4.6 (C. Zeiss, Oberkochen, Germany) software for image
analysis as described previously [58].

4.11. RNA Isolation and Quantitative RT-PCR

Fifth lumbar vertebrae (L5) from adult WT mice, 4 weeks after TAC, were defleshed
and shock-frozen in liquid nitrogen. Total RNA was isolated after homogenization using
TRI Reagent® Solution (Invitrogen, Waltham, MA, USA). The concentration and purity of
isolated RNA were determined spectrophotometrically (NanoDrop 2000; ThermoScientific,
Waltham, MA, USA). An amount of 1 ug of RNA was reverse transcribed (High-Capacity
cDNA Reverse Transcription Kit; Applied Biosciences, Waltham, MA, USA). Quantitative
RT-PCR was performed on a Vii7 device (Applied Biosystems®, Foster City, CA, USA) using
the 5 x Hot Firepol® Eva Green kit (Solis Biodyne, Tartu, Estonia). To exclude amplification
of genomic DNA, primers were designed as exon spanning, and their sequence is listed in
the Supplemental Material (Supplementary Table S1). A product melting curve analysis was
performed to exclude primer dimerization and nonspecific amplification. All samples were
measured in duplicate and expression values were normalized to ornithine decarboxylase
antizyme 1 (Oazl) mRNA.

4.12. Statistics

Data are generally presented as bar dot plots & SEM in the figures, and as mean + SEM
in the tables. Statistical analysis was performed using GraphPad Prism 10. Comparisons
between two groups were performed using a two-sided, unpaired t-test. For left-right
comparisons between humeri of the same animal (Figure 4), a two-sided, paired ¢-test was
used. p values of less than 0.05 were considered statistically significant.
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Abbreviations

The following abbreviations are used in this manuscript:

MI Myocardial Infarction

HF Heart Failure

BMD  Bone Mineral Density

pQCT  peripheral Quantitative Computed Tomography
uCT Micro-Computed Tomography
I/R Ischemia—Reperfusion

TAC Transverse Aortic Constriction
FGF23  Fibroblast Growth Factor-23
VDR Vitamin D Receptor

DPD Deoxypyridinoline

HIF-1  Hypoxia-Inducible Factor 1

References

1. Roger, V.L. Myocardial infarction outcomes: “The times, they are a-changin...”. Circ. Cardiovasc. Qual. Outcomes 2010, 3, 568-570.
[CrossRef] [PubMed]

2. Kostis, W.].; Deng, Y.; Pantazopoulos, ].S.; Moreyra, A.E.; Kostis, ].B.; Myocardial Infarction Data Acquisition System Study, G.
Trends in mortality of acute myocardial infarction after discharge from the hospital. Circ. Cardiovasc. Qual. Outcomes 2010, 3,
581-589. [CrossRef] [PubMed]

3. Carbone, L.; Buzkova, P;; Fink, H.A ; Lee, ].S.; Chen, Z.; Ahmed, A.; Parashar, S.; Robbins, J.R. Hip fractures and heart failure:
Findings from the Cardiovascular Health Study. Eur. Heart . 2010, 31, 77-84. [CrossRef]

4.  Terrovitis, ].; Zotos, P; Kaldara, E.; Diakos, N.; Tseliou, E.; Vakrou, S.; Kapelios, C.; Chalazonitis, A.; Nanas, S.; Toumanidis, S.;
et al. Bone mass loss in chronic heart failure is associated with secondary hyperparathyroidism and has prognostic significance.
Eur. ]. Heart Fail. 2012, 14, 326-332. [CrossRef]

5. van Diepen, S.; Majumdar, S.R.; Bakal, ].A.; McAlister, FA.; Ezekowitz, ].A. Heart failure is a risk factor for orthopedic fracture: A
population-based analysis of 16,294 patients. Circulation 2008, 118, 1946-1952. [CrossRef]

6.  Gerber, Y.; Melton, L.J., 3rd; Weston, S.A.; Roger, V.L. Association between myocardial infarction and fractures: An emerging
phenomenon. Circulation 2011, 124, 297-303. [CrossRef] [PubMed]

7. Redlich, K.; Smolen, J.S. Inflammatory bone loss: Pathogenesis and therapeutic intervention. Nat. Rev. Drug Discov. 2012, 11,
234-250. [CrossRef]

8.  Almeida, M.; Han, L.; Ambrogini, E.; Weinstein, R.S.; Manolagas, S.C. Glucocorticoids and tumor necrosis factor alpha increase
oxidative stress and suppress Wnt protein signaling in osteoblasts. |. Biol. Chem. 2011, 286, 44326-44335. [CrossRef]

9. Slavic, S.; Ford, K.; Modert, M.; Becirovic, A.; Handschuh, S.; Baierl, A.; Katica, N.; Zeitz, U.; Erben, R.G.; Andrukhova, O. Genetic
Ablation of Fgf23 or Klotho Does not Modulate Experimental Heart Hypertrophy Induced by Pressure Overload. Sci. Rep. 2017,
7,11298. [CrossRef]

10. Andrukhova, O.; Slavic, S.; Odorfer, K.I.; Erben, R.G. Experimental Myocardial Infarction Upregulates Circulating Fibroblast
Growth Factor-23. |. Bone Miner. Res. 2015, 30, 1831-1839. [CrossRef]

11. Eitner, F; Richter, B.; Schwanen, S.; Szaroszyk, M.; Vogt, I.; Grund, A.; Thum, T.; Heineke, J.; Haffner, D.; Leifheit-Nestler, M.
Comprehensive Expression Analysis of Cardiac Fibroblast Growth Factor 23 in Health and Pressure-induced Cardiac Hypertrophy.
Front. Cell Dev. Biol. 2021, 9, 791479. [CrossRef]

12. Latic, N.; Erben, R.G. FGF23 and Vitamin D Metabolism. J. Bone Miner. Res. Plus 2021, 5, e10558. [CrossRef]

13.  Murali, S.K.; Roschger, P.; Zeitz, U.; Klaushofer, K.; Andrukhova, O.; Erben, R.G. FGF23 Regulates Bone Mineralization in a
1,25(0OH); D3 and Klotho-Independent Manner. . Bone Miner. Res. 2016, 31, 129-142. [CrossRef]

14. Tjandra, PM.; Paralkar, M.P; Osipov, B.; Chen, Y.J.; Zhao, F,; Ripplinger, C.M.; Christiansen, B.A. Systemic bone loss following
myocardial infarction in mice. J. Orthop. Res. 2021, 39, 739-749. [CrossRef]

15. Kanazawa, M.; Matsumoto, Y.; Takahashi, K.; Suzuki, H.; Uzuka, H.; Nishimiya, K.; Shimokawa, H. Treadmill exercise prevents
reduction of bone mineral density after myocardial infarction in apolipoprotein E-deficient mice. Eur. ]. Prev. Cardiol. 2020, 27,
28-35. [CrossRef] [PubMed]

16. Guan, Z,; Yuan, W,; Jia, J.; Zhang, C.; Zhu, ].; Huang, ].; Zhang, W.; Fan, D.; Leng, H.; Li, Z.; et al. Bone mass loss in chronic heart

failure is associated with sympathetic nerve activation. Bone 2023, 166, 116596. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ijms27010121


https://doi.org/10.1161/CIRCOUTCOMES.110.959163
https://www.ncbi.nlm.nih.gov/pubmed/21081746
https://doi.org/10.1161/CIRCOUTCOMES.110.957803
https://www.ncbi.nlm.nih.gov/pubmed/20923995
https://doi.org/10.1093/eurheartj/ehp483
https://doi.org/10.1093/eurjhf/hfs002
https://doi.org/10.1161/CIRCULATIONAHA.108.784009
https://doi.org/10.1161/CIRCULATIONAHA.110.007195
https://www.ncbi.nlm.nih.gov/pubmed/21709062
https://doi.org/10.1038/nrd3669
https://doi.org/10.1074/jbc.M111.283481
https://doi.org/10.1038/s41598-017-10140-4
https://doi.org/10.1002/jbmr.2527
https://doi.org/10.3389/fcell.2021.791479
https://doi.org/10.1002/jbm4.10558
https://doi.org/10.1002/jbmr.2606
https://doi.org/10.1002/jor.24867
https://doi.org/10.1177/2047487319834399
https://www.ncbi.nlm.nih.gov/pubmed/30857427
https://doi.org/10.1016/j.bone.2022.116596
https://www.ncbi.nlm.nih.gov/pubmed/36307018
https://doi.org/10.3390/ijms27010121

Int. J. Mol. Sci. 2026, 27,121 18 of 19

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Streicher, C.; Zeitz, U.; Andrukhova, O.; Rupprecht, A.; Pohl, E.; Larsson, T.E.; Windisch, W.; Lanske, B.; Erben, R.G. Long-term
Fgf23 deficiency does not influence aging, glucose homeostasis, or fat metabolism in mice with a nonfunctioning vitamin D
receptor. Endocrinology 2012, 153, 1795-1805. [CrossRef]

Slavig, S.; Andrukhova, O.; Ford, K.; Handschuh, S.; Latic, N.; Reichart, U.; Sasgary, S.; Bergow, C.; Hofbauer, L.C.; Kostenuik, PJ.;
et al. Selective inhibition of receptor activator of NF-kappaB ligand (RANKL) in hematopoietic cells improves outcome after
experimental myocardial infarction. J. Mol. Med. 2018, 96, 559-573. [CrossRef]

Riehle, C.; Bauersachs, J. Small animal models of heart failure. Cardiovasc. Res. 2019, 115, 1838-1849. [CrossRef]

Andrukhova, O,; Slavic, S.; Smorodchenko, A.; Zeitz, U.; Shalhoub, V.; Lanske, B.; Pohl, E.E.; Erben, R.G. FGF23 regulates renal
sodium handling and blood pressure. EMBO Mol. Med. 2014, 6, 744-759. [CrossRef]

Latic, N; Lari, A.; Sun, N.; Zupcic, A.; Oubounyt, M.; Falivene, J.; Buck, A.; Hofer, M.; Chang, W.; Kuebler, W.M.; et al. Deletion of
cardiac fibroblast growth factor-23 beneficially impacts myocardial energy metabolism in left ventricular hypertrophy. npj Metab.
Health Dis. 2025, 3, 42. [CrossRef]

Huang, X.; Zhang, Y.; Qi, B.; Sun, K; Liu, N.; Tang, B.; Fang, S.; Zhu, L.; Wei, X. HIF-1alpha: Its notable role in the maintenance of
oxygen, bone and iron homeostasis (Review). Int. ]. Mol. Med. 2022, 50, 141. [CrossRef]

Riehle, C.; Wende, A.R.; Zaha, V.G; Pires, KM.; Wayment, B.; Olsen, C.; Bugger, H.; Buchanan, J.; Wang, X.; Moreira, A.B.; et al.
PGC-1beta deficiency accelerates the transition to heart failure in pressure overload hypertrophy. Circ. Res. 2011, 109, 783-793.
[CrossRef]

Murali, S.K.; Andrukhova, O.; Clinkenbeard, E.L.; White, K.E.; Erben, R.G. Excessive Osteocytic Fgf23 Secretion Contributes to
Pyrophosphate Accumulation and Mineralization Defect in Hyp Mice. PLoS Biol. 2016, 14, €1002427. [CrossRef]

Magnus, J.H.; Broussard, D.L. Relationship between bone mineral density and myocardial infarction in US adults. Osteoporos. Int.
2005, 16, 2053-2062. [CrossRef] [PubMed]

Wu, J.; Zhang, Y.; Wang, J.; Zhang, Q.; Jiang, J.; Jiang, Q.; Zhou, Y. Bidirectional association between cardiovascular disease and
hip fracture: A systematic review and meta-analysis. BMC Cardiovasc. Disord. 2025, 25, 366. [CrossRef] [PubMed]
Pineda-Moncusi, M.; El-Hussein, L.; Delmestri, A.; Cooper, C.; Moayyeri, A.; Libanati, C.; Toth, E.; Prieto-Alhambra, D.; Khalid, S.
Estimating the Incidence and Key Risk Factors of Cardiovascular Disease in Patients at High Risk of Imminent Fracture Using
Routinely Collected Real-World Data From the UK. J. Bone Miner. Res. 2022, 37, 1986-1996. [CrossRef]

Wiklund, P; Nordstrom, A.; Jansson, J.H.; Weinehall, L.; Nordstrom, P. Low bone mineral density is associated with increased
risk for myocardial infarction in men and women. Osteoporos. Int. 2012, 23, 963-970. [CrossRef]

Tjandra, PM.; Orr, S.V.; Lam, S.K.; Kulkarni, A.D.; Chen, Y.J.; Adhikari, A.; Silverman, ].L.; Ripplinger, C.M.; Christiansen, B.A.
Investigating the role of complement 5a in systemic bone loss after myocardial infarction. Bone 2025, 198, 117543. [CrossRef]
Holzer, G.; von Skrbensky, G.; Holzer, L.A.; Pichl, W. Hip fractures and the contribution of cortical versus trabecular bone to
femoral neck strength. J. Bone Miner. Res. 2009, 24, 468-474. [CrossRef] [PubMed]

Liu, X.P; Jian, X.Y,; Liang, D.L.; Wen, ].X.; Wei, Y.H.; Wu, ].D.; Li, Y.Q. The association between heart failure and risk of fractures:
Pool analysis comprising 260,410 participants. Front. Cardiovasc. Med. 2022, 9, 977082. [CrossRef] [PubMed]

Dimai, H.P.; Muschitz, C.; Amrein, K.; Bauer, R.; Cejka, D.; Gasser, R.W.; Gruber, R.; Haschka, J.; Hasenohrl, T.; Kainberger, E.;
et al. Osteoporosis-Definition, risk assessment, diagnosis, prevention and treatment (update 2024): Guidelines of the Austrian
Society for Bone and Mineral Research. Wien. Klin. Wochenschr. 2024, 136, 599—-668. [CrossRef]

Drey, M.; Otto, S.; Thomasius, F.; Schmidmaier, R. Update of the S3-guideline on diagnostics, prophylaxis and treatment of
osteoporosis. Z. Gerontol. Geriatr. 2023, 56, 597-605. [CrossRef]

Chidsey, C.A.; Braunwald, E.; Morrow, A.G. Catecholamine Excretion and Cardiac Stores of Norepinephrine in Congestive Heart
Failure. Am. J. Med. 1965, 39, 442-451. [CrossRef]

Grassi, G.; Mancia, G.; Esler, M. Central and peripheral sympathetic activation in heart failure. Cardiovasc. Res. 2022, 118,
1857-1871. [CrossRef] [PubMed]

Elefteriou, F; Ahn, J.D.; Takeda, S.; Starbuck, M.; Yang, X.; Liu, X.; Kondo, H.; Richards, W.G.; Bannon, T.W.; Noda, M.; et al.
Leptin regulation of bone resorption by the sympathetic nervous system and CART. Nature 2005, 434, 514-520. [CrossRef]
Takeda, S.; Elefteriou, F; Levasseur, R.; Liu, X.; Zhao, L.; Parker, K.L.; Armstrong, D.; Ducy, P; Karsenty, G. Leptin Regulates Bone
Formation via the Sympathetic Nervous System. Cell 2002, 111, 305-317. [CrossRef] [PubMed]

Guo, Q.; Chen, N.; Qian, C.; Qi, C.; Noller, K.; Wan, M.; Liu, X.; Zhang, W.; Cahan, P.; Cao, X. Sympathetic Innervation Regulates
Osteocyte-Mediated Cortical Bone Resorption during Lactation. Adv. Sci. 2023, 10, €2207602. [CrossRef]

Lary, C.W.; Hinton, A.C.; Nevola, K.T.; Shireman, T.I.; Motyl, K.J.; Houseknecht, K.L.; Lucas, EL.; Hallen, S.; Zullo, A.R,; Berry,
S.D.; et al. Association of Beta Blocker Use With Bone Mineral Density in the Framingham Osteoporosis Study: A Cross Sectional
Study. J. Bone Miner. Res. Plus 2020, 4, e10388. [CrossRef]

Liu, L.; Wang, Y.; Tan, B.; Huang, P. Association of beta-adrenergic receptor blockers use with the risk of fracture in adults: A
systematic review and meta-analysis. Osteoporos. Int. 2025, 36, 995-1005. [CrossRef]

https:/ /doi.org/10.3390/ijms27010121


https://doi.org/10.1210/en.2011-1878
https://doi.org/10.1007/s00109-018-1641-x
https://doi.org/10.1093/cvr/cvz161
https://doi.org/10.1002/emmm.201303716
https://doi.org/10.1038/s44324-025-00087-w
https://doi.org/10.3892/ijmm.2022.5197
https://doi.org/10.1161/CIRCRESAHA.111.243964
https://doi.org/10.1371/journal.pbio.1002427
https://doi.org/10.1007/s00198-005-1999-9
https://www.ncbi.nlm.nih.gov/pubmed/16249840
https://doi.org/10.1186/s12872-025-04823-4
https://www.ncbi.nlm.nih.gov/pubmed/40369408
https://doi.org/10.1002/jbmr.4648
https://doi.org/10.1007/s00198-011-1631-0
https://doi.org/10.1016/j.bone.2025.117543
https://doi.org/10.1359/jbmr.081108
https://www.ncbi.nlm.nih.gov/pubmed/19016592
https://doi.org/10.3389/fcvm.2022.977082
https://www.ncbi.nlm.nih.gov/pubmed/36312260
https://doi.org/10.1007/s00508-024-02441-2
https://doi.org/10.1007/s00391-023-02245-5
https://doi.org/10.1016/0002-9343(65)90211-1
https://doi.org/10.1093/cvr/cvab222
https://www.ncbi.nlm.nih.gov/pubmed/34240147
https://doi.org/10.1038/nature03398
https://doi.org/10.1016/s0092-8674(02)01049-8
https://www.ncbi.nlm.nih.gov/pubmed/12419242
https://doi.org/10.1002/advs.202207602
https://doi.org/10.1002/jbm4.10388
https://doi.org/10.1007/s00198-025-07471-8
https://doi.org/10.3390/ijms27010121

Int. J. Mol. Sci. 2026, 27,121 19 of 19

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Yang, S.; Nguyen, N.D.; Eisman, ].A.; Nguyen, T.V. Association between beta-blockers and fracture risk: A Bayesian meta-analysis.
Bone 2012, 51, 969-974. [CrossRef]

Leistner, D.M.; Seeger, F.H.; Fischer, A.; Roxe, T.; Klotsche, J.; Iekushi, K.; Seeger, T.; Assmus, B.; Honold, J.; Karakas, M.; et al.
Elevated levels of the mediator of catabolic bone remodeling RANKL in the bone marrow environment link chronic heart failure
with osteoporosis. Circ. Heart Fail. 2012, 5, 769-777. [CrossRef]

Nakashima, T.; Kobayashi, Y.; Yamasaki, S.; Kawakami, A.; Eguchi, K.; Sasaki, H.; Sakai, H. Protein expression and functional
difference of membrane-bound and soluble receptor activator of NF-kappaB ligand: Modulation of the expression by osteotropic
factors and cytokines. Biochem. Biophys. Res. Commun. 2000, 275, 768-775. [CrossRef]

Ben-awadh, A.N.; Delgado-Calle, J.; Tu, X.; Kuhlenschmidt, K.; Allen, M.R ; Plotkin, L.L; Bellido, T. Parathyroid hormone receptor
signaling induces bone resorption in the adult skeleton by directly regulating the RANKL gene in osteocytes. Endocrinology 2014,
155, 2797-2809. [CrossRef]

Kim, S.; Yamazaki, M.; Zella, L.A.; Shevde, N.K.; Pike, ].W. Activation of receptor activator of NF-kappaB ligand gene expression
by 1,25-dihydroxyvitamin D3 is mediated through multiple long-range enhancers. Mol. Cell. Biol. 2006, 26, 6469-6486. [CrossRef]
Takahashi, N.; Maeda, K.; Ishihara, A.; Uehara, S.; Kobayashi, Y. Regulatory mechanism of osteoclastogenesis by RANKL and
Wnt signals. Front. Biosci. (Landmark Ed.) 2011, 16, 21-30. [CrossRef] [PubMed]

Flamme, L; Ellinghaus, P.; Urrego, D.; Kruger, T. FGF23 expression in rodents is directly induced via erythropoietin after inhibition
of hypoxia inducible factor proline hydroxylase. PLoS ONE 2017, 12, e0186979. [CrossRef] [PubMed]

Roszko, K.L.; Brown, S.; Pang, Y.; Huynh, T.; Zhuang, Z.; Pacak, K.; Collins, M.T. C-Terminal, but Not Intact, FGF23 and EPO Are
Strongly Correlatively Elevated in Patients With Gain-of-Function Mutations in HIF2A: Clinical Evidence for EPO Regulating
FGEF23. |. Bone Miner. Res. 2021, 36, 315-321. [CrossRef] [PubMed]

von Jeinsen, B.; Sopova, K.; Palapies, L.; Leistner, D.M.; Fichtlscherer, S.; Seeger, EH.; Honold, J.; Dimmeler, S.; Assmus, B.; Zeiher,
A.M.; et al. Bone marrow and plasma FGF-23 in heart failure patients: Novel insights into the heart-bone axis. ESC Heart Fail.
2019, 6, 536-544. [CrossRef]

Bilha, S.C.; Bilha, A.; Ungureanu, M.C.; Matei, A.; Florescu, A.; Preda, C.; Covic, A.; Branisteanu, D. FGF23 Beyond the Kidney: A
New Bone Mass Regulator in the General Population. Horm. Metab. Res. 2020, 52, 298-304. [CrossRef]

Wang, Y.; Wang, H.; Chen, P. Higher Fibroblast Growth Factor 23 Levels Are Causally Associated With Lower Bone Mineral
Density of Heel and Femoral Neck: Evidence From Two-Sample Mendelian Randomization Analysis. Front. Public Health 2020, 8,
467. [CrossRef]

Yokomoto-Umakoshi, M.; Umakoshi, H.; Miyazawa, T.; Ogata, M.; Sakamoto, R.; Ogawa, Y. Investigating the causal effect of
fibroblast growth factor 23 on osteoporosis and cardiometabolic disorders: A Mendelian randomization study. Bone 2021, 143,
115777. [CrossRef]

Zhang, X.; Xu, ]. Fibroblast growth factor 23-mediated regulation of osteoporosis: Assessed via Mendelian randomization and
in vitro study. J. Cell. Mol. Med. 2024, 28, e18551. [CrossRef]

Isakova, T.; Cai, X,; Lee, J.; Katz, R.; Cauley, ].A.; Fried, L.F.; Hoofnagle, A.N.; Satterfield, S.; Harris, T.B.; Shlipak, M.G.; et al.
Associations of FGF23 With Change in Bone Mineral Density and Fracture Risk in Older Individuals. J. Bone Miner. Res. 2016, 31,
742-748. [CrossRef]

Erben, R.G.; Soegiarto, D.W.; Weber, K.; Zeitz, U.; Lieberherr, M.; Gniadecki, R.; Moller, G.; Adamski, J.; Balling, R. Deletion of
deoxyribonucleic acid binding domain of the vitamin D receptor abrogates genomic and nongenomic functions of vitamin D. Mol.
Endocrinol. 2002, 16, 1524-1537. [CrossRef]

Wu, Y,; Yin, X.; Wijaya, C.; Huang, M.H.; McConnell, B.K. Acute myocardial infarction in rats. J. Vis. Exp. 2011, 48, 2464.
[CrossRef]

Bouxsein, M.L.; Boyd, S.K.; Christiansen, B.A.; Guldberg, R.E.; Jepsen, K.J.; Muller, R. Guidelines for assessment of bone
microstructure in rodents using micro-computed tomography. J. Bone Miner. Res. 2010, 25, 1468-1486. [CrossRef]

Varela, A.; Jolette, J. Bone Toolbox: Biomarkers, Imaging Tools, Biomechanics, and Histomorphometry. Toxicol. Pathol. 2018, 46,
511-529. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ijms27010121


https://doi.org/10.1016/j.bone.2012.07.013
https://doi.org/10.1161/CIRCHEARTFAILURE.111.966093
https://doi.org/10.1006/bbrc.2000.3379
https://doi.org/10.1210/en.2014-1046
https://doi.org/10.1128/MCB.00353-06
https://doi.org/10.2741/3673
https://www.ncbi.nlm.nih.gov/pubmed/21196156
https://doi.org/10.1371/journal.pone.0186979
https://www.ncbi.nlm.nih.gov/pubmed/29073196
https://doi.org/10.1002/jbmr.4195
https://www.ncbi.nlm.nih.gov/pubmed/33049075
https://doi.org/10.1002/ehf2.12416
https://doi.org/10.1055/a-1151-2342
https://doi.org/10.3389/fpubh.2020.00467
https://doi.org/10.1016/j.bone.2020.115777
https://doi.org/10.1111/jcmm.18551
https://doi.org/10.1002/jbmr.2750
https://doi.org/10.1210/mend.16.7.0866
https://doi.org/10.3791/2464
https://doi.org/10.1002/jbmr.141
https://doi.org/10.1177/0192623318779565
https://doi.org/10.3390/ijms27010121

	Heart Failure but Not Myocardial Infarction Is Causing Bone Loss in Rodent Models in an FGF23-Independent Manner
	Abstract
	Introduction 
	Results 
	Myocardial Infarction Induced by Terminal Ischemia or Ischemia/Reperfusion Injury Does Not Cause Osteopenia in Mice or Rats 
	Pressure Overload-Induced Heart Failure Reduces Cortical Bone Mineral Density 
	TAC-Induced Bone Loss Is Likely Not Caused by Hypoperfusion 
	FGF23 Lacks Essential Role in TAC-Induced Osteopenia 

	Discussion 
	Exploring the Heart–Bone Axis: Experimental Evidence and Clinical Implications 
	Pathophysiological Mechanisms Linking Heart Failure to Bone Loss 
	Role of Sympathetic Activation 
	Role of RANKL and HIF-1  Signaling 
	Role of Hypoperfusion 
	Role of FGF23 

	Limitations of the Study 

	Materials and Methods 
	Ethics Statement 
	Animals 
	Myocardial Infarction in Mice 
	Myocardial Ischemia/Reperfusion Injury in Rats 
	Transverse Aortic Constriction 
	Transthoracic Doppler Echocardiography 
	Serum and Urine Biochemistry 
	Peripheral Quantitative Computed Tomography (pQCT) 
	Micro Computed Tomography (CT) 
	Bone Histology and Histomorphometry 
	RNA Isolation and Quantitative RT-PCR 
	Statistics 

	References

