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Purpose: Basal metabolic rate may play a key role in the pathogenesis and progression
of osteoporosis. We performed Mendelian random analysis to evaluate the causal
relationship between basal metabolic rate and osteoporosis.

Methods: Instrumental variables for the basal metabolic rate were selected. We used
the inverse variance weighting approach as the main Mendelian random analysis
method to estimate causal effects based on the summary-level data for osteoporosis
from genome-wide association studies.

Results: A potential causal association was observed between basal metabolic rate
and risks of osteoporosis (odds ratio = 0.9923, 95% confidence interval: 0.9898—-
0.9949; P = 4.005¢799). The secondary MR also revealed that BMR was causally
associated with osteoporosis (odds ratio = 0.9939, 95% confidence interval: 0.9911—-
0.9966; P = 1.038¢=0%). The accuracy and robustness of the findings were confirmed
using sensitivity tests.

Conclusion: Basal metabolic rate may play a causal role in the development of
osteoporosis, although the underlying mechanisms require further investigation.
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1. Introduction

Osteoporosis (OP) is a systemic disease, which is based on low bone mass and
microstructural destruction of bone tissue. The disease has become increasingly common
worldwide with the growth of the elderly population (1). According to the European
Demographic Report, the population aged 65 years and older accounts for approximately 20%
of the total population, and it is estimated that by 2050, this proportion will reach 30% (2). In
2015, there were an estimated 20 million patients with OP in the European Union and Sweden
(EU6). Among them, the prevalence rates of OP among men and women aged 50 or above is 6.8
and 22.5%, respectively (3). OP can lead to many complications such as chronic pain, decreased
activities of daily living, and fractures, which can greatly reduce the quality of life of patients and
increase mortality and medical care costs (3, 4). Fracture-related costs for the EU6 in 2017 were
estimated to total €37.5 billion (an increase of 27% from 2010), and are projected to increase to
€47 .4 billion in 2030 (3).
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Many risk factors are associated with osteoporotic fractures,
including low peak bone mass, hormonal disturbances, certain
medications (e.g., glucocorticoids), smoking, low physical activity
levels, low calcium and vitamin D intake, ethnicity, smaller body size,
and personal or family history of fractures (5). Aging is associated
with an increased rate of bone remodeling in both cancellous
and cortical bone, combined with a negative remodeling balance,
resulting in bone loss and disruption of bone microarchitecture (6, 7).
This plays a critical role in the progression of OP. The most striking
feature of aging is the reduction in metabolism and basal metabolic
rate (BMR) (8). OP is considered an inevitable consequence of
aging (9) and a retrospective study suggested that a decrease in
BMR in women with type 2 diabetes mellitus was associated with
postmenopausal OP (10). Similar to this case, a previous study
revealed that BMR was strongly associated with bone density in
elderly individuals (11). However, these conclusions were limited to
postmenopausal women and their studies could not further to invest
the causal relationship between BMR and OP. BMR can reflect the
body’s overall metabolism, which is very important for maintaining
normal physiological function (12). During the processing of aging,
the decline in function is inescapable. This process also could be
happened to the bone. We notice that BMR decline and high
incidence of OP in elderly is strikingly consistent. BMR may be a
modifiable factor in reducing the incidence of osteoporosis.

Thus, to further identify the effect and causality between basal
metabolic rate and OP, we conducted Mendelian randomization
(MR) (13) to explain the relationship from a genetic perspective.
MR is a new method for assessing the causal relationship between
risk factors and outcomes, based on genetic variables. Unlike
traditional statistical methods, it can significantly decrease potential
confounding factors and provide a complex interpretation of results
(14, 15).

2. Materials and methods
2.1. Study design

Assumption 1 is that there is a strong correlation between
the instrumental variable and the exposure factor; Assumption
2 is that the instrumental variable was not associated with any
exposure-outcome confounding factor, and Assumption 3 is that the
instrumental variable does not affect the outcome unless it is possible
to do so through association with exposure. In this study, BMR was
used as the exposure factor, single nucleotide polymorphisms (SNPs)
significantly related to BMR were used as instrumental variables
(IVs), and OP was the outcome variable. Here, we conducted a
bidirectional two-sample MR analysis to estimate the causal effects in
both directions of BMR and OP. A stratified analysis was performed
to examine the causal effect of BMR on OP risk (Figure 1).

2.2. Genetic associations with outcomes

BMR and genome-wide association study (GWAS) data of OP
were obtained from GWAS databases (http://gwas-api.mrcieu.ac.
ulk/, accessed on September 6, 2022). Therefore, additional ethical
approval was not required. The OP data were divided into primary
and secondary outcome data. The outcome data were obtained

Frontiersin Public Health

10.3389/fpubh.2023.1096519

from the main result data of the public GWAS dataset (GWAS ID:
ukb-b-12141). The dataset was constructed by the MRC Integrated
Epidemiology Unit consortium using Biobank UK and included
462,933 Europeans (7,547 cases and 455,386 controls) with 9,851,867
SNPs. The secondary outcome data were obtained from a publicly
available GWAS dataset (GWAS ID: ukb-a-87). This dataset was
derived from the Neale Lab Consortium’s summary data from the UK
Biobank (UKB) and consisted of 337,159 Europeans (5,266 cases and
331,893 controls) with 10,894,596 SNPs. The details of the included
GWAS are shown in Table 1.

2.3. Selection of instrumental variables

All selected SNPs were calculated as r? values to evaluate
linkage disequilibrium (LD). We first applied 546 SNPs associated
with BMR at genome-wide significance (P < 5e%). For any pair
of SNPs with > > 0.001 (LD) in the range of 10,000kb and
with a minor allele frequency (MAF) > 5%, we retained those
with the strongest associations on the exposure and obtained 521
independent SNPs. The potential confounders associated with the
selected SNPs were analyzed using the PhenoScanner database (http:
/[www.phenoscanner.medschl.cam.ac.uk/ accessed on September 14,
2022), and SNPs that were significantly associated with any known
risk factors (age, inflammation, smoking, diabetes, renal function,
vitamin D deficiency, and cancer, for example) for OP were removed.
A total of 46 SNPs were excluded (Supplementary Table 1). Finally,
the remaining SNPs and the related GWAS database measured the
intersection point and obtained a significant correlation with the
OP of the effective SNPs as instrumental variables. We conducted
secondary analyzes on the data because the UKB individuals
participated in both BMR and OP GWASs, which could cause weak
instrumental bias due to sample overlap. We also examined possible
pleiotropy of the selected SNPs using the outlier (MR-PRESSO) test,
and abnormal SNPs were eliminated (16). Finally, the remaining
SNPs were used for MR analysis.

We obtained the value of R? from the MR Steiger directionality
test. where N is the number of samples from the exposure GWAS,
K is the number of SNPs in IV (when calculating a single SNP, the K
value is 1), and R? is the percentage of iron status variability explained
by each SNP. R? was calculated using Equation 1:

R?> =2 x EAF x (1 — EAF) x p?
In addition, we used the F-statistic to evaluate whether there was

a weak I'V bias (F-statistic < 10 was considered a weak IV) (17). The
F-statistic was calculated using Equation 2:

_N-K-1_ R

F
K 1-R

2.4. Statistical analysis

To determine whether there is a causal relationship between
the genetic risk of exposure and outcome, we used inverse-variance
weighting (IVW), MR-Egger, weighted median (WM), and weighted
mode techniques to account for the likelihood of pleiotropy bias.
The IVW method uses a meta-analysis approach to combine
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FIGURE 1
Schematic representation of the study.
TABLE 1 Summary of the GWAS included in this two-sample MR study.
Exposure/ Dataset Sample size Number of  Population Consortium  Sex Year
outcomes SNPs
BMR ukb-b-16446 454,874 9,851,867 European MRC-IEU Males and females 2018
OP ukb-b-12141 462,933 9,851,867 European MRC-IEU Males and females 2018
OP ukb-a-87 337,159 10,894,596 European Neale Lab Males and females 2017

Wald estimates of each SNP to obtain an overall estimate of the
effect of BMR on OP (18). Meanwhile, the fixed effects model or
random effects model was selected according to heterogeneity (19).
If significant heterogeneity (P < 0.05) was observed, a random-
effects IVW model was applied. The MR-Egger method adds an
intercept term to the IVW to express the average pleiotropy of
instrumental variables, but the effective estimation of the EG method
may be strongly influenced by external genetic variation, so the
effective estimation is not accurate enough. The weighted-median
method was supplemented to provide a robust and consistent
estimate of the effect, even though nearly 50% of genetic variants
were invalid instruments (20). The weighted mode method can
only evaluate the causal validity according to the cluster with
the largest number of SNPs, but cannot estimate the bandwidth
parameter. After Bonferroni correction, the corrected P value was
0.0125 (P = 0.05/N, N = testing method number), which was
statistically significant.

2.5. Sensitivity analysis

We used a sensitivity analysis to test and correct the robustness
of the MR estimation. First, MR-Egger interceptions were used to
evaluate the multiplicity of the SNPs. A lower multiplicity was
considered when the intercept was closer to zero. Cochran’s Q test
was used to assess heterogeneity. Finally, to ensure the robustness of
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the results, we used the leave-one-out test to judge the stability of the
MR results by excluding the IVs one by one.

3. Results
3.1. Genetic variables for BMR

In the primary group, IV (rs4974072 Rssobs = 1.176°7%, p =
0.044) was identified as an outlier in the MR-PRESSO test and was
excluded from subsequent analyzes. In the secondary group, no IVs
were excluded using the MR-PRESSO test. Finally, we applied 439
valid SNPs as IVs in the secondary group and obtained 462 SNPs in
the secondary group (Supplementary Tables 2, 3). Individual SNPs of
iron status had F-statistics of more than 10, indicating that bias from
weak instruments was unlikely. The details of IV are listed in Table 2.

3.2. Primary MR analysis of BMR and OP

R? was 2.7527%, and the F-statistic of a single SNP ranged from
11.56 to 256.80, indicating that causal association was less likely
to be affected by weak instrumental variable bias. Cochran’s Q test
identified heterogeneity across the included IVs (Q = 598.4290, P
= 4.9487¢797) and a multiplicative random-effects model was used
in this MR analysis. A significant causal association was observed
in the IVW analysis between BMR and OP (MRC-IEU) (odds
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TABLE 2 Sensitivity analysis of primary and secondary MR analyses.
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ratio [OR] = 0.9923, 95% confidence interval [95% CI]: 0.9898-
0.9949; P = 4.005°"%), and was replicated using WME (OR =
0.9926, 95% CI: 0.9888-0.9964; P = 1.176°~%), MR Egger (OR
= 0.9980, 95% CI: 0.9909-1.0051; P = 5.740°%!), and weighted
mode (OR = 1.0020, 95% CI: 0.9904-1.0136; P = 7.393¢701),
The robustness of the results was confirmed using a leave-one-
out sensitivity test. No directional pleiotropy was found in the
MR-Egger regression (intercept = —7.8420°~%, se = 4.6563°705,
P = 0.0929).

3.3. Secondary MR analysis of BMR and OP

R? was 2.8955%, and the F-statistic of a single SNP ranged from
11.56 to 257.10, indicating that causal association was less likely
to be affected by weak instrumental variable bias. Cochran’s Q test
identified heterogeneity across the included IVs (Q = 574.6058, P
= 2.3845°"%), and a multiplicative random-effects model was used
in this MR analysis. The IVW analysis reported a significant causal
relationship between BMR and OP (OR = 0.9939, 95% CI: 0.9911—
0.9966; P = 1.038°~9%), which was consistent with the findings of the
WME (OR = 0.9932, 95% CI: 0.9893-0.9972; P = 7.765¢"%*), MR-
Egger analysis (OR = 0.9979, 95% CI: 0.9907-1.0051; P = 5.620°~%1),
and weighted mode (OR = 0.9946, 95% CI: 0.9843-1.0049; P =
3.0465°1), The robustness of the results was confirmed using a leave-
one-out sensitivity test. No directional pleiotropy was found in the
MR-Egger regression (intercept = —5.7447¢7%%, se = 4.8194°7%°,
P =0.2339).

The scatter and forest plots of the causal relationships
between BMR and the risk of OP are shown in Figure2 and
Supplementary Figures 1, 2. The funnel plot (Figure 3) shows that
when a single SNP is used as an IV, the points representing causal
effects are symmetrically distributed, which indicates that causal
effects are less likely to be affected by potential bias. In the leave-
one-out analysis (Supplementary Figures 3, 4), the removal of each
SNP in turn has little effect on the results, indicating that there is
no single SNP which has a significant influence on the overall causal
effect estimation. The details of the sensitivity analysis are presented
in Table 2. Detailed causal effect estimates for the associations
between exposure and outcomes in different models are illustrated in
Figure 4.

4. Discussion

Few studies have reported a relationship between BMR and OP.
In our study, we used two-sample MR analysis to assess the causal
association between BMR and OP. We found a significant causal
association between the genetic risk of BMR and OP, showing an
average of 0.8% decreased risk of OP per 1-SD increment in BMR
and this conclusion was also applicable to the secondary group (OR
=0.9939, 95% CI: 0.9911-0.9966).

Osteoporosis is an enormous and growing public health problem.
As a common disease in the elderly, especially postmenopausal
women (21) OP is considered to be an important factor for
fractures and strategies to prevent OP could decrease half of
all hip fractures (22). Interestingly, an observational study of
osteoporosis in postmenopausal women showed that BMR was
related to BMD independent of age and patients with OP had
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FIGURE 2
Scatter plots of causality. The slope of each line corresponding to the estimated MR effect in different models. (A) Primary outcome (ukb-b-12141); (B)
Secondary outcome (ukb-a-87)

a significantly lower BMR compared to those non-OP. Similarly, incidence of osteoporosis in the elderly. We calculate that there
in the process of human aging, there is an inevitable decline is a causal relationship between BMR and OP and that the
in BMR, and this alteration is strikingly similar to the high increase in BMR can reduce the incidence of osteoporosis. Thus,
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Funnel plot of causality. (A) Primary outcome (ukb-b-12141); (B) Secondary outcome (ukb-a-87).
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FIGURE 4

Causal estimates given as odds ratios (ORs) and 95% confidence intervals for the effect of basal metabolic rate on osteoporosis by different consortium.

we conducted a two-sample Mendelian randomized study, and our  the reduction of OP from a genetic perspective and provide a
study provided evidence supporting a potential causal relationship  positive causality of BMR in reducing OP and this conclusion
between low BMR levels and an increased risk of osteoporosis. is not limited to postmenopausal women. This provides a new
MR-Egger’s causal estimate and weighted median analysis are insight for preventing and treating OP at a reversible stage, which
consistent with IVW analysis, indicating that the causal effect is  may significantly reduce the risk of fracture and related burdens
reliable. Our study confirmed that an increased BMR could promote  in patients.
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Over the past decades, research on BMR has mainly focused
on obesity and metabolic-related diseases (23), and it has been
well applied in the treatment of diabetes. BMR plays a key role
in maintaining normal structure and function, and an imbalance
in metabolic demands and BMR may be closely related to clinical
diseases. The decrease in physical activity with the onset of the aging
process masks the lifestyle of the entire elderly population, resulting
in a substantial increase in sedentary time (24, 25). Maybe it is an
important reason for the decline in BMR in the elderly and leads to
an increased OP. Guidelines (26, 27) endorse lifelong physical activity
(both weight-bearing exercise and muscle-strengthening exercise) for
osteoporosis prevention. This may be achieved by improving BMR.
Although frequency and intensity of activity are not specified in
guidelines, a common clinical practice is to recommend both 30 min
of walking per day and gentle resistance exercises (4). And we also
noticed that counter-resistance exercises are effective in maintaining
bone mineral mass and bone mineral density since mechanical
stimulation promotes the formation of new bone tissue (28). But
high-intensity physical activity is limited to the elderly.

Once humans enter the aging stage, subsequently a decrease in
total energy consumption and energy availability follows (29, 30).
More importantly, energy metabolism is highly correlated with body
composition. Once energy metabolism changes, functional changes
will inevitably be affected. According to our results, we speculate
that the decrease of BMR may affect bone metabolism and lead to
the occurrence of osteoporosis, but how to realize this process needs
more basic and clinical research to further clarify.

Drugs used to treat OP, such as antiresorptive drugs, inhibit
the recruitment and activity of osteoclasts, thereby rebalancing bone
resorption and synthesis (31). In patients with OP, the normal balance
is compromised, leading to an abundance of missing reconstructed
osteons and a decrease in bone quality. At present, the recommended
first-line drugs for treating osteoporosis include bisphosphonate and
teriparatide, which have been confirmed effective in clinical practice,
but there are the following concerns. Teriparatide can improve
osteoporosis by increasing bone density, but it needs to be taken
for a long time. Once stopped, the curative effect drops rapidly
and even accelerates bone loss. Bisphosphate is one of the most
common drugs for OP in clinical practice. Bisphosphonate treatment
is associated with 40-70% reductions in vertebral fractures and 40-
50% reductions in hip fractures. However, it is limited in patients with
severe renal damage. bisphosphonate may also lead to gastrointestinal
irritation and musculoskeletal abnormalities. Supplementation of
bone anabolic elements (such as calcium and vitamin D), may help to
ameliorate this, but the benefit of supplementation is only observed
in individuals with low intake and impaired absorption (7). These
routine measures can slow OP in the elderly, but they do not
restore BMD and are not adequate treatments for patients with an
elevated risk of fracture. Our study further confirmed the causal
relationship between BMR and OP in terms of genetic risk, enhancing
the importance of BMR in bone development, bone metabolism, and
related bone diseases and provides new targets for the treatment and
research of OP in the future.

5. Conclusion

In conclusion, our results suggest that higher BMR

may reduce the risk of OP. Interventions with modifiable
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goals to improve BMR may help reduce the burden of this
chronic disease.

6. Limitation

This study has several limitations. First, the OP cases in this
study were from self-reported osteoporosis patients in the UKB.
Self-reported disease status may miss cases of OP and mistakenly
include other bone diseases. Second, our results apply only to
European lineages, and the effect of BMR on OP in other lineages
has not yet been studied. Second, it is the only publicly available
GWAS on OP. We did not report on the subtypes of OP.
These include postmenopausal OP, senile OP, and drug-induced
OP. Third, it is impossible to further classify OP and conduct a
stratified MR analysis based on the subtypes of OP. This would
be helpful in drawing more accurate causal inferences, with more
control over potential confounders. In addition, since limited to
the database, we failed to assess the health status of the sample
population, which may lead to potential confounding bias. Finally,
in this study, BMR genes were selected as instrumental variables
to calculate the causal relationship between BMR and OP. No
study has explored the mechanism underlying the relationship
between BMR and OP. Assessing the role of BMR in OP from
a genetic perspective may only partially explain the role of BMR
in OP.
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