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ARTICLE INFO ABSTRACT

Leptin, a small polypeptide hormone secreted by the adipocytes, controls body weight and gonadal function by
binding to a special receptor located in the hypothalamus. Observational studies have demonstrated a con-
BMD troversial association between leptin and bone mineral density (BMD), and functional studies of the relationship
Mendelian randomization between leptin and BMD still largely vary by different studies. Using SNPs strongly associated with leptin levels
in 52,140 individuals, we conducted a two-sample Mendelian randomization study to identify whether ge-
netically lowered leptin levels were associated with BMD by using an inverse-variance weighted method, a
weighted median method, MR-Egger and Robust Adjusted Profile Score. We found that circulating leptin levels
may causally decrease lumbar spine BMD (effect size = —0.45, 95% CI: —0.82, —0.083; p value = 0.016). The
association estimates of circulating leptin levels on femoral neck, forearm and total body BMD were not sig-
nificant. Our study suggests that genetically predicted higher circulating leptin was associated with lower LS-
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1. Introduction

Osteoporosis is a common disease characterized by low bone mi-
neral density (BMD) and an increased susceptibility to fractures [1].
With an increase in the elderly population, osteoporosis has become a
widespread disease causing physical pain, mental anguish and massive
financial costs to individuals and societies [2]. However, there are still
no osteoporosis treatments that are both highly effective and free of
adverse effects [3]. Previous studies have suggested that pharmacolo-
gical manipulation of the leptin pathway might be a potential ther-
apeutic approach to prevent or treat osteoporosis [4].

Leptin is a small polypeptide hormone secreted primarily by the
adipocytes. It controls body weight and gonadal function by binding to
a special receptor located in the hypothalamus [5]. Observational stu-
dies suggest that circulating leptin level is positively correlated with
BMD, especially in women [6-12]. Most of these studies were per-
formed in small samples, or the positive associations were attenuated
[11] or not significant [10] after adjusting for body mass index (BMI).
In a large sample including 5815 adults from the United States, femoral
BMD was positively associated with leptin concentration in men, pre-
menopausal women and postmenopausal women [13]. However, after

adjusting for BMI and other bone density-related factors, an inversed
association in men emerged [13]. In addition, the associations in both
premenopausal and postmenopausal women were not significant after
the BMI adjustment [13].

Functional studies have shown that leptin may act on bone density
via the central pathway or the peripheral pathway [14]. In the central
pathway, leptin, released by adipocytes, binds to its receptor on the
surface of neurons in the ventromedial hypothalamus. Then, it induces
an increase in sympathetic activity that signals to osteoblasts via the b2
adrenergic receptors (Adrb2) [15]. Finally, leptin leads to bone loss by
suppressing osteoblast proliferation [15] or increasing the expression of
the receptor of NF-kB ligand (RANKL) activator which promotes the
resorption of osteoclasts [16]. In the peripheral pathway, leptin in-
creases bone mass by interacting with bone marrow mesenchymal stem
cells (BMSCs), osteoblasts, osteoclasts and chondrocytes [14]. For ex-
ample, leptin can enhance the proliferation and differentiation of
BMSCs into osteoblastic lineage [17]. Leptin can also promote pro-
liferation, collagen synthesis and mineralization of osteoblasts in vitro
[18]. It inhibits osteoclast generation in vitro by decreasing the receptor
activator of RANKL and increasing the expression of osteoprotegerin in
stromal cells [18]. This suggests that leptin may have a positive or
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negative effect on bone [14]. Thus it remains unknown whether (and by
what mechanism) the two pathways interact with each other in the
total collective net effect of leptin on BMD of different skeletal sites.

Given that previous studies were either based on small samples or
only studied the correlation between circulating leptin concentrate and
BMD, there is also a need to investigate the causal relationship in large-
scale samples. Furthermore, observational epidemiological studies are
susceptible to confounding and reverse causation [19]. In the era of
genome-wide association studies (GWAS) and high-throughput
genomic technologies, genetic data are routinely available from large
studies. Mendelian randomization (MR) is an effective, powerful and
efficient method for establishing causal relationships between two
correlated phenotypes [20]. MR, which can use the summary statistics
from GWAS, is a widely used causal inference method that uses genetic
variants as instrumental variables (IVs) to detect whether the exposure
phenotype has a causal effect on the outcome phenotype [21,22]. In
this study, we used single nucleotide polymorphisms (SNPs) strongly
associated with circulating leptin concentration as instrumental vari-
ables. Because there is no need to have both the exposure and the
outcome data from one sample with a great sample size, two-sample
MR which uses the effect of IVs on the exposure phenotype and the
outcome phenotype from two independent studies has shown that the
power of detecting causality can be greatly increased compared with
using the data from a single sample study [23]. To investigate the po-
tential role of leptin in BMD, we conducted a two-sample Mendelian
randomization study.

2. Material and methods
2.1. BMD GWAS summary statistics

Femoral neck, lumbar spine and forearm are three common skeletal
sites where osteoporotic fractures are most prevalent [24]. The GEnetic
Factors for OSteoporosis (GEFOS) consortium performed a large meta-
analysis to identify genetic variants associated with femoral neck BMD
(FN-BMD), lumbar spine BMD (LS-BMD) or forearm BMD (FA-BMD) in
53,236 individuals of European ancestry [24]. Each SNP was tested for
association with BMD (bone mass per unit of area scanned), adjusting
for sex, age, age® and weight. BMD was standardized to have a mean of
zero and a standard deviation of one in GWAS analyses.

Total body BMD (TB-BMD) GWAS summary data were used to es-
timate the general effect of leptin on whole body BMD. A previous
meta-analysis of 30 GWASs of TB-BMD including 66,628 individuals
was performed to investigate the genetic determinants of TB-BMD
variation [25]. The additive effect of each SNP on the normalized BMD
residuals was estimated via linear regression [25]. The meta-analyzed
effect size estimates were used in this study. The summary association
statistics were all downloaded from the GEFOS website (http://www.
gefos.org/).

2.2. Leptin GWAS summary statistics

A large GWAS in 52,140 individuals of European ancestry identified
5 loci putatively associated (p < 1 x 107°) with circulating leptin
levels (log-transformed ng/mL) after adjusting for sex, age, age® and
BMI [26].

2.3. SNP validation

In a Mendelian randomization study, SNPs were ideally expected to
not be in linkage disequilibrium (LD), since using SNPs in strong LD
may cause biased results. In this study, we measured LD between se-
lected SNPs using HapMap 2 CEU as a reference panel. For all pairs of
SNPs with r* > 0.01, the SNP with a larger association p value would
be removed.

MR analysis assumes that the selected IVs should act on the outcome
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only through the exposure variable (no pleiotropic effects exist).
Potential pleiotropic effects of selected SNPs on BMD were verified via
the Ensembl project (http://www.ensembl.org). We searched each SNP
one by one. When a SNP was associated with another phenotype other
than leptin, we checked whether the associated phenotype was asso-
ciated with BMD by conducting a literature search. Pleiotropy was
defined here as a SNP influencing bone mass through a phenotype other
than leptin.

2.4. Mendelian randomization estimates

The theories and methods for MR analysis have been well estab-
lished [27]. MR analysis uses genetic variants as instrumental variables
to estimate the causative effect of exposure variables on an outcome.
We performed a meta-analysis using a fixed-effects model to obtain the
combined effect of leptin SNPs on BMD at the three skeletal sites. The
effects of leptin SNPs on BMDs were estimated from independent stu-
dies [24,25]. We harmonized the exposure and outcome data to ensure
that the effect of a SNP on the exposure, and the effect of that same SNP
on the outcome, correspond to the same allele. Here, we assumed that
the effect size of the ith (i = 1, 2, ..., I) SNP identified from GWAS on
the exposure X (i.e., leptin level) and the outcome Y (i.e., BMD) were
Bxi and Py;, respectively. The standard error for each was ox; and oy;,
respectively. The MR estimate of the causal effect of the exposure on the
outcome using the ith SNP was Bxy; = Byi/Bxi, and the variance of the
estimate is oyi/Bx;i [21]. The pooled effects of the exposure on the
outcome using the fixed-effect inverse-variance weighted (IVW)

Byifvios2
method can be expressed as By, = M,
2 Bxiovi

this estimate can be given by se(8yy,) = /ﬁ [21]. A heterogeneity
i PXi%yi

test was performed using Cochran's Q test to identify whether there was
a higher heterogeneity between causal effects estimated using the
variants individually than would be expected by chance [21].

To assess whether there are horizontal pleiotropic effects where
instrumental variables affect BMD via other biological pathways, we
performed MR-Egger regression [28]. The intercept deviated from the
origin may provide evidence for potential pleiotropic effects across the
instrumental variables. While the estimate for MR-Egger regression
slope provides the pleiotropy-corrected causal effect, previous studies
have confirmed that the weighted median approach affords some dis-
tinct superiorities over MR-Egger, like its improved power of causal
effect detection and lower type I error [29]. In this study we also used
the weighted median method to complement the MR-Egger regression
to provide more robust MR estimates. The weighted median method
may generate correct estimates even if up to 50% of SNPs are invalid
instrumental variables [29].

Since we included many weak instrumental variables in the ana-
lyses, to make our results more reliable, we carried out a recently
proposed method called Robust Adjusted Profile Score (MR.RAPS) [30].
This method can give a robust inference for Mendelian randomization
with many weak instruments [30]. The analyses were performed by the
Two Sample MR package in R software environment.

and the standard error of

2.5. Sensitivity analyses

Since heterogeneity and unknown pleiotropy effects may exist, MR
estimates were reperformed after excluding SNPs potentially influenced
by pleiotropy.

All the analyses were conducted using R version 3.4.2. And the R
code can be found in [21].

3. Results

Five SNPs (rs10487505, rs780093, rs900400, rs6071166, and
1s6738627) were reported to be associated with log-transformed
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circulating leptin levels after adjusting for BMI and other covariates
[26]. None were excluded due to linkage disequilibrium (Table 1).
Although the intronic rs6738627 variant in COBLL1 did not reach
genome-wide significance, knockdown of Cobll1 significantly decreased
leptin protein secretion by 16% [26]. This suggests that COBLL1 may be
a causal gene regulating leptin levels. The association of rs900400,
which is located 67 kb upstream from CCNL1, could be mediated by its
association with birth weight, due to a mechanism shared between
birth weight and leptin levels [26,31]. Variants in LD with rs780093
(r? > 0.9) were reported to be associated with > 25 metabolic traits,
including fasting glucose, fasting insulin, high-density lipoprotein
cholesterol, lower total cholesterol, low-density lipoprotein cholesterol,
triglycerides, C-reactive protein and circulating uric acid levels [26]. A
previous study suggested that circulating uric acid may play a protec-
tive role in preventing bone loss [32]. Observational studies have re-
ported associations of C-reactive protein with osteoporosis [33,34].
Rs780093 was found to be associated with TB-BMD (p
value = 2.33 X 1077). These studies suggested that rs780093 and
those variants in strong LD with rs780093 may influence bone mass by
means other than leptin. Therefore, we excluded this SNP in further
analyses due to its potential pleiotropic effects. No potential pleiotropic
effects of other SNPs relevant to BMD were identified. The estimated
effect sizes of the remaining four SNPs on both the exposure (leptin)
and BMD outcomes are displayed in scatter plots (Fig. S1).

The MR-Egger regression results showed that the estimated value
for the intercept term was null for leptin and all BMDs (Table 2), sug-
gesting that horizontal pleiotropy did not heavily influence the results.

Using the IVW method with fixed effects, we calculated the causal
effects of circulating leptin level on BMD of three skeletal sites and total
body, respectively (Fig. 1). We observed a significant association of
genetically lowered circulating leptin level with increased LS-BMD
(—0.45, 95% CI: —0.82, —0.083; p value = 0.016) with no hetero-
geneity (I = 0%, 95% CI: 0%-79.7%; p value = 0.52). This result
could be explained as one standard deviation increase in log-trans-
formed circulating leptin levels decreased LS-BMD by 0.45 standard
deviation. The causal estimate of circulating leptin level on FN-BMD
was marginally significant (—0.30, 95% CI: —0.62, 0.011; p
value = 0.059) with relatively large yet non-significant heterogeneity
(I? = 56.4%, 95% CI: 0%-85.5%; p value = 0.076). The causal effect of
circulating leptin level on FA-BMD was estimated as —0.36 (95% CI:
—1.01, 0.30; p value = 0.28) with no heterogeneity (I> = 0%, 95% CI:
0%-0%; p value = 0.96). The estimated effect size of leptin on TB-BMD
was —0.04 (95% CL: —0.28, 0.20; p value = 0.73; 2 = 0%, 95% CI:
0%, 80%; p value = 0.96). The results are also displayed graphically in
Fig. 1.

The estimates of other methods including MR-Egger regression,
weighted median and MR.RAPS were consistent with the IVW results
for FA-BMD, FN-BMD and TB-BMD. The slope estimation of circulating
leptin level on LS-BMD using MR-Egger was not significant
(beta = —0.012; 95% CL: —0.14, 0.12; p value = 0.74). The results
estimated by weighted median method (beta = —0.46; 95% CI: —0.91,
—0.06; p value = 0.034) and MR.RAPS (beta = —0.46; 95% CI:
—0.85, 0.067; p value = 0.022) were consistent with the IVW result
that an increase in log-transformed circulating leptin level was asso-
ciated with decreased LS-BMD (Table 2).

There was large heterogeneity in the effect of leptin on FN-BMD, the
direction of the estimated effect of leptin on FN-BMD using rs6071166
was different from that of the estimates using other SNPs. We con-
ducted a sensitive analysis after excluding rs6071166. After removal of
this SNP, we observed a clear association between leptin and FN-BMD
(beta = —0.50; 95% CI: —0.87. -0.14; p-value = 0.0067) with no
heterogeneity (I = 0%, 95% CI: 0%-89.0%; p value = 0.39). The re-
sults of weighted method and MR.RAPS also showed this strong asso-
ciation, although the MR-Egger result was not significant (Table 3).
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Table 1

Characteristics of SNPs associated with circulating leptin levels.

Association with LS-BMD Association with FA-BMD Association with TB-BMD

Association with FN-BMD

Association with leptin

EAF®

EA/OA"

Gene

CHR

SNP

p value

B (se)*

p value

B (se)*

p value

B (se)*

p value

B (se)®

p value

B (se)

0.33

0.0055 (0.0057)
0.0302 (0.0058)

0.79

—0.0041 (0.016)

0.14
0.039 (0.016)

—0.013 (0.0087)
0.022 (0.0089)

0.34

—0.0074 (0.0075)
0.015 (0.0077)

1.99 x 10712

0.029 (0.004)
0.024 (0.004)
0.021 (0.004)
0.024 (0.004)
0.020 (0.004)

0.50
0.61
0.60
0.37
0.37

G/C
Cc/T

LEP

7
2
3

rs10487505
1s780093
rs900400

2.33x 1077

0.45

0.016
0.62
0.40
0.54

0.017

0.057

3.80 x 1071°

GCKR

—0.0044 (0.0059)
—0.0049 (0.0059)
—0.0028 (0.0058)

—0.0080 (0.0016)

—0.14 (0.016)
—0.010 (0.016)

0.030
0.80
0.41

—0.020 (0.0090)
—0.0024 (0.0091)
—0.0076 (0.0090)

0.017
0.35
0.11

—0.018 (0.0078)

0.0075 (0.0079)
—0.012 (0.0077)

1.17 x 1077

T/C

CCNL1

0.41

1.74 x 1078

SLC32A1 C/A

COBLL1

20
2

156071166

0.63

1.92 x 107°

A/G

156738627

CHR: chromosome; EA: effect allele; OA: other allele; EAF: effect allele frequency.

2 Allele associated with higher circulating leptin level.

¢ Change in BMD (expressed as standard deviations of FN-BMD, LS-BMD, FA-BMD and TB-BMD) per additional exposure-increasing allele.

> The frequency of effect allele was calculated from leptin study.
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Table 2
Mendelian randomization estimates of circulating leptin level on BMDs.
BMDs VW MR-Egger WMM MR.RAPS
Beta p-Value slope p-Value Intercept p-Value Beta p-Value Beta p-Value
LS-BMD —0.45 (—-0.82, 0.016 —0.012 (—0.14, 0.74 0.027 (—5.54, 5.60) 0.99 —0.46 (—0.91, 0.034 —0.46 (—0.85, 0.022
—0.08) 0.12) —0.06) 0.067)
FN-BMD —0.30 (—-0.62, 0.059 —0.033 (—0.21, 0.51 1.06 (—6.49, 8.61) 0.61 —0.33 (—0.76, 0.12 —0.31 (-0.78, 0.21
0.012) 0.15) 0.090) 0.16)
FA-BMD -0.36 (—1.01, 0.30) 0.28 —0.021 (—0.25, 0.73 0.52 (—9.11,10.16) 0.84 —0.28 (—1.05, 0.49) 0.48 —0.36 (—1.03, 0.30
0.21) 0.31)
TB-BMD —0.04 (-0.28, 0.20) 0.73 —0.025 (—0.11, 0.33 0.82 (—2.54,4.53) 0.35 —0.15 (—0.45, 0.15) 0.34 —0.042 (—0.29, 0.74
0.059) 0.21)

4. Discussion

In this study, we used summary statistics from GWASs to identify
the causal relationships between circulating leptin level and BMD at
different skeletal sites. Results suggested that circulating leptin level
causally decreased LS-BMD. The estimated effect sizes of leptin on FA-
BMD and FN-BMD were not significant, and leptin did not increase or
decrease TB-BMD. These results suggest that the effects of leptin on
BMD at different skeletal sites may be differentially associated with
various components of bone, since bone from different skeletal sites
may differ in composition (e.g., different proportions of trabecular and
cortical bones). It is established that there are differences of genetic
determination among various skeletal sites [35]. Previous studies sug-
gested that leptin decreases bone density mainly through the central
nervous system [4,36]; however, the effects of leptin on bone density
may vary between different skeletal regions and between cortical and
trabecular moieties [4,37]. For example, the deficiency of leptin in-
creased lumbar BMD, and decreased femoral BMD was found in leptin-
deficient mice [37]. Another study found that leptin had no effect on
cortical bone, but the deficiency of leptin increased trabecular bone
volume [4]. Previous studies suggested that leptin had no effect on
cortical bone, but the deficiency of leptin increased trabecular bone
volume [4]. Lumbar spine has the highest percentage of cancellous
bone in the skeletal sites studied here [38], and we found that the ge-
netically decreased leptin caused an increase in LS-BMD. Total body has
the lowest percentage of cancellous bone [38] for the BMD phenotypes
studied here, and the estimated effect size of leptin on TB-BMD was
almost zero.

The largest heterogeneity (I = 56.4%) was observed in the causal
estimate of circulating leptin level on FN-BMD, although the test of the
causal estimate was nearly significant (p = 0.059). The sensitivity
analysis identified a causal effect of genetically predicted leptin on FN-
BMD. This result might indicate a potential effect of pleiotropy. The
confidence interval of estimated effect size of circulating leptin level on

A SNP beta se 95%-Cl Weight
rs10487505 —-0.25 0.2582 &= -0.25 [-0.76; 0.25] 39.1%
rs900400 -0.90 0.3696 —————~ -0.90 [-1.63; -0.18] 19.1%
rs6071166 0.31 0.3272 — 0.31 [-0.33; 0.95] 24.3%
rs6738627 -0.62 0.3852 ——#———— -0.62 [-1.38; 0.13] 17.5%
Fixed effect model — -0.30 [-0.62; 0.01] 100.0%
Heterogeneity: 1% =56%, p =0.08

-15-1-05 0 05 1 15

C SNP beta se 95%-Cl Weight
rs10487505 -0.14 0.5352 e -0.14 [-1.19;0.91] 38.8%
rs900400 -0.38 0.7506 —————#—F——— -0.38 [-1.85;1.09] 19.7%
rs6071166 -0.58 0.6790 —————=+—F——— -0.58 [-1.91;0.75] 24.1%
rs6738627 -0.50 0.8009 ———*F—F—— -0.50 [-2.07;1.07] 17.3%
Fixed effect model e -0.36 [-1.01; 0.30] 100.0%
Heterogeneity: 12 = 0%, p = 0.96 I T T

-2 -1 0 1 2

FA-BMD was quite wide. Since relatively small-scale samples
(n = 10,805) were included in the association test for FA-BMD com-
pared with the three other tests (for LS-BMD, FN-BMD and TB-BMD),
sample size may contribute to the relatively large standard error of
effect size generated [24]. Therefore, the variance and the 95% CIs of
the causal estimate of circulating leptin level on FA-BMD were rela-
tively large. This observation may partially explain why the causal es-
timate of circulating leptin level on FA-BMD was not significant. The
limited number of IVs used in MR may be another contributing cause
underlying the lack of significant direct causal relationships between
leptin levels and FN-BMD, FA-BMD and TB-BMD.

The present study may have some limitations that should be con-
sidered. First, the BMD GWAS of the three skeletal sites was adjusted for
sex, age, age®, and weight [24]. TB-BMD GWAS was corrected for age,
weight, height, and genomic principal components [25]. The leptin
study was adjusted for sex, age, age and BMI [26]. Neither weight nor
BMI distinguishes between lean and fat mass, although there were no
marked differences in the effect sizes between the BMI and body fat
percentage-adjusted results for the SNPs used in the meta-analysis study
of circulating leptin levels [26]. Considering leptin is mainly secreted
by the adipocytes, body fat percentage may be a better choice for ad-
justment. Second, previous studies suggested that the effect of leptin on
bone metabolism was dose-dependent [39]. Administering low dose
leptin was able to prevent the induced bone loss in tail-suspended rats
[39]. High dose leptin was able to decrease bone formation and in-
crease bone resorption [39]; however, we can only test the linear as-
sociation between leptin and BMD using MR methods. Third, the LS-
BMD association is not statistically significant at the Bonferroni cor-
rected significance threshold (0.05/4 = 0.0125). The larger contribu-
tion of genetic variants will lead to an increased power for detecting the
causal relationship by including more genetic variants as variables.
When data with larger samples size are available, replication of this
study is warranted.

In summary, our study found that genetically elevated circulating

B

SNP beta se 95%-Cl Weight
rs10487505 -0.46 0.3008 s -0.46 [-1.05; 0.13] 38.9%
rs900400 -0.95 0.4297 4'7; -0.95 [-1.80; -0.11] 19.1%
rs6071166 -0.10 0.3801 — -0.10 [-0.84; 0.65] 24.4%
rs6738627 -0.38 0.4478 — T -0.38 [-1.26; 0.50] 17.6%
Fixed effect model e -0.45 [-0.82; —0.08] 100.0%
Heterogeneity: 12=0%, p = 0.52
-15-1-050 05 1 15

D SNP beta se 95%-Cl Weight
rs10487505 0.19 0.1966 e 0.19 [-0.20; 0.57] 38.6%
rs900400 -0.21 0.2810 *%7 -0.21 [-0.76; 0.34] 18.9%
rs6071166 -0.20 0.2458 ———1— -0.20 [-0.69;0.28] 24.7%
rs6738627 -0.14 0.2900 —— = 1— -0.14 [-0.71;0.43] 17.7%

Fixed effect model
Heterogeneity: 2= 0%, p =051

ﬁ‘ -0.04 [-0.28; 0.20] 100.0%

-06 -020 020406

Fig. 1. Mendelian randomization estimates for the associations of leptin concentration with BMDs. Effect estimates are expressed as standard deviations of nor-
malized FN-BMD (A), LS-BMD (B), FA-BMD (C) and TB-BMD (D) per genetically predicted one standard deviation (SD) increase in leptin concentration.
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Table 3
Mendelian randomization estimates of the association of leptin and FN-BMD after excluding rs6071166 SNP.
VW MR-Egger WMM MR.RAPS
Beta p-Value 12 (95% CI) Slope p-Value Intercept p-Value Beta p-Value Beta p-Value
—0.50 (—-0.87, 0.0067  8.9% (0%, —0.034 (—0.36, 0.41 0.90 (—12.88, 0.56 —0.49 (-0.93, 0.029 —0.51 (-0.91, 0.011
—0.14) 90.5%) 0.29) 14.69) —0.051) 0.11)

leptin levels were potentially causally associated with lower LS-BMD.
Further studies are warranted to confirm the relationship between
leptin and FN-BMD.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2019.05.006.
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