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Background: Insulin-like growth factor 1 (IGF-1) plays a vital role in the attainment

and maintenance of bone mass throughout life and is closely related to the stature

of children. 25-Hydroxyvitamin D (25-OHD) is an intermediate of vitamin D (Vit

D) metabolism and a key indicator of Vit D nutritional status. Multiple studies

have revealed that IGF-1 levels undergo a non-significant increase after Vit D

supplementation. Here, we analyzed the causal and reverse causal relationships

between 25-OHD and IGF-1 levels using Mendelian randomization (MR).

Methods: Two-sample MR was used to estimate an unconfounded bidirectional

causal relationship between the level of IGF-1 and those of Vit D and 25-

OHD. Single nucleotide polymorphisms (SNPs) were filtered from genome-wide

association studies (GWAS) after a comprehensive search of the Integrative

Epidemiology Unit GWAS database. Several MR methods were employed,

including inverse-variance weighted (IVW) method, and a sensitivity analysis was

undertaken to detect whether pleiotropy or heterogeneity biased the MR results.

Results: Genetically predicted IGF-1 was found to have a causal association with

Vit D and serum 25-OHD levels, where Vit D and serum 25-OHD levels increased

with increasing IGF-1 concentrations (Vit D: IVW β:0.021, 95% CI: 0.005–0.036,

p = 7.74 × 10−3; 25-OHD: IVW β: 0.041, 95% CI: 0.026–0.057, p = 2.50 × 10−7).

A reverse causal effect was also found, indicating Vit D and serum 25-OHD have

a positive causal relationship with IGF-1 (Vit D: IVW β:0.182, 95% CI: 0.061–0.305,

p = 3.25 × 10−3; 25-OHD: IVW β: 0.057, 95% CI = 0.017–0.096, p = 4.73 × 10−3).

The sensitivity analysis showed that horizontal pleiotropy was unlikely to bias the

causality in this study (MR-Egger: Vit D intercept p = 5.1 × 10−5, 25-OHD intercept

p = 6.4 × 10−4 in forward analysis; Vit D intercept p = 6.6 × 10−4, 25-OHD

intercept p = 1.9 × 10−3 in reverse analysis), and a leave-one-out analysis did

not identify evidence of bias in the results.
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Conclusion: The results of the MR analysis provide evidence that IGF-1 has

positive causal and reverse causal relationships with Vit D and serum 25-OHD,

respectively, in European populations. Our findings also provide guidance for the

prevention and treatment of short stature and other related diseases.

KEYWORDS

insulin-like growth factor 1, serum 25-hydroxyvitamin D, vitamin D, Mendelian
randomization, short stature

1. Introduction

Growth hormone (GH) produced in the pituitary gland
stimulates the production of Insulin-like growth factor 1 (IGF-1)
from the liver and other tissues (known as the GH–IGF1 axis) (1).
The GH-IGF1 axis is an endocrine axis that plays an important
role in children’s growth and development. The physiological
actions of the GH–IGF1 axis on the skeleton are complex and
derive from the dual effects of systemic and locally produced
IGF1 as well as from the autocrine and paracrine actions of
IGF binding proteins (IGFBPs) synthesized by bone cells. IGF-
1, as the most abundant growth factor in the bone matrix, is
an important regulator of bone remodeling and metabolism and
plays an essential role in the attainment and maintenance of bone
mass throughout life (1). In vivo studies using genetically modified
mouse models have demonstrated that IGF-1 is both present in the
circulation and locally expressed. Circulating IGF-1 is produced
primarily by the liver under the stimulation of growth hormone
(GH) and acts on osteoblasts (bone formation), osteoclasts (bone
resorption), and other bone-related cells (1). IGF-1 can enhance
bone resorption (2) and influence cortical bone integrity primarily
by enhancing osteoblast differentiation, promoting the synthesis of
receptor activators of the NF-κB ligand (RANKL), and preventing
apoptosis. Moreover, IGF-1 is produced locally by osteoblasts under
the stimulation of parathyroid hormone (PTH), which serves to
maintain cancellous (or trabecular) bone integrity (3).

Some individuals with IGF-1 deficiency or IGF-1 overload
have altered cortical bone and trabecular bone structure. In IGF-1
deficiency, anorexia nervosa (4), aging (5), and hypopituitarism (3),
serum IGF-1 concentrations are reduced, leading to decreased bone
weight or the slowing of growth due to a lack of physiologic effects
of IGF-1 on osteoblasts. The response of osteoblasts to PTH may
also be weakened. In acromegaly caused by GH-secreting pituitary
adenoma, serum concentrations of IGF-1 and the PTH-dependent
production of IGF-1 by osteoblasts are increased, with a consequent
enhancement of bone remodeling. Bone resorption is also increased
more than bone formation in this condition (1). GH–IGF axis
dysfunction involves a variety of factors, such as reductions in both
serum IGF-1 concentrations and the responsiveness of peripheral
tissues to IGFs. When combined, these observations highlight that
IGF-1 is an independent factor affecting physical growth.

In addition to its well-known role in promoting growth
and metabolism, IGF-1 also improves lipid profile (6), lowers
insulin levels, increases insulin sensitivity, and promotes glucose
metabolism (7, 8). IGF-1 is also closely related to the occurrence
and development of diseases such as diabetes, obesity, and

metabolic syndrome. Furthermore, increasing evidence suggests
that IGF-1 plays a special role in supporting the complex
activities of cardiovascular (CV) function. IGF-1 promotes heart
development, increases cardiac output, stroke volume, contractility,
and ejection fraction. Human studies have also shown that low
levels of serum free or total IGF-1 are associated with an increased
risk of cardiovascular and cerebrovascular diseases (9). The role of
IGF-1 in the body is becoming increasingly apparent.

Vitamin D (Vit D) is a fat-soluble vitamin synthesized by the
liver whose main biological function is to regulate the absorption
of calcium and phosphorus and the mineralization of bones. Vit
D deficiency can hinder bone matrix synthesis by osteoblasts and
the mineralization of collagen fibers, thereby affecting bone growth,
formation, and absorption in children (10). Vit D is absorbed via
the intestine and is transported to the liver through the circulation,
where it is converted to 25-hydroxyvitamin D (25-OHD) (11).
Compared with Vit D, 25-OHD is present at higher concentrations
in serum, is more stable, and has a longer half-life, which renders
it an optimal biomarker for the nutritional status of Vit D.
25-OHD is a steroid pro-hormone and a fat-soluble metabolite
of cholecalciferol, a form of Vit D, which is predominately
synthesized following exposure to ultraviolet light or obtained
from dietary sources (12). 25-OHD plays an important role in
regulating calcium and phosphorus concentrations; influences cell
proliferation, differentiation, and apoptosis, and has immune-
modulating properties (13).

Children with short stature are also commonly associated
with vitamin D deficiency, and the decreases in calcium and
phosphorus absorption, bone formation, and bone resorption
caused by Vit D deficiency are also related to children’s restricted
height and weight gain (14). Serum 25-OHD, IGF-1 level has
high sensitivity and specificity for the diagnosis of children with
idiopathic short stature, which is positively correlated with height
and body weight. Research has shown that GH induces liver
synthesis of IGF-1 during childhood growth and development,
increasing P450 activity in liver mitochondria, whereas P450
directly induces 25-hydroxylation of Vit D and increases sufficient
serum concentration; normal bone mineralization is also affected,
resulting in abnormal bone metabolism in children (15). The lack
of IGF-1 may also lead to poor height development, abnormally low
body weight, low BMI, and other adverse conditions. Therefore,
IGF-1 serum concentration has a good predictive value for
the Subsequent treatment and follow-up of children with ISS.
In clinical work, the growth and development of children can
be evaluated by measuring serum 25-OHD and IGF-1 levels.
However, whether a causal relationship exists between the two
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factors remains unclear, and whether vitamin supplementation
can improve bone density status and IGF-1 levels in children
remains controversial (16).

Traditional research methods are divided into observational
and experimental research. The former can only be performed
under natural conditions, and no artificial intervention measures
can be included (17); it is also subject to reverse causal associations,
with many potential confounding factors. Although experimental
research can make up for many of the limitations of observational
research, experimental design and implementation must be both
precisely specified and strictly controlled, rendering it difficult
to implement. Because the implementation of experimental
research must consider ethics, it is often difficult to use this
method to directly study the etiology of diseases (18). Mendelian
randomization (MR) has been proposed as a method for
overcoming these limitations. According to Mendelian inheritance,
the alleles of parents are randomly transmitted to their offspring,
which is equivalent to the random grouping process used in
randomized controlled trials (17), and the whole process is not
affected by confounding factors such as environmental exposure,
social status, and behavior (19). Furthermore, MR is a good fit for
chronological plausibility because genetic variation is inherited and
remains relatively stable (17). Therefore, in this study, we used MR
to explore whether a causal or reverse causal relationship exists
between IGF-1 with Vit D and 25-OHD.

2. Materials and methods

2.1. Study design

To perform MR analysis, the instrumental variables (IVs)
must satisfy the following assumptions: First, the IVs must be
significantly correlated with risk factors (relevance assumption);
second, they must not be related to any confounding factor
(independence assumption); and third, they must only indirectly
affect outcomes through risk factors (exclusion restriction
assumption). A directed acyclic graph (Figure 1) was constructed
using single nucleotide polymorphisms (SNPs), risk factors
(IGF-1), and outcomes (Vit D and 25-OHD) to illustrate the
basic assumptions of the MR analysis. Among them, the allele
frequencies of the same SNPs may differ according to the ancestral
population, and ancestors may be associated with certain risk
factors. Therefore, to minimize population stratification, only
samples from European subjects were included in this MR study.

2.2. Exposure data selection

Appropriate genetic variants that could serve as valid IVs for
exposure and outcomes were selected from the publicly available
Integrative Epidemiology Unit (IEU) genome-wide association
studies (GWAS) database (20). SNPs were selected as IVs for
exposure (IGF-1) from the IEU GWAS database using kinship
relatedness, predicted ancestry, principal components analysis, and
per-SNP INFO scores provided by the UK Biobank1 genetics

1 www.nealelab.is/uk-biobank

TABLE 1 Characteristics of the study population.

Phenotype SNPs
available

Sample
size

References Population

IGF-1 13,586,000 337,199 (48) European

Vitamin D 2,538,249 79,366 (21) European

Serum 25-OHD 8,644,129 417,580 (22) European

SNP, small nucleotide polymorphism; 25-OHD, 25-hydroxyvitamin D.

team. Data for 487,409 individuals were filtered down to that for
337,199 individuals (Table 1). SNPs with a minor allele frequency
(MAF) of >0.1% and a Hardy–Weinberg equilibrium (HWE)
p-value of >1 × 10−10 were included. Finally, 10.8 million SNPs
remained for analysis.

2.3. Outcome data sources

As for the exposure data, Vit D levels were obtained from
Jiang et al., who undertook a large, multicenter, genome-wide
association study of 31 cohorts in Europe, Canada, and the US.
They then discovered that the meta-analysis consisted of 79,366
samples of European descent drawn from 31 epidemiological
cohorts (21). The largest GWAS was selected, which comprised
a GWAS of serum 25-OHD levels in a large population cohort
that contained phenotypic, genotypic, and clinical information for
more than 502,000 individuals (age range: 40–69 years) (Table 1).
Data regarding Vit D and 25-OHD levels (data field 30890) were
available for 449,978 of the 502,536 participants (90%), which were
mostly (448,376; 99.6%) obtained during the initial assessment visit
(22). The UK Biobank data were limited to 417,580 individuals
of European ancestry for whom 25-OHD concentrations were
available; 318,851 of the 417,580 individuals were unrelated. The
UK Biobank extracted variants with a minor allele count (MAC)
of >5 and an imputation score of >0.3 for all individuals and
converted genotype probabilities to hard-call genotypes using
PLINK2 (–hard-call 0.1) (23). Variants with a genotype missingness
of >0.05, an HWE p-value of >1 × 10−5, and an MAF of <0.01
were excluded. European ancestry was assigned based on a >0.9
posterior probability of belonging to the 1KGP European reference
cluster (22).

2.4. SNP selection

A set of quality control steps was performed to select qualified
SNPs from the GWAS summary results. In the pooled statistics,
SNPs with genome-wide association (p < 5 × 10−8), independent
inheritance (r2 < 0.001), and no linkage disequilibrium (LD,
kb = 10,000) were selected (24). Data for exposure and outcomes
were pooled using SNPs screened for these conditions, yielding
the data for MR analysis. Palindromic SNPs (those with A/T or
G/C alleles) with medium gene frequency (0.01< allele frequency
<0.30) were excluded from the instrument SNPs mentioned above.
SNPs with an MAF of <0.01 were also excluded. The F-statistic
of the SNPs was also calculated to measure the intensity of the
instruments. SNPs with an F-statistic of <10 were excluded and
are usually labeled as “weak tools” (25). These strictly selected
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FIGURE 1

A directed acyclic graph consisting of the genetic instrument, exposure, and outcome.

SNPs were used for subsequent MR analysis. The proportion of
phenotypic variation explained by the SNPs was estimated.

2.5. Effect size estimate

In the MR analysis, inverse-variance weighted (IVW), MR-
Egger, and weighted median (WM) methods were primarily
employed. The WM method assesses the relationship between
exposure and outcome with a single SNP weighted for the precision
of the MR estimates and offers consistent estimates (26). IVW, the
most frequently used method for MR analysis, uses a meta-analysis
approach to combine SNP ratio estimates in an inverse-variance
weighted manner, and obtains an estimate of the effect of risk
factors on outcomes (24) characterized by the fact that the existence
of intercepts is not considered at the time of regression. Meanwhile,
MR-Egger regression creates a weighted linear regression of the
outcome coefficients on the exposure coefficients and can provide
unbiased estimates even when all genetic variants are invalid
(27, 28). MR-Egger regression is the preferred method when
there is evidence of pleiotropy. I2 values were also calculated to
quantify the extent to which the NO Measurement Error (NOME)
assumption was violated by MR-Egger. The results were corrected
when I2 < 90% (29). In addition, simple-mode and weighted-mode
methods were also used for calculation.

The principles of two-sample MR were applied to assess the
role of exposure (IGF-1) in the susceptibility of the outcomes (Vit
D and 25-OHD). The SNPs were selected as the IVs according to
the criteria listed above, and the effects of the selected SNPs on the
exposure and outcomes were estimated.

2.6. Sensitivity analyses

To exclude possible violations of the MR assumptions,
multiple sensitivity analyses were conducted to determine whether

heterogeneity and pleiotropy within the tested genetic instruments
could bias the MR results. Sensitivity testing is mainly carried out
based on heterogeneity test, pleiotropy test, and Leave-one-out
sensitivity analysis.

The heterogeneity test is mainly used to test the difference
between individual SNPs. Both the MR-Egger and IVW methods
were used for the determination of heterogeneity; Q-statistic values
of p < 0.05 and heterogeneity test-I2 (het-I2) > 40% indicated
significant heterogeneity for the IVW method.

The pleiotropy test is primarily employed to detect the presence
of horizontal pleiotropy in multiple SNPs. Pleiotropy refers to the
phenomenon in which a single locus affects multiple phenotypes.
Horizontal pleiotropy arises when a genetic variant is associated
with more than one phenotype in separate pathways, which can
invalidate the results of MR analyses. The MR-Egger regression
intercept was evaluated and the MR-PRESSO global test (30) was
conducted to estimate the presence of pleiotropy; in the former, the
presence of pleiotropy is usually established when the MR-Egger
intercept term differs from 0, and a large difference indicates the
existence of pleiotropy between SNPs. MR-PRESSO is an extension
of previous approaches that utilize the general model of multi-
instrument MR on summary statistics and is best used to identify
inconsistencies between the genetic associations of different genetic
variants and remove outlying genetic variants. This bidirectional
MR analysis showed that there was no horizontal pleiotropy
between SNPs (p > 0.05).

Leave-one-out sensitivity analysis is implemented by removing
a different SNP in each iteration when performing the MR analysis
to guarantee that the MR estimates are not influenced by the
inclusion of proxy SNPs. However, if all the lines are on the same
side of 0 in the leave-one-out plot, this indicates that, irrespective
of which SNP is removed, the result will not be fundamentally
affected, that is, the result is robust.

All statistical tests were performed using the “Two Sample MR”
package for R version 0.5.6. The “two sample MR” codes from our
study are available at https://gwas.mrcieu.ac.uk.
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TABLE 2 The effect estimates of the Mendelian randomization (MR) analysis.

Exposure Outcome MR method β se Lo-CI Up-CI p-value

IGF-1 Vitamin D MR-Egger 0.018999812 0.01520897 −0.010809769 0.048809393 0.213195575

Weighted median 0.031096407 0.011584079 0.008391612 0.053801201 0.007265815

Inverse-variance weighted 0.020621847 0.007743419 0.005444747 0.035798947 0.007741403

Simple mode 0.020899676 0.028156206 −0.034286488 0.07608584 0.458882307

Weighted mode 0.027161608 0.012425803 0.002807034 0.051516182 0.030106294

Vitamin D IGF-1 MR-Egger 0.157114122 0.232955357 −0.299478379 0.613706622 0.537003558

Weighted median 0.144360498 0.056881533 0.032872694 0.255848302 0.011151505

Inverse-variance weighted 0.182848013 0.062131121 0.061071015 0.30462501 0.003251139

Simple mode 0.133477074 0.092006864 −0.04685638 0.313810528 0.206555075

Weighted mode 0.143187284 0.069061923 0.007825915 0.278548654 0.092847198

IGF-1 Serum 25-hydroxyvitamin D MR-Egger 0.021265266 0.015677295 −0.009462233 0.051992765 0.176011551

Weighted median 0.025650252 0.010171023 0.005715047 0.045585457 0.011672456

Inverse-variance weighted 0.041381371 0.008023283 0.025655736 0.057107005 2.50054 × 10−7

Simple mode 0.06860863 0.029507856 0.010773232 0.126444029 0.02075211

Weighted mode 0.028706186 0.012075818 0.005037584 0.052374789 0.018090546

Serum
25-hydroxyvitamin D

IGF-1 MR-Egger 0.004682825 0.032548237 −0.059111719 0.068477369 0.885957799

Weighted median 0.035994931 0.018326928 7.41526E–05 0.071915709 0.049524746

Inverse-variance weighted 0.056769621 0.020097767 0.017377997 0.096161245 0.004732889

Simple mode −0.016451297 0.044220901 −0.103124263 0.070221669 0.710833648

Weighted mode 0.025334079 0.015999703 −0.006025339 0.056693498 0.117177654

3. Results

3.1. SNP validation

We integrated 364 SNPs displaying genome-wide association
(p < 5 × 10−8) and independent inheritance with no LD
(r2 < 0.001, kb = 10,000) as IV SNPs for IGF-1 after removing
one (rs2925656) incompatible allele from IGF-1 SNPs associated
with 25-OHD. However, 29 (rs11208537, rs1150781, rs11757793,
rs12051698, rs125124, rs13232120, rs13237149, rs1351893, rs1759
7773, rs1782652, rs1994147, rs2274224, rs2716929, rs273951,
rs35713203, rs3858525, rs4782568, rs539687, rs55843942, rs5755
943, rs6822348, rs6913063, rs7012213, rs72884378, rs7662792,
rs7952602, rs8055075, rs9886703, rs9896243) and 8 (rs10657263,
rs11757793, rs11967262, rs2274224, rs3858525, rs4466086,
rs4782568, and rs76265107) IGF-1 SNPs associated with Vit D
and 25-OHD, respectively, that were palindromic and displayed
intermediate allele frequencies were excluded. We carried out
a series of quality-control steps to select eligible SNPs from the
GWAS summary results, yielding the data for MR analysis. Then,
SNPs with horizontal pleiotropy were identified and excluded
using MR-PRESSO; a total of 106 and 31 SNPs associated with Vit
D and 25-OHD, respectively, were separately removed (Table 2).

The F-values were calculated for the remaining 187 and 302
SNPs to measure the strength of the instruments. SNPs with an
F-statistic of <10 are normally labeled as “weak instruments”
(25). In this study, the F-statistic values for all the SNPs were
>10, indicating that there were no weak IVs. Five and nine
ambiguous SNPs associated with Vit D and 25-OHD, respectively,

were then dropped during the analysis, and the causal direction of
the remaining SNPs was detected and found to be positive. These
results indicated that the variables satisfied the strong relevance
assumption of MR and that the instrument bias was weak and
could not substantially influence the estimations of causal effects
(Table 2).

Finally, 182 and 293 SNPs were screened to determine the
causal relationship between IGF-1 and Vit D or 25-OHD levels,
respectively. The distribution of the influence of individual SNPs
on the results can be seen in the scatter plots in Figure 2.

3.2. Main results

The results obtained using the five MR methods (IVW, WM,
MR-Egger, Simple Mode, and Weighted Mode) were generally
consistent and positive. Tables 2, 3 show all MR analysis and
sensitivity analysis assessments.

The IVW and WM MR results showed that a significant
causal relationship (p < 0.05) existed between IGF-1 levels and Vit
D/serum 25-OHD levels, and there was also a positive correlation
between them (Vit D: IVW β: 0.021, 95% CI: 0.005–0.036,
p = 7.74 × 10−3; Weighted Median β: 0.031, 95% CI: 0.008–0.054,
p = 7.26 × 10−3; Weighted Mode β: 0.027, 95% CI: 0.003–0.052,
p = 3.01 × 10−2; 25-OHD: IVW β: 0.041, 95% CI: 0.026–0.057,
p = 2.50 × 10−7; Weighted Median β: 0.026, 95% CI: 0.006–0.046,
p = 1.17 × 10−2; Simple Mode β: 0.069, 95% CI: 0.011–0.126,
p = 2.07 × 10−2; Weighted Mode β: 0.029, 95% CI: 0.005 to 0.052,
p = 1.81 × 10−2). However, when the MR-Egger regression method
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FIGURE 2

Scatter plots showing the causal effect of exposure on outcome. (A) The effect of IGF-1 on vitamin D. (B) The effect of IGF-1 on 25-hydroxyvitamin
D. (C) The effect of vitamin D on IGF-1. (D) The effect of 25-hydroxyvitamin D on IGF-1.

and Simple Mode were used, no significant association was detected
between IGF-1 and Vit D levels (MR-Egger β: 0.019, 95% CI: −0.011
to 0.049, p = 0.21; Simple Mode β: 0.021, 95% CI: −0.034 to 0.076,
p = 0.459) or between IGF-1 and 25-OHD (MR-Egger β: 0.021, 95%
CI: −0.009 to 0.052, p = 0.176) levels when the MR-Egger regression
method was used (Table 2).

MR-Egger regression was used to assess pleiotropy, with the
results showing that horizontal pleiotropy was unlikely to bias the
causal relationship between IGF-1 and Vit D (p = 0.90) or 25-OHD
(p = 0.14) (Table 3). The IVW estimates were consistent with the
WM estimates because pleiotropy assessments are considered not
pleiotropic between these SNPs and the causality of IVW estimates
is more robust than that of MR-Egger regression estimates because
results considering GWAS are phenotypically normalized (1). The
relationship between Vit D and IGF-1 levels was consistent with
that between serum 25-OHD and IGF-1 levels, thus rendering the

results more reliable. These results strongly suggested that both Vit
D and serum 25-OHD levels increase with increasing IGF-1 levels.

3.3. Sensitivity analysis

(1) Between estimates of SNPs for IVW assays, MR-Egger,
Cochran Q-values, and het-I2 indicate significant heterogeneity
(26) (Vit D: MR-Egger Q = 251.7, het-I2<0.4, p < 0.05; IVW
Q = 251.7 het-I2<0.4, p < 0.05; 25-OHD: MR-Egger Q = 694.5,
het-I2 > 0.4, p < 0.05; IVW Q = 699.8, het-I2 > 0.4, p < 0.05)
(Table 3). In this case, a random-effects model was used (31).
(2) After we used the MR-PRESSO test to exclude SNPs with
horizontal pleiotropy, the MR-Steiger results indicated that there
was no reverse in any of the selected SNPs, thus supporting a
causal relationship between IGF-1 levels and those of Vit D and its
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TABLE 3 Tests of MR-Steiger causal direction, MR-Egger I2, heterogeneity, and pleiotropy.

Exposure Outcome Heterogeneity test MR-Egger
intercept

p-
value

MR-Steiger
causal direction

MR-Egger
I2

MR method Q Q_p-
value

I2

IGF-1 Vitamin D MR-Egger 251.7 3.4 × 10−4 0.28 5.1 × 10−5 0.90 True 0.99

Inverse-variance weighted 251.7 4.0 × 10−4 0.28

Vitamin D IGF-1 MR-Egger 10.3 3.5 × 10−2 0.61 6.6 × 10−4 0.91 True 0.99

Inverse-variance weighted 10.4 6.6 × 10−2 0.52

IGF-1 Serum 25-OHD MR-Egger 694.5 5.3 × 10−35 0.58 6.4 × 10−4 0.14 True 0.99

Inverse-variance weighted 699.8 1.7 × 10−35 0.58

Serum 25-OHD IGF-1 MR-Egger 245.7 1.7 × 10−18 0.67 1.9 × 10−3 0.05 True 0.99

Inverse-variance weighted 258.0 4.4 × 10−20 0.68

25-OHD, 25-hydroxyvitamin D; MR, Mendelian randomization.

FIGURE 3

Funnel plots from exposure on outcome. (A) From IGF-1 on vitamin D. (B) From IGF-1 on 25-hydroxyvitamin D. (C) From vitamin D on IGF-1.
(D) From 25-hydroxyvitamin D on IGF-1.
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TABLE 4 The numbers of excluded single nucleotide polymorphisms (SNPs) and identified instrumental SNPs.

Exposure Outcomes Missing
outcome

Weak
IV

Pleiotropy Leave-
one-out

Palindromic
structure

Incompatible
alleles

Wrong
casual

direction

Ambiguous
SNPs

Eligible
SNPs

IGF-1 Vitamin D 42 0 106 0 29 0 0 5 182

Vitamin D IGF-1 0 0 0 0 2 0 0 0 6

IGF-1 Serum 25-OHD 31 0 31 0 8 1 0 9 293

Serum
25-OHD

IGF-1 0 0 27 0 1 0 0 1 83

IV, instrumental variables; 25-OHD, 25-hydroxyvitamin D.

metabolic intermediate, 25-OHD (Table 3). (3) The leave-one-out
analysis also showed that none of the SNPs drove MR estimates,
which meant that the results were robust (Supplementary
Figure 1). Furthermore, a funnel plot (Figure 3) was used to test the
InSIDE assumption of the MR-Egger method, which was satisfied,
as the left and right sides of the funnel plot were symmetrical (27).
At the same time, the I2 values of MR-Egger in this study were
all >99%, indicating that the conclusions will not be affected by
outliers and strong influence points.

3.4. Bidirectional MR

We also explored whether Vit D and serum 25-OHD levels
affect the concentrations of IGF-1. For this, we reversed the
function of exposures and outcome to perform a bidirectional
MR analysis and determine the impact of increased IGF-1 serum
levels. We selected SNPs carefully and strictly from the IEU GWAS
database. We then used the corresponding effect estimates from
the IEU GWAS database as results (1) and applied the same MR
method as above. To explore the causal effects of Vit D and 25-
OHD levels on IGF-1 levels, we selected 6 and 83 significant and
independent SNPs, respectively, retrieved from the IEU GWAS
database (Table 4).

Overall, all selected tools displayed F-statistic values of >10. We
found important evidence for the existence of a causal relationship
between increased levels of Vit D and 25-OHD, and IGF-1 risk,
based on IVW and WM regression methods (Vit D: IVW β: 0.183,
95% CI: 0.061–0.305, p = 3.25 × 10−3; Weighted Median β: 0.144,
95%CI: 0.033–0.256, p = 1.12 × 10−2; 25-OHD: IVW β: 0.057,
95% CI: 0.017–0.096, p = 4.73 × 10−3; Weighted Median β: 0.036,
95% CI: 7.42 × 10−5 to 0.072, p = 4.95 × 10−2). When the MR-
Egger, Simple Mode, and Weighted Mode regression methods were
used, no significant association was found between Vit D and IGF-
1 (MR-Egger β: 0.157, 95% CI: −0.299 to 0.614, p = 0.537; Simple
Mode β: 0.133, 95% CI: −0.047 to 0.314, p = 0.207; Weighted Mode
β: 0.143, 95% CI: 0.008–0.279, p = 9.28 × 10−2) or between 25-
OHD and IGF-1 (MR-Egger β: 0.005, 95% CI: −0.059 to 0.068,
p = 0.886; Simple Mode β: −0.016, 95% CI: −0.103 to 0.070,
p = 0.711; Weighted mode β: 0.025, 95% CI: −0.006 to 0.057,
p = 0.117) (Table 2). The MR-PRESSO test results were consistent
with those obtained using IVW, WM, and MR-Egger regression.
When we used the MR-PRESSO global test, we removed 0 and 27
SNPs of the horizontal pleiotropy of Vit D and 25-OHD on IGF-1
risk, respectively (Table 4). We performed an MR-Egger regression
to assess pleiotropy, with the results showing that horizontal

pleiotropy was unlikely to exist for the causal relationship between
Vit D (p = 0.91) and IGF-1 (Table 3). However, the presence of
horizontal pleiotropy could affect the causal relationship between
25-OHD (p = 0.05) and IGF-1 (Table 3). The leave-one-out analysis
also revealed that no single SNP drove the MR estimates, indicating
that the result was robust (Supplementary Figure 1). Cochran
Q and het-I2 also indicated that heterogeneity existed among
IV estimates determined using IVW, MR-Egger, and maximum
likelihood methods (Table 3). The funnel plots showed the extent
of heterogeneity among the SNP estimates.

In conclusion, we found a positive causal association between
IGF-1 and serum 25-OHD level by IVW and WM methods. The
statistical test for bidirectional MR analysis was bilateral, and the
results of the MR and sensitivity analyses on the causal effect
of serum 25-OHD levels on IGF-1 levels were significant (IVW
p < 0.0047).

4. Discussion

To our knowledge, this is the first time that a large GWAS
database and MR analysis have been used to investigate whether
a causal relationship exists between IGF-1 and serum Vit D and
25-OHD levels. We found causal and reverse causal relationships
between the concentrations of IGF-1 and those of Vit D and
serum 25-OHD levels in people of European ancestry, respectively.
Additionally, the results were robust, which ensured that our study
met the relevance and independence assumptions. In addition,
we performed sensitivity analyses to ensure that the exclusion
restriction assumption was held.

Insulin-like growth factor 1 has been shown to stimulate the
production of 1-α-hydroxylase, which promotes Vit D production
in the kidneys (32). Additionally, an in vitro study reported that a
high number of Vit D receptors in liver and pituitary cells, which
are the primary means for IGF-1 and GH secretion, can explain
why Vit D can exert positive effects on IGF-1 concentrations (33).
In mouse models, knocking out the Vit D receptor (VDR) has been
found to reduce IGF-1 levels (34). In humans, some observational
studies have shown a correlation between IGF-1 concentrations in
serum and Vit D levels (35–37). Some studies suggest that Vit D can
stimulate IGF-1 production in the liver (38). Therefore, it has been
suggested that Vit D supplementation can affect IGF-1 levels (16,
39). However, in one quantitative meta-analysis (40) of five studies
(eight arms) containing 841 participants (41–45), no significant
increase in overall IGF-1 was reported after supplementation with
Vit D, but there was significant heterogeneity. Thus, whether a
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causal relationship exists between the two factors remains unclear.
The sample size included in this analysis was small, and the
sampling error and ethnic differences were large. Furthermore, the
research process is inevitably affected by confounding factors such
as environmental exposure, social status, and behavior (e.g., light
exposure, season, and family environment) and is easily disturbed
when exploring causality and reverse causality.

Fortunately, MR makes up for the abovementioned
shortcomings very well. The results of the MR analysis show
that IGF-1 has positive causal and reverse causal relationships with
Vit D and serum 25-OHD, respectively, in European populations,
which is contrary to previous studies where Vit D and serum
25-OHD levels increased with increasing IGF-1 concentrations.
Moreover, Vit D and serum 25-OHD have a positive causal
relationship with IGF-1. In this study, horizontal pleiotropy was
unlikely to bias the causality based on the sensitivity analysis.
The leave-one-out analysis did not identify evidence of bias in
the results. There was also some heterogeneity among the results
of this study, and the statistical power of our conclusions was
calculated using network power calculators2 [Burgess (46)], which
was very good. Results were considered statistically significant
when p < 0.05. Our study supported causal and reverse causal
relationships between Vit D and serum 25-OHD, respectively, and
the results were robust because of the large sample size and the use
of multiple sensitivity analyses in the GWAS study populations.

The level of IGF-1 is positively correlated with height and
weight and has a protective effect on the cardiovascular system.
It can also improve blood lipid levels and insulin resistance.
Therefore, the IGF-1 level has certain clinical predictive value in
diseases such as dwarfism, cardiovascular disease, cerebrovascular
disease, obesity, and type 2 diabetes. The concentration of IGF-1
increases with the increase of vitamin D and plasma 25-OHD levels,
and vitamin D supplementation may have some significance in the
treatment of the above-mentioned diseases.

Despite its many advantages, there were some shortcomings
in this study. First, we did not explore the effect of IGF-1 or Vit
D supplementation on the corresponding outcomes due to data
limitations. Second, Considering the gender-specific correlation of
IGF-1 stimulated by growth hormone (47), gender-specific MR
analysis should be conducted. However, we have not yet found
gender-stratified data suitable for MR analysis. Therefore, in future
studies, further gender-stratified exploration of GWAS data should
be carried out, and corresponding exploration should be conducted
in terms of mediation MR or other aspects. Third, the ratio
estimation method used in this study was based on the existence
of a linear relationship between exposure and results, and the
possibility of a non-linear relationship between the two cannot be
excluded; analysis in conjunction with clinical practice is required
to assess this possibility. At last, despite greatly reducing the impact
of population stratification on MR analysis, both the exposure and
outcome data in our study were derived from a European cohort.

Future research directions can focus on the effects of IGF-1 and
Vit D supplementation at different doses and times on Vit D levels
and IGF-1 levels, and their mechanisms, aiming to find the pathway
of the two effects to better guide the clinical supplementation of Vit
D and growth hormones and find a suitable balance. The effects

2 https://sb452.shinyapps.io/power/

of supplementation on children’s height and bone density should
also be explored, as well as any corresponding side effects. Finally,
future studies could be conducted in populations other than those
of European ancestry.
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