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Context: Chronic kidney disease (CKD) is a public health burden worldwide.
Epidemiological studies observed an association between sex hormones,
including estradiol, and kidney function.

Objective: We conducted a Mendelian randomization (MR) study to assess a
possible causal effect of estradiol levels on kidney function in males and females.

Design: We performed a bidirectional two-sample MR using published genetic
associations of serum levels of estradiol in men (n = 206,927) and women
(n = 229,966), and of kidney traits represented by estimated glomerular filtration
rate (eGFR, n = 567,460), urine albumin-to-creatinine ratio (UACR, n = 547,361),
and CKD (n = 41,395 cases and n = 439,303 controls) using data obtained from the
CKDGen Consortium. Additionally, we conducted a genome-wide association
study using UK Biobank cohort study data (n = 11,798 men and n = 6,835 women)
to identify novel genetic associations with levels of estradiol, and then used these
variants as instruments in a one-sample MR.

Results: The two-sample MR indicated that genetically predicted estradiol levels
are significantly associated with eGFR in men (beta = 0.077; p = 5.2E-05). We
identified a single locus at chromosome 14 associated with estradiol levels in
men being significant in the one-sample MR on eGFR (beta = 0.199; p = 0.017).
We revealed significant results with eGFR in postmenopausal women and with
UACR in premenopausal women, which did not reach statistical significance in
the sensitivity MR analyses. No causal effect of eGFR or UACR on estradiol levels
was found.

Conclusions: We conclude that serum estradiol levels may have a causal effect
on kidney function. Our MR results provide starting points for studies to develop
therapeutic strategies to reduce kidney disease.

KEYWORDS

glomerular filtration rate, steroids, albuminuria, genome-wide association
study, causality

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1232266/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1232266/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1232266/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1232266/full
https://orcid.org/0000-0002-8309-094X
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2023.1232266&domain=pdf&date_stamp=2023-12-19
mailto:ateumer@uni-greifswald.de
https://doi.org/10.3389/fendo.2023.1232266
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2023.1232266
https://www.frontiersin.org/journals/endocrinology

Nasr et al.

Introduction

Chronic kidney disease (CKD) due to impaired kidney function
is a major contributor to death and suffering in the 21st century (1),
affecting an estimated 843 million individuals worldwide in 2017.
Between 1990 and 2017, the global all-age mortality rate attributed
to CKD increased by 41.5%. Studies and research continue to be
conducted to identify and evaluate the risk factors associated with
the development of CKD. These risk factors include high blood
pressure and diabetes mellitus type 1 and 2 (1).

Furthermore, sex-associated differences in the epidemiology of
kidney disorders have been observed (2, 3). Studies and trials have
shown that most people who reach end-stage kidney disease
(ESKD) are men, and with a faster disease progression than
women (4, 5). However, randomized controlled trials assessing a
causal effect of estradiol levels on kidney disease are lacking.

Several theories exist to explain the sex-associated differences in
exposure and prognosis of kidney disease. These include unhealthy
lifestyle and habits, which are found to be more prevalent in men
than in women (2, 6). However, one important physiological
difference is the steroidal sex hormones, including testosterone
and estradiol, which play an essential role in the development of
sexual characteristics (7).

Similar to the testosterone levels in men, estradiol levels in
women can vary depending on age and menstrual status. In
premenopausal women, estradiol levels vary throughout the
menstrual cycle starting from 20 pg/mL to 80 pg/mL during the
early phase of menstruation (8), followed by a gradual increase until
the level reaches its maximum at the middle of the cycle, before
decreasing again at the end of it. The estradiol levels could reach 300
pg/mL by the end of the second week of the menstruation cycle (8,
9), with an upper limit even reaching higher than 600 pg/mL.
Estradiol levels are significantly lower in postmenopausal women.
Some studies report average levels between 50 pg/mL and 120 pg/
mL in older women who are no longer menstruating (8, 9).

Sex hormones have secondary functions such as organ
development and prevention of disorders, such as osteoporosis
(10). However, their impact on kidneys is not fully understood.
Studies have shown an association between lower testosterone levels
in men and increased all-cause mortality risk at advanced stages of
CKD (11). A significant association between dialysis and decreased
estradiol levels was also found in women, resulting in the lack of
ovulation and abnormal menstruation cycles (12). The complexity
of the regulation of the estradiol hormone in women has made it
difficult to study its role and association with kidney functions.
However, studies using animal models, which were designed to
uncover the reasons underlying this association, suggested that
estradiol and other estrogens could have a nephroprotective effect
by antagonizing apoptosis of the podocytes, especially in females
(13, 14). Estradiol has also shown protective effects on other kidney-
damaging pathways like nitrogen oxide production and collagen
synthesis. On the other hand, testosterone has shown destructive
effects on kidney function, by either inducing apoptosis of
podocytes or other mechanisms such as fibrosis of kidney cells (2,
15). Most of these studies were conducted in animal models, thus
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creating a need to investigate the effect of sex hormones on kidney
functions in humans (16).

Randomized controlled trials are a well-established method to
assess causality. However, the high cost of conducting these studies
and their challenging feasibility are pertinent drawbacks of this
approach (17). Mendelian randomization (MR) is an alternative
method using genetic associations as instrumental variables to
overcome possible bias due to confounding when drawing causal
inference from observational studies (18). MR methods have been
utilized to investigate causal effects of several phenotypes, including
kidney function (19-22).

Previous studies conducting MR analyses of sex hormones on
kidney function focused on testosterone and sex hormone-binding
globulin (SHBG) by using data from the UK Biobank cohort study
(21, 22). These data revealed that genetically predicted SHBG levels are
associated with a protective effect on kidney function and a reduced
risk of CKD in the male population (21). In addition, genetically
predicted testosterone levels increased the risk of CKD in men (22).

However, there is a lack of studies investigating the causal effect
of estradiol hormone levels on kidney function in both male and
female populations (23). Estradiol levels are subject to wide intra-
individual variation in the premenopausal female population,
whereas they are generally lower in postmenopausal women, and
often below the detection limit in men. These variations complicate
the identification of genetic variants that are significantly associated
with the hormone levels (23, 24).

Here, we conducted a bidirectional MR to assess causality
between the levels of the estradiol sex hormone and kidney traits
in both males and females, using known and novel estradiol-
associated genetic variants as instruments. The significant
findings of the two-sample MR were aimed for validation by
additional pleiotropy-robust MR methods and a one-sample MR
using the UK Biobank cohort study data.

Materials and methods
Study design

We applied MR to assess causal associations of the estradiol
hormone on the urine albumin-to-creatinine ratio (UACR), the
estimated glomerular filtration rate (eGFR) based on serum
creatinine, and CKD using two-sample MR analyses. We included
the single-nucleotide polymorphism (SNP) summary statistics for
males (n = 206,729) and females (n = 229,966), from genome-wide
association studies (GWAS) of two different publications conducted
in the UK Biobank, for instrument selection of estradiol in the two-
sample MR. We used the summary statistics on kidney-related traits
obtained from the CKDGen Consortium (25, 26). The datasets were
limited to individuals of European ancestry aligning them with the
estradiol sample population. The GWAS included 480,698
individuals for CKD (41,395 cases), 567,460 individuals for eGFR,
and 547,361 individuals for UACR. In these studies, both eGFR and
UACR were log-transformed. Additionally, the UACR was inverse-
normal transformed before conducting the GWAS.
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To validate and test the robustness of the significant two-sample
MR findings, we conducted a GWAS on the continuous estradiol
levels in the UK Biobank dataset as a means to discover instruments
for a subsequent one-sample MR. Finally, we tested for a potential
causal effect of the kidney traits on estradiol levels. An overview of
the analyses performed, including its main results, is provided
in Figure 1.

To ensure that the instruments were independent from each
other, we used LocusZoom (https://my.locuszoom.org) with an R* <
0.01 cut-off value to select the variant with the smallest p-value per
locus (27).

Dataset selection for the two-sample
Mendelian randomization

We applied a two-sample MR, which can use SNP-outcome
and SNP-exposure associations obtained from the GWAS datasets,
to assess causality. Three core assumptions on genetic variants have
to be fulfilled to act as suitable instruments in a MR analyses (1):
association with the exposure (2); independence of the outcome
given the exposure and all the confounders of the exposure-
outcome association; and (3) independence of the factors that

10.3389/fendo.2023.1232266

confound the exposure-outcome relationship (28). We used the
datasets and applied the methods described in detail below to
ensure the validity of the instruments as far as possible. For the
exposure data, we used two different published GWASs that have
investigated genetic associations with estradiol. We chose
instruments with genome-wide significant associations (p < 510~
%) with the exposure, and removed variants with pleiotropic effects
on the potential confounders, as described below. Finally, we
applied Mendelian randomization pleiotropy residual sum and
outlier (MR-PRESSO) analysis (29) to identify outliers among the
instruments, which were then removed prior to the subsequent
MR analyses.

The results from Haas et al. (30) included women of European
ancestry stratified by their menstruation status. The second source
for the genetic instruments was obtained from the study by Ruth
et al. (23), in which a GWAS in men with European ancestry was
conducted. Both studies used data from the UK Biobank cohort
study and identified estradiol as a dichotomous variable being above
the detection limit (23, 30). The selection of potential instrumental
variables was performed by following the guidelines for MR
analyses (31).

To assess the causal effects of estradiol levels on kidney function,
we used genetic predictors of log-transformed UACR and eGFR
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Causal effect of kidneys on estradiol blood levels

Population ; .
o Exposure Group GWAS MR Performed MR Results e
Group O p P n
Haas et al. summary statistics (n = 229,966) Two-Sample MR,
7 SNPs used as instruments CKDGen summary o .
Overall associated with estradiol above/below the limit statistics as No Significant association
(dichotomous variable) outcome
Haas et al. summary statistics (n = 51,081) Two-Sample MR,
Women Pre- 3 SNPs used as instruments CKDGen summary Significant association with UACR
menopausal associated with estradiol above/below the limit statistics as (beta =-0.045, p-value = 2.1E-11)
(dichotomous variable) outcome
Haas et al. summary statistics (n = 84,194) Two-Sample MR,
Post- 4 SNPs used as instruments CKDGen summary Significant association with eGFR
menopausal associated with estradiol above/below the limit statistics as (beta = 0.010, p-value = 3.7E-4)
(dichotomous variable) outcome
Ruth et al. summary statistics (n = 206,729) Two-Sample MR,
8 SNPs were used as instruments associated CKDGen summary Significant association with eGFR
with estradiol above/below the limit statistics as (beta = 0.077, p-value = 5.2E-05)
(dichotomous variable) outcome
Men

UK Biobank Individual Data (n = 11,798)

1 SNP used as an Instrument

associated with estradiol blood levels

(continous variable)

FIGURE 1

One-Sample MR
in the UK Biobank

Significant association with eGFR
(beta = 0.199, p-value = 0.017)

Overview of the Mendelian randomization analyses and its results.The upper scheme illustrates the main goal of our Mendelian randomization (MR)
study investigating a possible causal effect between estradiol levels and kidney function traits as represented by estimated glomerular filtration rate
(eGFR), urinary albumin-to-creatinine ratio (UACR), and risk of chronic kidney disease (CKD). The lower table summarizes the strata, datasets,
methods, and the results of the MR analyses. The green boxes represent validated significant results, where the results in the yellow boxes could not
be confirmed by sensitivity analyses. The figure was created with BioRender.com.
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from the CKDGen Consortium GWAS results as exposure (25, 26).
As the log-transformed UACR was included as sex- and age-
adjusted inverse-rank-normalized residuals in the GWAS, the
unit change corresponds to one standard deviation (SD) change
of the log-transformed UACR. We used the generated summary
statistics of the GWAS in the UK Biobank for the genetic
associations with the log-transformed estradiol levels as an
outcome in males and females.

We looked for proxy SNPs with an R* value > 0.8 if the potential
instrument was not available in the outcome GWAS results.
However, no proxies could be found. All instruments were
primarily associated with the exposure according to the Steiger
test (32). The results were subsequently verified for no association
with body mass index (BMI), body fat mass, and type 2 diabetes as
potential confounders using the PhenoScanner webtool (33).
Details on the instrument selection are provided below.

Details on variant selection in the
published datasets used as instruments
for estradiol

The first data source was obtained from Haas et al. (30). Of the
229,966 women with European ancestry available in the UK
Biobank dataset, 51,081 were premenopausal and 84,194 were
identified as being postmenopausal. The GWAS was conducted
on estradiol as a continuous phenotype (inverse-rank normalized),
and as a dichotomized outcome using PLINK 2.0 (34). The GWAS
on the continuous trait revealed only one significant association
(rs727428), which also represented a known association with SHBG
and testosterone levels (35), and was thus not treated as a valid
instrument for estradiol. Therefore, we only used the results of the
dichotomized trait for the subsequent MR analyses. We extracted all
the independent SNPs with genome-wide significance (p < 5¥10-°)
presented in Haas et al. The GWAS results for women overall
provided 10 SNPs with a significant genetic association with
estradiol, only seven of them were suitable candidates for the
following two-sample MR. Two SNPs (rs774021038 and
rs71181755) were excluded, as there were no available
corresponding results in the outcome summary statistics, while
one SNPs (rs34929649) was excluded due to its association with the
fat mass of body parts. Of the selected seven SNPs, four SNPs were
eligible as candidates in the postmenopausal women group and
three in the premenopausal women.

The second source for the genetic instruments for the two-sample
MR was obtained from the study by Ruth et al. (23), in which a GWAS
in the UK Biobank cohort was conducted. In that GWAS, genetic
variants associated with estradiol levels in men above vs. below the
assay detection limit were analyzed using a linear model. The authors
identified 22 variants with a statistically significant association with
estradiol levels, of which 10 (rs188982745, rs570754094, rs781858752,
rs34019140, rs201687269, rs5933688, rs12850857, rs776715248,
4:69958680_GA_G, and 5:35983283_CA_C) were not available in
the kidney trait GWAS results, and one SNP (rs117826558) was
available only in the summary statistics of the GWAS on CKD.
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One SNP, rs1260326 on chromosome 2, was excluded as an
instrument because it was significantly associated with eGFR in the
CKDGen Consortium summary statistics (p = 2%107%) used as
outcome, two SNPs were excluded from the analysis due to their
association with possible confounders violating the MR
assumptions (31): rs45446698 was associated with BMI and fat
percentage, and rs727428 due to its association with levels of
testosterone and SHBG. MR-PRESSO identified rs657152 as an
outlier. This variant is located near ABO on chromosome 9, a gene
that shows a considerable association with angiotensin-converting
enzymes (i.e., ACE1/ACE2) (36) and is supposed to have a direct
effect on kidney functionality (37).

All the instruments had a minor allele frequency (MAF) > 1%
and a high imputation quality (info score > 0.8) in both the
exposure and outcome data. The final list of instruments for
estradiol included in the two-sample MR analyses are provided in
Supplementary Tables 1, 2.

Details on variant selection for kidney
trait instruments

Of the 256 genome-wide significant associations associated with
serum creatinine-based eGFR in the European ancestry sample in
the publication of Wuttke et al. (25), 122 variants that were marked
with likely support for kidney function and replicated in the MVP
study (if available) were included as potential instruments. In total,
14 SNPs were excluded due to their association with BMI or body
fat mass (rs10430743, rs10774625, rs10838702, rs112545201,
rs11564722, rs1268176, rs2411192, rs35004449, rs3134605,
rs3905668, rs55759218, rs632887, rs9375694, and rs9828976),
leaving 108 SNPs that passed the selection criteria for instruments
(Supplementary Table 3).

For UACR, the 63 conditionally independent genome-wide
associations of the European ancestry meta-analysis, conducted in
the CKDGen Consortium (26), were selected as potential
instruments. Five of the SNPs (rs17453832, rs557338857,
rs141493439, rs45551835, and rs562661763) were not available in
the GWAS of the outcome, leaving 58 instruments for the two-
sample MR of UACR (Supplementary Table 4).

Data selection for the GWAS and one-
sample Mendelian randomization

The UK Biobank is a prospective cohort study with deep genetic
and phenotypic data of more than five hundred thousand
individuals recruited from England, Scotland, and Wales (38).
Given the large sample size of the UK Biobank study with both
estradiol levels and kidney function markers available, we
conducted a one-sample MR in this dataset. This additional
dataset provided us with the opportunity to assess a causal effect
on kidney function, thus extending the published GWASs by using
the continuous scale of estradiol levels and restricting the sex
hormones to postmenopausal women, which in turn reduced the
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heterogeneity in these measurements. The details of the sample
selection are provided in Supplementary Figure 1.

The eGFR was calculated with the CKD-EPI study equation
using the R (The R Foundation for Statistical Computing, Vienna,
Austria) package “nephro” with serum creatinine levels, age, and
sex as inputs, and it was log-transformed for subsequent analyses to
match with the two-sample MR.

To identify the SNPs with a significant association as being
candidates for instruments, we conducted a GWAS of log-
transformed estradiol levels on the imputed genotypes using a
linear mixed model implemented in BOLT-LMM (39). The
GWAS was conducted for male, female, and sex-combined groups.

For the GWAS and the subsequent one-sample MR, we
included only European ancestry individuals (identified by field
ID: 22006) with available active consent, genotype data, blood
estradiol levels, and creatinine levels measured in urine and
blood. We excluded the individuals with a recorded estrogen-
based treatment to avoid an exogenous confounding effect (24,
31). For the female population, we included only self-reported
postmenopausal women to avoid confounding caused by
uncontrolled changes in estradiol levels during the menstruation
cycle (8, 9).

Out of 502,505 individuals available in the dataset, 92,810 were
excluded because of their non-European ancestry. We excluded 407
individuals due to having estradiol-based treatment (field ID 20003)
and 12 individuals due to consent withdrawal. Of the remaining
409,276 individuals, 84,567 premenopausal women and 303,087
individuals with missing estradiol or genotype data were excluded,
which resulted in 21,622 individuals (6,835 women and 14,797
men). Of these, 14,797 were male and 11,798 individuals had kidney
biomarkers available and were thus included in the subsequent one-
sample MR analyses.

We used BMI and age, and also sex in the combined analysis as
covariates. In each GWAS, SNPs were filtered using a minor allele
frequency (MAF) > 0.001, a Hardy-Weinberg equilibrium p-value >
1072, and an imputation info score > 0.8. We used a p-value < 510
8 as a threshold for genome-wide significance. As no instruments in
women were found, the one-sample MR was restricted to men.

Statistical analyses

In the two-sample MR analyses, we used the inverse variance-
weighted method (IVW), with multiplicative random effects to
assess the causal effect of the exposure on the respective outcome.

10.3389/fendo.2023.1232266

To test the robustness of the significant MR result, we applied the
pleiotropy-robust but less powerful weighted median (40) and MR
Egger (41) methods. Cochran’s Q was used to test for the
heterogeneity of the causal effect of the individual instruments in
the IVW MR. The MR Egger intercept was tested for directional
pleiotropy. The analyses were conducted using the R
package “TwoSampleMR”.

For the one-sample MR, we applied a two-stage least squares
regression implemented in the R packages “tsls” and “ivreg” for
UACR and eGFR, and the control function estimator for CKD (28).
The analyses were adjusted for age and BMI. Supplementary
Figure 2 provides a schematic overview of the analytical steps
performed in the one-sample MR. The power calculation was
performed with the “Online sample size and power calculator for
Mendelian randomization with a continuous outcome” (https://
sb452.shinyapps.io/power/).

For the two-sample MR, a p-value < 0.05/4 = 0.0125 was
considered statistically significant, correcting for the two different
sex strata and the kidney traits included as outcomes, that is, eGFR
and CKD for kidney function, and UACR as a marker for kidney
damage. For the confirmatory one-sample MR, a p-value < 0.05 was
considered as significant.

Ethics statement

In this project only published GWAS summary statistics and
the data obtained from the UK Biobank cohort study with ethics
approval, as provided on the study website and in the
corresponding publication (38), were used.

Results
Two-sample Mendelian randomization

The MR using selected known genetic variants as instruments
that are associated with estradiol as a dichotomous (above vs. below
the assay detection limit) variable in women using the GWAS
results of Haas et al. (30) revealed a significant association of
genetically predicted higher estradiol levels with a higher eGFR in
postmenopausal women (beta = 0.010; p = 3.7%107% Table 1). This
association was not significant in the premenopausal and overall
women groups (Tables 2, 3). The significant association in the eGFR
had the effects of similar size and with the same direction in the MR

TABLE 1 Associations of the inverse variance-weighted two-sample Mendelian randomization of urinary albumin-to-creatinine ratio (UACR), chronic
kidney disease (CKD), and estimated glomerular filtration rate (eGFR) in postmenopausal women using the Haas et al. summary statistics for

genetically predicted estradiol levels.

Outcome #SNPs Estimate/[OR]
UACR 4 ~0.035
CKD 4 [0.851]
eGFR 4 0.010

95% ClI p-value Q pval
~0.076 to 0.007 0.105 0.618
0.651 to 1.052 0.115 0.607
0.004 to 0.015 3.7E-4 0.814

The Q pval represents the heterogeneity test result p-value. The OR represents the odds ratio of CKD. SNP, number of single nucleotide polymorphism; CI, confidence intervals.

The association results in bold for highlighting statistical significance.
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TABLE 2 Associations of the inverse variance-weighted two-sample Mendelian randomization of urinary albumin-to-creatinine ratio (UACR), chronic
kidney disease (CKD), and estimated glomerular filtration rate (eGFR) in premenopausal women using the Haas et al. summary statistics for genetically

predicted estradiol levels.

Outcome #SNPs Estimate/[OR]
UACR 3 -0.045
CKD 3 [0.855]
eGFR 3 0.008

The association results in bold for highlighting statistical significance.

sensitivity analyses, but without reaching the significance level
(Supplementary Table 5).

In the premenopausal women group, there were higher
genetically predicted estradiol levels significantly associated with a
lower UACR (beta = —0.045; p = 2.1¥107""; Table 2). These effect
sizes were similar in the sensitivity analyses, but were not
statistically significant (Supplementary Table 6).

The MR using the instruments for a dichotomous estimation of
the estradiol levels in the male population from Ruth et al. revealed
that higher genetically predicted estradiol levels are associated with
a higher eGFR (beta = 0.077; p = 5.2¥10->; Table 4). Similar results
were obtained using the weighted median MR, thus confirming the
significant associations (Supplementary Table 7).

No indication of directional pleiotropy or heterogeneity was
found for the results (Tables 1-4 and Supplementary Tables 5-7).
The MR scatter plots of the significant associations are given in
Supplementary Figure 3.

No significant MR results were found for CKD as the outcome
(Tables 1-4).

Genome-wide association study and one-
sample Mendelian randomization

The cohort characteristics of the UK Biobank participants
included in this analysis are provided in Supplementary Table 8.
Our three GWASs on continuous estradiol levels in the male
(n = 14,797), female (n = 6,835), and sex-combined (n = 21,632)
datasets revealed only one genome-wide significant locus (p < 5410-°)
at chromosome 14 in males (Figure 2). The SNP rs7151019 [T/G,
MAF = 0.42, beta(T) = -0.026, imputation info = 0.90] represents the
variant with the lowest p-value at this locus (p = 6*107>) explaining
0.73% of the variation of the log-transformed estradiol levels (SD =
0.15). The variant is located close to the immunoglobulin heavy locus

95% Cl p-value Q pval
~0.058 to —0.032 ‘ 2.1E-11 0.942
0.637 to 1.074 ‘ 0.160 0471
0.002 to 0.014 ‘ 0.013 0.667

(IGH), a protein-coding gene with no known direct link to estradiol
metabolism. This locus did not reach statistical significance in the
female or in the sex-combined GWAS (Supplementary Figures 4 and
5). Of note, this locus was not included in the two-sample MR
analyses. The quantile-quantile plots of the GWAS results do not
indicate inflation of the p-values (Supplementary Figure 6). The
PhenoScanner (33) did not show an association with BMI, body fat
mass, type 2 diabetes, or eGFR. No association in the female or sex-
combined samples passed the level of genome-wide significance, thus
no MR analyses could be performed in these datasets.

The one-sample MR using the 11,798 males with available kidney
biomarkers and the SNP rs7151019 as instrument allowed a detection
of at least a 0.3 SD unit change in the kidney trait per SD change in log-
estradiol levels at a 80% power. We identified a significant association
between estradiol levels and eGFR (beta = 0.199; p = 0.017) confirming
the two-sample MR results. In concordance with the two-sample MR in
males, no significant results were found for CKD and UACR (Table 5).

Effects of kidney function on estradiol
blood levels

The MR for testing causal effects of kidney function traits on
estradiol levels revealed no significant association of genetically
predicted eGFR or UACR with estradiol levels in males or females
(Supplementary Table 9).

Discussion

Our two-sample MR analysis based on the instruments
assessing estradiol levels below vs. above the detection limit
revealed a significant causal effect in males with a positive effect
direction, implying that higher levels of estradiol could lead to

TABLE 3 Associations of the inverse variance-weighted two-sample Mendelian randomization of urinary albumin-to-creatinine ratio (UACR), chronic
kidney disease (CKD), and estimated glomerular filtration rate (eGFR) in the overall women population using the Haas et al. summary statistics for

genetically predicted estradiol levels.

Outcome #SNPs Estimate/[OR] 95% Cl p-value Q pval
UACR 7 -0.032 ~0.088 to 0.024 0.262 0.698
CKD 7 [0.915] 0.586 to 1.243 0.595 0427
eGFR 7 0.007 ~0.005 to 0.018 0270 0.500

The Q pval represents the heterogeneity test result p-value. The OR represents the odds ratio of CKD.
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GWAS results for estradiol levels in men in the UK Biobank. A Manhattan plot showing the SNP positions on the x-axis, and their association —log;g
(p) on the y-axis. The red line represents the threshold for genome-wide significance of 5*10 8 the green-colored dots represent variants with a p-

value equal or smaller than the suggestive threshold of 10°°

higher eGFRs. This association was validated in the one-sample MR
using continuous levels of estradiol above the detection limit. In
addition, such a causal effect on eGFR was suggested by the two-
sample MR in postmenopausal women, and an inverse effect in
premenopausal women on UACR. However, these results did not
reach statistical significance in the sensitivity analyses, and could
not be validated using a one-sample MR on continuous outcomes.
Overall, the MR analyses suggest a causal effect between higher
estradiol levels and better kidney function traits.

To our knowledge, this study is the first MR analysis to
investigate the possible causal effect of estradiol levels on kidney
function traits. Previous research studies investigated the
relationship between the decline in kidney performance in men
and women and the change in sex hormone levels in general (13,
42). Based on the results of these studies, researchers sought to
identify possible mechanisms of the influence of these hormones on
kidney function. For estradiol, most of the studies showed a possible
protective effect, either by inhibiting the pathological processes of
increasing oxidative stress in the diseased kidney (42), or by
inhibiting renal fibrosis aggravation and glomerular sclerosis (13).
Animal studies have shown that estradiol plays a protective role by
reducing albuminuria and enhancing creatinine clearance (43),
which is in line with the effect directions of our MR results.
However, these findings were yet not confirmed by sex-stratified
analyses. Other studies showed contradicting results. In a nationally
representative sample of a United States adult male population,
increased levels of estradiol were associated with a decrease in eGFR
(44); however, other studies failed to identify an association between
endogenous estradiol levels and changes in eGFR or albuminuria
(45). Even though most of these studies attempted to find a
correlation between sex and the risk of kidney disease, the results
of these studies failed to establish a hypothesis for this association.

The aim of our study was to assess a possible causal effect
between estradiol levels and kidney function using the MR
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framework by including summary statistics from published
GWASs and data of the large UK Biobank cohort study. To
reduce sex-specific heterogeneity in estradiol measurements, we
focused on sex-stratified analyses. Our results showed that
genetically predicted estradiol levels were significantly associated
with an increased eGFR in men. Although we reduced heterogeneity
of the estradiol measurements for our two-sample MR analyses in
women by using GWAS results that were stratified by pre- and
postmenopausal status, our findings were indicative in this sample
given the consistent effect direction but not robustly significant. A
reason could be the reduced power in the postmenopausal women
dataset given the small sample size of individuals above the estradiol
detection limit, and the trait variation due to the menstrual cycle in
the premenopausal women obtained from the GWAS of Haas et al.
(30), where they relied on self-reported menopause and age below
60 years at sampling time. Thereby, the women-combined dataset
induces large variation of estradiol levels, thus reducing the
statistical power in both the GWAS and MR analyses.

The GWAS results of the log-transformed estradiol levels,
which we conducted in the UK Biobank cohort study, differed
from the analysis of former studies, and by this also the inclusion of
genetic instruments in the one-sample MR analyses. The possible
reasons for this difference are due to several aspects. Due to the
limited information of the menstruation cycle at time of estradiol
measurement of the female study participants, we limited the
corresponding GWAS to 6,835 self-reported postmenopausal
women. The minimum detectable level in the UK Biobank cohort
study was 175 pmol/L, thus the detection of estradiol in
postmenopausal women was less sensitive compared with other
studies like Pott et al. (24). This detection limit affects to a lesser
extent the analyses in men, who, on average, have higher estradiol
levels than postmenopausal women. In the study of Pott et al., only
one locus harboring the signal peptide peptidase-like 2A gene
(rs12913657 on chromosome 15) reached genome-wide
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TABLE 4 Associations of the inverse variance-weighted two-sample Mendelian randomization of urinary albumin-to-creatinine ratio (UACR), chronic
kidney disease (CKD), and estimated glomerular filtration rate (eGFR) in males after using the Ruth et al. summary statistics for genetically predicted

estradiol levels.

Outcome #SNPs Estimate/[OR] 95% Cl p-value Q pval
UACR 7 ~0.024 ‘ ~0.226 t0 0.178 0.819 0243
CKD 8 [0.522] ‘ 0.308 to 1.36 0.512 0.492
eGFR 7 0.077 ‘ 0.040 to 0.114 5.2E-05 0216

The Q pval represents the heterogeneity test result p-value.
The OR represents the odds ratio of CKD. The significant results are marked in bold.

TABLE 5 Associations of the one-sample Mendelian randomization of urinary albumin-to-creatinine ratio (UACR), chronic kidney disease (CKD), and
estimated glomerular filtration rate (eGFR) in males of the UK Biobank cohort study.

Estimate/[OR]

95% CI

Outcome
UACR 1
CKD 1
eGFR 1

The OR represents the odds ratio of CKD. The significant results are marked in bold.

significance in 4,191 men, but without a replication sample included
(24). This locus was not associated with estradiol level in the larger
GWAS of the 14,797 men from the UK Biobank dataset. However,
our GWAS revealed a highly significant association on
chromosome 14 (rs7151019), which was used as instrument in
the one-sample MR.

Ruth et al. also conducted a GWAS in the UK Biobank males,
but they dichotomized the estradiol level at the detection limit (23).
Their GWAS revealed more loci associated with estradiol levels by
including a larger sample size. However, the two-sample MR result
using this dataset confirmed our one-sample MR. In addition, these
eGFR MR results were also directionally consistent with the CKD
MR, although not reaching significance after multiple testing. Of
note, our significant GWAS locus at chromosome 14 was also
revealed by Ruth et al., where one of their top SNPs (rs34019140)
was in moderate linkage disequilibrium with our SNP rs7151019
(R* = 0.45). However, rs34019140 (or a suitable proxy) was not
available in the summary statistics of the kidney traits.

The main strength of our project is the different analyses
performed using multiple sources of genetic association data, with
two different exposure populations for the use in the large two-
sample MR, as well as individual-level data from the UK Biobank
cohort study for use in the one-sample analysis. One challenge of
the MR approach is avoiding weak instrument bias (31). Thus, we
selected only independent variants in the one-sample MR having a
strong statistical association with estradiol levels (p < 5*107°).
Furthermore, it is important that the instruments in a MR are not
associated with (unadjusted) confounders of the estradiol-kidney
function relationship. Therefore, we conducted the one-sample MR
by adjusting for possible confounders, ensuring the robustness of
the association results (46, 47).

On the other hand, our study had several limitations. The first is
the lack of available estradiol instruments from the meta-analysis
results. This shortage is mainly due to the changes in estradiol levels
in premenopausal women during the menstruation cycle. Such daily
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-0.33 ‘ -1.170 to 0.389 0.397
[0.758] ‘ 0.508 to 1.18 0.206
0.199 ‘ 0.036 to 0.362 0.017

changes make it hard to develop a uniform study design for
measuring estradiol levels. An alternative approach is to include
exclusively postmenopausal women, which results in a small sample
size and is where measurement of estradiol levels is technically
difficult. This heterogeneity of estradiol levels in women is the
second limitation for our study. The available meta-analysis results
for continuous estradiol include populations with relatively small
sample sizes, which results in low power for identifying genetic
instruments. There was no sample overlap between the estradiol
level assessed in the UK Biobank cohort study and eGFR, but the
UACR GWAS included the UK Biobank cohort study dataset,
which could in turn bias the effect estimates of the respective
two-sample MR (48). Finally, no sex-stratified kidney trait
GWASs were available, which could be a reason for the non-
significant two-sample MR results. Although the MR analyses
identified statistically significant associations, the reported effect
sizes are small and hard to interpret. However, the effect sizes itself
obtained from an MR are generally less informative (31).

Although we found a robust and significant MR result in men,
we cannot exclude that there is also a causal effect of estradiol level
on kidney function in women. Taking this into account, our results
do not allow a conclusion on whether or not the observed
differences in kidney disease prevalence between men and women
can be attributed to sex-specific differences in estradiol levels.

Our results also highlight the need to identify additional genetic
variants associated with estradiol levels in men and women
providing instruments for MR analyses, and also in non-
European populations. Finding such associations could be
challenging, especially in the female population. Furthermore,
studies like randomized controlled trials are required to estimate
the magnitude of this potential causal relation. Nevertheless, our
MR results provide starting points for subsequent studies focusing
on the effects of estradiol levels on kidney function which may
finally lead to therapeutic strategies as part of preventing
kidney diseases.

frontiersin.org


https://doi.org/10.3389/fendo.2023.1232266
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Nasr et al.

Data availability statement

Publicly available datasets were analyzed in this study. The data
underlying this article are available from the UK Biobank (GWAS on
estradiol), at https://www.ukbiobank.ac.uk/. The remaining datasets
were derived from publications as referenced in the manuscript.

Ethics statement

Ethical approval was not required for the studies involving
humans because only published GWAS summary statistics and data
obtained from UK Biobank with ethical approval as provided on the
study website and in the corresponding publication was used. The
studies were conducted in accordance with the local legislation and
institutional requirements. The human samples used in this study
were acquired from a previous study for which ethical approval was
obtained. Written informed consent to participate in this study was
not required from the participants or the participants’ legal
guardians/next of kin in accordance with the national legislation
and the institutional requirements.

Author contributions

MKN: writing and analysis; AT: supervising, reviewing, writing,
and editing; CS: supervising, reviewing, and editing; EB:
supervising. All authors contributed to the article and approved
the submitted version.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. MKN was
funded by the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation)—451892213; 455978266. We acknowledge
support for the Article Processing Charge by the German Research

References

1. Kovesdy CP. Epidemiology of chronic kidney disease: an update 2022. Kidney Int
Suppl (2022) 12:7-11. doi: 10.1016/j.kisu.2021.11.003

2. Carrero JJ, Hecking M, Chesnaye NC, Jager KJ. Sex and gender disparities in the
epidemiology and outcomes of chronic kidney disease. Nat Rev Nephrol (2018) 14:151-
64. doi: 10.1038/nrneph.2017.181

3. Antlanger M, Noordzij M, van de Luijtgaarden M, Carrero JJ, Palsson R, Finne P,
et al. Sex differences in kidney replacement therapy initiation and maintenance. Clin |
Am Soc Nephrol (2019) 14(11):1616-25. doi: 10.2215/CJN.04400419

4. Coggins C. Differences between women and men with chronic renal disease.
Nephrol Dial Transplant (1998) 13:1430-7. doi: 10.1093/ndt/13.6.1430

5. Farahmand M, Ramezani Tehrani F, Khalili D, Cheraghi L, Azizi F. Endogenous
estrogen exposure and chronic kidney disease; a 15-year prospective cohort study. BMC
Endocr Disord (2021) 21:155. doi: 10.1186/s12902-021-00817-3

6. Michishita R, Matsuda T, Kawakami S, Kiyonaga A, Tanaka H, Morito N, et al.
The association between unhealthy lifestyle behaviors and the prevalence of chronic
kidney disease (CKD) in middle-aged and older men. J Epidemiol (2016) 26:378-85.
doi: 10.2188/jea.JE20150202

Frontiers in Endocrinology

10.3389/fendo.2023.1232266

Foundation and the Open Access Publication Fund of the
University of Greifswald.

Acknowledgments

This research has been conducted using the UK Biobank
Resource under Application Number 40502. We thank Christoph
Lippert for his support with the UK Biobank data, and Matthias
Kirchler for assistance with the GWAS analyses. We are grateful to
the authors of the publications of Ruth et al. and Haas et al., as well
as to the CKDGen Consortium for providing the GWAS
summary statistics.

Conflict of interest

CS is currently an employee of Bayer AG, Pharmaceuticals.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2023.
1232266/full#supplementary-material

7. Sanderson JT. The steroid hormone biosynthesis pathway as a target for
endocrine-disrupting chemicals. Toxicol Sci (2006) 94(1):3-21. doi: 10.1093/toxsci/
kflo51

8. Becker JB, Berkley KJ, Geary N, Hampson E, Herman JP, Young E (eds.). Sex
Differences in the Brain:From Genes to Behavior: From Genes to Behavior. Oxford
University Press USA. (2007).

9. Strauss JF, Barbieri RL, Yen SSC. eds. Physiology, pathophysiology, and clinical
management. 6th ed. Elsevier, Philadelphia PA. (2019). Available at: https://www.
sciencedirect.com/science/book/9780323479127. (Retrieved December 6 2023).

10. Tuck SP, Francis RM. Testosterone, bone and osteoporosis. In: Advances in the
management of testosterone deficiency. Basel: KARGER (2008). p. 123-32. doi: 10.1159/
000176049

11. Khurana KK, Navaneethan SD, Arrigain S, Schold JD, Nally JV, Shoskes DA.
Serum testosterone levels and mortality in men with CKD stages 3-4. Am ] Kidney Dis
(2014) 64(3):367-74. doi: 10.1053/j.ajkd.2014.03.010

12. Ahmed SB, Ramesh S. Sex hormones in women with kidney disease. Nephrol
Dial Transplant (2016) 31(11):1787-95. doi: 10.1093/ndt/gfw084

frontiersin.org


https://www.ukbiobank.ac.uk/
https://www.frontiersin.org/articles/10.3389/fendo.2023.1232266/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1232266/full#supplementary-material
https://doi.org/10.1016/j.kisu.2021.11.003
https://doi.org/10.1038/nrneph.2017.181
https://doi.org/10.2215/CJN.04400419
https://doi.org/10.1093/ndt/13.6.1430
https://doi.org/10.1186/s12902-021-00817-3
https://doi.org/10.2188/jea.JE20150202
https://doi.org/10.1093/toxsci/kfl051
https://doi.org/10.1093/toxsci/kfl051
https://www.sciencedirect.com/science/book/9780323479127
https://www.sciencedirect.com/science/book/9780323479127
https://doi.org/10.1159/000176049
https://doi.org/10.1159/000176049
https://doi.org/10.1053/j.ajkd.2014.03.010
https://doi.org/10.1093/ndt/gfw084
https://doi.org/10.3389/fendo.2023.1232266
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Nasr et al.

13. Valdivielso JM, Jacobs-Cacha C, Soler M]J. Sex hormones and their influence on
chronic kidney disease. Curr Opin Nephrol Hypertens (2019) 28:1-9. doi: 10.1097/
MNH.0000000000000463

14. Dhindsa S, Reddy A, Karam JS, Bilkis S, Chaurasia A, Mehta A, et al. Prevalence
of subnormal testosterone concentrations in men with type 2 diabetes and chronic
kidney disease. Eur J Endocrinol (2015) 173(3):359-66. doi: 10.1530/EJE-15-0359

15. Duckles SP, Miller VM. Hormonal modulation of endothelial NO production.
Pflugers Arch Eur ] Physiol (2010) 459(6):841-51. doi: 10.1007/s00424-010-0797-1

16. LapiF, Azoulay L, Niazi MT, Yin H, Benayoun S, Suissa S. Androgen deprivation
therapy and risk of acute kidney injury in patients with prostate cancer. JAMA - ] Am
Med Assoc (2013) 310(3):289-96. doi: 10.1001/jama.2013.8638

17. Admon AJ, Donnelly JP, Casey JD, Janz DR, Russell DW, Joffe AM, et al.
Emulating a novel clinical trial using existing observational data predicting results of
the PREVENT study. Ann Am Thorac Soc (2019) 16(8):998-1007. doi: 10.1513/
AnnalsATS.201903-2410C

18. Ebrahim S, Davey Smith G. Mendelian randomization: can genetic epidemiology
help redress the failures of observational epidemiology? Hum Genet (2008) 123:15-33.
doi: 10.1007/s00439-007-0448-6

19. Ellervik C, Mora S, Ridker PM, Chasman DI. Hypothyroidism and kidney
function: A mendelian randomization study. Thyroid (2020) 30:365-79. doi: 10.1089/
thy.2019.0167

20. Teumer A, Gambaro G, Corre T, Bochud M, Vollenweider P, Guessous I, et al.
Negative effect of vitamin D on kidney function: a Mendelian randomization study.
Nephrol Dial Transplant (2018) 33(12):2139-45. doi: 10.1093/ndt/gfy074

21. Zhao JV, Schooling CM. Sex-specific associations of sex hormone binding
globulin with CKD and kidney function: A univariable and multivariable mendelian
randomization study in the UK biobank. ] Am Soc Nephrol (2021) 32:686-94.
doi: 10.1681/ASN.2020050659

22. Zhao JV, Schooling CM. The role of testosterone in chronic kidney disease
and kidney function in men and women: a bi-directional Mendelian randomization
study in the UK Biobank. BMC Med (2020) 18:122. doi: 10.1186/s12916-020-
01594-x

23. Ruth KS, Day FR, Tyrrell J, Thompson DJ, Wood AR, Mahajan A, et al. Using
human genetics to understand the disease impacts of testosterone in men and women.
Nat Med (2020) 26:252-8. doi: 10.1038/s41591-020-0751-5

24. Pott], Bae YJ, Horn K, Teren A, Kithnapfel A, Kirsten H, et al. Genetic association
study of eight steroid hormones and implications for sexual dimorphism of coronary
artery disease. J Clin Endocrinol Metab (2019) 104:5008-23. doi: 10.1210/jc.2019-00757

25. Wuttke M, Li Y, Li M, Sieber KB, Feitosa MF, Gorski M, et al. A catalog of
genetic loci associated with kidney function from analyses of a million individuals. Nat
Genet (2019) 51:957-72. doi: 10.1038/s41588-019-0407-x

26. Teumer A, Li Y, Ghasemi S, Prins BP, Wuttke M, Hermle T, et al. Genome-wide
association meta-analyses and fine-mapping elucidate pathways influencing
albuminuria. Nat Commun (2019) 10:4130. doi: 10.1038/s41467-019-11576-0

27. Boughton AP, Welch RP, Flickinger M, VandeHaar P, Taliun D, Abecasis GR,
et al. LocusZoom,js: Interactive and embeddable visualization of genetic association
study results. Bioinformatics (2021) 37(18):3017-8. doi: 10.1093/bioinformatics/btab186

28. Teumer A. Common methods for performing mendelian randomization. Front
Cardiovasc Med (2018) 5:51. doi: 10.3389/fcvm.2018.00051

29. Verbanck M, Chen C-Y, Neale B, Do R. Detection of widespread horizontal
pleiotropy in causal relationships inferred from Mendelian randomization between
complex traits and diseases. Nat Genet (2018) 50:693-8. doi: 10.1038/s41588-018-0099-7

30. Haas CB, Hsu L, Lampe JW, Wernli KJ, Lindstréom S. Cross-ancestry genome-
wide association studies of sex hormone concentrations in pre- and postmenopausal
women. Endocrinol (United States) (2022) 163:1-12. doi: 10.1210/endocr/bqac020

Frontiers in Endocrinology

10

10.3389/fendo.2023.1232266

31. Burgess S, Davey Smith G, Davies NM, Dudbridge F, Gill D, Glymour MM, et al.
Guidelines for performing Mendelian randomization investigations. Wellcome Open
Res (2020) 4:186. doi: 10.12688/wellcomeopenres.15555.2

32. Hemani G, Tilling K, Davey Smith G. Orienting the causal relationship between
imprecisely measured traits using GWAS summary data. PloS Genet (2017) 13:
€1007081. doi: 10.1371/journal.pgen.1007081

33. Kamat MA, Blackshaw JA, Young R, Surendran P, Burgess S, Danesh J, et al.
PhenoScanner V2: an expanded tool for searching human genotype-phenotype
associations. Bioinformatics (2019) 35:4851-3. doi: 10.1093/bioinformatics/btz469

34. Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ. Second-
generation PLINK: rising to the challenge of larger and richer datasets. Gigascience
(2015) 4:7. doi: 10.1186/s13742-015-0047-8

35. Harrison S, Davies NM, Howe LD, Hughes A. Testosterone and socioeconomic
position: Mendelian randomization in 306,248 men and women in UK Biobank. Sci
Adv (2021) 7(31):eabf8257. doi: 10.1126/sciadv.abf8257

36. Gemmati D, Tisato V. Genetic hypothesis and pharmacogenetics side of renin-
angiotensin-system in COVID-19. Genes (Basel) (2020) 11:1-17. doi: 10.3390/
genes11091044

37. Mizuiri S. ACE and ACE2 in kidney disease. World ] Nephrol (2015) 4:74.
doi: 10.5527/wjn.v4.i1.74

38. Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, et al. The UK
Biobank resource with deep phenotyping and genomic data. Nat 2018 5627726 (2018)
562:203-9. doi: 10.1038/541586-018-0579-z

39. Loh P-R, Tucker G, Bulik-Sullivan BK, Vilhjalmsson BJ, Finucane HK, Salem
RM, et al. Efficient Bayesian mixed-model analysis increases association power in large
cohorts. Nat Genet (2015) 47:284-90. doi: 10.1038/ng.3190

40. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent estimation in
mendelian randomization with some invalid instruments using a weighted median
estimator. Genet Epidemiol (2016) 40:304-14. doi: 10.1002/gepi.21965

41. Bowden ], Smith GD, Burgess S. Mendelian randomization with invalid
instruments: Effect estimation and bias detection through Egger regression. Int |
Epidemiol (2015) 44(2):512-25. doi: 10.1093/ije/dyv080

42. Mauvais-Jarvis F, Bairey Merz N, Barnes PJ, Brinton RD, Carrero J-J, DeMeo
DL, et al. Sex and gender: modifiers of health, disease, and medicine. Lancet (2020)
396:565-82. doi: 10.1016/S0140-6736(20)31561-0

43. Mankhey RW, Bhatti F, Maric C. 17B-Estradiol replacement improves renal
function and pathology associated with diabetic nephropathy. Am J Physiol Physiol
(2005) 288:F399-405. doi: 10.1152/ajprenal.00195.2004

44. Yi S, Selvin E, Rohrmann S, Basaria S, Menke A, Rifai N, et al. Endogenous sex
steroid hormones and measures of chronic kidney disease (CKD) in a nationally
representative sample of men. Clin Endocrinol (Oxf) (2009) 71:246-52. doi: 10.1111/
j.1365-2265.2008.03455.x

45. Kim C, Ricardo AC, Boyko EJ, Christophi CA, Temprosa M, Watson KE, et al.
Sex hormones and measures of kidney function in the diabetes prevention program
outcomes study. J Clin Endocrinol Metab (2019) 104:1171-80. doi: 10.1210/jc.2018-
01495

46. Damtie S, Biadgo B, Baynes HW, Ambachew S, Melak T, Asmelash D, et al.
Chronic Kidney Disease and Associated Risk Factors Assessment among Diabetes
Mellitus Patients at A Tertiary Hospital, Northwest Ethiopia. Ethiop ] Health Sci (2018)
28(6):691-700. doi: 10.4314/ejhs.v28i6.3

47. Shi H, Clegg DJ. Sex differences in the regulation of body weight. Physiol Behav
(2009) 97:199-204. doi: 10.1016/j.physbeh.2009.02.017

48. Burgess S, Davies NM, Thompson SG. Bias due to participant overlap in two-
sample Mendelian randomization. Genet Epidemiol (2016) 40:597-608. doi: 10.1002/
gepi.21998

frontiersin.org


https://doi.org/10.1097/MNH.0000000000000463
https://doi.org/10.1097/MNH.0000000000000463
https://doi.org/10.1530/EJE-15-0359
https://doi.org/10.1007/s00424-010-0797-1
https://doi.org/10.1001/jama.2013.8638
https://doi.org/10.1513/AnnalsATS.201903-241OC
https://doi.org/10.1513/AnnalsATS.201903-241OC
https://doi.org/10.1007/s00439-007-0448-6
https://doi.org/10.1089/thy.2019.0167
https://doi.org/10.1089/thy.2019.0167
https://doi.org/10.1093/ndt/gfy074
https://doi.org/10.1681/ASN.2020050659
https://doi.org/10.1186/s12916-020-01594-x
https://doi.org/10.1186/s12916-020-01594-x
https://doi.org/10.1038/s41591-020-0751-5
https://doi.org/10.1210/jc.2019-00757
https://doi.org/10.1038/s41588-019-0407-x
https://doi.org/10.1038/s41467-019-11576-0
https://doi.org/10.1093/bioinformatics/btab186
https://doi.org/10.3389/fcvm.2018.00051
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1210/endocr/bqac020
https://doi.org/10.12688/wellcomeopenres.15555.2
https://doi.org/10.1371/journal.pgen.1007081
https://doi.org/10.1093/bioinformatics/btz469
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1126/sciadv.abf8257
https://doi.org/10.3390/genes11091044
https://doi.org/10.3390/genes11091044
https://doi.org/10.5527/wjn.v4.i1.74
https://doi.org/10.1038/s41586-018-0579-z
https://doi.org/10.1038/ng.3190
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1016/S0140-6736(20)31561-0
https://doi.org/10.1152/ajprenal.00195.2004
https://doi.org/10.1111/j.1365-2265.2008.03455.x
https://doi.org/10.1111/j.1365-2265.2008.03455.x
https://doi.org/10.1210/jc.2018-01495
https://doi.org/10.1210/jc.2018-01495
https://doi.org/10.4314/ejhs.v28i6.3
https://doi.org/10.1016/j.physbeh.2009.02.017
https://doi.org/10.1002/gepi.21998
https://doi.org/10.1002/gepi.21998
https://doi.org/10.3389/fendo.2023.1232266
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Mendelian randomization indicates causal effects of estradiol levels on kidney function in males
	Introduction
	Materials and methods
	Study design
	Dataset selection for the two-sample Mendelian randomization
	Details on variant selection in the published datasets used as instruments for estradiol
	Details on variant selection for kidney trait instruments
	Data selection for the GWAS and one-sample Mendelian randomization
	Statistical analyses
	Ethics statement

	Results
	Two-sample Mendelian randomization
	Genome-wide association study and one-sample Mendelian randomization
	Effects of kidney function on estradiol blood levels

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


