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Introduction: Testosterone might prevent kidney function decline, although evidence is limited in men and

lacking in women from the general population. We investigated the association between serum testos-

terone and kidney function in men and women from a large population-based cohort study.

Methods: Participants aged $45 years with available measurements of serum testosterone, sex hormone-

binding globulin (SHBG), creatinine, and cystatine C were included. Assessments of kidney function

included baseline assessments of the estimated glomerular filtration rate (eGFR) based on serum creati-

nine (eGFRcreat) or serum cystatin C (eGFRcys), and the urine albumin-to-creatinine ratio (ACR), and

repeated assessments of eGFRcreat. Linear regression and linear mixed models were used to assess the

associations of serum free and total testosterone with kidney function, stratified for sex.

Results: A total of 4095 men and 5389 women (mean age 65.2 years) were included. In men, higher free

testosterone was associated with lower eGFRcreat (beta �0.63, 95% confidence interval [CI]: �1.05; �0.21),

higher eGFRcys (beta 0.56, 95% CI: 0.07; 1.05), and lower ACR (beta �0.25, 95% CI: �0.35; �0.16) at baseline.

Higher total testosterone was associated with higher baseline and follow-up eGFRcreat, and with lower

eGFRcreat when additionally adjusted for SHBG. In women, higher free testosterone was associated with

lower baseline eGFRcreat and eGFRcys (beta �1.03, 95% CI: �1.36; �0.71; beta �1.07, 95% CI: �1.44; �0.70;

respectively) and lower eGFRcreat over time (beta �0.78, 95% CI: �1.10; �0.46), but not with ACR.

Conclusions: eGFRcys might be a better parameter than eGFRcreat for the association of testosterone with

kidney function, although further studies investigating this are needed. Furthermore, we identified sex

differences in the association between testosterone and kidney function, with a positive association in men

and a negative association in women.
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T
he rate of kidney function decline and the preva-
lence and prognosis of chronic kidney disease

(CKD) is sex-dependent.1 Previously, we have shown
that the rate of kidney function decline with age differs
between men and women from the general population.2

The exact underlying mechanisms explaining these
differences are unknown; however, sex hormones might
play an important role.

Testosterone is the most important sex hormone in
men and low testosterone levels have been shown to
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negatively affect the occurrence of cardiovascular
events and mortality in patients with CKD.3 It has been
implicated that testosterone might have positive effects
on the kidney, potentially through inducing vasodila-
tation in the kidney vascular bed4 and reducing kidney
inflammation.5,6 However, it is still largely unknown
whether testosterone is also associated with positive
effects on kidney function in a general population. This
knowledge could be instrumental in identifying po-
tential target populations for prevention and treatment
strategies for CKD, for example men with hypogonad-
ism. Furthermore, this knowledge could provide more
insights into which populations are more protected
against kidney function decline and CKD, such as in-
dividuals with increased levels of testosterone. An
example of these individuals are women with
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hyperandrogenism, a key feature of polycystic ovary
syndrome.7

In a recent meta-analysis, only 1 study investigating
the association between serum testosterone and kidney
function in a general population was identified, which
only included men and used eGFRcreat only.3 How-
ever, eGFRcreat might not be the optimal parameter to
analyze the association between testosterone and kid-
ney function because testosterone displays a strong
influence on muscle mass and tubular creatinine
secretion.8-10 Because eGFR based on serum cystatin C
is less influenced by changes in muscle mass, the use of
this parameter might be preferred when analyzing the
association between testosterone and kidney function.
Therefore, in the current study, we aim to investigate
the association between testosterone status and
different assessments of kidney function in men and
women from the general population in order to provide
more insight into the effects of testosterone on kidney
function in both sexes and explore whether the asso-
ciations differ depending on the used assessment of
kidney function.
METHODS

Design and Population

The Rotterdam Study is a prospective population-based
cohort study that started in 1990 with the goal of
investigating the determinants and occurrence of car-
diovascular, neurologic, ophthalmologic, psychiatric,
and endocrine diseases in the middle-aged and elderly
from the general population. Initially, all inhabitants
aged 55 years and older from Ommoord, a suburb in
Rotterdam, the Netherlands, were invited to partici-
pate, and this initial cohort consisted of 7983 partici-
pants. Two additional cohorts were added in 2000,
including 3011 participants aged 55 years and older,
and in 2006, including 3932 participants aged 45 years
and older. By the end of 2008, 14,926 participants aged
45 years and older were included in the study,
reflecting an average response rate of 72%. Further
details regarding the design and rationale of the Rot-
terdam Study have been extensively described previ-
ously.11 Participants from the Rotterdam Study were
eligible for the current study if measurements of serum
testosterone, serum SHBG, serum creatinine, and serum
cystatin C were available at baseline, which was
defined as the third visit of the first cohort (1997–1999),
the first visit of second cohort (2000–2001), and the first
visit of the third cohort (2006–2008). The Rotterdam
Study has been approved by the Medical Ethics Com-
mittee of the Erasmus MC (registration number MEC
02.1015) and by the Dutch Ministry of Health, Welfare,
and Sport (Population Screening Act WBO, license
2

number 1071272-159521-PG). The Rotterdam Study has
been entered into the Netherlands National Trial Reg-
ister (NTR; www.trialregister.nl) and into the WHO
International Clinical Trials Registry Platform (ICTRP;
www.who.int/ictrp/network/primary/en/) under
shared catalog number NTR6831. All included partic-
ipants provided written informed consent to partici-
pate in the study and to have their information
obtained from treating physicians.

Assessment of Testosterone Status

Serum total testosterone was measured using liquid
chromatography-tandem mass spectrometry. Serum
SHBG was measured using the Immulite platform (Di-
agnostics Products Corporation Breda, the
Netherlands). The interassay coefficients of variations
for both serum total testosterone and serum SHBG
are <5%. Serum (calculated) free testosterone was
determined using the formula described by Vermeulen
et al.12 For calculations, serum albumin was held con-
stant at 4.3 g/dl, because no serum albumin measure-
ments were available.

Assessment of Kidney Function

Serum creatinine (mmol/l) was measured using an
enzymatic assay method. Serum creatinine measure-
ments taken within the Rotterdam Study were sup-
plemented with measurements from the Star-MDC
database, which is a database from a center for medical
diagnostics for outpatients in the city of Rotterdam.2

Serum cystatin C (mg/l) was measured only at base-
line using a particle-enhanced immunonephelometric
assay. Both eGFRcreat and eGFRcys were calculated
according to the Chronic Kidney Disease Epidemiology
Collaboration 2012 equation (Supplementary
Methods).13 Urine albumin and creatinine measure-
ments were available within a subset of the population
and were determined in overnight urine samples using
a turbidimetric and enzymatic method, respectively,
and measured by a Hitachi Modular P analyzer (Roche/
Hitachi Diagnostics, Mannheim, Germany). ACR was
estimated by dividing urine albumin by urine creati-
nine (mg/g).

ASSESSMENT OF COVARIATES

At baseline, interviews were performed to obtain in-
formation on medical history, medication use, alcohol
intake, and smoking. Alcohol intake was recorded in
grams per day and smoking was categorized into never,
past, and current smoking. Use of lipid-lowering
medication and use of sex hormones and modulators
of the genital system were defined using the WHO’s
Anatomical Therapeutic Chemical codes C10 and G03,
respectively. Weight and height were measured at the
Kidney International Reports (2023) -, -–-
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research center and body mass index was calculated by
dividing weight in kilograms by height in meters
squared (kg/m2). Systolic and diastolic blood pressure
were measured in a sitting position using a random-
zero sphygmomanometer and the mean of 2 consecu-
tive measurements was taken as the final measurement.
Hypertension was defined as a systolic blood
pressure $140 mm Hg, a diastolic blood pressure
of $90 mm Hg, or the use of antihypertensive drugs.
Serum cholesterol (mmol/l), thyroid-stimulating hor-
mone (mU/l) and C-reactive protein (mg/ml) levels were
measured by the Department of Clinical Chemistry of
the Erasmus Medical Center using standard laboratory
techniques. Diabetes mellitus was defined as a fasting
serum glucose level of at least 7 mmol/l, a nonfasting
serum glucose level of at least 11.1 mmol/l (if fasting
glucose was not present), the use of antidiabetic
medication, or a previous diagnosis of the disease.
History of cardiovascular disease (CVD), defined as a
history of myocardial infarction, stroke, and coronary
or other arterial revascularization, was assessed during
the baseline home interviews, and verified using clin-
ical data from the medical records. Appendicular lean
mass, defined as the sum of the lean tissue from the
arms and legs, was measured using dual-energy X-ray
absorptiometry with an iDXA total body fan-beam
densitometer (GE Lunar Corp., Madison, WI, USA).
The skeletal muscle index (SMI), adjusted for variation
in skeletal size, was defined as appendicular lean mass
divided by height in meters squared (kg/m2) and was
used as a measure of muscle mass.

Statistical Analysis

All analyses were performed for men and women sepa-
rately. Linear regression analyses were conducted to
study the associations of baseline serum free and total
testosterone with eGFRcys and eGFRcreat. Linear
regression analyses were also conducted to study the
association of SHBG with eGFRcys and eGFRcreat, as
well as with serum creatinine and cystatin C. Linear
regression assumptionsweremet for all analyses. Results
were reported as standardized betas (beta per SD of the
determinant) with their 95% CI to compare the effect of
the determinants on the outcome. The associations of
serum total and free testosterone with repeated assess-
ments of eGFRcreat were studied using linear mixed
models14 in which time of kidney function assessment
was used as the time variable. A nonlinear effect of time
was taken into account using natural cubic splineswith 3
knots because this provided the best fit with the data.
Random effects (i.e., for individual participants) of the
linear mixed models included random intercepts and
nonlinear random slopes (i.e., of time). Linear regression
analyses were used to study the association of serum free
Kidney International Reports (2023) -, -–-
and total testosterone with urine ACR. Urine ACR was
not normally distributed and therefore, a natural log-
transformation was used. We added 1 mg/g to the non-
transformed values to account for zero values of urine
ACR. For the analyses using serum free testosterone as a
determinant, we used 3 models. In the first model, we
adjusted for age and Rotterdam Study Cohort. Age is
included in the formula for calculating eGFR, however
this does not automatically take age into account as a
potential confounder of the exposure-outcome associa-
tion. Therefore, we adjusted for age in our first model. In
the second model, we additionally adjusted the first
model for the potential confounders, including smoking,
alcohol use, and thyroid-stimulating hormone. In the
third model, we additionally adjusted the second model
for potential confounders which could also acts as me-
diators, including serum cholesterol, serum C-reactive
protein, body mass index, hypertension, and diabetes
mellitus. To explore the role of muscle mass within the
association between testosterone and kidney function,
we additionally adjusted the second model for SMI and
investigated potential effect modification by adding an
interaction term between testosterone and SMI to the
models. For the analyses regarding serum total testos-
terone, a fourth model was added in which we addi-
tionally adjusted the second model for SHBG. In
sensitivity analyses, we excluded participants using
lipid-lowering medication and participants using sex
hormones and modulators of the genital system. In
addition, we restricted our analyses to participants with
serum free and total testosterone within the reference
range. The reference rangewas calculated using the 2.5th

and 97.5th percentile and compared to the reference
range noted for the used assays. Predefined stratification
by age at baseline was performed and reported for serum
free testosterone only, because this is the biologically
active component of the hormone.Wedefined the cut-off
values for age as 55 and 65 years, because these are the
ages often used to define the start of late menopause and
the median of our population, respectively.

Missing values in covariates (missingness for all
variables<3%, except for alcohol use [20%] and serum
C-reactive protein [38%]) were handled by multiple
imputation using the Multivariate Imputation by
Chained Equations package in R. Statistical analyses
were performed using R statistical software (R-project,
R Foundation for Statistical Computing [2020], 3.6.3).
RESULTS

We included 9484 participants (Supplementary
Figure S1) with a mean age of 65.2 years, of whom
56.8% were women. Men had a higher prevalence of
hypertension, diabetes, and CVD than women (Table 1).
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Table 1. Baseline characteristics, separately for men and women
Variable Men (n [ 4095) Women (n [ 5389) Missing data (n men/n women)

Age, yr (n ¼ 4095; n ¼ 5389) 64.7 � 9.4 65.6 � 10.2 0/0

Body mass index, kg/m2 (n ¼ 4060; n ¼ 5288) 27.0 � 3.6 27.4 � 4.6 35/101

Systolic blood pressure, mm Hg (n ¼ 4082; n ¼ 5348) 141 � 20 139 � 22 13/41

Diastolic blood pressure, mm Hg (n ¼ 4082; n ¼ 5348) 80 � 12 78 � 11 13/41

Hypertension, n (valid%) (n ¼ 4029; n ¼ 5264) 2106 (52.3) 2529 (48.0) 66/125

Diabetes mellitus, n (%) (n ¼ 4095; n ¼ 5389) 599 (14.6) 559 (10.4) 0/0

History of CVD, n (valid%) (n ¼ 4068; n ¼ 5365) 628 (15.4) 303 (5.6) 27/24

Smoking (n ¼ 4069; n ¼ 5316) 26/73

Current smoking, n (valid%) 813 (20.0) 1005 (18.9)

Past smoking, n (valid%) 2451 (60.2) 2050 (38.6)

Never smoking, n (valid%) 805 (19.8) 2261 (42.5)

Alcohol use, g/d (n ¼ 3274; n ¼ 4461) 8.6 (1.6–20.0) 1.6 (0.3–8.6)

eGFR creatinine, ml/min per 1.73 m2 (n ¼ 4095; n ¼ 5389) 80 � 15 79 � 15 0/0

eGFR cystatin C, ml/min per 1.73 m2 (n ¼ 4095; n ¼ 5389) 78 � 19 76 � 19 0/0

Serum cholesterol, mmol/l (n ¼ 4085; n ¼ 5341) 5.5 � 1.0 5.9 � 1.0 10/48

Serum TSH, mU/l (n ¼ 4095; n ¼ 5387) 2.18 � 2.85 2.60 � 3.49 0/2

Serum CRP, mg/l (n ¼ 2533; n ¼ 3190) 2.4 � 4.7 2.6 � 4.4 1562/2199

Serum SHBG, nmol/l (n ¼ 4095; n ¼ 5389) 47.7 � 20.2 67.2 � 34.1 0/0

Serum testosterone, nmol/l (n ¼ 4095; n ¼ 5389) 17.2 � 6.0 0.9 � 0.8 0/0

Serum free testosteronea, nmol/l (n ¼ 4095; n ¼ 5389) 0.29 � 0.09 0.01 � 0.01 0/0

Skeletal muscle index (n ¼ 2436; n ¼ 3346) 8.35 � 0.85 6.62 � 0.70 1659/2043

CRP, C-reactive protein; CVD, cardiovascular disease; eGFR, estimated glomular filtration rate; n, number; SHBG, sex-hormone binding globulin; TSH, thyroid-stimulating hormone.
aCalculated using serum total testosterone, serum SHBG, and constant serum albumin of 4.3 g/dl.
Data are presented as number (%), number (valid%), mean � SD, or median (interquartile range). Values are shown for nonimputed data. For variables with missing data, valid % is
given. Number of complete observations is represented by n, for men and women, respectively.
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In addition, men were more often past smokers and used
a higher amount of alcohol per day. The P for interac-
tion between testosterone and sex was <0.001, for both
free and total testosterone and with all included kidney
outcomes. Assessments of eGFRcreat over time were
collected during a median follow-up time of 7.8 years
(interquartile range 5.5; 13.0) for males and of 9.4 years
(interquartile range 5.7; 14.1) for females.

Serum Free and Total Testosterone and Kidney

Function in Men
Free Testosterone and eGFR

The total study population included 4095 men. In men,
higher levels of serum free testosterone were associated
with lower levels of eGFRcreat at baseline (beta �0.63,
Table 2. Association of standardized serum free testosterone with eGFRc
men and women
Subgroup Outcome

Men (n ¼ 4095) eGFRcreat, baseline

eGFRcreat, repeated

eGFRcys, baseline

ACR, baselinea

Women (n ¼ 5389) eGFRcreat, baseline

eGFRcreat, repeated

eGFRcys, baseline

ACR, baselinea

ACR, albumin-to-creatinine ratio; CI, confidence interval; eGFRcreat, estimated glomerular filtra
serum cystatin C; n, number.
aAvailable in a subset of the population; n ¼ 1359 for men and n ¼ 1773 for women.
Model 1 is adjusted for age at baseline and Rotterdam Study Cohort.
Model 2 is additionally adjusted for smoking, alcohol use, and TSH.
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95% CI: �1.05; �0.21, model 2); however not with
eGFRcreat over time (beta �0.36, 95% CI: �0.75; 0.04,
model 2) (Table 2). The association between serum free
testosterone and eGFRcreat over time did reach statistical
significance after adjustment for serumcholesterol, serum
C-reactive protein, body mass index, hypertension, and
diabetes (beta �0.57, 95% CI: �0.97; �0.17, model 3,
Supplementary Table S1). In contrast, higher levels of
serum free testosteronewere significantly associatedwith
higher levels of eGFRcys at baseline (beta 0.56, 95% CI:
0.07; 1.05, model 2, Table 2). When excluding partici-
pants with serum free testosterone outside the reference
range (n¼ 3889), the associationof serumfree testosterone
with eGFRcreat at baseline lost significance (beta �0.48,
95% CI: �1.00; 0.03, Supplementary Table S2), whereas
reat, eGFRcys, and the log-transformed ACR (mg/g), separately for

Beta (95% CI), model 1 Beta (95% CI), model 2

�0.61 (�1.03; �0.19) �0.63 (�1.05; �0.21)

�0.34 (�0.74; �0.05) �0.36 (�0.75; 0.04)

0.54 (0.05; 1.04) 0.56 (0.07; 1.05)

�0.27 (�0.38; �0.16) �0.25 (�0.35; �0.16)

�1.03 (�1.36; �0.70) �1.03 (�1.36; �0.71)

�0.77 (�1.09; �0.45) �0.78 (�1.10; �0.46)

�1.05 (�1.42; �0.69) �1.07 (�1.44; �0.70)

�0.21 (�0.99; 0.56) �0.26 (�1.03; 0.51)

tion rate based on serum creatinine; eGFRcys, estimated glomerular filtration based on

Kidney International Reports (2023) -, -–-
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the association of free testosterone with eGFRcreat and
eGFRcys did not change substantially. Other additional
adjustments and sensitivity analysesdidnot substantially
change the results (Supplementary Tables S1 and S3). No
significant interaction between eGFR and SMI was iden-
tified (P for interaction > 0.10 for both eGFRcreat and
eGFRcys).

Total Testosterone and eGFR

Higher levels of serum total testosterone were signifi-
cantly associated with higher levels of eGFRcreat at
baseline (beta 0.48, 95%CI: 0.09; 0.87,model 2), as well as
with higher levels of eGFRcreat over time (beta 0.76, 95%
CI: 0.39; 1.13, model 2) (Supplementary Table S1). When
additionally adjusting for serum SHBG, the directionality
of the association changed andhigher levels of serum total
testosterone were associated with lower levels of eGFR-
creat at baseline (beta �0.73, 95% CI: �1.23; �0.22,
model 4) and over time (beta�0.42, 95% CI:�0.89; 0.05)
(Supplementary Table S1). In contrast, higher levels of
serum total testosterone were associated with higher
levels of eGFRcys at baselinewhen adjusting for potential
confounders and serum SHBG (beta 0.60, 95% CI: 0.01;
1.19, model 4, Supplementary Table S1).

SHBG and eGFR

Higher levels of serum SHBG were significantly associ-
ated with higher levels of eGFRcreat (beta 1.49, 95% CI:
1.08; 1.90, model 2, Supplementary Table S4), whereas
no significant association with eGFRcys was reported.
Higher levels of serum SHBG were significantly associ-
ated with lower levels of serum creatinine (beta �0.03,
95% CI: �0.04; �0.02, model 2, Supplementary
Table S4), but not with serum cystatin C.

Free and Total Testosterone and ACR

Data on the urine ACR was available for 1359 men, with
a median ACR of 2.90 (interquartile range 1.85; 5.68).
Higher levels of serum free testosterone were associated
with significantly lower ACR levels when correcting
for potential confounders (beta �0.25, 95% CI: �0.35;
�0.16, model 2, Table 2). Similar results were reported
with total testosterone (Supplementary Table S5).

Serum Free and Total Testosterone and Kidney

Function in Women
Free and Total Testosterone and eGFR

A total number of 5389 women were included in the
study. In women, higher levels of serum free testos-
terone were significantly associated with lower levels
of eGFRcreat and eGFRcys at baseline (beta �1.03, 95%
CI: �1.36; �0.71 and beta �1.07, 95% CI: �1.44;
�0.70, respectively, model 2), as well as with lower
levels of eGFRcreat over time (beta �0.78, 95%
CI: �1.10; �0.46, model 2) (Table 2). Additional ad-
justments and sensitivity analyses did not substantially
Kidney International Reports (2023) -, -–-
change results (Supplementary Tables S1–S3). No sig-
nificant interaction between eGFR and SMI was iden-
tified (P for interaction > 0.10 for both eGFRcreat and
eGFRcys). Similar results were found for serum total
testosterone (Supplementary Table S1).

Free and Total Testosterone and ACR

Data on the urine ACR was available for 1773 women,
with a median ACR of 3.90 (interquartile range 2.53;
6.81). Serum free testosterone was not significantly
associated with ACR (beta �0.26, 95% CI: �1.03; 0.51,
Table 2). Similar results were reported with serum total
testosterone (Supplementary Table S5).

Stratified Analyses by Age in Men and Women

When stratifying by age in men, higher levels of serum
free testosterone were only significantly associated
with lower levels of eGFRcreat in participants who
were younger than 55 years and with higher levels of
eGFRcys in participants who were aged above 65 years
(Figure 1). However, the beta of the association was
similar to the beta reported in participants aged be-
tween 55 and 65 years. When stratifying by age in
women, higher levels of serum free testosterone were
significantly associated with lower levels of eGFRcreat
in all age categories except for the age category
including participants who were younger than 55 years
(Figure 2). In contrast, higher levels of serum free
testosterone were significantly associated with lower
levels of eGFRcys in all age categories.

DISCUSSION

In this population-based cohort study, we reported a
sex-dependent association between serum testosterone
and kidney function. In men, higher free testosterone
levels were associated with higher eGFRcys and lower
ACR. Conversely, higher free testosterone levels were
associated with lower eGFRcreat. Higher total testos-
terone levels, unadjusted for SHBG, were associated
with higher eGFRcreat and lower ACR. In women,
higher levels of free and total testosterone were asso-
ciated with lower eGFRcreat and eGFRcys, whereas no
association with ACR was shown. The identified sex
differences may suggest that testosterone is detrimental
to kidney function in women but beneficial for kidney
function in men.

Detrimental effects, however, were only reported in
animal studies, which investigated testosterone deple-
tion with or without consecutive testosterone replace-
ment, and included glomerular and tubular damage,
kidney fibrosis, proteinuria, and hypertensive ef-
fects.15-17 Interestingly, beneficial effects were most
often reported in men, whereas detrimental effects
were reported in both sexes and in animals. In women,
5



Figure 1. Stratified analyses for the association between serum free testosterone and eGFRcreat and eGFRcys at baseline in men, overall and
stratified on baseline age. Analyses are adjusted for age at baseline, Rotterdam Study Cohort, smoking, alcohol use, and TSH.
The P for interaction of serum free testosterone and age is 0.06 with eGFRcreat as the outcome and <0.01 with eGFRcys as the outcome. CI,
confidence interval; eGFRcreat, estimated glomerular filtration rate based on serum creatinine; eGFRcys, estimated glomerular filtration based
on serum cystatin C; LL, lower limit; n, number; TSH, thyroid-stimulating hormone; UL, upper limit.
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higher serum testosterone has been associated with a
negative cardiovascular risk profile18-20 and increased
risk of CVD,21,22 even though an increased risk of CVD
with low serum testosterone levels has been suggested
as well.21,23 In contrast, higher serum testosterone in
men has been associated with a better cardiovascular
risk profile and lower risk of CVD.24-26 A previous
study investigating the association between testos-
terone and type 2 diabetes reported similar sex-
dependent results.27 Of note, however, even after cor-
recting for several cardiovascular risk factors and CVD
in our analyses, the sex differences remained, sug-
gesting the presence of other mechanisms or a direct
effect of sex hormones on the kidney.

Even though higher levels of testosterone seemed to
be beneficial for the kidney in men, different results
were reported dependent on the type of assessment of
kidney function and testosterone. The reported
discrepancy between eGFRcreat on the one hand and
eGFRcys and ACR on the other hand suggests that the
6

negative association between serum free testosterone
and eGFRcreat is explained by an effect on serum
creatinine rather than by an effect on kidney function.
A possible explanation is the direct effect of SHGB on
serum creatinine. SHBG appears to have functions
beyond androgen regulation.28 For example, SHBG re-
ceptors have previously been identified in sex-steroid
dependent tissues such as the endometrium and the
prostate, and specific binding to these receptors might
have effects on cell growth and biochemical end-
points.28-30 Whether these receptors are also present on
skeletal muscle is still unclear31,32; however, SHBG
binding to and action in muscle might explain the as-
sociation between SHBG and serum creatinine and the
discrepancy between eGFRcreat and eGFRcys. Another
explanation for this discrepancy might be a mediating
role of muscle mass within the association between
serum testosterone and eGFRcreat, even though similar
results were reported after adjusting for the SMI and
no significant interaction between eGFRcreat and SMI
Kidney International Reports (2023) -, -–-



Figure 2. Stratified analyses for the association between serum free testosterone and eGFRcreat and eGFRcys at baseline in women, overall
and stratified on baseline age. Analyses are adjusted for age at baseline, Rotterdam Study Cohort, smoking, alcohol use, and TSH. The P for
interaction of serum free testosterone and age is 0.03 with eGFRcreat as the outcome and <0.01 with eGFRcys as the outcome. CI, confidence
interval; eGFRcreat, estimated glomerular filtration rate based on serum creatinine; eGFRcys, estimated glomerular filtration based on serum
cystatin C; LL, lower limit; n, number; TSH, thyroid-stimulating hormone; UL, upper limit.
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was reported. Because serum cystatin C is likely not
affected by muscle mass,33 it might be superior to
serum creatinine as a marker of kidney function when
interpreting the association between serum testosterone
and kidney function. Another measure of kidney
function is the urine ACR, which is only partly affected
by differences in muscle mass,34 and these results are
indeed in line with eGFRcys.

To account for menopause and potentially andro-
pause, we stratified our analyses by age. In men, our
results from this age-stratified analysis regarding the
association between testosterone and eGFRcreat are of
particular interest. We report that higher levels of free
testosterone were most relevantly associated with lower
levels of eGFRcreat in participants who were younger
than 55 years. The explanation for this finding is un-
known, although it might be related to the de-
terminants of muscle mass. Before the age of 55 years,
testosterone might be the most important determinant
of muscle mass and loss, whereas other determinants
Kidney International Reports (2023) -, -–-
could play a role at older age as well, including age
itself, low body weight, prolonged immobilizations,
and reduced protein intake,35 The presence of other
determinants than testosterone might limit the impor-
tance of testosterone as a determinant of muscle mass
and loss in older age. In women, higher levels of free
testosterone were associated with lower levels of
eGFRcreat in all age categories except for the age
category including participants younger than 55 years.
This could be explained by the menopausal state of the
included women. Given that estrogen is suggested to
have beneficial effects on the kidney,1,36 the drop in
estrogen levels with menopause could take away these
positive effects which potentially balance out the
negative effects of testosterone in premenopausal
women. However, higher levels of free testosterone
were significantly associated with lower levels of
eGFRcys in participants aged below 55 years, whereas
the associations between free testosterone and eGFRcys
in participants aged above 55 years were comparable to
7
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the associations found between free testosterone and
eGFRcreat in the same age groups. In an animal study,
estrogen was shown to enhance cystatin C expression
in the vagina.37 Whether or not estrogen levels affect
cystatin C expression and blood level in humans is
unknown, although it could potentially explain the
differences in results between eGFRcreat and eGFRcys
in women aged below 55 years.

Strengths of our study include the large number of
participants from a population-based cohort, the
availability of several (repeated) measurements of kid-
ney function and serum testosterone, and the ability to
adjust for a wide variety of confounders. A limitation
of our study is that the included population includes
mainly Caucasian individuals aged above 45 years,
which might limit the generalizability of our findings
to other populations. In addition, serum free testos-
terone levels were determined assuming a constant
serum albumin level, because no serum albumin levels
were available in our population. However, serum al-
bumin levels are expected to be relatively stable within
the general population. Furthermore, residual con-
founding cannot be fully excluded despite the large
number of variables included in the analyses. Finally,
our study included only a small number of participants
aged below 55 years, which limited the statistical po-
wer to investigate the associations of interest in this
group of participants. Therefore, non-significance of
our findings in this age group should be interpreted
with caution.

In conclusion, our findings suggest that eGFRcreat is
not the optimal parameter to investigate the association
between testosterone and kidney function. Our find-
ings also suggest that the association between serum
testosterone and kidney function is sex-dependent.
Our results need to be viewed as a first signal that
testosterone may be an interesting biomarker and/or
therapeutic target in the context of kidney disease
prevention and treatment. Nevertheless, if our findings
are replicated and found to be causal, there could be
several implications. Higher serum testosterone levels
were associated with better kidney function in men.
Testosterone might therefore be a modifiable target to
prevent or treat low kidney function in men with
hypogonadism, although intervention studies are
needed to investigate whether treatment with testos-
terone replacement therapy is beneficial for kidney
function in these men. The potential adverse effects of
this therapy in especially individuals with already low
kidney function should be investigated as well,
because fluid retention has been suggested as one of the
potential adverse effects.38,39 On the other hand, higher
serum testosterone levels were associated with worse
kidney function in women. This might indicate that
8

women with hyperandrogenism such as those with
polycystic ovary syndrome are at higher risk of having
or developing kidney dysfunction and therefore, kid-
ney function monitoring to prevent CKD development
might be pivotal in this group of women. However,
more extensive research exploring the association be-
tween hyperandrogenism and kidney function in these
women is first needed.

DISCLOSURE

The authors have declared no competing interests.

ACKNOWLEDGMENTS

We gratefully acknowledge the dedication, commitment,

and contribution of the study participants, the staff of the

Rotterdam Study, and the participating general practi-

tioners and pharmacists. The Rotterdam Study is funded

by the Erasmus Medical Center and Erasmus University,

Rotterdam, Netherlands, Organization for the Health

Research and Development (ZonMw), the Research Insti-

tute for Diseases in the Elderly (RIDE), the Ministry of Ed-

ucation, Culture and Science, the Ministry for Health,

Welfare and Sports, the European Commission (DG XII),

and the Municipality of Rotterdam. None of the funders

had any role in design and conduct of the study; collection,

management, analysis, and interpretation of the data; and

preparation, review, or approval of the manuscript.

Data Availability Statement

The datasets analyzed during the current study are not

publicly available because of legal and ethical restraints.

Data are available from the corresponding author on

reasonable request.

AUTHOR CONTRIBUTIONS

Conceptualization was done by ACB, EJH, and LC. Meth-

odology was done by ACB and LC. Formal analysis and

investigation were conducted by ACB. Writing-original

draft preparation was done by ACB. Writing-review and

editing were done by ACB, EA, MAI, MK, SN, EJH, and LC.

Supervision was by EJH and LC.

SUPPLEMENTARY MATERIALS

Supplementary File (PDF)

Supplementary Methods.

Table S1. Association of standardized serum total and free

testosterone with eGFRcreat and eGFRcys, separately for

men and women.

Table S2. Association of standardized serum free

testosterone within the reference range with eGFRcreat

and eGFRcys in men and women.

Table S3. Association of standardized serum free

testosterone with eGFRcreat and eGFRcys in men and
Kidney International Reports (2023) -, -–-

https://doi.org/10.1016/j.ekir.2023.04.015


AC van der Burgh et al.: Serum Testosterone and Kidney Function CLINICAL RESEARCH
women not using lipid-lowering medication or sex hor-

mones and modulators of the genital system.

Table S4. Association of standardized serum SHBG with

eGFRcreat and eGFRcys, in men.

Table S5. Association between standardized serum total

testosterone and urine ACR at baseline, separately for

men and women.

Figure S1. Flowchart of the study selection.

STROBE Statement.
REFERENCES

1. 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;14:151–164.

https://doi.org/10.1038/nrneph.2017.181

2. van der Burgh AC, Rizopoulos D, Ikram MA, Hoorn EJ,

Chaker L. Determinants of the evolution of kidney function

with age. Kidney Int Rep. 2021;6:3054–3063. https://doi.org/10.

1016/j.ekir.2021.10.006

3. van der Burgh AC, Khan SR, Neggers S, Hoorn EJ, Chaker L.

The role of serum testosterone and dehydroepiandrosterone

sulfate in kidney function and clinical outcomes in chronic

kidney disease: a systematic review and meta-analysis.

Endocr Connect. 2022;11:e220061. https://doi.org/10.1530/EC-

22-0061

4. Molinari C, Battaglia A, Grossini E, Mary DA, Vassanelli C,

Vacca G. The effect of testosterone on regional blood flow in

prepubertal anaesthetized pigs. J Physiol. 2002;543:365–372.

https://doi.org/10.1113/jphysiol.2002.022756

5. Soljancic A, Ruiz AL, Chandrashekar K, et al. Protective role

of testosterone in ischemia-reperfusion-induced acute kid-

ney injury. Am J Physiol Regul Integr Comp Physiol.

2013;304:R951–R958. https://doi.org/10.1152/ajpregu.00360.

2012

6. Patil CN, Wallace K, LaMarca BD, et al. Low-dose testosterone

protects against renal ischemia-reperfusion injury by

increasing renal IL-10-to-TNF-alpha ratio and attenuating T-

cell infiltration. Am J Physiol Ren Physiol. 2016;311:F395–

F403. https://doi.org/10.1152/ajprenal.00454.2015

7. Norman RJ, Dewailly D, Legro RS, Hickey TE. Polycystic

ovary syndrome. Lancet. 2007;370:685–697. https://doi.org/10.

1016/S0140-6736(07)61345-2

8. Yuki A, Otsuka R, Kozakai R, et al. Relationship between low

free testosterone levels and loss of muscle mass. Sci Rep.

2013;3:1818. https://doi.org/10.1038/srep01818

9. Szulc P, Duboeuf F, Marchand F, Delmas PD. Hormonal and

lifestyle determinants of appendicular skeletal muscle mass

in men: the MINOS study. Am J Clin Nutr. 2004;80:496–503.

https://doi.org/10.1093/ajcn/80.2.496

10. Harvey AM, Malvin RL. The effect of androgenic hormones on

creatinine secretion in the rat. J Physiol. 1966;184:883–888.

https://doi.org/10.1113/jphysiol.1966.sp007954

11. Ikram MA, Brusselle G, Ghanbari M, et al. Objectives, design

and main findings until 2020 from the Rotterdam Study. Eur J

Epidemiol. 2020;35:483–517. https://doi.org/10.1007/s10654-

020-00640-5

12. Vermeulen A, Verdonck L, Kaufman JM. A critical evaluation

of simple methods for the estimation of free testosterone in
Kidney International Reports (2023) -, -–-
serum. J Clin Endocrinol Metab. 1999;84:3666–3672. https://

doi.org/10.1210/jcem.84.10.6079

13. Inker LA, Schmid CH, Tighiouart H, et al. Estimating glomer-

ular filtration rate from serum creatinine and cystatin C.

N Engl J Med. 2012;367:20–29. https://doi.org/10.1056/

NEJMoa1114248

14. Jiang J, Nguyen T. Linear and Generalized Linear Mixed

Models and Their Applications. 2nd ed. Springer; 2021.

15. Ji H, Menini S, Mok K, et al. Gonadal steroid regulation of

renal injury in renal wrap hypertension. Am J Physiol Ren

Physiol. 2005;288:F513–F520. https://doi.org/10.1152/ajprenal.

00032.2004

16. Reckelhoff JF, Zhang H, Srivastava K. Gender differences in

development of hypertension in spontaneously hypertensive

rats: role of the renin-angiotensin system. Hypertension.

2000;35:480–483. https://doi.org/10.1161/01.hyp.35.1.480

17. Metcalfe PD, Leslie JA, Campbell MT, Meldrum DR, Hile KL,

Meldrum KK. Testosterone exacerbates obstructive renal

injury by stimulating TNF-alpha production and increasing

proapoptotic and profibrotic signaling. Am J Physiol Endo-

crinol Metab. 2008;294:E435–E443. https://doi.org/10.1152/

ajpendo.00704.2006

18. Wang L, Szklo M, Folsom AR, Cook NR, Gapstur SM, Ouyang P.

Endogenous sex hormones, blood pressure change, and risk of

hypertension in postmenopausal women: the Multi-Ethnic

Study of Atherosclerosis. Atherosclerosis. 2012;224:228–234.

https://doi.org/10.1016/j.atherosclerosis.2012.07.005

19. Mudali S, Dobs AS, Ding J, et al. Endogenous post-

menopausal hormones and serum lipids: the atherosclerosis

risk in communities study. J Clin Endocrinol Metab. 2005;90:

1202–1209. https://doi.org/10.1210/jc.2004-0744

20. Creatsa M, Armeni E, Stamatelopoulos K, et al. Circulating

androgen levels are associated with subclinical atheroscle-

rosis and arterial stiffness in healthy recently menopausal

women. Metabolism. 2012;61:193–201. https://doi.org/10.

1016/j.metabol.2011.06.005

21. Laughlin GA, Goodell V, Barrett-Connor E. Extremes of

endogenous testosterone are associated with increased risk

of incident coronary events in older women. J Clin Endocrinol

Metab. 2010;95:740–747. https://doi.org/10.1210/jc.2009-1693

22. Zhao D, Guallar E, Ouyang P, et al. Endogenous sex hor-

mones and incident cardiovascular disease in post-

menopausal women. J Am Coll Cardiol. 2018;71:2555–2566.

https://doi.org/10.1016/j.jacc.2018.01.083

23. Sievers C, Klotsche J, Pieper L, et al. Low testosterone levels

predict all-cause mortality and cardiovascular events in

women: a prospective cohort study in German primary care

patients. Eur J Endocrinol. 2010;163:699–708. https://doi.org/

10.1530/EJE-10-0307

24. Muller M, Grobbee DE, den Tonkelaar I, Lamberts SW, van

der Schouw YT. Endogenous sex hormones and metabolic

syndrome in aging men. J Clin Endocrinol Metab. 2005;90:

2618–2623. https://doi.org/10.1210/jc.2004-1158

25. Oskui PM, French WJ, Herring MJ, Mayeda GS, Burstein S,

Kloner RA. Testosterone and the cardiovascular system: a

comprehensive review of the clinical literature. J Am Heart

Assoc. 2013;2:e000272. https://doi.org/10.1161/JAHA.113.

000272

26. Ruige JB, Mahmoud AM, De Bacquer D, Kaufman JM.

Endogenous testosterone and cardiovascular disease in
9

https://doi.org/10.1038/nrneph.2017.181
https://doi.org/10.1016/j.ekir.2021.10.006
https://doi.org/10.1016/j.ekir.2021.10.006
https://doi.org/10.1530/EC-22-0061
https://doi.org/10.1530/EC-22-0061
https://doi.org/10.1113/jphysiol.2002.022756
https://doi.org/10.1152/ajpregu.00360.2012
https://doi.org/10.1152/ajpregu.00360.2012
https://doi.org/10.1152/ajprenal.00454.2015
https://doi.org/10.1016/S0140-6736(07)61345-2
https://doi.org/10.1016/S0140-6736(07)61345-2
https://doi.org/10.1038/srep01818
https://doi.org/10.1093/ajcn/80.2.496
https://doi.org/10.1113/jphysiol.1966.sp007954
https://doi.org/10.1007/s10654-020-00640-5
https://doi.org/10.1007/s10654-020-00640-5
https://doi.org/10.1210/jcem.84.10.6079
https://doi.org/10.1210/jcem.84.10.6079
https://doi.org/10.1056/NEJMoa1114248
https://doi.org/10.1056/NEJMoa1114248
http://refhub.elsevier.com/S2468-0249(23)01270-6/sref14
http://refhub.elsevier.com/S2468-0249(23)01270-6/sref14
https://doi.org/10.1152/ajprenal.00032.2004
https://doi.org/10.1152/ajprenal.00032.2004
https://doi.org/10.1161/01.hyp.35.1.480
https://doi.org/10.1152/ajpendo.00704.2006
https://doi.org/10.1152/ajpendo.00704.2006
https://doi.org/10.1016/j.atherosclerosis.2012.07.005
https://doi.org/10.1210/jc.2004-0744
https://doi.org/10.1016/j.metabol.2011.06.005
https://doi.org/10.1016/j.metabol.2011.06.005
https://doi.org/10.1210/jc.2009-1693
https://doi.org/10.1016/j.jacc.2018.01.083
https://doi.org/10.1530/EJE-10-0307
https://doi.org/10.1530/EJE-10-0307
https://doi.org/10.1210/jc.2004-1158
https://doi.org/10.1161/JAHA.113.000272
https://doi.org/10.1161/JAHA.113.000272


CLINICAL RESEARCH AC van der Burgh et al.: Serum Testosterone and Kidney Function
healthy men: a meta-analysis. Heart. 2011;97:870–875. https://

doi.org/10.1136/hrt.2010.210757

27. Ding EL, Song Y, Malik VS, Liu S. Sex differences of endog-

enous sex hormones and risk of type 2 diabetes: a systematic

review and meta-analysis. JAMA. 2006;295:1288–1299.

https://doi.org/10.1001/jama.295.11.1288

28. Rosner W, Hryb DJ, Kahn SM, Nakhla AM, Romas NA. In-

teractions of sex hormone-binding globulin with target cells.

Mol Cell Endocrinol. 2010;316:79–85. https://doi.org/10.1016/j.

mce.2009.08.009

29. Hryb DJ, Nakhla AM, Kahn SM, et al. Sex hormone-binding

globulin in the human prostate is locally synthesized and may

act as an autocrine/paracrine effector. J Biol Chem. 2002;277:

26618–26622. https://doi.org/10.1074/jbc.M202495200

30. Kahn SM, Hryb DJ, Nakhla AM, Romas NA, Rosner W. Sex

hormone-binding globulin is synthesized in target cells.

J Endocrinol. 2002;175:113–120. https://doi.org/10.1677/joe.0.

1750113

31. Frairia R, Fortunati N, Fissore F, et al. The membrane receptor

for sex steroid binding protein is not ubiquitous. J Endocrinol

Invest. 1992;15:617–619. https://doi.org/10.1007/BF03344935

32. Krupenko SA, Krupenko NI, Danzo BJ. Interaction of sex

hormone-binding globulin with plasma membranes from the

rat epididymis and other tissues. J Steroid Biochem Mol Biol.

1994;51:115–124. https://doi.org/10.1016/0960-0760(94)90122-8
10
33. Stevens LA, Coresh J, Schmid CH, et al. Estimating GFR using

serum cystatin C alone and in combinationwith serum creatinine:

a pooled analysis of 3,418 individuals with CKD.AmJ Kidney Dis.

2008;51:395–406. https://doi.org/10.1053/j.ajkd.2007.11.018

34. Cirillo M, Laurenzi M, Mancini M, Zanchetti A, De Santo NG.

Low muscular mass and overestimation of microalbuminuria

by urinary albumin/creatinine ratio. Hypertension. 2006;47:

56–61. https://doi.org/10.1161/01.HYP.0000197953.91461.95

35. Curtis E, Litwic A, Cooper C, Dennison E. Determinants of

muscle and bone aging. J Cell Physiol. 2015;230:2618–2625.

https://doi.org/10.1002/jcp.25001

36. Cobo G, Hecking M, Port FK, et al. Sex and gender differences

in chronic kidney disease: progression to end-stage renal

disease and haemodialysis. Clin Sci (Lond). 2016;130:1147–

1163. https://doi.org/10.1042/CS20160047

37. Slayden OD, Hettrich K, Carroll RS, Otto LN, Clark AL,

Brenner RM. Estrogen enhances cystatin C expression in the

macaque vagina. J Clin Endocrinol Metab. 2004;89:883–891.

https://doi.org/10.1210/jc.2003-031143

38. Rhoden EL, Morgentaler A. Risks of testosterone-replacement

therapy and recommendations for monitoring. N Engl J Med.

2004;350:482–492. https://doi.org/10.1056/NEJMra022251

39. Johansen KL. Treatment of hypogonadism in men with

chronic kidney disease. Adv Chronic Kidney Dis. 2004;11:348–

356. https://doi.org/10.1053/j.ackd.2004.07.006
Kidney International Reports (2023) -, -–-

https://doi.org/10.1136/hrt.2010.210757
https://doi.org/10.1136/hrt.2010.210757
https://doi.org/10.1001/jama.295.11.1288
https://doi.org/10.1016/j.mce.2009.08.009
https://doi.org/10.1016/j.mce.2009.08.009
https://doi.org/10.1074/jbc.M202495200
https://doi.org/10.1677/joe.0.1750113
https://doi.org/10.1677/joe.0.1750113
https://doi.org/10.1007/BF03344935
https://doi.org/10.1016/0960-0760(94)90122-8
https://doi.org/10.1053/j.ajkd.2007.11.018
https://doi.org/10.1161/01.HYP.0000197953.91461.95
https://doi.org/10.1002/jcp.25001
https://doi.org/10.1042/CS20160047
https://doi.org/10.1210/jc.2003-031143
https://doi.org/10.1056/NEJMra022251
https://doi.org/10.1053/j.ackd.2004.07.006

	Sex Differences in the Association Between Serum Testosterone and Kidney Function in the General Population
	Methods
	Design and Population
	Assessment of Testosterone Status
	Assessment of Kidney Function

	Assessment of Covariates
	Statistical Analysis

	Results
	Serum Free and Total Testosterone and Kidney Function in Men
	Free Testosterone and eGFR
	Total Testosterone and eGFR
	SHBG and eGFR
	Free and Total Testosterone and ACR

	Serum Free and Total Testosterone and Kidney Function in Women
	Free and Total Testosterone and eGFR
	Free and Total Testosterone and ACR

	Stratified Analyses by Age in Men and Women

	Discussion
	Disclosure
	Acknowledgments
	Data Availability Statement
	Author Contributions
	Supplementary Materials
	References
	slink8



