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Abstract

Purpose Male fertility is progressively impairing over time, probably related to a multifactorial genesis. The aim of the
study was the evaluation if a Temporal trend in serum testosterone levels exists in healthy men.

Methods A search of the literature between 1971 and July 2024 was performed, selecting study groups in which testosterone
serum levels were measured for any reason in healthy men. Exclusion criteria were: (i) age<18 years old, (ii) conditions
affecting testosterone levels, (iii) subjects’ enrolment based on testosterone serum levels and (iv) blood examinations per-
formed in a time-frame interval>10 years. Secondary endpoints: luteinising hormone (LH), follicle-stimulating hormone
(FSH), sex hormone binding globulin (SHBG) serum levels and body mass index (BMI).

Results 1,256 papers, accounting for 1,504 study groups, were selected, including 1,064,891 subjects (age 42.0+7.0 years).
A significant negative linear regression between testosterone serum levels and year of measurement was detected (p=0.033).
The comprehensive decline in testosterone serum levels over the years was confirmed adjusting meta-regression analysis
using the number of subjects included in each study, subjects’ age, BMI and the the assay used for testosterone measurement.
No temporal trend was observed regarding BMI in this population. LH serum levels showed a significant decline over the
years, adjusting for subjects’ age, while no trend emerged considering FSH.

Conclusion This study is the first comprehensive analysis suggesting a progressive decrease in serum testosterone and LH
levels in healthy men, independent of age and BMI. The observed decline in both testosterone and LH levels could be a
consequence of an ongoing resetting of the hypothalamic-pituitary-testicular function.
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a true decline. However, the continuous decrease in sperm
characteristics, coupled with the consistency observed
across various analyses [8], strongly suggests that this trend
could be real and of concern for human fertility. Several
authors have posited that this decline could be attributed to
various factors, ranging from societal changes to increasing
environmental pollution [3].

Considering testicular functions as a whole, the inter-
stitial compartment could also play a role, but very few
studies investigated so far serum testosterone trends over
the years in limited populations [9, 10]. Clinically, testoster-
one deficiency is a common condition, affecting men with
increasing prevalence as they age [11-14]. Several sugges-
tions are available in favour of an increasing incidence of
testosterone deficiency in the last decades. Indeed, androgen
replacement therapy is being increasingly prescribed, sug-
gesting that clinicians recognize and diagnose testosterone
deficiency more than in the past. In the United States, tes-
tosterone prescriptions increased by over 350% from 2001
to 2011 and these prescriptions among patients insured with
Medicare increased by 15.5% on average each year [15].
Despite several scientific societies produced guidelines
about correct testosterone prescription [16, 17], this rate
is seems to be continuously increasing year after year [18,
19]. Thus, the question arises whether this increasing pre-
scription rate is a mirror of a testosterone deficiency rise.
Moreover, if the drop in sperm production is real as a sign
of decline in testicular function, the question arises of what
happens to the interstitial compartment.

With these questions in mind, we designed this study to
evaluate the historical trend of testosterone serum levels in
men enrolled in the clinical trials published so far. Finding
a global testosterone decline could have broad implications
both in reproductive medicine and considering the general
male health decline suggested by many authors in recent
years [20].

Methods

A systematic review was performed and two datasets, i.e.
MEDLINE and Embase (Excerpta Medica database), were
queried up to July 10th, 2024 for peer-reviewed, English-
language publications. Since the first publication reporting
testosterone serum levels dated back in 1970, we included
all publications between January 1th, 1970, and the date of
the literature search.

Following the recommendation of the Cochrane Hand-
book for Systematic Reviews, we considered the index
(MeSH) terms ‘testosterone’ and ‘androgen’ and we
searched in titles and abstracts for both MeSH terms, keep-
ing the widest possible literature search. The detailed search
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strategy is reported in the Supplementary Material (page 2).
The literature search was performed aiming at identifying
all articles that reported primary data on testosterone serum
levels in humans.

Studies selection

All studies that reported primary data on testosterone serum
levels in healthy subjects were considered eligible for
abstract screening. We evaluated the eligibility of all sub-
groups within a study. For example, in a case-control study,
the control group was eligible for inclusion even though,
based on our exclusion criteria, the case group was not.
Similarly, a cohort prospective study was included if tes-
tosterone serum levels were reported at baseline, before
any experimental intervention. Thus, the inclusion criteria
considered were (i) healthy, eugonadal males, (ii) older
than 18 years, (iii) in which testosterone serum levels were
measured and reported. Otherwise, a study was excluded
if study participants were selected based on testosterone
serum levels (i.e. studies selecting hypogonadal men), or
if enrolled men were exposed to condition that may affect
testosterone production, such as occupational exposure,
drug use and oncological patients, of if they were athletes or
trained men. Moreover, studies were excluded if the blood
examination were performed in a time-frame interval longer
than 10 years.

First, based on the title and abstract, the publication was
either excluded or advanced to full text screening. Any pub-
lication without an abstract was automatically referred for
full text screening. Second, we reviewed the full text and
assigned it to exclusion or data extraction. We then con-
firmed study eligibility and identified multiple publications
from the same study to ensure that estimates from the same
population were not used more than once.

Data extraction

The primary endpoint was testosterone serum levels.
Thus, summary statistics on testosterone measurement
was extracted (mean, standard deviation (SD), standard
error (SE), minimum, maximum, median, and percentiles),
together with sample size, subjects’ age, and blood col-
lection year. Testosterone serum levels were extracted as
nmol/L. When reported differently, they were converted
accordingly.

Secondary endpoints were luteinising hormone (LH), fol-
licle-stimulating hormone (FSH) serum levels, sex hormone
binding globulin (SHBG) and body mass index (BMI),
when available. Additional confounders, such as the labora-
tory methodology used to measure serum testosterone levels
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and the country of origin of the study population, were also
extracted.

The literature screening and extraction was conducted
independently by two reviewers (CF and VG), with dis-
agreements resolved through discussion within the review
team members (DS, GS, ARMG, CF and VG). The data-
set created was cleaned and checked for completeness by
DS and GS. Any discrepancies and unreasonable values
were flagged and clarifications were sought by the respon-
sible investigators. All included studies were individually
assessed for quality using a predesigned assessment form by
four reviewers independently (DS, GS, CF and VG).

Environmental data

To assess the potential influence of the environment on
meta-regression analyses between serum hormone levels
and the years of blood collection, we accessed available
online datasets (Table 1). Specifically, we searched the Sta-
tistical Review by the Energy Institute to gather data on
energy production, consumption, trade, and emissions (htt
ps://www.energyinst.org/statistical-review).

Additionally, to describe the potential effect of demo-
graphic changes on meta-regression analyses between hor-
mone levels and the years of blood collection, we extracted

data on societal characteristics from online datasets pro-
vided by the World Health Organization (WHO) (https://w
ww.who.int/data/global-health-estimates) (Table 1).

The data were available online and reported annually,
categorized by country. We linked these data with our data-
set. Specifically, for each study included in the analysis, data
from both environmental and population growth-related
parameters were combined, considering the year of blood
collection for testosterone serum analysis and the country
where the study was conducted.

Quality control

The literature search was conducted by a team of two
reviewers (C.F. and V.G.). After the selection, other two
authors performed the evaluation of inclusion and exclu-
sion criteria in each study (D.S., and G.S.). A team of four
reviewers performed the data extraction from the final pool
of selected studies (C.F., V.G., D.S., and G.S.).

All data were entered into digital spreadsheets with
explicit permissible values (no open-ended entries) to
increase consistency. After data extraction, an additional
round of data editing and quality control of all studies was
conducted by D.S. The process ensured that each study was
evaluated by at least two different reviewers.

Table 1 Data regarding environ- Environmental parameters

Population-growth related parameters

ment and population growth
considered as factors possibly
influencing testosterone trends

Total natural resource rents
Primary energy consumption
Natural gas flaring

Total liquid oil consumption

Hydro consumption

Energy use (kilograms of oil equivalent per capita)
CO2 emissions (metric tons per capita)

CO2 emissions from transport

CO2 emissions from flaring and liquid sources
Oil production and renewables consumption
PM2.5 air pollution (mean annual exposure in micrograms per

cubic meter)
Fossil fuel energy consumption

CO2 emissions from gaseous fuel consumption

Nitrous oxide emissions

Electric power consumption (kilowatt-hours per capita)

Gas production
Coal consumption
Gas consumption

CO2: Carbon Dioxide,; PM:
particulate matter

Annual population growth
Population number
Life expectancy at birth

Mortality rate (total, cardiovascular
diseases, cancer, diabetes, and attributed
to household and ambient air pollution)
Lower secondary school completion rate
Number of neonatal deaths

Logistics performance index: Ability to
track and trace consignments
Adolescent fertility rate

Mobile cellular subscriptions

Annual birth rate

Fertility rate

Contributing family workers
Adjusted net national income
Pre-primary education

Number of maternal deaths

Births attended by skilled health staff
Diabetes prevalence

Prevalence of anaemia among women
of reproductive age

Adjusted net national income per capita
Labor force participation rate

Human capital index

Life expectancy at birth

Adjusted net national income per capita
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Statistical analysis

As reported above, the primary outcome of our analyses was
total testosterone serum levels extracted from studies avail-
able in the literature. The data from individual studies were
synthesised considering the aggregated data extracted as
means and SD after conversion to the same unit of measure-
ment (i.e. nmol/L). For each study, the number of subjects
enrolled was reported, together with the years in which the
blood samples were collected for hormone measurement.
When the blood collection was performed in an interval of
years, the midpoint of the range was considered (‘collec-
tion year’). For biochemical measurements performed on
blood samples collected years earlier, we used the year of
blood collection rather than the year of laboratory analy-
sis. Moreover, aggregated data for other variables extracted
were added as mean and SD for each study, when available.

Data analysis first provide a qualitative and quantitative
description of data collected. Then, linear regression analy-
ses were performed using Rho’s Spearman correlation. In
this step, aggregated data were considered for each study
included, combining total testosterone serum levels with
other variables extracted, such as BMI, subjects’ age, LH
and FSH, using Rho’s Spearman correlation. The second
step of the analysis provided the evaluation of testoster-
one serum levels trend along years of observation. First, to
test whether a trend among hormonal data collected could
be evaluated, autocorrelation analyses were performed by
Durbin Watson (DW) analysis. A score equal to 2 represented
the absence of autocorrelation, the value between 0 and 2 a
positive autocorrelation and the value comprised between
2 and 4 a negative autocorrelation. Then, meta-regression
analysis was performed using a mixed-effect model and
the restricted maximum likelihood estimator (REML) [21],
using the midpoint of the testosterone measurement period
as the moderator (independent variable: ‘collection year’),
and mean testosterone serum levels as the observed effect
size (dependent variable), associated with the reported or
calculated sampling variances and number of subjects in
each study. The Knapp-Hartung (KH) method [22] was
applied to test the individual coefficients by accounting for
the uncertainty in residual heterogeneity estimation. Since
the age of the subjects is known to be an influencing factor
for testosterone serum levels, we performed two additional
sets of analyses: firstly, the meta-regression was repeated by
explicitly including the mean age of the study subjects as an
additional moderator in the model. Secondly, the analysis
was again repeated after grouping the study groups into six
distinct age groups: the first included patients from 18 to
30 years, the second from 31 to 40, the third from 41 to
50, the fourth from 51 to 60, the fifth from 61 to 70 and the
sixth above 70 years. Each age group was then individually
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analysed using meta-regression, considering the mean tes-
tosterone serum levels as the observed effect size and the
collection year as the only moderator. Similarly, consider-
ing that testosterone serum levels could be influenced by
the laboratory method used, the meta-regression analysis
was further performed after dividing the dataset according
to the assay used for testosterone measurement. To this pur-
pose, four groups were created, considering the following
methods: immunometric assay (IA), enzyme-linked immu-
nosorbent assay (ELISA); radio-immunoassay (RIA); and
mass-spectrometry (MS).

Given the known interaction between BMI and sub-
jects’ age [23, 24], a further meta-regression analysis was
performed to evaluate the correlation between testosterone
serum levels and the subjects’ BMI, using the same meth-
odology reported above, namely considering mean BMI
and mean subjects’ age as continuous moderators and mean
serum testosterone levels as the effect size (outcome). In
addition, considering the strict connection between LH and
testosterone serum levels, LH trend across years was evalu-
ated through meta-regression analysis following the same
methodology reported above, using mean LH serum levels
as the effect size and the midpoint of the LH measurement
period as the continuous moderator. Similarly, meta-regres-
sion analyses were repeated using FSH and SHBG as
dependent variable, years of blood collection as covariates,
and subjects’ age and BMI as cofactors.

Finally, in order to evaluate the possible influence of
environmental and social factors on hormones’ trend across
years, we used in-house python code to look up such data for
the geographic region and year of each sampled study (data
obtained as described above). After merging the data, we
performed an initial filtering by extracting the top 10 envi-
ronmental and social factors showing the highest negative
or positive correlation with mean testosterone levels. This
allowed us to perform additional meta-regression analyses
with the same methodology described above (mixed-effects
model with REML and KH method), using the extracted
environmental and social factors and the mean subjects’
age as moderators and the mean serum testosterone levels
as effect size. Study groups for which such data could not
be determined, i.e. not available for the specific year and
geographic region of the sampling, were excluded from this
analysis. Thus, these further sub-analyses were limited to a
reduced dataset.

Statistical analysis was performed using the ‘Statistical
Package for the Social Sciences’ software for Windows (ver-
sion 28.0; SPSS Inc, Chicago, IL) and the metafor package
[25] in R version 4.4.0 (R Core Team (2021). R: A language
and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria.URL https://ww
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w.R-project.org/). For all comparisons, p-values <0.05 were
considered statistically significant.

Results

We identified 114,264 papers meeting our inclusion criteria
since 1970 (Fig. 1). Out of these, 110,460 were excluded
since no data useful for the analysis were reported, and
3,794 papers were selected for full-text evaluation (Fig. 1).
During full-text examination, 2,534 papers were further
excluded for various reasons: no reported or detectable tes-
tosterone serum levels (1,213 papers), enrolment of trained
men (409 papers), inclusion of unhealthy subjects (354
papers), absence of patients’ age (365 papers), enrolment
of both men and women (121 papers), studies conducted
over a time-frame longer than 10 years (34 papers), and

inclusion of men younger than 18 years (38 papers). Finally,
1,256 papers, comprising 1,504 study groups (Fig. 1), were
included, involving a total of 1,064,891 subjects with a
mean age of 42.0+7.0 years (minimum 18.5— maximum
93.2) (all references are reported in supplementary material,
page 20). Figure 2 reports the geographical distribution of
papers included.

Among the included papers, 556 were prospective clini-
cal trials (36.9%), 708 were case-control studies (47.1%),
and 240 were cross-sectional studies (16.0%). Testosterone
serum levels were available for all study groups (18.5+4.5
nmol/L, from 8.4 to 39.5 nmol/L), while LH was reported
in 492 study groups (5.2+2.8 IU/L, 1.1-19.3 TU/L), FSH
in 422 (5.5+3.6 1U/L, 1.0-19.9 TU/L), SHBG in 489
(818.8+1728.9 nmol/L, 0.3-3821.0 nmol/L) and BMI in
746 (25.7+2.6 kg/m?, 13.3-44.0 kg/m?).

Fig. 1 Literature search flow-chart |

Identification of studies via databases and registers

Identification

Records identified n= 195,615

Records removed before
screening.

Duplicate records removed (n =
81,361)

k J

- l

Records screened
(n=114,254)

Records excluded
(n=110460)

Screening

Reports excluded N=2 534
*no testosterone serum levels
reported or detectable (n =
1,213)

(n=23,794)

Reports assessed for eligibility

«enrolment of trained men (n =
409)

*unhealthy subjects (n = 354)
*no patients’ age reported (n =

365)

*enrolment of both men and
women (n=121)

*time-frame interval = 10 years (n
=34)

*age = 18 years (n = 38)

(n=1256)

(n=12504)

Papers included in review

Study groups included
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Fig. 2 Geographical distribution
of study groups included in the
analyses
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Fig.3 Meta-regression analysis using body mass index (BMI) as effect
of the regression, the years of sample collection as covariates and sub-
jects’ number and age as co-factors. Statistical details are reported in
Supplementary material

Body mass index (BMI) and sex hormone binding
globulin (SHBG)

BMI was reported in 746 study groups (number of sub-
jects=712,289). Despite the well-known increasing rate of
obesity worldwide, the BMI in the studies evaluated here did
not show any significant change across the years of observa-
tion (Coefficient 0.1, SE: 0.1, p=0.617) (Fig. 3, and sup-
plementary material, page 3). Similarly, SHBG (489 study
groups, number of subjects =312,498) did not show any sig-
nificant trend across years of observation (Coefficient —0.2,
SE 0.3, p=0.453) (Supplementary Fig. 1 and supplementary
material, page 4-5, for statistical analysis details).

@ Springer

Total testosterone serum levels

Regression analyses revealed that the mean serum testoster-
one levels were inversely related to the years of sample col-
lection (p=0.033) and subjects’ age (p<0.001). Moreover,
a positive direct relationship was found between testoster-
one and SHBG (p=0.007) and LH serum levels (»p=0.007)
(Table 2).

The DW analysis indicated a slight, positive autocorrela-
tion between testosterone serum levels and years of blood
collection (DW: 1.697). The demonstration of an autocor-
relation between data confirmed the potential existence of a
trend across the years.

Meta-regression analysis was conducted with the ran-
dom-effects model and using mean testosterone serum lev-
els as the effect and the SD*2 as the variance. The years
of sample collection were considered as a covariate, while
the number of subjects enrolled, subjects’ age and BMI as
factors affecting the regression. A significant reduction in
testosterone serum levels across the years of measurement
was observed (Coefficient —0.6, SE 0.2, p<0.001) (see sup-
plementary material, page 6, for more details about meta-
regression analysis) (Fig. 4), independent from BMI and
age suggesting a genuine testosterone decrease. This sig-
nificant trend remained also when only study groups with
BMI<25 kg/m? were considered (Coefficient —0.2, SE 0.1,
p=0.041) (Supplementary material, page 7),

Meta-regression analyses were repeated based on the
assay used for testosterone measurement. The decline in
total testosterone serum levels across years was confirmed
for study groups employing IA, ELISA, and RIA (Table 3).
Conversely, when considering only study groups using MS,
the decline in total testosterone serum levels across years
was not confirmed (Table 3). However, among the 117
papers using MS, only five (comprising eight study groups)
were conducted before 2000, specifically between 1991 and
1998. While the study groups in groups 1, 2, and 3 were
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Table 2 Regression analyses using mean testosterone serum levels as dependent variable

B Standard error Beta p-value 95%ClI
Lower limit Upper limit
Constant 159.307 63.940 0.014 32.837 285.778
Year of sample collection —0.069 0.032 —0.155 0.033 -0.132 —0.006
Age —-0.131 0.026 —-0.522 <0.001 —0.181 —0.080
SHBG 0.047 0.017 0.200 0.007 0.013 0.081
LH 0.453 0.166 0.275 0.007 0.124 0.782
FSH —0.252 0.159 —0.205 0.114 —0.566 0.062
BMI —0.560 0.211 —0.278 0.009 —-0.979 —0.141

Italics data represent the constant of the mathematical formula
Bold charactersrepresents significant regression

BMI=body mass index, FSH =follicle-stimulating hormone; LH =luteinising hormone, SHBG =sex hormone binding globulin

Fig.4 Meta-regression analysis, 45
using testosterone serum levels as

effect of the regression, the years

of sample collection as covariates 40 i

and subjects’ number, age and BMI ‘ e X
as co-factors (BMI was available -

for 742 study groups). Statistical 35 J o " e =

details are reported in Supplemen- . . ° )

tary material

Testosterone (nmol/L)

1970 1980 1990 2000 2010 2020

Years of sample collection

Table 3 Meta-regression analyses of total testosterone serum levels across years of blood sample collection, considering study groups grouped
according to the methodology applied for hormones measurement

Group Assay Years (median [min, max]) Number study groups (subjects) Chi-squared p-value 2
Total testosterone serum levels

1 Immuno-assay (IA) 2008 (1966-2023) 668 (870489) 393.0 <0.001 44.5
2 ELISA 2014 (1994-2023) 61 (14731) 51.1 <0.001 90.1
3 Radio-IA (RIA) 2010 (2001-2022) 658 (79782) 787.6 <0.001 62.8
4 Mass-spectrometry 1992 (1968-2021) 117 (99889) 8.8 0.845 0.0

ELIS4 =Enzyme-linked immunosorbent assay

equally distributed across fifty years of observations, the Meta-regression analyses for testosterone serum levels
subgroup applying MS evaluated the testosterone trend over ~ were repeated dividing the entire dataset in two groups. The
a limited timeframe of approximately thirty years. Consid-  first considered study groups in which blood samples were

ering the limited number of studies, the analysis of testoster-  collected before 2000 and the second after 2000. Interest-
one trend measured by MS requires more data over a longer  ingly, the two meta-regression analyses confirmed the tes-
observation period. tosterone decline across years (pre-2000: Coefficient: —0.1,

@ Springer
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Fig.5 Meta-regression analysis, 45
using testosterone serum levels as
effect of the regression, the years of
sample collection as covariates and
dividing the dataset in two groups,
according to the year of blood
collection, before or after 2000.
Statistical details are reported in
Supplementary material

Testosterone (nmol/L)

—— Data collected before 2000
—— Data collected after 2000

°

1970

1980

1990 2000 2010

Years of sample collection

Table 4 Regression analyses using mean luteinising hormone (LH) serum levels as dependent variable

B Standard error Beta p-value 95%ClI
Lower limit Upper limit
Constant 80.023 32431 0.015 15.876 144.17
Year of sample collection —0.040 0.016 —0.148 0.014 —-0.072 —0.008
Age —-0.022 0.014 —0.142 0.126 —0.049 0.006
SHBG 0.011 0.009 0.077 0.219 —-0.007 0.029
Testosterone 0.116 0.043 2.272 0.007 0.032 0.201
FSH 0.635 0.060 10.647 <0.001 0.517 0.753
BMI 0.135 0.072 0.132 0.064 —0.008 0.278

BMI=body mass index; F'SH = follicle-stimulating hormone; SHBG =sex hormone binding globulin

SE: 0.1, p<0.001, post-2000: Coefficient: —0.2, SE: 0.1,
p<0.001), although with different trends (Fig. 5, supple-
mentary material, page 8).

Finally, considering the uneven distribution of study
groups around the globe, meta-regression analysis between
testosterone and years of blood collection (with subjects’
age as cofactor) were repeated considering only papers pub-
lished in USA. The significant negative trend of testosterone
serum levels across years of observations was confirmed
(coefficient —0.14, SE 0.03, p-value<0.001) (number of
study groups=366, number of subjects=128,840, number
of studies with reported BMI=156) (Supplementary Fig. 2,
and supplementary material, page 9-10, for more statistical
analysis details).
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Gonadotropin serum levels

LH serum levels were reported in 492 (number of sub-
jects=114,961), while FSH was reported in 422 (number of
subjects=88,064) study groups. Regression analyses were
performed using LH serum levels as the dependent variable,
revealing a negative relationship between LH and years of
blood collection (p=0.014), and a positive relationship with
testosterone (p=0.007) and FSH serum levels (p<0.001)
(Table 4).

At DW analyses, LH and years of blood collection
showed a slight, positive autocorrelation, confirming the
potential existence of a trend across the years.

LH serum levels showed a significant decline over the
years (Coefficient —0.1, SE: 0.1, p<0.001), with patients’
age as the adjusting variable (Fig. 6, and supplementary
material, page 11). The meta-regression analysis was not
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Fig.6 Meta-regression analysis,

200

using luteinising hormone (LH)
serum levels as effect of the regres-
sion, the years of sample collection
as covariates and patients’ number
and age as co-factors. The analysis
was not corrected for BMI, since
this parameter was available only
for 52 study groups. Statistical
details are reported in Supplemen-
tary material

17.51
15.0
1251
10.0;
191
5.0
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251

0'?970

Table 5 Meta-regression analyses of total testosterone and luteinising
hormone serum levels across years of blood sample collection, consid-
ering study groups grouped according to subjects’ age

Group  Subjects’ Age Number Coefficient p-value I?
study groups
(subjects)
Total testosterone serum levels
1 18-30 years 384 (39674) —0.15 <0.001 26.8
2 3140 years 416 (80305) —0.11 <0.001 17.0
3 41-50 years 237 (85081) —0.13 <0.001 5.4
4 51-60 years 249 -0.17 <0.001 20.1
(613509)
5 61-70 years 147 (217699 —0.07 0.005 93
6 >70 years 75(28713)  —0.11 0.003 17.8
LH serum levels
1 18-30 years 152 (19997) —0.03 0.045 793
2 31-40 years 190 (45605) —0.07 <0.001 68.3
3 41-50 years 58 (9869) —-0.02 0.249 65.5
4 51-60 years 45 (27638) 0.01 0.711 0.0
5 61-70 years 24 (5025) —-0.03 0.500 93.0
6 >70 years 23 (9514) 0.16 0.002 19.5

Bold characters represent p-value <0.05, showing statistical signifi-
cance

LH =luteinising hormone

adjusted for BMI, since only 52 studies reported both LH
and BMI, significantly reducing the sample size for adjusted
analyses. Conversely, FSH serum levels did not show any
change across the years of observation (Coefficient —0.1,
SE: 0.1, p=0.143), even after adjustment for subjects’ age

1980

1990 2000 2010 2020

Years of sample collection

(Supplementary Fig. 3, and supplementary material, page
12—-13, for more statistical analysis details).

The role of the subjects’ age

The subdivision of study groups according to subjects’ age
created six groups, in which the significant decline in tes-
tosterone serum levels across the years of observation was
confirmed (Table 5; Fig. 7, supplementary material, page
14-16). Similarly, a decrease in LH serum levels was con-
firmed in three out of six groups (Table 5 and supplementary
material, page 17-19).

The role of the environment

To explore whether the decline in total testosterone serum
levels was related to environmental factors, data on energy
production, consumption, trade, and emissions were
included in meta-regression analyses as moderators. After
adjusting for these variables, the decline in total testoster-
one serum levels across years was confirmed (136 study
groups, Chi-squared 148.8, p=0.006, I* 28.7%). Similarly,
the decline in LH serum levels across years was confirmed
after adjustment for environmental data (134 study groups,
Chi-squared 43.0, p=0.001, I 56.8%).

The decline in testosterone serum levels across years of
observation was also confirmed when considering variables
related to population change (Chi-squared 177.0, p<0.001,
17 48.9%). Conversely, the decline in LH serum levels was

@ Springer
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Fig. 7 Meta-regression analysis, using testosterone serum levels as
effect of the regression, the years of sample collection as covariates
and dividing the dataset in groups according to subjects’ age. Statisti-
cal details are reported in Supplementary material

not confirmed after adjustment for demographic param-
eters (Chi-squared 28.7, p=0.324, I* 0.0%). However,
these results were based on 181 study groups for the first
adjustment (testosterone) and 75 for the second one (LH),
clearly limiting the strength of the results. To further inves-
tigate this, the meta-regression analysis was repeated with
a reduced number of covariates, retaining only variables
clearly related to population growth, such as life expectancy
at birth, mortality and death rate, annual birth rate, fertil-
ity rate, and population number. This further analysis was
performed for LH on 399 study groups, and the significant
trend in LH levels across years was confirmed (Chi-squared
302.6, p<0.001, I> 47.3%). Thus, it appears that the trend
in LH serum levels is not affected by population changes,
at least when considering population growth-related
parameters.

Discussion

This analysis describes, for the first time, a significant
decrease in mean total testosterone serum levels in over one
million healthy men over the last 55 years. This result com-
pletes the complex picture of testosterone decline across
years suggested in other work evaluating smaller cohorts [9,
26, 27]. This declining trend is associated with a significant
decrease in LH serum levels, indicating that the testosterone
decline does not primarily originate in the testis.

The relationship between obesity and testosterone serum
levels is well-documented [28], and the global rise in obesity
prevalence could be the first hypothesis at explaining the
testosterone trend detected here. However, our data suggests

@ Springer

otherwise. First, BMI did not show a significant increase
across the years of observations in the population studied.
Second, after adjusting for subjects’ BMI, the trends in tes-
tosterone and LH levels remained significant, indicating
that factors other than body weight are likely contributing
to these hormonal changes. However, since BMI data were
available only in a subgroup of studies, we cannot defini-
tively exclude the role of BMI in the observed decrease in
testosterone levels. An interesting experimental model of
metabolic syndrome demonstrated that rabbits fed a high-fat
diet exhibit a form of functional hypogonadotropic hypogo-
nadism, attributed to hypothalamic inflammation affecting
the region where gonadotropin-releasing hormone (GnRH)
neurons are located [29]. However, the subjects in our study
were neither hypogonadal nor affected by metabolic syn-
drome. Overall, our results indicate that patients included
in the analyzed studies did not show an increasing trend in
BMI over the observation period. Although this finding con-
trasts with the well-documented epidemiological evidence
of rising obesity prevalence in the general population, it
represents a further strength of our analysis. While the asso-
ciation between increasing BMI and decreasing testosterone
levels is well-established, our findings confirm a decline in
testosterone levels that is entirely independent of obe-
sity incidence. Specifically, by analyzing a large cohort of
patients classified as healthy in the original studies, without
selection based on testosterone or BMI levels, the absence
of a BMI trend over the evaluation period ensures that our
cohort is free from the influence of obesity on testosterone
production.

This testosterone decline over the years should be consid-
ered together with the significant decrease in sperm parame-
ters described by others. Indeed, the most recent systematic
reviews show a significant decline in both sperm concentra-
tion and total sperm number in North America, Europe and
Australia since 1973 [2, 3], although the topic remains con-
troversial [5—7, 30]. Our data, although not reporting semen
parameters, add another suggestion in the alarming picture
regarding male fertility decline. Several hypotheses have
been proposed to explain the decline in sperm production
over the years, especially advocating a primary testicular
damage due to exogenous factors, such as environment, pol-
lution and endocrine disruptors [31]. Our results suggests
that the decreasing testicular function could be the result
of impaired pituitary stimulation/pulsatile GnRH secretion,
resulting in reduction of serum testosterone [32].

The progressive reduction in both LH and testoster-
one serum levels could be related to a central resetting
of the hypothalamic regulation of LH secretion for some
still unknown reason. If the pituitary gland was primar-
ily involved in this change, for instance due to endocrine
disruptors/pollution acting at the pituitary level, we might
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expect to observe similar Temporal trends in other pitu-
itary hormones. However, in the literature, only few stud-
ies evaluated Temporal trends in other pituitary hormones,
showing temporal trends for growth hormone [33-36], pro-
lactin [37] and thyroid-stimulating hormone levels [38—40],
although with a significantly lower sample size than that
used in our analyses. No demonstration of gonadotropin
trends in adults were available so far. The decline in LH
levels in healthy men described here is not accompanied by
corresponding changes in serum FSH levels. This should be
interpreted considering several confounding factors, such as
the variability in FSH assays and the selection of subjects
of unknown fertility status. Furthermore, additional com-
ments on the temporal trend of FSH are beyond the scope of
our analysis, as other variables related to Sertoli cell activ-
ity (e.g., Inhibin B) are required to better understand poten-
tial changes in FSH action. Thus, the lack of FSH temporal
trend must be cautiously viewed, since the selection of sub-
jects could not be appropriate for that aim. The discrepancy
between the trends observed in LH and FSH levels over
time suggests that the underlying mechanism could involve
the hypothalamic rather than pituitary function. We specu-
late that the decline in testosterone serum levels over time
is dependent on a reduction in LH, which, in turn, could be
the consequence of subtle changes in GnRH pulsatility. The
secretion of LH and FSH is known to be regulated differ-
ently by GnRH. Indeed, the secretion of LH is dependent on
GnRH pulse frequency, while the secretion of FSH is more
dependent on the pulse amplitude [41]. Thus, the declining
trend in LH but not FSH serum levels, suggests a central,
hypothalamic site of action of (a) unknown, ongoing, dis-
turbing factor(s).

The possible role of exogenous factors, such as endo-
crine disruptors [42], was advocated to explain poten-
tial hormonal trends in the literature. Here, we used data
on energy production, consumption, trade, emissions, and
air pollution, but the decline in testosterone and LH levels
over the years remained unchanged after these adjustments.
Therefore, the trend in LH and testosterone serum levels
described here is apparently not related to environmental
factors, at least considering the parameters available for our
analyses. Similarly, the correction for the progressive world
population growth and related factors did not lead to any
significant change and were not informative. In this con-
text, factors known to potentially cause so-called functional
hypogonadism, such as lifestyle habits and stress [43—46],
should be considered when interpreting the hormonal trends
observed in our data. However, these factors are difficult to
collect consistently on a global scale, making it challenging
to assess their role in the decline of testosterone levels over
time. While the role of environmental pollution and popu-
lation density cannot be excluded, the mechanism behind

the decrease in hypothalamic-pituitary gonadal function in
healthy men described here remains unknown. The ques-
tion remains whether the progressive decline in testosterone
and more generally testicular function is an adaptation to
overpopulation. Neither our analyses, nor the current litera-
ture suggest this, but if population dynamics play a role, the
forecast of the world population growth with a reduction in
global population (and pollution) in the next 5-10 decades
should result in a reversal of the temporal trends in testicular
function and the current decline in birth rates affecting mod-
ern society [47] will lead to a new equilibrium. The declin-
ing trend in testosterone serum levels could be an adaptation
to the current disequilibrium, necessary to achieve a new
population homeostasis.

This study has several limitations. First, our analyses are
based on data from healthy subjects obtained from studies
available in the literature. Therefore, potential selection and
participation biases cannot be ruled out, despite the rigor-
ous literature search and quality checks performed. Indeed,
biases related to the retrospective design of the study and
the heterogeneity of subjects could not be eliminated. Sec-
ond, we adjusted the meta-regression analyses with BMI,
environmental and population-related parameters. How-
ever, these data were available for only a proportion of the
studies included, limiting the statistical power of the cor-
relation analyses. Finally, limitations inherent to the applied
methodology (i.e., meta-regression analysis) cannot be
excluded in the interpretation and discussion. In this sys-
tematic review of the literature, we sought to obtain more
robust data by applying meta-regression analyses. However,
these statistical approaches rely on aggregate data, which
restricts the use of more rigorous methodological statistical
techniques.

In conclusion, we describe here a temporal trend in tes-
tosterone serum levels in men over the last 50 years that
could be interpreted as an adaptation of the hypothalamic-
pituitary-gonadal axis. While subjects’ life-styles, popula-
tion dynamics, global overpopulation and pollution might
play a role on this trend, the data currently available do
not reveal a significant role of such factors. Whatever the
mechanism, the parallel decline of testosterone and LH in
healthy men emerges from our results, suggesting an action
at the hypothalamic-pituitary level possibly with a sugges-
tive resetting of the GnRH pulse generator. Testosterone
serum levels have been progressively declining over the
years in men, although they remain within reference ranges.
The contribution of the declining testicular function, both in
terms of testosterone and sperm, to the global reduction of
fecundity/fertility remains to be investigated.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s40618-0
25-02671-9.
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