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Abstract  There is an abundance of epidemiologi-
cal evidence and animal experiments concerning the 
correlation between cadmium exposure and adverse 
male reproductive health outcomes. However, the 
evidence remains inconclusive. We conducted a lit-
erature search from PubMed, Embase, and Web of 
Science over the past 3 decades. Pooled r and 95% 
confidence intervals (CIs) were derived from Cd lev-
els of the type of biological materials and different 
outcome indicators to address the large heterogene-
ity of existing literature. Cd was negatively correlated 
with semen parameters (r = − 0.122, 95% CI − 0.151 

to − 0.092) and positively correlated with sera sex 
hormones (r = 0.104, 95% CI 0.060 to 0.147). Among 
them, Cd in three different biological materials 
(blood, semen, and urine) was negatively correlated 
with semen parameters, while among sex hormones, 
only blood and urine were statistically positively cor-
related. In subgroup analysis, blood Cd was nega-
tively correlated with semen density, sperm motility, 
sperm morphology, and sperm count. Semen Cd was 
negatively correlated with semen concentration. As 
for serum sex hormones, blood Cd had no statistical 
significance with three hormones, while semen Cd 
was negatively correlated with testosterone. In sum-
mary, cadmium exposure might be associated with 
the risk of a decline in sperm quality and abnormal 
levels of sex hormones.
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Abbreviations 
BCd	� Blood cadmium
Cd	� Cadmium
CI	� Confidence intervals
E2	� Estradiol
FSH	� Follicle-stimulating hormone
HMs	� Heavy metal
LH	� Luteinizing hormone
NOS	� Newcastle–Ottawa Scale
SHBG	� Sex hormone-binding globulin
T	� Testosterone
TC	� Testicular cancer
TDS	� Testicular dysgenesis syndrome
UCd	� Urine cadmium
WHO	� World Health Organization

Introduction

Cadmium (Cd), a toxic heavy metal (HMs), is ubiq-
uitously used in the commercial production of sev-
eral commonly used electronic products, such as 
television screens, lasers, and batteries, as well as 
paint pigments, cosmetics, and galvanizing solutions 
(Cui et  al., 2021). Cd, one of the most dangerous 

endocrine-disrupting chemicals (EDCs), is widely 
spread in the environment and has been found to be 
associated with a wide range of health hazards (Cul-
len & Maldonado, 2013; Sabir et al., 2019). Cd ranks 
seventh according to the Agency for Toxic Substances 
and Disease Registry (ATSDR) (Latif et  al., 2020) 
and is classified as a human carcinogen (Group I) 
by the International Agency for Research on Cancer 
(IARC) (Humans, 1993). Industrial and mining enter-
prises, especially non-ferrous metal enterprises, have 
been the main contributors to soil Cd pollution (Liu 
et  al., 2016; Wang et  al., 2019; Zhang et  al., 2015). 
It has been found that fossil fuel combustion, landfill 
leachate, and excessive use of phosphorus fertilizer 
are the main sources of Cd pollution (Genchi et  al., 
2020; Malin & Wright, 2018; Srivastava et al., 2017). 
Humans are exposed to Cd through the consump-
tion of Cd-contaminated food, inhalation of cigarette 
smoke, and industrial processes such as smelting and 
electroplating (Kumar et  al., 2019). About 90% of 
the Cd exposure was in the diet of those who had not 
been exposed through smoking or occupation (Vac-
chi-Suzzi et  al., 2016). Cd concentrations in blood 
and urine were significantly higher in smokers com-
pared to non-smokers (Bochud et al., 2018; Heitland 
& Koster, 2006), in which the burden of Cd in smok-
ers may be about twice as high as that in nonsmok-
ers (Freire et  al., 2015). For occupationally exposed 
people, higher levels of Cd have been detected that 
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are twice the Occupational Safety and Health Admin-
istration class C limit of 10 μg/L (Bulat et al., 2009; 
Wittman & Hu, 2002).

Due to the rapid population growth, urbanization, 
industrialization, and the long half-life of Cd about 
10–30 years, HMs pollution has caused serious persistent 
effects on the environment and humans. Urinary excre-
tion of Cd is the most reliable exposure biomarkers using 
to exposure assessment in most epidemiological studies, 
while difficult degraded to non-toxic or less toxic sub-
stances (Suhani et  al., 2021). The cumulative effect of 
Cd is associated with the dysfunction of multiple organs 
with aging (Akhtar et al., 2021; La-Up et al., 2021; Xu 
et al., 2021). Although the liver and kidneys are the accu-
mulate and target organs of Cd gradually, the female 
reproductive organs (such as ovaries and placenta) and 
the male reproductive organs (such as testis, epididymis, 
and seminal vesicle) are also the main target organs 
(Akinloye et  al., 2006; Danielsson et  al., 1984; Nord-
berg, 2009; Ronco et al., 2005; Swiergosz-Kowalewska, 
2001; Varga et  al., 1993). In addition, epidemiological 
and animal studies showed Cd accumulation not only 
damages multiple systems, including immune, respira-
tory, reproductive, endocrine, cardiovascular, digestive, 
urinary, nervous systems, causes carcinogenesis (such 
as breast cancer) in humans (Grioni et al., 2019; Suhani 
et al., 2021), but also induced atherosclerotic cardiovas-
cular disease (ASCVD), including coronary heart disease 
and stroke (Fagerberg & Barregard, 2021). Moreover, 
increased dietary Cd intake was also significantly associ-
ated with an increased risk of breast cancer (Grioni et al., 
2019). A meta-analysis demonstrated a positive associa-
tion between Cd exposure and the risk of type 2 diabetes 
and prediabetes, with dose–response relationships and 
moderate-quality evidence (Filippini et al., 2022).

Observational studies on the effects of Cd exposure 
on human male reproductive function focused on semen 
quality and endocrine function (de Angelis et al., 2017). 
The deterioration of semen quality is one of the major 
contributing factors to the infertility in human over the 
past decades (Carlsen et al., 1992; Murawski et al., 2007; 
Sokol et  al., 2006; Templeton, 1995). Previous studies 
have described the effects of Cd (4.07–5.92 μg/dL) on 
semen profile, including total sperm count, sperm con-
centration, motility, and sperm morphology (Kumar & 
Sharma, 2019; Ventimiglia et  al., 2017). Sera sex hor-
mones are essential for initiating and maintaining human 
reproductive health. Cd may interfere with hormone 
levels by affecting hormone synthesis, metabolism, 

and transport (Knazicka et al., 2015; Lewis & Meeker, 
2015) between Cd exposure and serum T (Qiu et  al., 
2022), whereas negative association or no association 
were observed in others study (Chen et al., 2016; Menke 
et al., 2008; Rotter et al., 2016). Cd can also induce vari-
ous abnormalities of the male reproductive system, such 
as testicular cancer (TC), prostate cancer, hypospadias, 
and cryptorchidism, which might related to endocrine 
disorders (Guillette & Edwards, 2008). In recent dec-
ades, incidence of male reproductive disorders gradual 
increased. These reproductive disorders appeared as 
cryptorchidism and hypospadias in male neonates, while 
as spermatogenesis dysfunction and testicular germ cell 
carcinoma in young adult men (Mitchell et  al., 2013). 
Testicular dysgenesis syndrome(TDS) is thought to be 
mainly caused by environmental exposure and heredity, 
with little influence from lifestyle (Xing & Bai, 2018). 
The development of testicular dysgenesis syndrome 
(TDS) is associated with potential entities, including 
cryptorchidism, hypospadias, spermatogenesis disor-
der, and testicular germ cell carcinoma (Thorup et  al., 
2010). However, the association between Cd exposure 
and sperm parameters is controversial, and which posi-
tive association (Li et al., 2016) and no association (Jeng 
et al., 2015; Zagreb et al., 2000) between Cd exposure 
with decline sperm quality risk were observed at the 
same time.

After acknowledging the opposite conclusion and 
high heterogeneity of the previous two meta-analysis 
on cadmium (Cd) and male fertility (Sun et al., 2017; 
Zhang et  al., 2019), we aimed to comprehensively 
and systematically appraise the all available epidemi-
ological evidence on the association of environmen-
tal and occupational exposure to Cd and risk of male 
reproductive health including human semen param-
eters, sera sex hormones levels, and TDS.

Materials and methods

Research design and search strategy

Research questions followed the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses 
(PRISMA) statement (Page et  al., 2021) for litera-
ture search, research selection, data extraction, and 
synthesis.

At the same time, we followed the pre-
scribed PECOS statement (Population, Exposure, 
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Comparators, Outcomes, and Study design). The tar-
get population was adult males of childbearing age. 
Exposures were environmental or occupational expo-
sures to Cd and its compounds, and comparators were 
adult males of reproductive age with low levels of Cd 
and its compounds exposure. Outcomes we brought 
into human sperm quality parameters (semen concen-
tration, semen viability, semen morphology, semen 
volume, etc.), sera sex hormones levels, namely 
clinical sex hormone five (such as T, E2, luteinizing 
hormone [LH], follicle-stimulating hormone [FSH], 
and progesterone), TDS (including TC, cryptorchid-
ism, hypospadias, subfertility, and testicular germ 
cell cancer) three categories. That was, “For adult 
males of reproductive age (P), was higher Cd and its 
compounds exposure (E) associated with increased 
risk to male reproductive health (O) compared with 
lower levels of Cd and its compounds exposure 
(C)?”(Supplementary Material 1).

Eligibility and exclusion criteria

See Supplementary Materials 2 for details. In sum-
mary, the included studies were in English for cohort, 
case–control, or cross-sectional studies that provided 
Cd and outcome variables, including OR, RR, HR, 
95% confidence intervals (95% CIs), and correlation 
coefficients.

Selection of relevant articles

First, duplicate articles were excluded using EndNote 
X9. The titles and abstracts of the remaining articles 
were next carefully reviewed to exclude some irrele-
vant articles. The full text of the retrieved articles was 
then carefully reviewed by two independent reviewers 
(Guangying Li and Jiajia Xia) for eligibility testing. 
Finally, selected articles were carefully evaluated to 
extract predetermined information and data. In case 
of any disagreement between the two examiners, a 
third independent examiner (Xin Gao) assisted before 
making a final decision.

Data extraction

One author (Xiang Ruan) independently performed 
data extraction according to a predesigned table, 
and any disagreements between them were resolved 

by discussion with a third author. If possible, the 
authors of the study were asked for missing data. 
Data extracted from the study included the follow-
ing: first author and year, study design, location, time 
period, sample size, age (year), biomaterials, method 
of measurement, outcome definition, main finding. 
Data from all studies that met the inclusion criteria 
were extracted and tabulated.

Assessment of risk of bias

We assessed the methodological quality of the included 
articles using the Newcastle–Ottawa Scale (NOS) 
(Stang, 2010; Tang et al., 2020), including case–control 
and cohort studies (9 points) and cross-sectional stud-
ies (10 points). The original version was used to assess 
case–control and cohort studies, and the adapted ver-
sion was used to assess cross-sectional studies. Through 
different items, three dimensions were assessed: selec-
tion of case–control studies, comparability, and expo-
sure; selection, comparability, and outcomes of cohort 
and cross-sectional studies. Specific items, divided into 
three more general quality parameters (selection, com-
parability, and outcome). Typically, a maximum of one 
point is scored for each individual item, but a maximum 
of two points is scored for comparability. NOS scores 
of 0–3 were considered as low quality, 4–6 as moder-
ate quality, and 7–9 as high quality studies (Xing et al., 
2016). According to the NOS scoring criteria, cross-
sectional studies can be classified as low quality (0–4 
points), moderate quality (5–6 points), and high qual-
ity (score ≥ 7 points). In the case of a sufficient number 
of included literature, we will delete the literature with 
low quality for further analysis. Overlap risk (inclusion 
of the same patient in different papers) was assessed by 
means of manual searches. This step was carried out by 
two authors (Di Yan and Guangying Li).

Data measurement

The meta-analysis was made with r (Pearson correla-
tion coefficient) and its 95% CI (confidence interval), 
but the articles we extracted in the article had only r. 
Based on the following formula (a–d), we could be 
able to get the 95% CI of r. The transformation of the 
data and the basic data extracted from the previous 
extraction were included in the meta-analysis.
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a.	 the correlation coefficient r is converted to Fish-
er’s Z: Z = 0.5 × ln((1 + r)/(1 − r)), equivalent to 
r = (e2z − 1)/(e2z + 1) (Fisher, 1932)

b.	 Calculate the variance (V) of Z: V(Z) = 1/(n − 3)
c.	 Calculate the standard error (SE) of z: 

SE(Z) = V(Z)^0.5
d.	 Calculate the 95% CI of Z: (Upper CI 

of Z = Z + SE(Z) × 1.96, Lower CI of 
Z = Z − SE(Z) × 1.96) (Nissensohn et al., 2016)

Data analysis

Heterogeneity statistics (I2) were used to test the con-
sistency of the cumulative evidence across studies. 
I2(%) was calculated as 100%* (Q − df)/Q and used 
to determine the degree of heterogeneity and consist-
ency of the studies. If I2 is less than 25%, heterogene-
ity is low, between 25 and 50% is moderately hetero-
geneous, and higher than 50% heterogeneity is high. 
In the Cochrane systematic review, the heterogeneity 
was acceptable as long as I2 was not greater than 50%. 
For those with high heterogeneity, that is, I2 > 50%, 
we will adopt the random effect model; otherwise, we 
will use the fixed effect model for analysis.

To assess publication bias, funnel plots and the 
Egger’s test (Egger et  al., 1997) were performed for 
all primary outcomes. If the funnel plot forms a sym-
metric "funnel" shape, there is no bias. Publication 
bias exists if many points fall outside the pseudo-95% 
CI and the funnel is clearly asymmetric. Egger’s test 
is used to detect asymmetry in the funnel plot, with 
P < 0.05 in the Egger’s test indicating publication 
bias.

Besides, the one-by-one elimination method, 
which is also the most commonly used method, was 
used to analyze the sensitivity of each article. The 
effect sizes were pooled after deleting each single 
included article, and the newly obtained effect was 
compared with the effect before deletion. If there 
were no significant differences before and after exclu-
sion studies, the sensitivity of the study was consid-
ered low and the results stable. In contrast, significant 
differences in post-exclusion effects indicate higher 
sensitivity of exclusion studies. Sensitivity analysis 
can identify studies with abnormal effect sizes.

Subgroup analyses were also performed to explore 
sources of heterogeneity. Each individual study 
was divided into different groups, and then pooled 

analysis was performed to compare the significant 
difference between each group and the total pooled 
effect.

Meta-analysis was performed by Stata software 
(version 11.0), and P < 0.05 (α = 0.05) was considered 
statistically "significant".

Results

Study selection and included studies

Finally, 15 articles (3 additional articles by review-
ing the references of the included articles) were 
included in the quantitative analysis (Fig. 1). Among 
them, 27 articles still could not find the full text after 
sending an email to the author without a response, 
so these articles were not included in this study. We 
summarized the characteristics of included literature 
(Table 1 and Supplementary Materials 3).

Risk of bias

According to the NOS checklist, all scores were 
between 5 and 7, and one case–control study was 
considered as moderate quality and the other as high 
quality. So did two cohort studies. In the cross-sec-
tional study, 5 studies were considered as moderate 
quality and 6 studies were considered as high quality. 
Overall, these articles had a low risk of bias (Fig. 2).

Overall analysis of semen parameters

Semen parameters in 13 articles were pooled and 
analyzed and divided into three subgroups based on 
biological material (Supplementary Material 4). The 
overall results showed that there was a negative cor-
relation between Cd exposure and semen parameters 
(r = − 0.122, 95% CI − 0.151 to − 0.092, P < 0.05) (all 
P values of data analysis could be found in Table S1). 
And the results of three subgroups showed that blood 
Cd (BCd), semen Cd, and urine Cd (UCd) were nega-
tively correlated with semen parameters. The values 
of r and 95% CI were r = − 0.176, 95% CI − 0.219 
to − 0.132, r = − 0.062, 95% CI − 0.112 to − 0.011, 
r = − 0.087, 95% CI − 0.160 to − 0.015, respectively 
(Fig.  3). The forest plots showed high heterogeneity 
and then we carried out sensitivity analysis, which 
showed that the results were robust (Table  S2). 
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Asymmetrical funnel plot suggested that there might 
be publication bias (Fig  S1). Subsequently, we took 
BCd, semen Cd, and UCd as variables to carry out 
Egger’s test. From three subgroups, only the BCd 
group had publication bias (Table S3).

Overall analysis of sera sex hormones

Sex hormones in 6 articles were pooled and analyzed 
and divided into three subgroups based on biologi-
cal material (Supplementary Material 5). The forest 
plot showed that Cd was positively correlated with 
sex hormones (r = 0.104, 95% CI 0.060  to  0.147, 
P < 0.05) (all P values of data analysis could be found 
in Table  S4). In the three subgroups, there was no 

statistical significance between semen Cd and sex 
hormones, while BCd and UCd were positively cor-
related with sex hormone. The values of r and 95% CI 
were r = 0.132, 95% CI 0.084 to 0.180, r = 0.405, 95% 
CI 0.189  to  0.620, respectively (Fig.  4) There was 
also high heterogeneity in sex hormones. Sensitiv-
ity analysis showed robust results. Asymmetric fun-
nel plot suggested possible publication bias (Fig. S2). 
Egger’s test verified its existence (Table  S5). But in 
Egger’s test with BCd, semen Cd, and UCd as three 
variables, there was no publication bias in semen Cd 
(Table S6).

Fig. 1   Flow diagram according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) protocol 
recommendations
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BCd concentration and semen parameters

Immediately, we made a meta-analysis of BCd and 
semen parameters by taking semen parameters as sub-
groups from 8 articles (Supplementary Material 6). 
By analysis, we found that the concentration of BCd 
was negatively correlated with semen parameters 
(r = − 0.182, 95% CI − 0.230 to − 0.135, P < 0.05) (all 
P values of data analysis could be found in Table S7). 
In various subgroup analysis, semen density 
(r = − 0.137, 95% CI − 0.190 to − 0.084, P < 0.05), 
sperm motility (r = − 0.220, 95% CI − 0.315 to 
− 0.125, P < 0.05), sperm morphology (r = − 0.315, 
95% CI − 0.462 to − 0.167, P < 0.05), and sperm 
count (r = − 0.238, 95% CI − 0.397 to − 0.079, 
P < 0.05) four subgroups were statistically significant 
with BCd (Fig. 5a). There was also a high degree of 
heterogeneity in the forest plot. Right after, results 
of sensitivity showed that the results were robust 
(Table  S8). Funnel plots suggested that there might 
be publication bias (Fig. S3). Egger’s test found there 
was publication bias, with a value of less than 0.05 
(Table  S9). The four groups of sensitivity analysis 
results showed that the results are robust. However, 
different from the total value, Egger’s test of these 
four subgroups showed no publication bias, with P 
values of 0.093, 0.115, 0.172, and 0.060, respectively. 
Generally, the heterogeneity of this group of data was 
very high, but due to insufficient data, it was impos-
sible to analyze the source of heterogeneity.

Semen Cd concentration and semen parameters

Next, we analyzed the relationship between semen 
Cd and semen parameters from 10 articles (Supple-
mentary Material 7). Forest plot showing the concen-
tration of semen Cd was negatively correlated with 
semen parameters (r = − 0.062, 95% CI − 0.112 to 
− 0.011, P < 0.05) (all P values of data analysis could 
be found in Table S10). In subgroup analysis, only the 
semen concentration group had a statistically negative 
correlation (r = − 0.186, 95% CI − 0.231 to − 0.140, 
P < 0.05). The forest plot also showed high heteroge-
neity but in the subgroup of seminal Cd and semen 
concentration, the heterogeneity was 0% (Fig.  5b). 
In the sensitivity analysis, the results show robust-
ness (Table  S11). The asymmetric distribution of 
the funnel plot suggested possible bias (Fig. S4), and 
Egger’s test showed that there was no publication bias 

(Table S12). At the same time, we also quantified the 
publication bias between semen Cd and semen con-
centration, and the results showed that without publi-
cation bias, P was 0.459.

BCd concentration and sera sex hormones

From 5 articles, we analyzed the relationship between 
BCd and sex hormone levels (Supplementary Mate-
rial 8). Forest map demonstrated BCd was positively 
correlated with sera sex hormones (r = 0.132, 95% 
CI 0.084  to  0.180, P < 0.05). However, subgroup 
analyses of the three hormones showed no statisti-
cal significance (all P values of data analysis could 
be found in Table S13) (Fig. 5c). Sensitivity analysis 
showed that the results were stable (Table S14), and 
the asymmetric forest plot suggested that there might 
be bias (Fig. S5), which Egger’s test also confirmed, 
that is, P was 0.001 (Table S15). High heterogeneity 
also occurred in this group, and we were also unable 
to analyze the source of heterogeneity.

Semen Cd concentration and sera sex hormones

From 3 articles, we analyzed the relationship between 
semen Cd and sex hormone levels (Supplementary 
Material 9). However, the overall results were not sta-
tistically significant, and only T was negatively asso-
ciated with seminal Cd in the subgroup (r = − 0.109, 
95% CI − 0.157 to − 0.061, P < 0.05) (all P values of 
data analysis could be found in Table S16). Moreover, 
the heterogeneity was 0% in the T and seminal Cd 
subgroup (Fig.  5d). Sensitivity results showed mod-
erate robustness (Table  S17). However, sensitivity 
analysis of statistically significant subgroups showed 
robust results. Funnel showed that there might be 
publication bias (Fig.  S6). Egger’s test showed 
that there was no publication bias, i.e., P = 0.146 
(Table  S18). Similarly, quantification of publication 
bias in the seminal Cd and T subgroups revealed no 
publication bias, i.e., P = 0.249.

Cd and spermatogenesis

Cd was testicular toxicant to male animals and 
humans, which could cause great changes in testicular 
morphology and histopathology, such as abnormal-
ity of Leydig cells, atrophy of seminiferous tubules, 
fibrosis, and decrease in testicular size (Babaknejad 
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et  al., 2018; Siu et  al., 2009), Cd decreased sperm 
motility in a dose-dependent manner (Wang et  al., 
2020).

Cd could affect spermatogenesis by affecting 
molecular biology (signaling pathway interference), 
epigenetic regulation, and cell structure (cell junction 
and cytoplasmic bridge), thus leading to low fertil-
ity/infertility in men. Oxidative stress was caused by 
various reactive substances indirectly produced by Cd 
including hydroxyl radical, nitric oxide radical, and 
superoxide radical (Galán et  al., 2001; Winiarska-
Mieczan, 2018) It had been found in many studies that 
Cd affected spermatogenesis and steroid production 
through oxidative stress (Acharya et  al., 2008; Al-
Azemi et al., 2010; Arab et al., 2021; Benvenga et al., 
2019; Bu et al., 2011; Koriem et al., 2013; Mahmoudi 
et al., 2018; Pires et al., 2013; Venditti et al., 2021). 
Studies had shown, for example, that Cd caused oxi-
dative stress in testis through Nrf2-keap1 signal, 
which weakened spermatogenesis and steroid produc-
tion (He et  al., 2018; Shi & Fu, 2019). In addition, 
Rictor/mTORC2 signaling could also affect sper-
matogenesis (Dong et al., 2015). Akt signaling path-
way participated in many crucial cellular functions 
and was proved that Cd caused infertility by affect-
ing Akt and its downstream proteins NF-κB (p50) 
and COX-2 (Mitra et al., 2022). EGFR stimulated the 
activity of PI3K/AKT signaling pathway, which was 
frequently dysregulated in female and male genital 
tract cancers (Song et al., 2014; Zhong et al., 2000). 
Cd had also been proved to upregulate p-EGFR and 
its downstream signal proteins including p-AKT, 
AKT1/2/3, NF-κβ(p50) and COX-2 (Mitra et  al., 
2016). Cd had been proved to interact with PI3K/Akt 
cascade through ROS and non-ROS-mediated path-
ways (Fresno Vara et  al., 2004; Matsuoka & Igisu, 
2001). Exposure to Cd would affect the global DNA 
methylation of mice, reduced the DNA methylation 
level of LINE-1 in testis, and increased the number of 
abnormal sperm (Wang et al., 2020). Cd could cause 
abnormal expression of lncRNAs and mRNA in tes-
tis and sperm. Gene ontology and pathway analyses 
pointed out that the functions of lncRNAs and mRNA 
were closely related to many processes of spermato-
genesis, including the cytoskeleton of intermediate 

filament and intermediate filament, the metabolism of 
mRNA and macromolecules, etc (Gao et  al., 2017). 
DAAM 1,which was Dishevelled-associated activa-
tor of morphogenesis, had been proven that Cd could 
inhibit the expression of DAAM 1 in testis and caused 
changes in sperm quality (Chemek et  al., 2018). 
In the process of spermatogenesis, the demand for 
cysteine was increasing, which was used for replac-
ing histone with protamine (Conrad et al., 2015). The 
mRNA expression of cystine/glutamate transporter 
SLC7A11 was inhibited in Cd-exposed mice, while 
cysteine/glutathione homeostasis was necessary for 
Sertoli cells, not glutamate homeostasis (Liu et  al., 
2022). Serine protease PREP could also be affected 
by Cd, thus changing the cytoskeleton (Venditti et al., 
2020). The other study had found that Cd affected the 
apical ectoplasmic specialization dynamics during 
spermatogenesis by affecting intercellular adhesion 
molecule 2 (ICAM2) and losing ICAM 2-actin inter-
action might promote the connection reconstruction 
(Xiao et al., 2013). As a linker, Nectin-2 was found to 
inhibit its transcription by Cd, leading to male infer-
tility (Zhang & Lui, 2014). Moreover, overexpression 
of LG3/4/5 in testis could block or rescue Cd-induced 
BTB destruction and testicular damage, which cor-
rected the spatiotemporal expression of actin and 
microtubule-based regulatory proteins by maintaining 
the cytoskeleton in testis (Li et  al., 2020). Research 
had found that Cd could destroy the cell barrier func-
tion through p2/MMP4 pathway in TM4 cells as well 
as p38 signal and ISR regulated by HRI reactive 
mitochondrial stress (Zhou et al., 2022a, 2022b). Of 
course, the changes caused by different doses of Cd 
might also have different responses to different doses. 
For example, it had been found that in the low and 
medium concentration group (fed with 2 or 4 mg/kg 
BW Cd), the increased levels of LHR, 17α- hydrox-
ylase and eNOS might inhibit Cd-induced testicular 
cell apoptosis, and the decreased expression level of 
all factors in the high dose group (fed with 8 mg/kg 
BW Cd) might be the result of increased testicular 
cell apoptosis (Ren et al., 2019) (Fig. 6). As the testis 
was strongly sensitive to Cd, it was reflected in the 
decrease of sperm quantity and quality, which was 
achieved through a variety of tanglesome pathways to 
affect the development and meiosis of spermatogenic 
epithelial cells and so on.

Fig. 2   The Newcastle–Ottawa Scale (NOS). D1 to D8 repre-
sent the NOS items, and the overall represents the quality of 
the article

◂
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Cd and steroidogenesis

The regulation of spermatogenesis was also carried 
out by steroids, such as T and E2 (Walker, 2011; 
Zhang et  al., 2010). An in  vitro study on Leydig 
cell culture in rats showed CdCl2 had an adverse 
effect on cell viability in a dose-dependent and 
time-dependent manner (Clough et  al., 1990). 
3β-HSD, cyp11a1, and tex15 played central roles in 
steroid and spermatogenesis, and the study in vitro 
found that Cd caused their relative expression 
downregulation in TM3 cells. Located in the outer 
membrane of mitochondria, VDAC2 was involved 
in many ion-dependent processes, such as hormone 
release and anti-apoptosis pathway, and was related 
to sperm capacitation and acrosome reaction (Mar-
tínez-Abad et  al., 2017). Cd activated JNK/p53 
signaling pathway, which occurred through down-
regulation of VDAC2, resulting in downregulation 

of StAR and decrease of T content, which eventu-
ally led to sperm abnormality (Fang et  al., 2020). 
The downregulation of StAR, p450scc and 17β-
HSD by Cd had been demonstrated in multiple 
studies (Abarikwu et  al., 2019; Fang et  al., 2020; 
Habib et  al., 2019; Ren et  al., 2012; Shi & Fu, 
2019), including adolescent Cd exposure, thereby 
leading to the decrease of Leydig cells and T (Ji 
et al., 2010). During pregnancy, maternal exposure 
to Cd could downregulate the expression of StAR 
proteins P450scc and 17β-HSD in male fetal testis 
(Ji et al., 2011). As an essential limiting factor in T 
synthesis in testis, StAR was responsible for trans-
porting cholesterol to mitochondria (Miller, 2007). 
P450scc and 17β-HSD were T synthetases in Ley-
dig cells of testis. A possible relationship existed 
between cytoskeleton and steroid production. 
Cd exposure led to the upregulation of CORO1A 

Fig. 3   Forest plot of overall analysis of semen parameters, which is divided into subgroups by biological materials
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and Cofilin 1, while the downregulation of p-Cfl 
1 and Pfn 1, followed by the destruction of actin 
polymerization and the decrease of filamentary 
actin (Wang et al., 2022). Ferroptosis was a newly 
defined programmed cell death pathway, charac-
terized by iron overload and lipid peroxidation 

(Dixon et  al., 2012; Hassannia et  al., 2019). Cd 
could affect iron homeostasis and lead to ferropto-
sis, and ultimately reduced the production of T, and 
the study had revealed that Cd-induced ferroptosis 
depends on the over-activation of HMOX1 and the 
release of free iron by heme (Zeng et  al., 2021). 
New research found that father’s Cd exposure 

Fig. 4   Forest plot of overall analysis of sex hormones, which is divided into subgroups by biological materials
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would reduce the testicular cholesterol pool of off-
spring mice and affected T synthesis (Zhou et  al., 
2022a, 2022b). Cholesterol was the direct precur-
sor of T (Hall et  al., 1969). Huang et  al., (2020) 
had previously found that exposure to Cd during 
pregnancy reduced the serum T level of offspring 
by affecting SF-1 signaling pathway (Fig. 7). Hor-
monal abnormalities were also one of the out-
come variables we collected, and a large number 
of animal experiments had also proved that Cd did 
inhibit hormonal generation through a variety of 
pathways, even paternal Cd exposure, by reducing 
the number of Leydig cells and the steroidogenic 
activity in a sophisticated of ways, which in itself 
further affected sperm parameters.

Discussion

This is the first meta-analysis to examine the associa-
tion of Cd and its compounds exposure with semen 
quality, sera sex hormones, and TDS based on epi-
demiological evidence. Some interesting results have 
been obtained in this study. Firstly, Cd was negatively 
correlated with semen parameters but positively cor-
related with sex hormones in the overall analysis. 
Among them, Cd in three different biological mate-
rials (blood, semen and urine) was negatively corre-
lated with semen parameters, while among sex hor-
mones, while only blood and urine were statistically 
positively correlated with them. In subgroup analy-
sis, BCd concentration was negatively correlated 
with semen density, sperm motility, sperm morphol-
ogy and sperm count. The concentration of Cd in 
semen was negatively correlated with that of semen 
concentration. In terms of serum sex hormones, the 

Fig. 5   Forest plots for subgroup analysis. a Forest plot of the 
correlation between blood cadmium concentration and semen 
parameters with semen density, sperm motility, sperm mor-
phology, semen volume, sperm count as subgroups. b Forest 
plot of the correlation between semen cadmium concentra-
tion and semen parameters with semen density, sperm motil-
ity, sperm morphology, semen volume, semen concentration, 
sperm count as subgroups. c Forest plot of the correlation 
between blood cadmium concentration and sera sex hormones 
with testosterone, luteinizing hormone (LH), follicle-stimu-
lating hormone as subgroup. d Forest plot of the correlation 
between semen cadmium concentration and sera sex hormones 
with testosterone, luteinizing hormone (LH), follicle-stimulat-
ing hormone as subgroup

▸



7507Environ Geochem Health (2023) 45:7491–7517	

1 3
Vol.: (0123456789)

Fig. 6   Cd affects spermatogenesis through several pathways. 
The dashed line is considered a possible pathway. Akt protein 
kinase B, BTB blood-testis barrier, COX-2 cyclooxygenase-2, 
DAAM 1 Dishevelled-associated activator of morphogenesis, 
EGFR epidermal growth factor receptor, eIF2bα eukaryotic 
translation initiation factor 2, eNOS endothelial nitric oxide 
synthase, HRI Heme-regulated inhibitor, ICAM2 intercellular 
adhesion molecule 2, ISR integrated stress response, keap1 
Kelch-like ECH-associated protein 1, LG3/4/5 laminin-type 
globular domains of LG3, 4 and 5, LHR luteinizing hormone 

receptor, LINE-1 long interspersed nuclear elements-1, lncRNA 
long non-coding ribonucleic acid, MMP4 matrix metallo-
proteinase 4, mTORC2 the mammalian target of rapamycin 
complex 2, NF-κB (p50) nuclear factor-κB, Nrf-2 Nuclear 
factor erythroid-2-related factor 2, PI3K phosphatidylinosi-
tol 3-kinase, PREP prolyl oligopeptidase, Rac1 ras-related C3 
botulinum toxin substrate 1, Rictor rapamycin-insensitive com-
panion of mTOR, ROS reactive oxygen species, SLC7A11 cys-
tine/glutamate antiporter solute carrier family 7 member 11
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BCd concentration had no statistical significance with 
the three hormones, while semen Cd concentration 
was negatively correlated with serum T. Nelson and 
Bunge first raised the topic of declining global male 
fertility in 1974 and sparked controversy (Nelson & 
Bunge, 1974). Over the past 5  decades, male infer-
tility has become a public health issue, due to grow-
ing literatures reporting a significant trend of global 
decline in human male fertility. Environmental expo-
sure and occupational exposure to toxic pollutants 
have been shown to negatively affect human male 
fertility (Jenardhanan et  al., 2016; Knez, 2013). At 
present, there are two meta-analyses on Cd and male 
reproductive health (Sun et  al., 2017; Zhang et  al., 
2019), the results of meta-analysis of 20 case–con-
trol studies in 2017 (Sun et al., 2017) showed that the 
semen concentrations of lead and Cd in normal men 
were significantly higher than those in low fertility 
group, while the results of meta-analysis of 11 rand-
omized controlled trials in 2019 (Zhang et al., 2019) 

showed that high Cd content in semen is one of the 
pathogenic factors of infertility. In a 2022 study of 
the effect of metals on semen parameters of domes-
tic ruminants, the result showed that Cd would affect 
sperm viability and motility (Ribeiro et  al., 2022). 
Therefore, based on the latest evidence, we summa-
rized the relevant literature in the last 3 decades to 
further explore the relationship between Cd exposure 
and male reproductive health. In addition, the semen 
parameters, sera sex hormones levels, as well as TDS 
were considered as outcome variables, which are 
directly related to decreased male fertility. Clinical 
male fertility potential was analyzed by semen analy-
sis. Pregnancy rates increase with sperm morphology 
and motility (Garrett et  al., 2003). Sperm chromatin 
and DNA damage can provide information on sperm 
quality and may be a prerequisite for normal sperm 
function (Venkatesh et al., 2011). Endocrine disorders 
play a decisive role in the etiology of male infertility 
(Concepcion-Zavaleta et al., 2022). Spermatogenesis 

Fig. 7   Steroidogenesis affects spermatogenesis. 3β-
HSD 3β-hydroxysteroid dehydrogenase, 17β-HSD 
17β-hydroxysteroid dehydrogenase, Cfl-1 Cofilin 1, CORO1A 
Coronin-1A, cyp11a1 cytochrome P450 side-chain cleav-
age, HMOX1 heme oxygenase 1, JNK Jun N-terminal kinase, 

p450scc cytochrome P450 cholesterol side-chain cleavage, Pfn 
1 Profilin 1, SF-1 steroid-producing factor 1, StAR steroido-
genic acute regulatory, tex15 testis expressed gene 15, VDAC2 
voltage dependent anion channel 2
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is a complex process involving genetic, hormonal 
and environmental factors, which dysfunction can 
induced poorer sperm quality leading to infertility 
(Pathak et  al., 2020). Although a specific endocrine 
cause of altered sperm production has been identi-
fied in only 2% of infertile men, men with clinically 
abnormal semen analysis still require endocrine eval-
uation (Practice Committee of the American Soci-
ety for Reproductive, 2015; Sigman & Jarow, 1997). 
Fertility likelihood varies according to the type of 
TDS. Subfertility is common in TC. At presentation, 
oligospermia was present in 45% of cases and azoo-
spermia in 6–24% (Williams et al., 2009). Men with 
a history of cryptorchidism are at increased risk of 
infertility (Thorup et al., 2010). Men diagnosed with 
TC often have abnormal semen parameters at base-
line (Dohle, 2010).

Regarding metals and metalloid species, blood, 
urine, and hair are the most widely accepted biologi-
cal substrates to measure their cumulative body bur-
den (Gil & Hernandez, 2015). Metal levels in blood 
are suggestive of short-term exposure. In contrast, 
urinary levels of HMs may suggest long-term expo-
sure to HMs (Deng et al., 2019). Urinary Cd appears 
to be an ideal biomarker for the physical burden of 
Cd. In contrast to BCd, UCd can reflect cumulative 
exposures, including exposures that occurred several 
years ago (Zeng et  al., 2004). The long-term expo-
sure and accumulation of Cd are the direction of 
public concern, unfortunately, the current data on Cd 
exposure in urine do not support a meta-analysis of 
its association with semen quality and sera sex hor-
mones levels. Saaranen et  al., (1989) suggested that 
Cd in seminal plasma may be increased by high local 
nutritional and industrial exposure, which has a direct 
impact on testicular function and hormonal changes. 
Meeker et  al., (2010) suggested that although the 
number was rather limited, there was some consist-
ency in the positive association between Cd expo-
sure and circulating T based on all human studies, 
which is consistent with our study. Leydig cells are 
the main source of T in men (Chen et al., 2009), and 
the testicles are very sensitive to Cd toxicity. Cd in 
semen may have a more immediate and direct effect 
on hormones.

There are several risk factors that can influence 
sperm parameters, such as age, genetic background, 
environmental, occupational and lifestyle factors 
(Bonde, 2013; Jurewicz et  al., 2014; Knez, 2013; 

Sharma et al., 2013). In addition, a study pointed out 
that the decrease of spermatogenesis function may be 
an early sign of toxic effects of Cd pollution (Caprio 
et  al., 2015). The regulation of hormones begins in 
the perinatal period, and it plays a key role in sper-
matogenesis and sperm maturation. In adult men, 
gonadal T acts on the male neural circuit to stimu-
late behavior. Compared with the permanent tissue 
changes induced by development and puberty, this 
activation of T is short-lived (Mhaouty-Kodja et  al., 
2018). Regarding sera sex hormones, we included the 
five clinical male sera sex hormones without consid-
ering SHBG. The effects of Cd on sera sex hormones 
levels are controversial, with results showing that 
changes in sera sex hormones levels are only associ-
ated with UCd but not BCd (Zeng et al., 2004). Oth-
ers have concluded that Cd is only associated with 
SHBG, but not with T or E2 or free levels of these 
hormones (Kresovich et  al., 2015). Then our study 
showed that BCd was positively correlated with 
FSH levels, and semen Cd concentration was nega-
tively correlated with T, which is an interesting find-
ing. One population-based study (Zhao et  al., 2020) 
found that elevated LH levels were associated with 
poor sperm motility and morphology, and the use of 
LH for risk stratification and tail prevention in men 
may become a new focus of research. Data on TDS 
are insufficient for meta-analysis. Over the past dec-
ades, the incidence of TC is growing probably due to 
the increasing exposure to its risk factors and improv-
ing detection of the disease. The trend of a significant 
increase in incidence was seen mainly in European 
countries. Shockingly, however, the most significant 
increasing trends were found in Asian countries such 
as Kuwait, Japan, and Thailand. This increasing trend 
is also more prominent among the younger popula-
tion (Huang et al., 2022). Although overall mortality 
rates have decreased globally, there have been sig-
nificant increases in Thailand and Colombia (Huang 
et al., 2022). The presence of cancer itself may affect 
the levels of reproductive hormones. For example, 
prostate cancer is commonly associated with low T 
concentrations, while its association with decreased 
serum LH and increased FSH has also been sug-
gested (Mearini et  al., 2008). In addition to direct 
toxicity, reduced sperm quality may be the result of 
altered testicular or reproductive tract function. There 
is growing evidence that pollutants act as endocrine 
disruptors, leading to genital disorders (impaired 



7510	 Environ Geochem Health (2023) 45:7491–7517

1 3
Vol:. (1234567890)

spermatogenesis and reproductive defects) and dis-
orders driven by antiandrogens (TDS) (Acerini et al., 
2009; Skakkebaek et  al., 2001) TDS, sera sex hor-
mones, and semen quality seem to be closely linked, 
but the exact role of Cd is unknown.

Like other meta-analyses, there are some limita-
tions in this study. First, this study only included Eng-
lish articles, and the analysis of non-Western countries 
was lacking. Second, this study included data from the 
last 3 decades, during which there have been changes 
in semen assessment reference ranges and laboratory 
methods. In 2010, the WHO issued the first semen 
criteria for population-based study of fertile men 
(Cooper et  al., 2010). Subsequently, the WHO pub-
lished the latest Laboratory Manual for the Examina-
tion of Human semen, 5th edition, which also includes 
significant changes in the methods used to perform 
such analyses compared with the previous version 
(Special Programme of Research Development and 
Research Training in Human Reproduction (World 
Health Organization), 1992; World Health Organiza-
tion., 1999, 2010). Third, except for semen Cd and 
T, there was great heterogeneity in our study, which 
could not be further analyzed due to insufficient data, 
which may be due to different study populations, dif-
ferent research protocols, different time and place, and 
different research methods. We suspected that in each 
hormone subgroup, the results were not statistically 
significant due to the small number of studies and the 
large number of cross-sectional studies.

The potential mechanism of Cd detrimental 
impacts on semen quality remains unclear. The 
exact contribution of Cd toxicity to reproductive 
function is difficult to determine due to differences 
in Cd sensitivity, tissue concentration, and dura-
tion of exposure (Wu et  al., 2008). Few experimen-
tal clinical studies of contaminants on sperm have 
been conducted in humans, and conducting clinical 
studies in humans is challenging, mainly due to the 
dose and duration of exposure and the assessment of 
other variables, including alcohol use, overweight, 
obesity, social pressure, and other diseases (Pizzol 
et  al., 2021). Therefore, more high-quality research 
is needed to address this issue and provide much 
needed knowledge for the occupational and environ-
mental fields. It has been found that metals (lead and 
Cd) do not directly affect T or E2 synthesis because 
no association was detected between lead or Cd and 
androsterone-glucuronide (the precursor of T) or E2 

(synthesized from T by aromatase) (Kresovich et al., 
2015). However, a study in mice has found that Cd 
treatment disrupts iron homeostasis, ultimately lead-
ing to an increase in iron and a decrease in T (Zeng 
et  al., 2021). And a recent study showed that pater-
nal Cd exposure affected T production by reducing 
the testicular cholesterol pool in offspring mice (Zhou 
et al., 2022a, 2022b). In the past decade, omics tech-
nology has made some progress in various research 
fields, and further development of omics based bio-
markers may help explore the knowledge of potential 
health effects of Cd on humans (Ventura et al., 2021). 
There is also a need for new biomarkers to reflect 
new Cd exposure scenarios. As mentioned earlier, 
the relationship between TDS and sera sex hormones 
with semen quality seems to remain a mystery.

Conclusions

According to our systematic review and meta-anal-
ysis, the concentration of cadmium in blood and 
semen affects male reproductive health to some 
extent, which is reflected in semen quality and sex 
hormone levels. A better understanding of cadmium 
exposure is essential for studying men’s health, which 
requires further research based on more precise expo-
sure assessments. Prospective cohort studies are also 
urgently needed to better explore gaps in the causal 
relationship between cadmium exposure and semen 
quality, serum sex hormone levels, and TDS. In addi-
tion, different concentrations of cadmium in human 
semen and blood may help to speculate about some 
correlation with environmental pollution and die-
tary intake, which should be further investigated. 
The presence of other factors that may have a strong 
impact on men’s reproductive health and thus indi-
rectly lead to an increase or decrease in cadmium 
concentrations is also an issue worth studying.
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