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Associations between maternal
periconceptional exposure to PM, .
and the risk of cryptorchidism: a
case-control study of 4274

Yan Liu, Yin-lin Chen?, Cheng-junYu?, Rong Han?, Long Chen?, Mao-lin Liu?, Miao Sun?,
Zhong-yao Zeng*, Quan Wang?, Xi-ming Xu* & Sheng-de Wu**

Currently, there is limited evidence regarding the association between prenatal exposure to
environmental fine particulate matter (PM, ;) and the occurrence of cryptorchidism. The objective

of this study was to evaluate the potential correlation between prenatal exposure to PM, . and

the likelihood of cryptorchidism developing in offspring. We performed a 1:1 case-control study,
defining the cases as children diagnosed with cryptorchidism at the Children’s Hospital Affiliated to
Chongqing Medical University from 2013 to 2017, while the control group comprised children born in
the corresponding years who did not have any birth defects, chromosomal abnormalities, and had only
trauma-related treatments. Between 2012 and 2017, monthly averages of PM, ., other pollutants (O,,
PM, ) and temperature were gathered based on the geographical coordinates of patients’ residences.
The study assessed the correlation between the two using multivariate logistic regression model, and
sensitivity analysis was conducted to assess the stability of the model. We included a total of 2137
cases and 2137 matched controls from 2013 to 2017. Our findings revealed that there was a positive
association between exposure to PM, . during the first 2 months of pregnancy and the occurrence of
cryptorchidism. According to this study, the development of cryptorchidism appears to be associated
with maternal exposure to PM2.5 during early pregnancy.
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2.5

Cryptorchidism, defined as the failure of testicles to descend into the scrotum or the presence of testicles
outside the scrotum, is the most common malformation of the urogenital system in children'. The prevalence of
cryptorchidism among full-term male newborns ranges from 1.0 to 4.6%, while the prevalence among preterm
or low-birth-weight male newborns ranges from 1.1 to 45.3%2 Some scholars in China have also reported that
from 2007 to 2021, the overall prevalence of cryptorchidism has increased from 3.86 cases per 10,000 full-
term male infants to 11.20 cases per 10,000 full-term male infants®. Cryptorchidism represents a risk factor
for future infertility and testicular malignancy and has a considerable impact on individuals and families**.
Cryptorchidism is thought to be multifactorial, with genes, endocrine and environmental factors all playing a
role®”.

The problem of environmental pollution has become increasingly acute with rapid urbanization in recent
years. According to the World Health Organization’s 2016 Global Air Quality Report, nearly 2 million people in
China die each year from exposure to particulate matter pollution®. Fine particulate matter, defined as particles
in ambient air with an aerodynamic diameter of 2.5 um or less, is one of the main components of air pollution.
In recent years, several scholars have directed their attention to the effects of PM, . exposure on urogenital
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malformations. For example, research conducted by Sheng Ren et al. suggested that PM, . exposure during the
first month of pregnancy has the greatest impact on abdominal wall defects and hypospadias’. In contrast, there
are fewer studies on the relationship between ambient PM, and the risk of cryptorchidism, and no studies
point to a critical window of exposure. Some studies have reported that PM,, . has a role in regulating endocrine
hormones'®!". Exposure to PM, ; during pregnancy may influence fetal hormone levels, subsequently affecting
testicular descent. Additionally, exposure to PM, , during pregnancy can increase the risk of low birth weight,
preterm birth!2!%. And several studies have now confirmed low birth weight and preterm birth as risk factors
for cryptorchidism'-16.

Therefore, the aim of this study was to assess the correlation between prenatal exposure to PM, . and the risk
of cryptorchidism and to indicate the exposure window period.

Materials and methods

Study design

This study used a 1:1 case-control design. During the period from 1 January 2013 to 31 December 2017, we
gathered data on children who were diagnosed with cryptorchidism at the Children’s Hospital of Chongqing
Medical University. The diagnostic criteria for cryptorchidism were in accordance with international diagnostic
criterial’. After excluding children with familial histories of urinary tract malformations, genetic disorders,
or abnormalities in sexual development (including chromosomal abnormalities or Miiller’s persistent duct
syndrome), as well as those with incomplete data or missing diagnoses, the study ultimately comprised a case
group of 2137 children. Upon age matching, a control group was composed of children admitted to the same
hospital for trauma during the same period, excluding those with birth defects. This study was approved by the
Institutional Review Board of Children’s Hospital of Chongqing Medical University.

Cases and controls

Children who were reported to have cryptorchidism (International Classification of Diseases, Tenth Revision,
Clinical Modification [ICD-10-CM] code Q53.9) and children who presented with trauma (code T10-12,
T30) but had no chromosomal abnormalities or birth defects were included in the case group. The diagnosis
of cryptorchidism was made by a specialist pediatrician. Children without any birth defects or chromosomal
abnormalities who presented due to trauma were defined as controls. For each case of cryptorchidism, one control
was matched by age. The information and characteristics of the patients were collected. Maternal information
included: residence address, parity, conception season, whether it was multiple pregnancy, history of medication
use during pregnancy, complications during pregnancy. History of medication use during pregnancy was
defined as the use of birth control drugs or hormone-containing drugs during pregnancy. Complications during
pregnancy were defined as a history of diabetes, hypertension, or thyroid disease during pregnancy. Information
of the child included: date of birth, gestational weeks, and birth weight. In our study, all methods were carried
out in accordance with the relevant guidelines and regulations. Specifically, we confirm that informed consent
was obtained from all subjects and/or their legal guardians, as applicable.

Air pollution data

The concentration data of PM, .,
obtained from China’s near-real-time tracking dataset of atmospheric composition (http://tapdata.org.cn)
Temperature data were obtained from the ERA5 (ECMWF Reanalysis v5) dataset?. Utilizing the latitudinal and
longitudinal coordinates of the patients’ residential addresses, monthly average concentration data of pollutants
and temperature were procured from 2012 to 2017. Additionally, for each child included in the study, the
concentration of environmental pollutants and temperature was matched to the period spanning from 3 months
prior to conception up to 3 months post-conception.

0,, PM,, (with a spatial resolution of 1 km x 1 km) utilized in this study were
18,19

Statistical analysis

The study’s binary outcome variable was the incidence of cryptorchidism, while the key predictor variables
encompassed estimated exposure levels to PM, .. Categorical data are expressed as percentages [n (%)], while
continuous data are expressed as medians (Q1, Q3) or mean +standard deviation. The baseline data for the
case and control groups were analyzed using the t-test or Mann-Whitney-U test for continuous variables and
the chi-square test for categorical variables, respectively. Bonferroni’s method was used to correct for multiple
comparisons. In this study, we treated the exposure level of PM,  as a continuous variable and reported the
ratio of ratios (OR) for each 10 pg/m? increase in its concentration. Using a conditional logistic regression
model, the relationship between exposure to PM, . during pregnancy (as a continuous variable) and the risk of
cryptorchidism was evaluated on a monthly basis. Additionally, the relationship between quartiles of PM, . (as
a categorical variable) during specific periods and the risk of cryptorchidism was further explored. To address
potential biases, adjustments were made for low birth weight, prematurity, medication history during pregnancy,
pregnancy complications, birth year, conception season and temperature. Finally, the remaining pollutants were
included for sensitivity analyses to assess the robustness of the model?!. The statistical analyses were conducted
utilizing SPSS version 27 (IBM, China) and R version 4.2.3 (The R Foundation for Statistical Computing), with
P values below 0.05 deemed significant.

Results

Baseline characteristics

A total of 2137 children were reported to have cryptorchidism between 2013 and 2017, so we randomly selected
2137 children without birth defects who presented for trauma as a control group. Figure 1 displays the monthly
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Fig. 1. Geographical distribution of registered communities and monthly average PM, . concentrations.

average concentrations of PM, . and the geographical distribution of the registered cities. Table 1 presents the
demographic characteristics and monthly temperatures of the children included in this study. The infants in the
case group exhibited lower median birth weights compared to the control group, leading to a notably higher
percentage of low-birth-weight infants (9.5% versus 3.1%) among the cases. The proportion of preterm babies
was higher in the case group than in the control group (11.5% vs. 4.6%). The case and control groups exhibited
notable disparities in terms of drug use history, pregnancy complications, conception season, and birth year. For
the other variables, including multiple pregnancies and city of birth, no significant differences were observed.
A statistically significant temperature difference was observed between the case group and the control group
during the period from three months prior to conception to one month post-conception. During the remaining
periods, no statistically significant difference was observed.

Air pollution characteristics

Table 2 lists the distribution of PM, . exposure in all study children during the 3 months before and after
conception. During the 3 months before pregnancy, the median concentration (Q,, Q,) of PM, ; was 60.52
(45.36, 80.60) pg/m>. During the 3 months after conception, the median concentration (Q,, Q,) of PM,  was
58.90 (44.67, 79.70) ug/m>. By comparison, it can be found that the concentration of PM, ; in the 3 months after
conception was lower than that in the 3 months before conception.

Associations between PM, , and the incidence of cryptorchidism

Table 3 showcases the outcomes of simple logistic regression models, analyzing the monthly associations between
prenatal exposure to air pollutants and the risk of cryptorchidism. Compared with other exposure periods, the
risk of cryptorchidism patients exposed to PM, . in the first and second months after conception increased (OR
1.024, 95% CI 1.002-1.047; OR 1.027, 95% CI 1.004-1.050).

The results of the multivariable logistic regression model are presented in Table 4. After adjusting for
confounding factors, which include low birth weight, preterm, drug use during pregnancy, complications
during pregnancy, birth year, season of conception and temperature, there remained a strong positive correlation
between PM, , and cryptorchidism, specifically in the first and second months after conception. The correlation
coefficients for PM, . were 1.11 (95% CI 1.06, 1.15) and 1.07 (95% CI 1.03, 1.12), respectively. Compared to the
results of univariate regression, both the OR value and 95% CI fluctuated. The model coefficients have been
provided in Appendix 1.

We further investigated the relationship between the quartiles of PM, . exposure during specific periods
and the risk of cryptorchidism, as shown in Fig. 2. The risk of cryptorchidism corresponding to the third and
fourth quartiles of PM2.5 was significantly elevated compared to the lowest value during the first and second
months after conception, suggesting that the association between PM2.5 and the risk of cryptorchidism may be
non-linear.

Results of sensitivity analyses

PM, ; is negatively correlated with O, (p=—10.349) and positively correlated with PM,; (p=0.774). Figure 3
demonstrates the extent of changes in the odds ratios and 95% confidence intervals corresponding to PM, .
after incorporating other pollutants. The results indicate that the association between PM, . and cryptorchidism
remains statistically significant even when O, and PM, ; are included in the model, albeit with fluctuations in OR
values and 95% ClIs. Therefore, the model is robust.
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Cases

Controls

M (Q1, Qs), N (%)

M (Q1, Qs), N (%)

Neonatal characteristics

Birth Weight, g

3200.00(2900.00,3505.00)

3300.00(3000.00,3600.00)*

Gestational age,

. 38.14(38.00,39.14) 38.00(38.00,39.00)*
Premature 245(11.46) 99(4.63)*
(L<°;"Sg(i)r§; weight | 5049 54) 66(3.08)*

Maternal characteristics

Multiple pregnancy | 18(0.84) 25(1.17)

Drug use 118(5.52) 16(0.75)*
Complication 71(3.32) 34(1.59)*

Current address

Within Chongqing | 1554(72.72) 1527(71.46)
gllg;i;;mg 583(27.28) 610(28.54)
Birth year

2013 447(20.92) 479(22.41)*
2014 307(14.36) 485(22.70)
2015 435(20.36) 422(19.75)
2016 499(23.35) 421(19.70)
2017 449(21.01) 330(15.44)
Season of conception

Spring 422(19.74) 520(24.33) *
Summer 550(25.74) 555(25.97)
Autumn 600(28.08) 535(25.04)
Winter 565(26.44) 527(24.66)
Temperature

Pre-conception,

0-1 month 17.96(10.60, 22.84) 19.19(11.14, 23.91) *
1-2 month 17.96(10.54, 23.22) 19.02(11.23, 23.86) *
2-3 month 18.29(10.48, 23.46) 19.28(11.14,23.91) *
0-3 month 16.97(11.38, 23.90) 18.42(11.69, 23.90) *

Post-conception,

0-1 month 18.10(10.70, 23.23) 19.42(10.91, 23.89) *
1-2 month 19.15(10.85, 23.64) 19.41(11.23, 24.02)
2-3 month 19.75(11.49, 24.04) 19.53(11.44, 24.04)
0-3 month 18.34(11.54, 23.79) 18.61(11.77, 24.17)

Table 1. Demographic characteristics of enrolled male children M, median; N, number; Q p Lst quartile; Q,
3rd quartile; Drug use: whether the mother used tocolytic drugs or other hormone-containing drugs during
pregnancy; Complication: whether there were complications including diabetes, hypertension and thyroid
disorders during pregnancy. The Mann-Whitney U test was utilized for analyzing continuous variables, while
the chi-square test was employed for analyzing categorical variables. Bonferroni’s method was used to correct
for multiple comparisons. *P < 0.05 was considered significant.

PM, (ug/m?) Mean (SD) | Median | 25tile | IQR | 75tile | Range
Pre-conception 0-3 month | 65.02(26.36) | 60.52 45.36 | 35.24 | 80.60 | 159.83
Post-conception 0-3 month | 63.74(26.08) | 58.90 44.67 |35.03 | 79.70 | 180.93

Table 2. Exposure levels to air pollutants during the first three pre and post-conceptional months for the
enrolled infants. SD, standard deviation; IQR, interquartile range.

Discussion

There are few previous studies on the relationship between PM, ; and cryptorchidism. Our case-control
investigation represents the first attempt to understand the relationship between PM, . exposure and
cryptorchidism. Here, we enrolled 4274 children over a period of five years. Our findings revealed that there
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PM, (10 pg/m?)
Crude OR (95% CI) \ P

Pre-conception,

0-1 month | 1.02(0.99,1.04) 0.06
1-2 month | 1.01(0.99,1.03) 0.41
2-3 month | 1.00(0.98,1.02) 0.75
0-3 month | 1.01(0.99,1.04) 0.37
Post-conception,

0-1 month | 1.02(1.00,1.05) 0.03
1-2 month | 1.03(1.00,1.05) 0.02
2-3 month | 1.09(0.99,1.03) 0.47
0-3 month | 1.03(1.00,1.05) <0.05

Table 3. Simple logistic regression models of association between pre and post-conceptional exposure to PM, .
and risk of cryptorchidism among male children.

PM, (10 pg/m?)
Adjusted OR (95% CI) * | P

Post-conception,

0-1 month | 1.11(1.06,1.15) <0.01

1-2 month | 1.07(1.03,1.12) <0.01

Table 4. Multivariable logistic regression models of association between post-conceptional exposure to air
pollutants and risk of cryptorchidism among male infants. *Adjusted for low birth weight, preterm delivery,
drug use during pregnancy, complications during pregnancy, birth year, season of conception and temperature.

PM; s Adjusted OR (95%CT)

Post-conception 0-1 month :

Q1 . Ref

Q2 — 0.93 (0.71 to 1.22)

Q3 | 1.53 (1.17 to 2.00)

Q4 ; —e&— 2.08 (1.51 to 2.85)

Post-conception 1-2 month ;

Q1 ¢ Ref

Q2 —e—— 1.22 (0.94 to 1.57)

Q3 P —— 1.58 (1.22 to 2.06)

Q4 ' —e— 1.80 (1.34 to 2.41)
0.0 1.0 2.0 3.0

Fig. 2. The regression coefficients associated with the risk of cryptorchidism and the quartiles of PM, .
exposure. *Adjusted for low birth weight, preterm, use of drugs during pregnancy, complications during
pregnancy, birth year, season of conception and temperature.

was a positive association between exposure to PM, . and the development of cryptorchidism during the first
2 months of pregnancy. Similar results were not found for the rest of the exposure period.

The descent of the testicles occurs in two hormonally controlled stages: the first stage involves descent from
the abdominal cavity to the internal inguinal ring (between the 8th and 15th weeks of gestation), and the second
stage involves descent from the inguinal canal to the scrotum (between the 25th and 35th weeks of gestation)?2-24,
Any form of interference during these stages can lead to incomplete descent of the testicles. Many scholars
have reported on the mechanisms by which air pollution affects fetal growth and development. This may occur
through the following mechanisms. First, the descent of the testicles is primarily regulated by insulin-like peptide
3 (INSL3) and testosterone*>?¢. INSL3, produced by Leydig cells, is involved in the first stage of testicular descent
by acting on the testicular band to thicken it and is thought to be the first promoter of testicular descent?’.
Testosterone plays a crucial role in normal urogenital development by activating INSL3 expression in the Leydig
cell lineage. By interacting with INSL3, testosterone participates in the actual development and functioning of the

Scientific Reports |

(2024) 14:29703 | https://doi.org/10.1038/s41598-024-81024-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

1.20 115+
115
g S i
£ *
v v,
2 2
2 L0 &
S S
T -
4 s
g Z
.= =
= S 1054
< <
1.05-
L0 T T T L0 T T T
PM, . +0, +PM,, PM, +0, +PM,
Post-conception 0-1 month Post-conception 1-2 month

Fig. 3. Odds Ratio and 95% CI for PM, . in two-pollutant models. *Adjusted for low birth weight, preterm, use
of drugs during pregnancy, complications during pregnancy, birth year, season of conception and temperature.

testis, as well as regulates growth, metabolism, and reproductive processes®. Animal experiments have shown
that PM, . can induce iron death in mouse Leydig cells by upregulating FDX1, leading to increased cellular ROS
levels and iron overload®® or causing autophagy dysfunction in Leydig cells, resulting in decreased testosterone
levels®. Some scholars have also reported that long-term exposure to PM, . significantly reduces the levels of
testosterone biosynthesis-related genes, such as P450scc, P450arom, StAR, ER, and FSHR, as well as the serum
testosterone level®'*2. Additionally, inorganic nitrate (NO*"), a component of PM, ,, on the other hand, can be
converted to NO, which inhibits steroid synthesis and thus affects androgen production®. Second, exposure to
estrogen has been suggested to downregulate the expression of INSL3 in mice. Particulate matter can adsorb
various organic matter (OM), such as polycyclic aromatic hydrocarbons and heavy metals, to form endocrine
disruptors with anti-androgen activity®>*®, thereby affecting the descent of the testicles. Third, PM, ; can lead
to preterm birth or low birth weight by causing inflammation, oxidative stress, hypercoagulability (resulting
in reduced uterine blood flow), decreased DNA methylation, and reduced thyroid hormone levels®*’-42, The
relationships between cryptorchidism and both preterm birth and low birth weight have been confirmed!*-1¢.
Alternatively, due to shared underlying risk factors, preterm birth and low birth weight should be considered
surrogate indicators related to the risk of cryptorchidism®!. In addition, PM, , can also interfere with placenta
function, which is critical for harmonizing the hormonal climate, especially in the first trimester®+>.

We assessed the time period during which exposure to air pollutants has an impact on fetal development
by discussing the risk of monthly exposure. The male programming window (MPW) represents a crucial
phase for male development, occurring primarily during the 7th to 14th weeks of gestation**. Sharpe’s research
revealed that reducing androgen exposure in rats during the MPW resulted in the emergence of a spectrum of
reproductive disorders resembling testicular dysgenesis syndrome, either at birth or in adulthood®. Given that
PM, ; possesses anti-androgenic properties, exposure to PM, . during the MPW may increase the risk of birth
defects. However, our study revealed no significant association between PM, . exposure in the third month of
pregnancy and the risk of cryptorchidism after adjusting for confounders. Taken together, our analysis hints
that increased exposure to pollutants during the two months following conception could be potentially harmful.

This study has several limitations. First, meteorological factors and geographic features were not fully taken
into account owing to data limitations. Second, due to the large amount of data and the enormous amount of
work involved if telephone follow-ups were to be conducted, information on the mother’s gestational age and
smoking history during pregnancy, which would need to be obtained through telephone follow-ups, was not
included in this paper. In addition, the calculation of pollutant concentrations was not corrected. For instance,
due to geographical differences, the same concentration of air pollutants may have different compositions,
and factors such as the presence of indoor air purifiers or the wearing of masks when going out may affect
the concentration of PM, ; inhaled by the human body, leading to significant differences in exposure levels'.
Furthermore, this study was designed to ensure an adequate number of cases, so any child whose hospitalized
diagnosis included cryptorchidism was included in the case group. Finally, the statistical model applied in this
study fails to account for time lags.

In summary, our study provides further evidence of the possible connection between prenatal PM, , exposure
and the likelihood of specific birth anomalies. Despite the significant statistical correlation between air pollutants
and cryptorchidism revealed by regression analysis, it is still necessary to conduct large-scale epidemiological
studies and design better research programs to further verify the causal relationship between PM, . and
cryptorchidism, given the variations in exposure estimation, duration of exposure, geographical location,
and case diagnosis methods. Additionally, future research should delve deeper into the potential biological
mechanisms and comprehensively consider other potential confounding factors such as meteorological factors,
in order to gain a more accurate understanding of this association.
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Conclusions

Our research supports the hypothesis that the occurrence of cryptorchidism may be linked to maternal exposure
to PM, . during pregnancy. The theoretical underpinnings for preventing cryptorchidism and understanding its
disease process are provided by this study.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on rea-
sonable request.
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