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Abstract

Background
The decline of human sperm quality has caused great concern. Whether exposure to parabens and the intestinal endotoxin (IE) they induce are related to
sperm quality is a challenging scientific question.

Results
We measured seminal methyl-(MeP), ethyl-(EtP), propyl-(PrP), and butyl-(BuP) parabens, their metabolites PHBA and 3,4-DHB, semen parameters, and blood IE
(lipopolysaccharide, LPS) of 315 healthy men. Bivariate correlation and multiple linear regression were used to evaluate their interrelationships. For the first
time, we found that MeP, EtP, PrP, BuP, PHBA, and 3,4-DHB in semen were negatively correlated with sperm parameters (r = − 0.184 to − 0.438), with EtP showing
the strongest correlation. LPS was detected in all plasma samples (0.021–0.195 EU/mL) and negatively correlated with sperm concentration and total sperm
count with R2 = 0.295 and R2 = 0.236, respectively, when LPS was higher than 0.104 EU/mL. LPS was positively correlated with EtP and BuP.

Conclusion
We concluded that seminal parabens affected sperm quality possibly due to estrogenic activity. Parabens likely promote intestinal endotoxemia and affect
sperm quality in healthy people by altering the composition of gut microbiota through antimicrobial activity. The finding that parabens exert dual toxicological
effects on sperm quality provides novel insights for future research.

Background
The impact of environmental pollution on human reproductive health continues to be a global public health issue and a major concern. Semen quality is an
important indicator of male reproductive health and could potentially be used as a biomarker for overall male health [1, 2]. Evidence shows that human semen
quality has declined worldwide over the past few decades [3–5], including in China [6, 7]. Exposure to environmental chemicals is thought to be one of the
important factors affecting sperm parameters [8, 9].

Parabens (PBs) are widely used as antibacterial preservatives in dietary products, personal care products, cosmetics, and pharmaceuticals [10]. PBs can enter
the human body via ingestion, inhalation, and dermal absorption, where they are rapidly metabolized and excreted, mainly in urine [11, 12]. Methyl-(MeP),
ethyl-(EtP), propyl-(PrP), butyl-(BuP) PBs and their metabolites PHBA and 3,4-DHB can be detected in urine, blood, semen, breast milk, adipose tissue, and other
fluids and tissues of healthy people [13–17]. However, there are large differences in concentration levels in different biological media, such as urine, blood, and
semen [16].

PBs have endocrine disrupting activity, particularly estrogenic and antiandrogenic activity [18, 19]. There is significant evidence from animal studies showing
that PBs reduced sperm quality through estrogenic activity [20–24]. However, the correlation between PB exposure and total sperm count or sperm motility,
whether the PBs are measured in urine [25–29] or semen [30, 31], has not been consistent in population studies. It is well known that seminal fluid can provide
a more direct measure of testes internal concentrations than urine [32], but studies of PBs and effects in semen are scarce.

In recent years, the rise of gut microbiota research has brought increased attention to intestinal endotoxemia (IETM), which is a low grade and chronic
inflammation characterized by 2–3 times higher than normal levels of intestinal endotoxin (IE) in the blood. The endotoxin is derived from the gut microbiota
and is a lipopolysaccharide (LPS) component of the cell walls of Gram-negative bacteria (G−), and is synonymous with LPS. When the composition of
intestinal microbiota are changed, the proportion of G − can be increased, producing more LPS [33]. Additionally, the intestinal barrier can be disrupted and its
permeability increased, resulting in a "leaky gut", enabling more LPS to enter into the blood [34, 35]. IETM is closely associated with multiple adverse health
outcomes [36–38], particularly male hypogonadism [39], increased sperm DNA damage and fragmentation [40], and a decreased sperm concentration and
motility [41, 42]. However, these reports were limited to subjects with obesity or infertility, and biomarkers of endotoxemia, such as LPS in the blood, were not
directly measured in most of the studies.

Because PBs are antibacterial preservatives, they have the ability to alter gut microbiota [43]. Our previous experiments found that BuP altered the diversity of
gut microbiota and increase the proportion of G − in the intestinal tract of rats, and significantly increased LPS in the blood (Supporting Information).
Researchers generally believe that PBs are more effective against G + than G− [44]. For example, PBs did not inhibit P. aeruginosa (G−) or E. coli (G−), but did
inhibit S. aureus (G+)[45]. Although PBs have estrogenic activity [19], the estrogen receptor alpha binding properties decreased and antimicrobial properties of
PBs were enhanced through a 3,5-substitution (the antimicrobial activity to G + S. aureus also increased 16-fold) [46]. This suggests that such structural
features enable PBs to have dual biological effects on both antibacterial and estrogenic activity. It can be inferred that PBs possibly promote more LPS to
release into the blood and lead to IETM by changing the composition of gut microbiota and increasing the intestinal permeability, as well as affecting sperm
quality through estrogenic activity. This is an important issue researched in this study.

In this study, we collected blood and semen samples from 315 healthy men and detected LPS in blood, and the levels of PBs and their metabolites in semen.
Specifically, in this study, we evaluated the correlation between PB exposure, LPS levels, and total sperm count and motility in healthy men; investigated the
contribution to IE from PB exposure; and verified the hypothesis that PBs affect sperm quality through dual antibacterial and estrogenic activity effects. In
particular, we provided evidence that IETM induced by PB exposure in a healthy population decreased sperm quality.
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Results

Characteristics of study population
The characteristics of the subjects are listed in Table 1. The average age of the study population was 30.8 ± 5.6 years. Body weight (BW) was 71.9 ± 9.1 kg,
BMI was 23.2 ± 2.6 kg/m2, 67.0% of subjects were normal weight, and 31.1% of subjects were overweight. Waist circumference was 85.4 ± 8.3 cm. The
majority of subjects were of Han ethnicity, accounting for 84.8%. Most of subjects had college degree (69.8%) and were unmarried (67.9%). Additionally, 17.5%
of subjects were smokers and 13.3% of them regularly drank alcohol. All subjects had been local residents for at least 1 year, with a median of 4 years. The
annual income of the subjects ranged from 40,000 to 350,000 RMB.

 
Table 1

Demographics of the study population (n = 315)
Characteristic Mean ± SD Median (5th, 95th ) N (%)

Age (y) 30.8 ± 5.6 30.0 (24.0,42.0)  

Height (cm) 175.9 ± 4.8 175.0 (170.0,185.0)  

Body weight (kg) 71.9 ± 9.1 71.0 (58.8,89.2)  

BMI (kg/m2) 23.2 ± 2.6 22.8 (19.4,27.8)  

lean (< 18.5)     2 (0.6)

normal weight (18.5 ~ 24.9)     211 (67.0)

overweight (25 ~ 29.9)     98 (31.1)

obese (≥ 30.0)     4 (1.3)

Waist circumference (cm) 85.4 ± 8.3 86.0 (71.0,98.0)  

Race      

Han     267 (84.8)

Hui     13 (4.1)

Man     21 (6.7)

others     14 (4.4)

Education level      

Below university level     28 (8.9)

University     220 (69.8)

Graduate     67 (21.3)

Marriage      

No     214 (67.9)

Yes     101 (32.1)

Smoking status

Non-smoker

Current smoker

     

260 (82.5)

55 (17.5)

Alcohol drinking status

Seldom drank

Regularly drank

     

273 (86.7)

42 (13.3)

Years of local residence a   4.0 (1.0,30.2)  

Annual income ( )ab   10 (4,35)  

Note: BMI, body mass index; SD, standard deviation.

a non-normal distribution, given as median and percentile.

b missing = 25

10000\yen 
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Concentration of PBs and metabolites in seminal plasma
In seminal plasma the detection rates (DR) of parent PBs and PHBA were all higher than 95%, except for BuP, which was 56%. 3,4-DHB had the lowest DR at
38%. Table 2 shows a summary of their levels. The concentrations of parent PBs varied greatly. MeP had the highest concentration, and PrP had a higher
median concentration than EtP and a wider range. The concentration of BuP was the lowest. The concentration of PHBA was significantly higher than its
individual parent PBs and higher than 3,4-DHB.

Concentration of LPS in plasma
All plasma specimens contained LPS (median, 0.063 EU/mL; interquartile range, 0.035–0.123 EU/mL) although with a high variation (Table 2). The LPS
concentrations did not conform to a normal distribution, and therefore a natural logarithm conversion was used for further statistical analysis.  

Table 2
Analytical results of parabens and their metabolites (ng/mL) in semen and LPS (EU/mL) in plasma (n = 315)

      Percentile    

Parameter GM Range 10th 25th 50th 75th 90th LOD DR

LPS 0.065 0.021 ~ 0.195 0.030 0.035 0.063 0.123 0.159 0.010 100%

MeP 0.696 <LOD ~ 1355.533 0.099 0.187 0.505 1.551 11.016 0.019 96%

EtP 0.465 0.062 ~ 151.056 0.102 0.124 0.226 1.140 4.642 0.021 100%

PrP 0.553 0.037 ~ 903.158 0.070 0.155 0.494 1.267 7.864 0.016 100%

BuP 0.023 <LOD ~ 0.247 <LOD <LOD 0.018 0.040 0.071 0.015 56%

PHBA 12.451 2.284 ~ 260.596 6.190 8.411 11.020 15.1240 27.782 0.023 100%

3,4-DHB 1.027 <LOD ~ 25.903 <LOD <LOD 1.046 2.030 4.293 0.081 38%

Note: GM, geometric mean; LOD, limit of detection; DR, detection rate;

Semen quality
The semen quality of the subjects in this study all exceeded the lower limit of the WHO (2010) reference standards. As Table 3 shows, the median abstinence
time was 5 (2–7) days. The median semen volume was 4.0 (1.5–9.6) mL. The total sperm count was 213.9 (41.6–880.0) × 106, the sperm concentration was
56 (15–180) × 106/mL, the total motility (TM) was 52.0% (32.0–88.0%), and the rate of normal morphology was 7.0% (4.0–9.0%).

 
Table 3

Semen parameters (n = 315)

      Percentile

Parameter GM Range (Min ~ Max) 10th 25th 50th 75th 90th

Abstinence (d) 5.3 2.0 ~ 7.0 4.0 5.0 5.0 7.0 7.0

Total count (106) 200.9 41.6 ~ 880.0 82.8 114.0 213.9 328.5 474.0

Semen volume (mL) 3.9 1.5 ~ 9.6 2.1 3.0 4.0 5.2 6.6

Concentration (106/mL) 51.2 15.0 ~ 180.0 23.0 32.0 56.0 80.0 102.0

PR (%) 49.0 32.0 ~ 85.0 34.0 41.0 51.0 59.0 65.0

TM (%) 50.7 32.0 ~ 88.0 35.0 44.0 52.0 60.0 65.4

IM (%) 46.5 12.0 ~ 68.0 34.0 40.0 48.0 56.0 65.0

nMor (%) 6.3 4.0 ~ 9.0 4.0 5.0 7.0 8.0 9.0

Note: GM, geometric mean; PR, progressive motility; TM, total motility; IM, immotile spermatozoa; nMor, normal morphology.

Correlation analysis between the analyzed parameters and the general characteristics of
subjects
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The results of bivariate correlation analysis showed that BW, BMI, and waist circumference were significantly negatively correlated with total sperm count and
concentration, while BMI and waist circumference were significantly negatively correlated with PR and TM, and positively correlated with immotile
spermatozoa (IM) (P < 0.05). The longer the residents lived in the local area where the study was conducted, the higher were the PR and TM (P < 0.05, Fig. 1A),
a finding which has not been previously reported. BW, BMI, and waist circumference were significantly positively correlated with the level of one or more parent
PBs, and BMI was also significantly positively correlated with PHBA (P < 0.05). Age was positively correlated with MeP (P < 0.05, Fig. 1C). Plasma LPS was
significantly positively correlated with age, BW, and BMI, with correlation coefficients (r) of 0.140, 0.149, and 0.125, respectively (P < 0.05). These results
showed that the concentration of LPS increased with age and BMI. There were no correlations between other subject demographics and the plasma LPS
parameter (Fig. 1D). Additional results are shown in Fig. 1A, C, and D.

Correlation between PBs and sperm parameters
There were generally weak to moderate negative correlations between total sperm count, sperm concentration, and parent paraben and metabolites (r: −0.184
to − 0.438), with median concentrations of Mep, EtP, PrP and BuP in semen from 0.018–0.505 ng/mL (Table 2 and Fig. 1B). Sperm motility parameters such
as PR, TM, and IM were significantly negatively correlated with MeP, EtP, and PHBA (r: −0.186 to − 0.363). There was a significant negative correlation between
PrP and TM (r = − 0.178). After adjusting confounding factors such as age, BW, BMI, waist circumference, smoking, alcohol drinking and abstinence duration, a
multiple linear regression was performed, with the results shown in Table 4. Semen quality parameters showed that EtP was associated with most of the
parameters, except semen volume and the rate of normal morphology (nMor). A one unit increase in the ln-transformed EtP level was associated with PR (%)
(β = −1.328; 95% CI: −2.332 to − 0.323) and TM (%) (β = −1.305; 95% CI: −2.310 to − 0.300). For BuP, significant correlations were only observed with sperm
concentration (β = −0.141; 95% CI: −0.220 to − 0.061) and total sperm count (β = −0.153; 95% CI: −0.249 to − 0.057). In addition, PR, TM, and IM were all
significantly associated with MeP (P < 0.05). With a one unit change of ln-transformed levels of MeP, both PR and TM changed − 1.390 (95% CI: −2.598 to − 
0.182) and − 1.341 (95% CI: −2.550 to − 0.132), respectively. Additional results are shown in Table 4.

 
Table 4

Estimated changes in semen quality parameters associated with 1-unit increase in ln-transformed parabens levels in semen pla

Outcomea MeP P-

value

EtP P-

value

PrP P-

value

BuP P-

value

PHBA P-

value

3,4-D

β(95%CI) β(95%CI) β(95%CI) β(95%CI) β(95%CI) β(95%

Semen
volume (mL)

0.132

(-0.058,0.322)

0.173 0.026

(-0.132,0.184)

0.749 -0.170

(-0.351,0.011)

0.065 -0.103

(-0.359,0.153)

0.429 -0.050

(-0.433,0.333)

0.796 -0.10

(-0.27

Concentration

(106/mL)

0.001

(-0.058,0.060)

0.980 -0.149

(-0.198,-0.100)

< 
0.001

0.015

(-0.041,0.071)

0.600 -0.141

(-0.220,-0.061)

0.001 0.012

(-0.106,0.131)

0.836 -0.01

(-0.06

Total count
(106)

0.032

(-0.040,0.103)

0.385 -0.143

(-0.203,-0.084)

< 
0.001

-0.024

(-0.092,0.044)

0.486 -0.153

(-0.249,-0.057)

0.002 0.003

(-0.141,0.146)

0.970 -0.03

(-0.10

PR (%) -1.390

(-2.598,-0.182)

0.024 -1.328

(-2.332,-0.323)

0.010 0.572

(-0.577,1.722)

0.328 0.636

(-2.261,0.990)

0.442 -2.101

(-4.534,0.332)

0.090 0.418

(-0.71

TM (%) -1.341

(-2.550,-0.132)

0.030 -1.305

(-2.310,-0.300)

0.011 0.496

(-0.654,1.647)

0.396 0.742

(-2.369,0.885)

0.370 -1.917

(-4.352,0.517)

0.122 0.270

(-0.86

IM (%) 1.243

(0.009,2.477)

0.048 1.219

(0.193,2.245)

0.020 -0.424

(-1.599,0.750)

0.477 -0.278

(-1.385,1.941)

0.742 2.170

(-0.315,4.655)

0.087 -0.23

(-1.39

nMor (%) -0.032

(-0.233,0.169)

0.753 -0.067

(-0.234,0.100)

0.431 -0.022

(-0.214,0.169)

0.817 -0.197

(-0.467,0.074)

0.153 0.283

(-0.122,0.688)

0.170 -0.02

(-0.20

Note: Estimated calculated using linear regression models adjusted for age, body weight, BMI, waist circumference, smoking, alcohol intake and abstinence t
motility; IM, immotile spermatozoa; nMor, normal morphology.

a Concentration and total count were ln transformed.

Correlation between LPS and sperm parameters
LPS was negatively correlated with sperm concentration (r = − 0.164, P = 0.004), and had no significant correlation with other sperm parameters (Fig. 1F).
Multiple linear regression analysis showed that a one unit increase of ln-transformed plasma LPS was associated only with sperm concentration (β = −6.842;
95% confidence interval (CI): −11.930 to − 1.034), as shown in Table 5.
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Table 5
Estimated changes in semen quality parameters associated with 1-unit increase in ln-transformed plasma LPS (n = 315)

Outcome a     Model

  β (95%CI) P-value R2 F P-value

Semen volume (mL) 0.179(-0.103,0.461) 0.213 0.039 1.571 0.133

Concentration (106/mL) -6.842(-11.930,-1.034) 0.020 0.070 2.901 0.004

Total count (106) -0.078(-0.193,0.036) 0.179 0.052 2.106 0.035

PR (%) -0.546(-2.466,1.373) 0.576 0.051 2.067 0.039

TM (%) -0.141(-2.060,1.779) 0.885 0.050 2.018 0.044

IM (%) -0.177(-2.124,1.770) 0.858 0.050 2.302 0.042

nMor (%) -0.160(-0.457,0.138) 0.292 0.015 0.601 0.777

Note: Estimated calculation using linear regression models adjusted for age, body weight, BMI, waist circumference, smoking, alcohol intake and
abstinence time. PR, progressive motility; TM, total motility; IM, immotile spermatozoa; nMor, normal morphology.

a Concentration and total count were ln transformed.

We divided the study population into three groups based on the tertiles of LPS levels in order to better analyze the relationship between LPS and sperm
parameters. The LPS tertiles were T1 = 0.039 EU/mL and T2 = 0.104 EU/mL. Therefore, group A1 included participants with plasma LPS concentrations < 
0.039 EU/mL (n = 104, mean 0.032 ± 0.004 EU/mL), group A2 participants had plasma LPS concentrations 0.039–0.103 EU/mL (n = 106, mean 0.065 ± 0.019
EU/mL), and group A3 participants had plasma LPS concentrations ≥ 0.104 EU/mL (n = 105, mean 0.142 ± 0.025 EU/mL). Spearman correlations were
observed between sperm concentration and LPS in group A2 and group A3, with r = − 0.227 and − 0.481, respectively (P < 0.05). For total sperm count, a
significant negative correlation was only observed with LPS in group A3, with r = − 0.428 (P < 0.05, Table 6). The results of regression analysis showed that in
group A3, the models for sperm concentration and LPS, and total sperm count and LPS, had statistical significance, R2 = 0.295 and R2 = 0.236 (P < 0.01),
respectively. LPS had no correlation with other sperm parameters (data not shown). When group A1 was combined with group A2, there were no correlations
between sperm concentration, total sperm count, or LPS, but when group A2 was combined with group A3, there were significant correlations (P < 0.05,
Table 6). LPS concentrations greater than 0.104 EU/mL significantly correlated with sperm concentration and total sperm count, and may have affected
sperm quality. Among the three groups, the mean plasma LPS concentrations between group A3 and group A1 differed by 4.6-fold, and the means between
group A3 and group A2 differed by 2.2-fold.

There were statistically significant differences among the three groups in age and BW (Table S1). We found a trend towards higher age and BW with higher
LPS levels. With the increase of BMI, LPS tended to increase, but there was no statistically significant difference (P = 0.076).
 

Table 6
Results of correlation and regression analyze between LPS and semen parameters

Outcome variable Group A LPS range

(EU/mL)

n r LPS Model

β(95%CI) P-value R2 F P-value

sperm concentration

(106/mL)

1 < 0.039 104 -0.013 0.291(-0.597,1.179) 0.517 0.069 0.875 0.540

2 0.039–0.103 106 -0.227* -0.267(-0.635,0.102) 0.154 0.108 1.474 0.177

3 ≥ 0.104 105 -0.481# -1.666(-2.232,-1.099) < 0.001 0.295 5.020 < 0.001

1 + 2 < 0.104 210 -0.080 -0.112(-0.299,0.075) 0.240 0.069 1.852 0.069

2 + 3 ≥ 0.039 211 -0.230# -0.227(-0.391,-0.063) 0.007 0.080 2.198 0.029

Total count

(106)

1 < 0.039 104 0.099 0.680(-0.400,1.761) 0.214 0.068 0.861 0.552

2 0.039–0.103 106 -0.020 -0.007(-0.416,0.402) 0.973 0.069 0.900 0.520

3 ≥ 0.104 105 -0.428# -1.823(-2.560,-1.086) 0.001 0.236 3.704 0.001

1 + 2 < 0.104 210 -0.094 0.018(-0.200,0.235) 0.872 0.049 1.298 0.246

  2 + 3 ≥ 0.039 211 -0.137* -0.154(-0.350,0.041) 0.120 0.051 1.358 0.217

Note: *P < 0.05; #P < 0.01

Correlation between LPS and PBs
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Correlation analysis showed that the concentration of plasma LPS was positively correlated with EtP (r = 0.117, P = 0.037) and BuP (r = 0.247, P < 0.001) in
seminal plasma (Fig. 1E). The tertiles of EtP concentration were also calculated as T1 = 0.213 ng/mL and T2 = 0.880 ng/mL. Accordingly, the study
participants were divided into three groups based on EtP concentrations; group B1: < 0.213 ng/mL, group B2: 0.213–0.879 ng/mL, and group B3: ≥ 0.880
ng/mL. The correlation between LPS and EtP in each group was analyzed. The results showed a significant correlation between LPS and EtP only in group B3,
with EtP greater than 0.880 ng/mL (r = 0.480, P < 0.001, Table 7). The regression equation showed that the relationship was statistically significant for group
B3, with the regression coefficient β = 1.139; 95% CI: 0.778–1.500. Next, using the median of BuP, the study participants were divided into group C1: BuP < 
0.018 ng/mL, and group C2: BuP ≥ 0.018 ng/mL. Since the levels of BuP in group C1 were generally lower than the LOD, a regression equation between LPS
and BuP could not be established. However, if BuP was ≥ 0.018 ng/mL and therefore detectable, a statistically significant regression equation between LPS
and BuP could be established. A one-unit increase in the ln-transformed level of BuP was associated with LPS (β = 0.194; P = 0.026; 95% CI: 0.024–0.364,
Table 7). Additional non-significant results are not shown.

 
Table 7

Results of correlation and regression analyze between LPS and parabens
Outcome variable Group Range

(ng/mL)

n r Dependent variable Model

β(95%CI) P-value R2 F P-value

LPS B1 EtP < 0.213 105 0.132 0.039(-0.292,0.370) 0.816 0.056 0.822 0.571

B2 EtP: 0.213–0.879 105 0.130 0.011(-0.104,0.126) 0.852 0.084 1.268 0.274

B3 EtP ≥ 0.880 105 0.480# 1.139(0.778,1.500) < 0.001 0.293 5.012 < 0.001

LPS C1 BuP < 0.018 154 / / / / / /

C2 BuP ≥ 0.018 161 0.234# 0.194(0.024,0.364) 0.026 0.108 2.635 0.013

  C1 + C2 <LOD–max 315 0.247# 0.191(0.098,0.283) < 0.001 0.085 4.090 < 0.001

Note: *P < 0.05; #P < 0.01

Discussion
To our knowledge, this is the first report to show that exposure to PBs and their metabolites in human semen negatively correlated with sperm parameters.
This study is also one of the few healthy population studies on the association between IE and sperm quality. We first proposed that PBs, as exogenous
chemicals, were possibly contributing to an increase in IE (LPS) through antibacterial activity. Our results suggest a new pathway for the effects of PBs on
male reproductive health; specifically, that PBs likely promote IETM by changing the composition of gut microbiota and intestinal permeability, thus affecting
sperm quality.

PB levels in seminal plasma were associated with sperm quality
MeP, EtP, PrP, and BuP are the most commonly used representatives of PBs [10].They are easily transported into the circulation after absorption through the
skin or dietary intake [47]. They are rapidly hydrolyzed by nonspecific esterases to PHBA, which is conjugated with sulfate, glucuronic acid, or glycine prior to
being excreted, and is mainly eliminated through urine [21]. PHBA and its conjugates are the main PB metabolites and account for about 52.7–63.8% of all PB
metabolites[12]. 3,4-DHB is a product of the hydroxylation of PHBA [48]. In this study, we detected the total state (the free state plus the binding state) of
parent PBs, PHBA, and 3,4-DHB to evaluate the overall exposure level and the relationship with sperm parameters.

Characteristics of PBs in semen
In this study, the concentration of each parent PB and their metabolites in seminal plasma varied considerably (Table 2). The detection rate and level of MeP,
EtP, and PrP were high (96–100%), while those of BuP were the lowest (56%), which was consistent with the previous findings of Buck Louis [30]. This may be
because MeP, EtP, and PrP are the most widely used PBs, especially MeP and PrP. However, consistent with other exposure studies, we found that the
concentration of PBs in semen was lower than in urine, which also differed from the concentration in blood [16, 17, 86] (Table S2), mainly because urine is the
main route of excretion [21]. BuP was detected in seminal plasma at a higher rate than in urine[16, 17, 30, 49] (Table S2), which was consistent with the
properties of long-chain esters, with decreased water solubility and increased fat solubility, compared to other short-chain PBs [50]. The concentration of PHBA
was far higher than that of the parent PBs, and even higher than their sum (geometric mean (GM) = 12.451, range: 2.284–260.596 ng/mL, Table 2). The
concentration of 3,4-DHB was high but only 38% was detected, and it was lower than PHBA. PHBA and 3,4-DHB are the metabolites of PBs, and are also
derived from many other sources, such as other precursors of flavonoids and cinnamates, and natural sources (such as wine and berries) [21, 51]. Thus, both
PHBA and 3,4-DHB are nonspecific exposure biomarkers. Currently, only four studies that reported PBs in semen were identified [16, 30, 31, 86], but the
concentrations of PHBA and 3,4-DHB were not reported. Our study is the first to identify the exposure levels of parent PBs and their metabolites in semen of
healthy men.

Relationship between PB exposure and sperm parameters
The results showed that the concentration of four PBs and two metabolites were negatively correlated (Fig. 1B) with total sperm count, sperm concentration,
and sperm motility parameters. EtP and MeP had the strongest correlation with sperm motility parameters. EtP and BuP had the strongest correlation with
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sperm concentration and total sperm count. Therefore, EtP may have the most important influence on sperm quality. We also found that PHBA was
significantly negatively correlated with sperm quantity parameters and motility parameters, and 3,4-DHB was only correlated with sperm concentration and
total sperm count (Fig. 1B). To our knowledge, no other similar studies have been reported.

Rat studies have shown that PBs caused male reproductive toxicity through estrogenic or antiandrogenic activity [22, 23, 24, 52], including pathological
changes in testis and spermatogenesis disorders. An in vitro experiment showed that BuP promoted the generation of human sperm reactive oxygen species,
leading to decreased sperm motility and increased apoptosis [53]. At present, only one study explored the relationship between semen PBs and sperm
parameters, but no relationship between the two was found [31]. In our study, for the first time, a negative correlation between PBs and metabolites in semen
and sperm quality parameters was found in a healthy population, with EtP showing the strongest association with sperm quality parameters.

Semen PB level is more sensitive than urine for assessing sperm quality
It was previously reported that PBs in urine were negatively associated with human sperm concentration and motility rate [25, 27], and positively associated
with abnormal morphology, sperm DNA damage [25], and sperm chromosome disomy [26]. The median concentrations of Mep, EtP, PrP, and BuP in urine in
these reports were 3.48–15.6 µg/L (ng/mL) [25] and 0.03–6.55 ng/mL [27]; and concentrations of PrP and BuP in urine were 3.82 µg/L and 3.45 µg/L [26],
respectively. However, in our study, Mep, EtP, PrP, and BuP median concentrations in semen were 0.018–0.505 ng/mL which was clearly one to two orders of
magnitude lower than the concentrations of PBs in urine. This shows that exposure levels are differentially reflected in various biological media [16]. As there
were no studies on the relationship between blood PBs levels and sperm quality, we studied the effect of PB exposure on sperm parameters as measured in
semen, and found the concentrations lower in semen. Therefore, the levels of PB exposure as measured in semen are more sensitive for evaluating sperm
quality.

Association between intestinal endotoxin and sperm quality in healthy men
Healthy people may have endotoxemia [35], which is the presence in the plasma of endotoxin (LPS) derived from the gut. LPS has been identified as a causal
or complicating factor in multiple diseases [54], including impaired reproductive health [41, 42, 55].

The measurement of LPS in serum or plasma is the most direct way to quantify endotoxemia. LPS may enter the blood through transmucosal epithelial
translocation [56]. It can be detected in serum or plasma under normal physiological conditions [56, 57]. Limulus amoebocyte lysate (LAL) is the gold standard
for the detection of LPS in biological samples [58]. In this study, we examined LPS concentrations in the plasma of 315 healthy men by using LAL. The
detection rate of LPS was 100%. LPS was generally at a low level, with a range of 0.021–0.195 EU/mL. The mean levels of LPS in the systemic circulation of
healthy humans varied over a wide range, according to previous studies. The variation can be related to the method that was used to prepare plasma and
serum samples prior to assay, differences among the subjects, or the reagent kit. For example, Nádházi et al. [56] detected the plasma endotoxin level of 116
healthy donors by LAL, which was less than 1 EU/mL (0.01–1.0 EU/mL) in most of the donors. Kallio et al. [59] reported that in a nutrition cohort study of
2452 people, the serum LPS of the control group was 54.2–63.2 pg/mL, equivalent to 0.135–0.157 EU/mL. Gnauck et al. [60] summarized 44 studies that
examined endotoxin levels in healthy subjects and found that the overall mean level of systemic endotoxin in healthy subjects ranged from 0.15 to 61 EU/mL,
with a median of 0.32 EU/mL. Our results of LPS were lower than the above studies and the range was within the results reported by Nádházi et al. [56] We
speculated that this was because the subjects in our study were young and healthy men, and men with infectious diseases were excluded. In general, our
results suggested that the LAL assay could be used to effectively detect circulating LPS and may be a more sensitive health indicator for a population. The
data presented here is the first reported baseline data on LPS in Chinese healthy men.

The relationship between IE levels and reproductive health effects in the healthy population need to be evaluated. Previous studies have reported that animals
treated with bacterial LPS showed testicular dysfunction at multiple levels [61], including steroidogenesis, spermatogenesis, and testicular cells apoptosis
[62–64]. LPS in vitro disrupted steroidogenesis, induced apoptosis [65], disrupted the expression of the estrogen and androgen receptors [66], and induced
oxidative stress of testicular cells [67, 68]. In addition, human and animal studies have shown that metabolic endotoxin associated with high-fat food or
obesity could: (1) induce host immune responses, including local inflammation in the epididymis and testis, and produce a large number of pro-inflammatory
cytokines (such as IL-1β, TNF-α, and IL-6) that further impaired Leydig cell function and testosterone production [69]; (2) cause germ cell apoptosis and
morphological degeneration of testis; (3) upregulate the expression of nuclear factor-κB (NF-kB)/Jun N-terminal kinase (JNK) extracellular signals pathways
and disrupt spermatogenesis [70]; and (4) reduce testicular mitochondrial function [42].

In this study, we found that LPS was significantly negatively correlated with sperm concentration and total sperm count, and that the correlation was more
significant when LPS was higher than 0.104 EU/mL. Multiple linear regression showed that when LPS was higher than 0.104 EU/mL, the contribution rates of
sperm concentration and total sperm count were higher (R2 = 0.295 and R2 = 0.236, respectively) (P < 0.01) (Table 5). In addition, the mean LPS concentration
in group A2 and group A3 were 2.2- and 4.6-fold higher, respectively, than that of group A1, when LPS was significantly correlated with sperm parameters. In
the report of Ding et al. [42], their analysis of 12 healthy and 48 infertile men revealed a strong negative correlation between the combined abundance of G−
(Bacteroides and Prevotella) and sperm motility, as well as a strong positive association between the abundance of Bacteroides and the blood endotoxin
concentration of patients. They also revealed that high-fat food induced microbiota dysbiosis in mice and that elevated endotoxin was associated with
defects in spermatogenesis. Their study confirmed the harmful effects of IE on sperm quality. In our study, we analyzed the data of 315 healthy men and
found that higher endotoxin (LPS) in plasma correlated with lower sperm quality, which supported the conclusion of Ding et al. [42] and provided additional
significant evidence for population research.

PB exposure was associated with intestinal endotoxemia
There are various reasons for the increase of IE in blood and further promotion of IETM. Although excessive intake of common nutritional factors has been
shown to induce IETM [33, 71, 72], we chose to focus on exploring the effects of endotoxemia induced by exogenous chemicals on reproductive health.
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PBs are widely used antimicrobial preservatives [73]. Our previous study found that PBs, especially BuP, could increase the proportion of G−/G + in the intestine
of rats and the levels of LPS in blood (Supporting Information Table S3; Figures S1–S9). In this study we tested PB exposure levels as measured in seminal
plasma from 315 healthy sperm donors, and first analyzed the relationship between PB levels and LPS concentrations. The results showed that the levels of
EtP and BuP in seminal plasma were positively correlated with the concentration of LPS in plasma (P < 0.05, Fig. 1E), and the higher the EtP level was, the
stronger the correlation with LPS (r = 0.480, P < 0.01, Table 6). When EtP was higher than the upper tertile of 0.880 ng/mL, the regression coefficient for LPS
was β = 1.139, and R2 = 0.293 (P < 0.05, Table 6). Similarly, the concentration of BuP was associated with the concentration of LPS. We analyzed the possible
reasons. First, PBs have the ability to change the diversity of gut microbiota according to their antibacterial activity. A rat study provided initial evidence that
postnatal low-dose exposure to MeP was capable of modifying the gut microbiota in adolescent rats [43]. G+ (such as Staphylococcus aureus) are more
sensitive to PBs with longer alkyl chains than G− (such as Escherichia coli) [44, 74], due to the significant differences in lipid composition of plasma
membranes between G + and G − bacteria [75]. When PBs inhibited G+, the abundance of G − increased, and more LPS was released. Second, PBs may
increase intestinal permeability. BuP had direct toxicity on human colorectal adenocarcinoma (Caco-2 cells) [45], and our previous animal experiment showed
that BuP decreased the expression of the intestinal tight junction protein ZO-1 (Supporting Information Figures S8 and S9), and was speculated to contribute
to increased intestinal permeability, which possibly promoted more LPS to leak into circulation.

The results also showed the total concentrations of PHBA and 3,4-DHB had no significant correlation with LPS. Although the growth and metabolism of many
microorganisms were inhibited by PHBA [76], there were no specific difference in antibacterial ability against G + and G− [77]. Similarly, 3,4-DHB possessed
antibacterial properties towards both G + and G− [78], so it could not influence the composition of gut microbiota.

There have been examples of other antibacterial agents that altered gut microbiota and affected endotoxin levels. It was reported that oral administration of
vancomycin, a widely used G + antibiotic, resulted in dysbiosis of gut microbiota, and the absolute number of G + decreased [79, 80], while the proportion of G 
− increased to compensate [81, 82]. At the same time, fasting plasma LPS [83] drastically increased. Antimicrobial agent triclosan greatly disturbed the
homeostasis of gut microbiota, resulting in the overproduction of LPS, and significantly increased intestinal permeability, thus promoting LPS translocation
[84].

Based on a literature review, we hypothesized for the first time in a population study that IE (LPS) was associated with exposure levels of parent PBs and was
detectable in semen. The above results showed that the LPS level in semen was negatively correlated with sperm concentration and total sperm count.
Therefore, it is speculated that EtP and BuP affect sperm quality possibly by promoting an LPS increase through their antibacterial activity.

Limitations
This study has some limitations. First, dietary patterns and nutritious factors have potential effects on blood LPS levels [85]. To reduce the complexity of the
research, dietary factors were not investigated. Previous studies showed exposure to exogenous chemicals could change the composition of gut microbiota
and increase the level of LPS in blood [38]. Based on the evidence, this research did not analyze gut microbiota. Second, previous studies have shown that IE
can pass through the blood-testosterone barrier and cause sperm damage, but population studies on the effects of LPS in blood on human reproduction are
still limited, so our first step was to measure LPS in the blood. In the future, LPS should be measured in seminal plasma, and the difference in LPS levels
between seminal plasma and blood as well as their toxicity characteristics should be explored so as to provide direct evidence for the effects of IE on sperm
parameters. Finally, due to the limits of cross-sectional design, our results cannot conclude causal relationships between IE and sperm quality, between PB
exposure and IE, or the definite effects of PB exposure on sperm quality. These need to be further researched in combination with animal or in vitro
experiments to confirm the causal relationships.

Conclusions
In conclusion, we found that PB exposure is generally reflected in the semen of healthy man. Here, we reported for the first time that PB exposure as detected
in semen was associated with sperm quality due to endocrine disrupting activity. We also found that the level of intestinal endotoxin in blood was associated
with sperm parameters in healthy men, and PB exposure likely contributed to the increase of endotoxin. At the same time, a hypothesis was tentatively
confirmed, that there is an additional pathway by which PBs affect sperm quality; that is, PBs promote IETM and affect sperm quality by altering the
composition of gut microbiota and increasing intestinal wall permeability due to their antimicrobial activity. The results of this study showing that PBs have
dual toxicological effects on sperm quality provide a novel insight. Further investigation and experiments to verify these findings are necessary.

Methods

Ethics approval
The study was approved by the Ethics Committee of the National Research Institute for Family Planning, China, and the Medical Ethical Review Committee of
the National Institute for Occupational Health and Poison Control, China CDC. It was conducted according to the Declaration of Helsinki.

Study population
Young adult men who applied to be sperm donors were recruited at the Human Sperm Bank of the National Research Institute for Family Planning, China
between March 2018 and December 2019. All donors signed informed consent during their first visit to the human sperm bank, agreeing that their biological
samples and data could be used for scientific research. Under the guidance of well-trained investigators, each participant filled out a questionnaire and the
demographics, life habits, and health condition of the volunteers were collected. The donors were Chinese citizen 20–45 years old in good health. Potential
donors underwent laboratory testing to exclude individuals at high risk for sexually transmitted infections and genetic diseases. Donors with occupational
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exposure to hazardous factors or with semen quality that did not meet the World Health Organization (WHO) range of normality were also excluded. Thus, the
final sample size for this study was 315.

Semen collection and analysis
Each participant was instructed to collect ejaculate into a sterile wide-mouthed container by masturbation after 2–7 days of sexual abstinence. Semen
samples were analyzed after liquefaction at 37°C within 60 min to minimize the effect of ejaculation-to-analysis delay on sperm motility. The remaining
semen was centrifuged at room temperature for 20 min at 300 g. The supernatant was collected and the aliquots were stored at − 80°C until analysis. Semen
parameters including volume, sperm concentration, total and progressive motility, and morphology were evaluated following WHO guidelines (2010) to ensure
quality control. Normal sperm criteria were defined as a concentration ≥ 15×106/mL, PR ≥ 32%, TM ≥ 40%, normal sperm morphology forms ≥ 4%, and
leukocytes < 1×106/mL. Mycoplasma, chlamydia, and bacterial cultures were negative.

Analyses of PBs and metabolites in seminal plasma
The analytical reference standards of MeP, EtP, PrP, BuP, PHBA, 3,4-DHB, and β-glucuronidase from abalone (containing 100,000 U/mL β-glucuronidase and
20,000 U/mL sulfatase) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Formic acid, acetonitrile, ethyl acetate, and methanol (LC-MS grade) were
obtained from Thermo Fisher (Shanghai, China). Chlorzoxazone as an internal standard was purchased from National Institutes for Food and Drug Control,
China. Ultrapure water was produced by a Millipore Milli-Q water system (Bedford, MA, USA).

Quantification of parent PBs (MeP, EtP, PrP, and BuP) and their metabolites (PHBA and 3,4-DHB) were conducted by ultra-performance liquid chromatography
coupled with tandem mass spectroscopy (UPLC-MS/MS) using an ACQUITY I-CLASS chromatograph (Waters, USA) coupled with a Xevo TQ-S micro mass
spectrometer (Waters, USA), in combination with the MassLynx software program as previously described [86]. All experiments were performed in negative
electrospray ionization mode. Analyte stock solutions (10 mg/mL) of chlorzoxazone were prepared in acetonitrile-ultra pure water (1:1, v/v). The working
solutions were prepared using the standard dilution method. After thawing, 200 µL of the aliquots of seminal plasma and 20 µL of the internal standard (10
ng/mL chlorzoxazone) were mixed. The samples were extracted three times with 1.8 mL ethyl acetate. The mixtures were shaken for 60 min and then
centrifuged at 12,000 × g for 5 min. The extracts were combined and concentrated to near dryness under a gentle nitrogen stream. To determine the total
analytes (free plus conjugated forms), the samples were mixed with 200 µL of β-glucuronidase and incubated at 37°C for 12 h. Then, 10 µL of each sample
was injected onto an analytical column (C18, 100 × 2.1 mm, Waters USA). The eluents were 0.1% formic acid in water and 0.1% formic acid in acetonitrile.

The recoveries and precision of the method were validated by spiking a known volume of native standards in pools of seminal plasma. A solvent blank
sample, a blank pool sample, and quality control pools spiked with 0.25, 1.5, and 15 ng/mL of the native paraben solution were injected, and this sequence
was repeated six times. The accuracy of the method was based on analyte recoveries. The intra- and inter-day precision were assessed by analyzing the blank
sample and the QC samples within a single day and from six consecutive days, respectively. The LODs were 0.015–0.081 ng/mL. Calibration curves covering
the concentration range from 0.1 to 100.0 ng/mL exhibited satisfactory correlation coefficients (R2 > 0.995).

Detection of LPS in human plasma by limulus test
Blood was collected by venipuncture using heparin sodium vacutainers (BD Biosciences, Franklin Lakes, NJ, USA) between 8 and 10 AM for all participants.
Plasma was separated and tested for LPS. Plasma LPS was assayed using the LAL chromogenic end point assay (BIOENDO, Xiamen, China) according to the
manufacturer’s instructions. The experiment was conducted with pyrogen-free plastic and glassware throughout. Lyophilized LAL is an aqueous extract of
circulating amebocytes of Chinese horseshoe crab (Tachypleus tridentatus). The lysate contains a cascade of serine protease enzymes (proenzymes), which
can be activated by bacterial endotoxin. Endotoxins activate the proenzymes to produce activated enzymes (coagulases), and the latter catalyzes the
cleavage of a colorless substrate, releasing a yellow-colored product pNA. The released pNA can be measured photometrically at 405 nm. Alternatively, the
above reaction can be stopped by addition of diazo reagents. pNA reacts with nitrite in HCl, and the product then reacts with N-(1-naphthyl)-ethylenediamine
(NEDA) to form a diazotized magenta derivative with maximum absorbance at 545 nm. The absorbance is positively correlated with the LPS concentration,
from which the LPS concentration was quantified.

Statistical analysis
Statistical analysis was performed using SPSS 20.0 statistical software (SPSS Inc., Chicago, IL, USA). Descriptive statistics were conducted for the
distribution of subject demographics, semen parameters, LPS concentrations (endotoxin unit [EU]/mL) in plasma, and parent PBs and metabolites (ng/mL) in
seminal plasma. Continuous variables were summarized by arithmetic or GM, standard deviation (SD), and 10th–90th percentiles; categorical variables were
given as percentage (%). Chi-square tests were used for comparing inter-group rates. Normality tests were used for the comparison of inter-group means.
Analysis of variance was used for data consistent with the normal distribution; otherwise, the Mann-Whitney U test was used. The concentrations of parent
PBs and metabolites, semen concentrations, and total sperm count showed skewed distributions, so they were transformed using the natural log (ln). The
concentrations below LOD were imputed with the LOD divided by  before analysis.

Double-variable correlation (Pearson’s correlation or Spearman’s Rank correlation) was performed to analyze the correlation between subject demographics
and semen parameters, concentrations of parent PBs and metabolites, and LPS levels. The cross-correlation between semen parameters, the concentration of
PBs, and LPS levels were also analyzed. Heatmaps were created for better visualization of the degree of correlation by using Python V3.7.6. The possible
association of semen parameters with each parent PB, PB metabolites, and LPS were further evaluated using multivariable linear regression analysis. Age, BW,
BMI, waist circumference, smoking status, alcohol intake, and abstinence days were considered confounding factors [87] and adjusted. The association of
LPS with each paraben and metabolite in seminal plasma were also evaluated. All tests were two-sided and values of P < 0.05 were considered as statistically
significant.

√2
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BMI: Body mass index, BuP: Butylparaben, BW: Body weight, EtP: Ethylparaben, DR: Detection rate, G−: Gram-negative bacteria, G+: Gram-positive bacteria,
GM: Geometric mean, IE: Intestinal endotoxin, IETM: Intestinal endotoxemia, IM: Immotile spermatozoa, LAL: Limulus amoebocyte lysate, LOD: Limit of
detection, LPS: Lipopolysaccharide, MeP: Methylparaben, nMor: Normal morphology, PBs: Parabens, PR: Progressive motility, PrP: Propylparaben, SD:
Standard deviation, TM: Total motility. 
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Figure 1

Heatmap for the correlation coefficient of bivariate correlation analysis among 315 healthy men from Beijing, China. Figure 1A, C, D. showed the results of
correlation analysis between semen parameters, the concentration of PBs in semen, the concentration of LPS in plasma and the general characteristic of
subjects, respectively. Figure 1B. showed the results of correlation between PBs and semen parameters. Figure 1E. showed the results of correlation between
LPS and PBs. Figure 1F. showed the results of correlation between LPS and semen parameters. Red: positive correlation. Blue: negative correlation.
Abbreviations: BMI, body mass index, PR, progressive motility, TM, total motility, IM, immotile spermatozoa, nMor, normal morphology, MeP: methylparaben,
EtP: ethylparaben, PrP: propylparaben, BuP: butylparaben, PHBA: p-hydroxybenzoic acid, 3,4-DHB: 3,4-dihydroxybenzoic acid, LPS: lipopolysaccharide. *p-
value <0.05. **p-value <0.01.
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