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1 | INTRODUCTION

According to the World Health Organization (WHO), infertility is a
disease of the reproductive system defined by the failure to achieve

Abstract

Background: The environment plays a key role in male infertility, changing the inci-
dence in various populations, and pesticides are one of the most studied hazards.
The use of the latter has never decreased, jeopardizing the safety of workers and the
general population.

Objective: Our purpose was to summarize the results of studies discussing the
association between pesticides and male fertility.

Methods: A comprehensive literature search was performed through MEDLINE via
PubMed, Scopus, and Web of Science. Only human studies were considered. Semen
parameters and DNA integrity were considered to evaluate the effect of pesticides on
men.

Results: A total of 64 studies that investigated their impact in terms of semen parame-
ters (51 studies) and chromatin and DNA integrity (25 studies) were included. The most
frequently affected parameters were total sperm count, sperm motility, and sperm
morphology, although a reduction in ejaculate volume and concentration occur in sev-
eral cases. A tangible worsening of semen quality was associated with organochlorines
and organophosphates. Furthermore, pesticide exposure, especially pyrethroids, was
related to a higher DNA fragmentation index and chromosome aneuploidy in most
articles.

Conclusion: The epidemiological evidence supports the association between pesti-
cides and male fertility for workers and the exposed population in terms of semen

quality, DNA fragmentation, and chromosome aneuploidy.
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pregnancy after 12 months or more of regular unprotected sex-
ual intercourse, affecting up to 15% of couples, and the etiology
is attributable to men in one-third of the cases.! The environment

plays a key role in male infertility, changing the incidence in various
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populations.? Hence, the identification of these exogenous factors is
pivotal to reduce exposure and, consequently, improve semen qual-
ity. Doubtless, pesticides are one of the most studied risk factors.
Pesticides prevent, destroy, or control harmful organisms (pests) or
diseases; they protect plants or plant products during production, stor-
age, and transport.2 Their use has increased over the past 50 years
as global arable land has increased. Although pesticides are essen-
tial for crop protection, food maintenance, and vector-borne disease
prevention, they remain biocides with harmful effects on humans.
Absorption can occur through different methods: ingestion, inhalation,
dermal contact, and through the placenta.* Exposure can cause acute
and chronic toxicity with respiratory, gastrointestinal, and neurologi-
cal symptoms and affect male fertility. At the beginning of the 1980s,
the harmful effect of dibromochloropropane (DBCP) was known,’ and
consequently, its use was banned by the Environmental Protection
Agency and the WHO. However, there are no univocal indications
of the danger of the other types of pesticides. Previously, Martenies
and Perry® reported that pesticides affected semen quality, especially
sperm concentration in overall pesticide classes. In 2013, Sengupta
and Banerjee,” evaluating in vitro and in vivo studies, also reported
the association of these substances with abortions, congenital malfor-
mations, and interference with the hypothalamic-pituitary-gonadal
axis, in addition to worsening semen quality. Subsequently, two other
reviews dealing with endocrine-disrupting chemicals (EDCs), including
some types of pesticides, were published. Zamkowska et al.8 showed
consistency between semen parameter worsening and pyrethroids
(PYRs) and organophosphates (OPs), while Rodprasert et al.? con-
firmed the effects of OPs and questioned those of organochlorines
(OCs).

Seminal parameters are not the only factors used to assess
male fertility. Indeed, after exposure to these EDCs, the nucleus
of spermatocytes is affected with consequent DNA defragmenta-
tion and chromosome aneuploidy, which, in turn, may be markers of
damage.

In this study, we aimed to perform a systematic review of the litera-
ture regarding the impact of pesticides on male semen quality and DNA
integrity.

2 | MATERIALS AND METHODS
2.1 | Search design

A comprehensive literature search was performed between February
2 and March 3, 2021, through MEDILINE via PubMed, Scopus, and
Web of Science. The following Medical Subject Headings were used:
male infertility, male impairment, DNA damage, human spermatozoa,
semen parameters, and genotoxic. These terms have been searched
with pesticides and their most relevant groups (such as OCs, PYRs,
OPs, or carbamates) and specific ones (such as atrazine or mancozeb).
The search was further expanded by performing a manual search based

on the references of the full text of the relevant papers.

WILEY-

2.2 | Identification of studies

Observational studies regarding the association of pesticide exposure
and male infertility were selected. Papers were considered accord-
ing to the PICOS (Patient Intervention Comparison Outcome Study
type) model. P: general population or workers; |I: exposure to pesti-
cides; C: comparison with non-exposed men; O: alteration of semen
parameters (ejaculate volume, sperm count, sperm concentration, total
sperm motility, and sperm morphology) and DNA fragmentation or
aneuploidy; S: observational study. No date limit was imposed on the

search.

2.3 | Eligibility criteria

Papers were accepted based on the following criteria: (i) occupational
or environmental exposure to pesticides; (ii) studies reporting semen
parameters, DNA fragmentation index (DFI), and DNA aneuploidy;
(iii) original articles; (iv) studies in English language; and (v) in vivo
human studies.

Articles relating only to epidemiological investigations, to other
systems, or to heterogeneous occupational exposure with no multi-
variable analysis were excluded. Studies focusing on sex chromosome
ratio in spermatozoa as the only outcome of interest were also not
accepted. Moreover, we excluded articles regarding organobromine
compounds because of the already proven harmful consequences on
male fertility. 10

2.4 | Risk of bias assessment

The quality of individual studies was assessed following the guidelines
established in the Office of Health Assessment and Translation (OHAT)
Risk of Bias Rating Tool for Human and Animal Studies.!? In studies
where a control/reference group was not present, selection bias was

not evaluable.

3 | RESULTS

The literature search retrieved 1864 papers. Two independent authors
screened all retrieved records. Discrepancies were resolved by a third
author. A total of 1352 studies were screened against the title and
abstract. A total of 1216 articles were excluded for the following rea-
sons: 628 articles had a different topic, 17 papers were not in English,
21 were reviews, 188 were in vitro studies, 361 were studies on ani-
mals, one was a letter to the editor, and one had data already published
in another one by the same authors. The full text of the remaining 136
papers was further assessed for eligibility. In three articles, pesticide
exposure was not clear, six studies investigated the sperm sex chro-
mosome ratio, 14 considered only fecundity or time to pregnancy, 27

did not concern seminal parameters or DNA damage, one paper was
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FIGURE 1 PRISMA 2009 flow diagram

a duplicate, and 22 concerned organobromine compounds and were
excluded. Finally, 64 studies were accepted and included in this review.
Figure 1 shows the PRISMA flow diagram of the study.

3.1 | Quality assessment

Figure 2 shows the quality of evidence of the included studies accord-
ing to the OHAT risk of bias rating tool. The examined studies exhibited
an overall moderate risk of bias, with the remaining having a low risk.
The most relevant parameters of this tool are the exposure character-
ization, which evaluates the methods’ sensitivity to measure exposure,
and the outcome characterization, which evaluates the methods’ sen-
sitivity to assess the outcomes. Regarding exposure characterization,

in 45 out of 64 (70%) studies, serum/urine levels of pesticides or their
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metabolites were measured, while years of exposure were calculated in
only 14 out of 64 (22%), and in the remaining five articles (8%), people
or workers were recruited in areas with high air pesticide concentra-
tions. Regarding the outcome characterization, most studies described
an appropriate method of semen collection and reported reproducibil-
ity of outcome measurement. The most common risk factor for bias was

the risk of attrition/exclusion and confounding bias.

3.2 | Data extraction

The following data were extracted from the included studies: alter-
ations in semen parameters (sperm motility, sperm morphology, sperm
count, and semen volume) and DNA fragmentation and aneuploidy.

Table 1 shows the characteristics of the included studies.
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FIGURE 2 Risk of bias assessment (Office of Health Assessment and Translation, OHAT). Several parameters are evaluated to assess the
quality of the considered studies: exposure characterization (i.e., standards for exposure assessment), selection bias (i.e., similarity of the
population in the two groups under comparison), other sources of bias (i.e., other biases derived from statistics or deviations from the protocol),
outcome characterization (i.e., validity and reproducibility of methods for measuring outcomes), selective reporting bias (i.e., certification that
primary and secondary outcomes have been reported), confounding bias (i.e., evaluation of the baseline characteristics risk factors, prognostic
variables or co-occurring exposures in the reference population), and attrition/exclusion bias (i.e., data loss because of attrition or exclusion from

analyses)

85UB017 SUOLILLIOD 3AIIR.1D 3deatdde aUj Aq paueA0B 812 SSPILE VO ‘35N JO S3|NJ 0} AXIq1T 8UIUO /8|1 UO (SUORIPLIOD-PUR-SWS}LIOD™A8 | IM° ARe.q) | BU1|UO//SANY) SUO IPUOD PUe swis | 8y} &3S *[i7202/c0/8T] Uo Areiqi auliuo A8|IM 1R} eURI400D AQ 8Z2ET JpUR/TTTT OT/I0p/LOD"AS|IM Afeq 1 pul|UO//Sd1y Woly papeolumoq ‘L ‘2202 ‘L262L702



20472927, 2022, 7, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/andr.13228 by Cochraneltalia, Wiley Online Library on [18/03/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GIULIONI ET AL.

(senunuod)

Ajlipow wuads |ejo) pue sjoAs| 3gq-,dd
pOo0|q U9aM]S( UOIIRID0SSE JUBDIJIUSIS ON
Ajjnow pue 3gq-,d‘d usamiaq
pue Ajji3ow pue A3ojoydiow wuaads
pue | g usamiaq diysuolie|al aAI}ISod

A31[130W €10} PUE UOI}IIUSIUOD
wads pue sjaAs| suepul| pue 3gq-,dd
|BUIWISS U99M]3( UOIIRID0SSE 9AI1ESaN

sjuaijed ojwiadsouayise-031|0

ur HOH [e303 pue HOH-g Yim pue sjusijed

ejwJiadsousayjse ul HOH-4 pue Junod
wJads |B103 USaM]SQ UOIIRID0SSE SAIJeSaN

uol1eJ3uadU0d

wnJuas 3gq-,d‘d pue Qunod wuads

pue awn|oA aje|nodefa ‘Ajljijow waads
VSV uesw usamiaq diysuolje|a. sAlze3sN

s|le3 [ewJouge yim a3ejuadiad
WwJads pue uoI3eJuadu0d WN.Iss
3dQ-,d‘d usamiaq diysuoliiea. . od

Ajl[30w wiads |e303 pue HOH-4 usamiaq
pue junod wuads |e303 pue sjpAd| 3gq-,dd
pue HOH-g [BUILIAS UM UOIRID0SSY

uolje.juaduod 3gqg-,dd
03 paje|aJ AjasdaAul sem AJ|Ijow waads

A3ojoydJow |ewJou pue Junod wJads J1amoT

pJepuels mojaq ASojoyd.aow
pue ‘A11[130W €101 ‘UoI1eJIUSIUOD WIadS
YHM usw ul s|9As| 3QQ-,d‘d wnuss usysiH
sJioAeuds
Ul UOIJBJIUSIUO0D WSS JO UOIIINPaY

$129}J3 aAI3INpoIday

QUON

SUoN

111349 udA0Id Y3IM US|

uaW 31143} 05

3UoN

3UON

JedA T

uiy3m Ajsnosuejuods

PaAIS2U0D pey Jautied

950UyM A31|1349) usroad
U3IM SI99JUN|OA 3|e|A|

SUON

941U3D) |0J3U0D) BlIE|e|A
yyeaH Jo juswiiedsaqg
ayp jo Ajumiaayy

U] SI9X40M pasodxa-uoN

SUON

usw pasodxa-uoN

dnous
90U3.19J34/5[0.13U0D)

AwojoaseA 3ujodispun
Jo swsajqoud
Aja) yimusw 0/ T

] [V]]e]
AJ|1I3494ul 3e Sulpualie
$9|dnod Jo usw TOg

$[0J3U0d
GQ pue d9AI9DU0d
03} 3ulAujusw 4T

uaW 3]13)u1 0G

usw Aypeay T1e

usw Ayyeay 9T T

$|0J3U02 05
‘Uaw 3|13494u1 0G

uaw 9/

$|0J3uU0d /7 ‘saaAeuds /Z

uol1en|eAd UsWas
J0) Sunuasaid usw g

$]0J3U0D GZ ‘Su9Aeuds g

u‘uonjeindod pauiwex3

Apnis
|eu0I11295-5504D)

Apnis
|eUOI3295-5504D)

Apnis
|euUOI1}295-550.4D)

Apnis
|BUOI1295-5504D)

Apnis
|eUOI13295-55042)

Apnis
|eu011295-5504D)

Apnis
|euOI1295-5504D)

Apnis
|eu011295-5504D)

Apnis
|eu011295-5504D)

Apnis
|BUOI}2395-5504D)

Apnis
|euU0I1295-5504D)
uopjenjeAns
/ugisap Apms

(20) 1aa

(00)
1aapue HOH

(00)
1Qaq pueauepury

(D0)HOH

(oo)1aa

(00) L1aa

(00)
1aapue HOH

(00) Laa

(0O0) 1aa

(00) L1aa

(D0)a-¥'z

ap1nsad

edliswy
40 591835 PaNUN

edlRWY

40 $33€35 PANUN

elpu|

elpu|

B2 YInos

02IX3|N

elpuj

(puejod) Mesiepp
‘(urenin)
Ay
‘(uewIaYsly)
USPaMS ‘pue|uaaio

edLY YInos

edlRWY
40 $93e3S pauN

euuaday

Apnjs jo Anauno)

22(986T) Uysng

1z(#T02)
pJojwnin

0z(#10T) 3ued

+1(0T02) veyy|

1(£002)
uyeH-3dauy

,1(9002)
J1a8er aQ

o1(£002) 3ued

<1(9002) HoL

+1(#002)
alneq

¢1(e€0072)
JasneH

21(T66T)
epJa
(1e3A)
Joyne 3sii4

sJa3oWe.ed UsWS UO SaPIDI3sad JO S}O9442 Ay} SujuIdU0d SaIPNIS T 314VL



20472927, 2022, 7, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/andr.13228 by Cochraneltalia, Wiley Online Library on [18/03/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WILEY-

NDROLOGY

"American,
Society.)
Andrology,

S
O
o
-
Q
(a4
Q
Z
<

GIULIONI ET AL.

(senunuod)

(pawLioysue.3-30))
JUNOD |B30} PUE UOI}EIJUSIU0D
v2D2Adl Adeurun usamiaq pue ‘ASojoyd.iow
Jew.ou wJads pue s|aAd)| vgad-¢
Adeurin usamjaq suoleld0sse aAljeSaN

A8ojoydow wuads y3m diysuoije|as
9A131S0d pue uoI1eJ3uaduo0d wiads
pue \yDDdl usamiaq diysuolie|ad aAlzeSsN
S|9A9| VEd-€
19431y 40J UOIIRIIUSDUOD WISdS pue Junod
wJads |e107 JO S|9AS| pPadNpaJ Ul puall

At
|B30} pUE UOI3e1}USIUOD W.ads 0} paje|al
AJ9SIaAU] 249M S[AS] VDD AL Adeurin

JUNOd |e30] pue Ajlj1I3ow dAIssaaSo.d
S, wJads JaMo| yHm pajeldosse
Ajpueoijiudis sem a3easjeAusy 03 ainsodxy

$393[qns pasodxa-uou
|BUIS]XS UBY] SISXIOM pasodxa
ul 98ejuaduad Ajjjewuouqe waads JaySiH

Ajij130w aAIssaJ30.4d pue ‘qunod |ej0}
‘UoljeJdauadu0d wWJads pue s|aAs| £5T-9D
U33M13( UOI]RID0SSE SAI1eD1JIUSIS ON

JUN0d WJadS |B30} PUE UOIJEIIUSIUOD
w.ads Suluaaouod DO 03 A3ljiq1adassns
pue y33us| jeadau HyD susd

J03dada. usaSoupue usamiaq diysuolije|ad oN

Ajnow waads
10 SWN|OA USWSS pUe SUOI1eJ3uadu0d
3QQ-,d‘d wnuas usamiaq UoIIeID0SSe ON

$3994J3 9AI3ONpoIdaY

S|I9A3| Ydad-€
AJeulIn 3samo| ay}
UMM 3|134enb 3y uj U3

SUON

S|o9A9| VEd-€
AJdeurn jo sji3uenb
1SOMO| Y3 YIM USIN

9}l|0gelaw YAd Adeurn
JO UOI3EIIUSDU0D
9[13uad.ad

Y306 Y1 MO|3q USIN
A31D swes
3y3 JO 1213sIp ueqgan
93 Ul [043U0D 35E3SIP
10J J93udd B Ul SI9214J0
pue Aiojoey apionsad
awles ay1 ul ado

3y} Ul su0jea)siulwpy
siouop
S ULIp Jejn3aJ-uou
pue ‘susxows-uou

‘BunoA ‘AyyeaH

sjaA9] 3@Q-,dd
J3MO| Y}IM USPIMS
Y1ON Wouj uswi //

s|aA9| 3aqg-,dd
WINJ3s MO| Y}IM USN|

3UoN

dnous
90U3.9)94/5|043U0D)

[e3dsoy

9.Jed uoljdasuodaud

e Ul JUaWISsasse

uolydasuodaud
U193 SI99JUN|OA 91 E

o1l Ayljiaagul ue
W04} pajinJdad usW £¢

o1l Ayji3494u1 ue
WO payINIal UsW Opg

o1uIf Aj[IHa4ul UB
w0y pajinidal usw £0g

S]0J3U0D [eUJdIUl 9f
pue ‘|euaixe zg
‘9)elejoAuey

0} Pasodxa SIIOM ZE

$]0J3U0D |BUIDIXD 8T
pue ‘[eusajuil g1
‘519)40M A1030B) ZT
$]0J43U0d £/
‘sjans| 3QQ-,d‘d
Jay3IY YHm uspams
UINOS WOJj UdW G4

puejod
pue ‘aulesyn ‘Uspams
‘pUB|USID) WO UBW 089

USWLIBYSY G6T

u ‘uonjejndod pauiwex3

Apnis
|BU0I1295-5504D)

Apnis
|euOI1295-5504)

Apnis
|eu011295-5504D)

Apnis
|BUOI1295-5504D)

Apnis
|euoI1295-5504D)

Apnis
|eUOI1295-5504)

Apnis
|BUOI}095-5504D)

Apnis
|BUOI}295-5504D)

Apnis
|eUOI3295-55042)
uoljenjens
/usisap Apms

YAd payadsun

YAd payidadsun

YAd payioadsun

YAd payidadsun

(YAd) @183]BAUDS

(YAd) 2183]EAUDS

(00)1aa

(00) 1aa

(00) 1aa
appisad

BulyD 16(6102) NH
0e(¥102)
puejod uempey
eulyd 6z(1102)Ir
edLIBwyY 42(8002)
40 s93€1S pajiun 19BN
12(9002)
eulyd 3usyn
eulyd 9z(7002) BIX
«(1102)
AemuoN uasneH
puejod ‘auteyn +2(£002)
‘USPaMS ‘pue|us3.9) UBWDISMID
¢z(¥002)
wogpAH
usapamsg -|12udry
Apnjs Jo Anauno) (1eaA)

(panunuo))

Joyyne 3siiq

T31avl



20472927, 2022, 7, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/andr.13228 by Cochraneltalia, Wiley Online Library on [18/03/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GIULIONI ET AL.

ARYAE Y ANDROLOGY @

(senunuod)

1Unod |e30] pue
UO1]EJ3U3dU0D WIdS Y3Im saj1jogeiaw
dO AJeulun Jo uoijerdosse aAlje3aN

sJawJe) pasodxa-uou ueyy
pasodxa ul A}1|130W pue ‘Uoi}e.3uaduod
WwJadSs ‘OWIN|OA USWSS JO S|9AS| JOMOT

Hd jeulwas y3m sajijogeaw
dO AJeuln Jo uoi3e1d0sse aAl3e8aN

24nsodxa JayS1y Y}M SI3J0M U] JUNOD
wJads B30} pUB SWNJOA USWSS U] 9SE3103(]

YYZT6TTNOC 2dAjouss ul Ayjiqadadsns
193839 "A31|130W [BJ0} PUE ‘DWIN|OA UBWIDS

‘A3ojoydJow |ewlou wuads ul uo1dnpay

pasodxa-uou 03

109dsaJ y3m uaw pasodxa ul ASojoyd.aow

|ewou pue ‘Ajij1Izow aAlssa3o.d pue
pideJ wJiads ‘OWN|OA USWSS JO UOIIINPIY

A3ojoydJow |ewou pue uoijejuaduod
wIads Jo SuluaSIOM JO SWLIY Ul
dO 01 A31]1g13d2sNs a3 saulwia3dp TNOJ

dnous
pasodxa sy} y}m pajeldosse Alljiow
puUE UO013eJ3uadUu0d Wads Ul 9seauda(

A}ljenb uswas pue ainsodxa sapId1323asul
YAd U9am}aq uoijeldosse Juedijiusis oN

U0|3e100SSE dA13eD141USIS ON

$399}43 9AI3ONpoIdaY

3UON

sJaulLIe) pasodxa-UoN

A3IA130€ [BUN}INDLISE
10 dO 03 24nsodxa
Aue 3noyiim pusiiy sfein

aJreuuofjsanb e uo
paseq ainsodxa O J0
3]13493 }S9MO]| 33 Ul US|

SUoN

24nsodxa Aue Jnoym
spuaLly ajew sasodx3

SJ93JoM A103oe)
9]13%93 pasodxa-UoN

AJo1oey swes ayj woudy
sJawJe) pasodxa-UoN

SUON

(S]043U0D |BUIDIXD)
10143SIp UeqJn dwes
ay3 3e syuswedap

JUIDHIP WO
Pa}IN.IDJ SI29IUN|OA

*(S|043U0D |euJauIl)
AJojoey swes ayy Jo

£3JE 321J0 33} WO USJA

dnous
92Ua19)94/5043U0D)

dlulR Ajjisul
ue ul 3uipuajje usw 9T T

$]043U02 06
‘siawJe) pasodxe Z9

S|0J3U0d TE
‘siojedljdde 4O T€

S[9A3)|

a)1j0qelaw 4O Adeurn

03 SuipJodde padnoJ3

Ajlunwwiod |eany|noLide
ue woJj usw zg

SIDNIOMWLIES G

s323[gns
pasodxa-uou 08
‘suo3ediidde apiysad 1€

S|0J3U0d ZZ
‘s1910m Alojoey
sapioiisad asaulyd 0g

S|0Jju0d €7
‘SI9XJOM S3110328) 0T

sjuspnis
Aysianun Ayyjesy zze

$|0J3U0d

(jeusajul) £ pue

‘(|leuta1xa) 6T ‘SI9XI0M
AJ1030e4 sopiysad 12

u‘uonjeindod pauiwex3

Apnis
|eu011295-5504D)

Apnis
|euoI1295-5504D)

Apnis
|eUOI1295-5504D)

Apnis
[eutpnyi3uo

Apnis
|BUOI}295-5504D)

Apnis
|eUOI3295-55040)

Apnis
|eu011295-5504D)

Apnis
|BUOI3295-5504D)

Apnis
|BUOI}D95-5504D)

Apnis
|EUOI1095-SS04D)
uoljenjeas
/usisap Apnig

dO payadsun

(dO) 3enbeued
pueuolyiejen

dO payadsun
(dO)
uoulizelp pue
‘ajeoylawip

‘soydopiwelaw
‘uolyieued |Ayis|N

dO payadsun

dO payadsun

dO payoadsun
(dO)
soydop
-lweyjaw pue

‘uoiyieaed |Ayle

‘uolyiesedjAyisin

¥Ad paydadsun

(YAd) @183]BAUDS

appusad

1(¥102)

uleds ofauedp
0»(0T02)

eishele|n ujessoH
66(6002)

nuad eJONA
2£(6002)

0DIX3IN e3o)\-0109Y
1£(8002)

[SINEIN eJa.I9H-29.19d
4¢(9002)

niad eJONA
56(666T)

eulyd pojsunped
+£(0002)

BulyD poj3unped

ueder ce(10T) lew]

eulyd 2¢(r00T) uelg

Apnjs jo Aiuno) (1e3A)

Joyine 3siiq

(penuiuoD) T 374dVL



20472927, 2022, 7, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/andr.13228 by Cochraneltalia, Wiley Online Library on [18/03/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WILEY-

NDROLOGY

"American,
Society.)
Andrology,

S
O
o
-
Q
(a4
Q
Z
<

GIULIONI ET AL.

(senunuo))

usw pasodxa-uou 0} 3oadsal
UM Pasodxa Ul SWNJOA USWIS JO S|9A3)|
J19y31y pue A}|130W WIds Ul S|9AS| JSMOT

A3ojoydiow |ewou wuads
pue NT U29M]aq UOIIeID0SSE 9A13ESaN

S|0J3U0d
|eula3xa 03 393dsaJ Y3Im pasodxa ul
A3ojoydiow [ewaou waads Ul S|9A3| J9Y3IH

pasodxaun 03 329dsaJ y3im dnou3 pasodxa
ay3 Ul saljijew.ioude wJads Jo sjaAs| JaysiH

uoieIdosse Juediusis oN

sJ9lawe.ed UsWaS pue sa3ijogeldw O
AJeurin usam}aq uolje|a.402 JuedIusis oN

usw ueqJn 03 30adsau
U}IM |eanJ ul Ajljizow wiiads aaissaasoad
pue [e101 ‘JUNOd W.adS Ul S|9A3| JaMOT]

U0 SuIMoJ3-uou ay3 ueyy
paonpaJ a1am junod pue ‘A3ojoydiow
‘Arow wuads ‘porsad Suimous sy u|

A3|130W wiiads |30} PUE UOIJEIJUSDUOD
AdDL Adeurin usamiaq uoije1d0sse aAeSaN

$129}J3 aA13INpoIday

uol3a. swes ay}
WOJ$ UsW pasodxa-UoN

uolngriisip

sJo1oweled

UaWIas ay3 Jo o|13uadad
1S9MO| 3Y3 Ul US|A|

(j043u02 |eusajul)
doysyJom apionsad
93 wouy Aeme Jey
Ing Auojoey apidiysad
awes 9y Ul SUSNJOAN
*(]043U0D |BUIDIXD)
eaJe 3uijJoM awes
33 woJj Jouop wiadg

SI9I0M
paJly Ajmau ‘pasodxaun

5103035
|eanynoliSe-uou
ul SupjJom UdA|

SUON

aJnsodxa apid1ysad
J0 Jswey Jo Alojsiy
ou YyM usw ueqan

polaad 3uimoas-uou
ul sJswlie) swes
uolnqgrisip
sJo3oweled
usawias ay3 Jo a|3usdiad
1S9MO| 3y Ul US|A|

dnous
90UD.9)94/5]043U0)

S|0J3U0D [BUIIXD 0T
‘sIadjoMWIe) O

d1UIR A|i3a4ul
ue papusjie usw GTE

S]0J3u0d
|euJaIxe 9T pue
‘S]0J3U0D [BUIDIUI 9T
‘SJ9¥JOM AI01OEY 9T
S|0JU0D [BUIIXD /T
‘SI9XJ0M AI03ORY /T

S[0J3UOD Gi7 ‘SIDHJOM
uoljejue|d eueueq gt

SIDIOMWLIE) £

$]0J3U0D Q€ ‘UBW [ednJ OF

sapinsad 4O
0] pasodxa Ajjeatuolyd
SJawey 3nupunoJs 00T

o1uld Aji3aaul
Ue papua}je usW GTE

u‘uonyeindod paujwex3

Apnis
|euOI1295-5504D)

Apnis
|eUOI3295-5504D)

Apnis
|euo1123s-5504D)

Apnis
|BUOI}295-5504D)

Apnis
|eu011295-5504D)

Apnis
|eUOI1295-5504)

Apnis
|eu0112395-5504D)

Apnis
|BUOI1295-5504D)

Apnis
|eUOI1295-5504D)
uopjenjeAns
/usisap Apmis

ursWeqy

dvo

v

v

dO payadsun
(do)
uouizelp pue
‘a1eoyjawip
‘soydopiweiaw
‘uolyieded |Ayis|N

dO paypadsun

dO payioadsun

dO payadsun

appusad

Aayanp

puejod

euyD
edlswy
40 S93eIS panuN

adnojapens

02IX3IA

ued|

JewueAn

puejod
Apnis jo Anuno)

(panunuo)

+(CT02)
12USZO-NII2D

2»(8T02)
e)siImalzg

5(S002) BIX

1/(T86T)
NOQOJIAM

4(8002)
Jaudinin

»(£002)
euad-zaydues

#(6102)
1YeYSMOISOY|

-unojeyo

¢p(8702) UIM]

2+(8702)
e)sJIMalzg

(1e2A)
Joyine sl

T3714avl



20472927, 2022, 7, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/andr.13228 by Cochraneltalia, Wiley Online Library on [18/03/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GIULIONI ET AL.

ERYVE Y ANDROLOGY @

(senunuo))

usw pasodxa
ul Ajjizow wuads aAlssaJdoad pue pided
JuedlIudis-uou pue All[IgeIA wasds JamoT

uol3eJ3UadU0d Wiads pue
S|9A3| d 13 U99MI3] UOI}eID0SSE dAIIeSIN

S[0J3U0d 0}
10adsau y3m ‘SulAeads usym 3dd Inoypm
pue SujuieJy apio13sad INOYHM Uduiiey 301U
€ Se SueaA QT 490 SupJOM ‘p|aly D14 WO.Y
w QO UeY) $S3| Ul SUIAI| SSSBD Ul USWISS
Jew.ouge jo Ajjiqeqoud Jaysiy Juediusis

5|0J3U0d
03 30adsau yum saaAeuds ui ASojoydiow
wJads [BwIOU JO S|9AS| JOMO]| pue
AJ1j130W aAIssa480.4d-uou pue aAIssalSoud
MOIS JO S|9A3| Jay31y Ajjuediyiudis

A31|I30Ww pue ‘qunod
‘U0I1BJ3US2U0D WIadS JaMo| pue aansodxa
apIo13sad UsaM)a( UOIeID0SSE JUBDIIUSIS

dnou3qgns pasodxs Jays3iy
ul ASojoyd.iow [ewiou Jo 98e3uadiad JamoT

speay w.ads
Jew.iou ay3 Jo a8ejuadtad ayj ul 9seauda

sal}l[ewouqe wJiads uj aseatoul
Ue 03 paje[aJ pue usw a134a4ul ut 1aysiy
9J9M S|9A3| BUIZEJIE PUE JOjyde[e poo|g

$129}J3 aA13INpoIday

sopid13sad 03 pasodxa

Aj3ua44nd jou uoidal

|ean3|ndLiSe sy} wody
W 06 SUIAI| usw Ay3jeaH

}JO INd se sanjeA
uejpaw uo paseq
24nsodxa YAd pue

dO Mo| yam spuedioried

sia1owe.ed uswas
|EULIOU U}IM SJ3ULie) 31y

94nsodxa ou
U}IM S10300p [ed1pawl
10 sjuapn)s paydjew-a3dy

juade

Aue 03 wayy asodxa jou

pIp uoizednd20 asoym

pue aunsodxs Aue
140daJ 30U pIp OYM USJA|

30M JO uoljeanp
ay3 03 SuipJodde pue
sapId13sad 03 aunsodxa
>5e3 )10M Aq pajew}sa
24nsodxa |ewJap Jo
|9A3] a3 03 SuipJodde
payueJ siaxomuie

sapionsad yum
SuiAeuds jou suswie

ueipaw
uolje|ndod ayj anoqge
SeM UOI1eJ3Ua2U0d
w.ads a8eJane

93 WOYM UsW 31149} ZG

dnous
90UD.49)94/5]043U0D)

S|0J3U0D GE
‘I oM.} 9

yj|eaH |ejuawuodiAug
Jojuswedsaq
ay3 wouy sajdwes
aulin AjwopueJ gT

S]0J3U0D T E
‘sJaWey 9014 3[13424Ul 9GT

$|0J3u0D QT ‘suaAeuds 8T

uol3e}Nsuod
Ajjipisgul 3say
J19y3 SuiAey sa|dnod
Jo suaujied ajew Gzz

24NS0dXd MO| YHM {1
pue ‘93e|pawLIajul

YIM $9 ‘YSIy ym et
'SIIoMWIeY ZZT

$]0J3U0D /g ‘Su9Aelds 79T

USW 3]11434ul €

u ‘uonyeindod paujwex3

Apnis
|BUOI1295-5504D)

Apnis
|BUOI1295-5504D)

Apnis
|0J43u0d-3se)

Apnis
|eu011295-5504D)

Apnis
|eUOI3295-5504D)

Apnis
|eu011295-5504D)

Apnis
[euipn3i8uoy

Apnis
|eu011295-5504D)
uoijenjeas
/ui1sap Apms

dvO puedo

SdO Pue syAd

sopiI3sad
paydadsun

SapIdI3I8sy|

sapidiysad
paydadsun

SapIdI3oasu|

sapio13uny
pue ‘sapidig.aay
‘59pI01329sU|

auizeayy
pue Jojyoely

appusad

Blanzaus)\

edlIaWy
4O S3383S PaHUN

weuilsiA

ueder

eujuasay

Jdewusg

SJewusq

esLswy
0 sajelS pajun
Apnis jo Aiuno)

1¢(€T0T)
seJaJ3uo)

-epuedijn

95(£002)
Aaaad

¢5(£002) OnL

»5(#002)

¢5(T00Z) BAIIO

25(0002) 1129V

1¢(866T)
uasJeT

05(€002) uems

(1e2A)
Joyine jsai4

(penuiuod) T 374VL



20472927, 2022, 7, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/andr.13228 by Cochraneltalia, Wiley Online Library on [18/03/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WILEY-

€0

NDROLOGY

"American,
Society.)
Andrology,

S
O
o
-
Q
(a4
Q
Z
<

GIULIONI ET AL.

AJl[1349)ul pue sapid13sad 03 aunsodxa
U2aM13( UOIIeID0SSE JUedIfIUSIS ON

uol3e1d0SSse JUedlIuSIS ON

uol3e1d0sse Juediusis oN

syo9lgns
ueqJn 03 30adsaJ yym |eunu ul ASojoydiow
pue Ajji3ow wJiads uj 9sea.4d9p

pUE UO[3eJ3Uu3dU0D WIS Ul 95ea.dU]|

e|wJadsoozoadau
pue ejw.aadsoozouayjse pue
sapI213sad UMD UOIJRID0SSE dAIIESDN

$129}J3 aA1RINpoIday

sJojoweled
UDWIIS |EWIOU YJIM US|

EllIN|

sJaoweled
USWISS |BWIOU Y3IM US|A

usw 3unoA Ayyesy uequan

uol3ednd20 J1ay3 Jnoge
uoljew.oul pajiodad
3y} 03 3uipJodde
pajisse|d s33(qns
(/L8 = u) pasodxaun

dnous
90UD49)94/5]043U0)

‘p1oe 21jAxoqJed suedoudo|dAd|Ay1awIp-Z Z-(JAUIAOIO|YDIP-Z‘Z)-S-suell ‘YD DL ‘[oulplIAd-gZ-040|yd11-9‘G‘e
‘AdDL ‘prodyialid “YAd -ausjAyia-ouo|ydipjAusydip-oao|ydip ‘3aqg-,d‘d aseuoxoeled ‘TNOJ ‘opid1isad ajeydsoydouesdio 4O :sutiojydouesdio Q0 auexayoldAdolojyoexay ‘HOH :o1eydsoydoiyijAyisip ‘d13a
‘aueyisoio|ydlil-|Ausydip-oto|ydlp ‘1gq ‘4azAjeue wuads paple-i9ndwod ‘yYSyD ‘ujAdequed Yy ‘joyydeu-T ‘NT :pioe d13adeAxousaydoo|ydip-+¢ ‘Q-v‘g ‘p1oe dlozuagAxouayd-¢ ‘ygd-g :suolleinsuqqy

|0J43U0d 88
‘AJ[1349)u] 9|dnod
10} 3un3|nsuod uaw Zoy

sJauLIe) Ze

S|0J43U02 /07
‘U B|1143JU1 269

S|0J3U0D 9E pUE [ednJ 44

A1ojeloqe| A3ojoupuy
3y} ulpuspe UdW ZZTT

u ‘uonyeindod paujwex3

Apnis
|0J43u02-3se)

Apnis
|BUOI1295-5504D)

Apnis
|0J3u0d-3se)

Apnis
|eUOI3295-550.42)

Apnis
|eu011295-5504D)
uopjenjeAns
/usisap Apmis

sopidI3sad
paynadsun

sapid13uny
pue ‘sapidigJsy
‘59pI01329sU|
sapio13uny
pue ‘sapidigJay
‘S9pI01309sU|

sapio18uny
pue ‘sapidig.ay
‘s9pI01309su|

sapid13uny
pue ‘sapidigJay
‘SapI21309su|

app1sad

aouel

Jdewusg

spuelJayiaN

lizeag

elsiung

Apnis jo Anuno)

(panunuo)

25(6002)
uelnal{ ag

16(666T)
usuQd e

09(866T)
suews|al|

45(£T0T)
9sauowald)

85(£702)
pnoeQ

(1e2A)
Joyine jsai4

T314avl



L ERVEEI ANDROLOGY @ ==

3.3 | Semen parameters
3.3.1 | Organochlorine

Sperm motility, normal morphology, and vitality were significantly
lower in sprayers exposed to 2,4-dichlorophenoxyacetic acid (2,4-
D) than in the control group.!? Furthermore, among men waiting
for semen evaluation in Massachusetts, dichloro-diphenyldichloro-
ethylene (p,p’-DDE) concentrations tended to be higher in subjects
with sperm concentration, total motility, and morphology below WHO
threshold values.!® Instead, according to Dalvie et al.,'* dichloro-
diphenyl-trichloroethane (DDT) was found to be associated with a
lower semen count (p = 0.04, r2 = 0.05), and the majority of vector-
control workers (84%) had a percentage of “normal” sperm morphology
below WHO criteria. Considering environmental and occupational
exposures in different regions, sperm motility was the only parameter
negatively associated with an increase in p,p’-DDE levels in Greenland
and in combined data from Poland, Ukraine, and Sweden (8= —2.8,95%
confidence interval [Cl]: —4.8 to —0.7 and f = —3.6, 95% Cl: —5.6 to
—1.7, respectively).l

Recruiting infertile men from Krishna Medical Centre, Pant et al.1®
noted that the total sperm count was inversely related to seminal OC
levels, mainly 8-hexachlorocyclohexane (3-HCH) (r = —0.43, p < 0.002)
and p,p’-DDE (r = —0.39, p < 0.005), as well as total sperm motility,
mostly with y-HCH (—0.29, p < 0.05). De Jager et al.,’” who studied the
general population in Chiapas (Mexico), showed that increasing p,p’-
DDE serum levels were positively associated with the percentage of
spermatozoa with morphological tail defects (3 = —0.003, p = 0.017).
Moreover, a non-significant negative relationship between DDE and
the percentage of motile spermatozoa (8 = —8.38, p = 0.05 for squared

motility) was reported. Aneck-Hahn et al.!®

also reported the rela-
tionship between non-occupational exposure and sperm parameter
alterations: lower values of mean computer-aided sperm analyzer
(CASA) motility (3= —0.02, p=0.001), squared root-transformed ejac-
ulate volume (8 = —0.0003, p = 0.02), and sperm count (8 = —0.003,
p = 0.04) were significantly associated with higher p,p’-DDE serum
concentrations.

Y chromosome microdeletion has emerged as a new condition

associated with male infertility. Khan et al.1?

evaluated a possible rela-
tionship with OC exposure. The authors reported that the incidence
of the Yq deletion is high in azoospermic men with greater total and
B-HCH levels (61.5%), corroborating the hypothesis of the mutagenic
activity of the pesticide. Moreover, y-HCH was negatively related to
total sperm count (p < 0.001) in patients with asthenospermia, as
well as B-HCH (p = 0.03) and total HCH (p = 0.04) in those with
oligo-asthenospermia.

Among male partners visiting the infertility unit in Lucknow (India),
sperm concentration and motility decreased significantly from the
lowest quartiles toward the highest p,p’-DDE and lindane levels
(p < 0.001).2° Furthermore, evaluating data from the LIFE Cohort
Study, which included 468 men attending infertility clinics in Michigan
and Texas, DDT and -HCH were associated with increased values in

GIULIONI ET AL.

sperm motility (8 = 5.30 and 0.52, p < 0.01, respectively) and normal
morphology (8 = 5.05 and 2.22, p < 0.01, respectively).?!

In a study recruiting men attending Albany Medical Center for
fertility issues or vasectomy, p,p’-DDE concentration was not associ-
ated with sperm motility, the only seminal parameter considered.?2
Rignell-Hydbom et al.2® also reported no relationship with p,p’-DDE
serum concentration and sperm motility in Swedish fishermen. A gene-
environment interaction has also been investigated. In any case, the
length of the androgen receptor gene CAG repeats did not influence
the impact of persistent organohalogen pollution (POP) on semen
quality.2* Haugen et al.2> analyzed men living in Norway: no semen
quality association with p,p’-DDE was highlighted, except for the low
correlation found in men living in northern Norway (r = 0.25, p = 0.03);
the p,p’-DDE concentration was higher in the southern area population

than in the northern population.

3.3.2 | Pyrethroids

Xiaet al.2é reported a higher percentage of sperm abnormalities among
pesticide factory workers with respect to non-exposed subjects (mean
% in exposed 22.2 vs. 15.9 in non-exposed, p = 0.024), while sperm con-
centration, total count, and motility were comparable with controls.
Significant associations were found with sperm progressive motility
and count in fenvalerate-exposed workers in the pesticide plant with
respect to those non-exposed (progression mean [SD] in exposed 1.8
[0.5] vs. 2.3[0.5] in non-exposed, p < 0.05; sperm count mean [range] in
exposed 53.9 [2.0-233.2], p < 0.05).27

Among men recruited from an andrology laboratory, in multivari-
able linear regression analysis, urinary pyrethroid metabolites were
related to areduction in semen quality.28 Indeed, values above the 75th
percentile of trans-3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropane
carboxylic acid (TDCCA) with respect to <50th percentile values were
associated with a reduction in sperm concentration (—34.2 million
spermatozoa/ml, 95% Cl: —51.1 to —5.7) and total sperm motility
(—10%, 95% Cl: —19 to —1), with p-values for trend <0.05. In Chinese
men attending an infertility clinic, urinary 3-phenoxybenzoic acid
(3-PBA\) levels and sperm concentration (8 = —0.27, 95% Cl: —0.41 to
—0.12, p < 0.001) were also inversely related.2? Furthermore, a signif-
icant trend of decline in sperm concentration and total sperm count
for increasing quartiles of metabolite concentration was reported.
Multiple linear regression also showed not only a negative relation-
ship between sperm concentration and TDCCA levels over the 50th
percentile in urine (8 = —0.33, 95% Cl: —0.64 to —0.02, p = 0.04) and
between sperm abnormal morphology and TDCCA levels under and
over the 50th percentile (8 = 2.79, 95% Cl: 1.58-5.00, p = 0.01
and 8 = 2.80, 95% Cl: 1.56-5.04, p = 0.02, respectively).5°

A Chinese study on reproductive-age men in Shanghai revealed that
men with the highest quartile of 3-PBA had a higher probability of
below WHO reference sperm normal morphology with respect to men
with the lowest quartile of 3-PBA (odds ratio [OR] = 3.08, 95% ClI:

1.10-8.60).3! Conversely, Bian et al.32 found no significant differences
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regarding sperm concentration and morphology between pesticide fac-
tory workers and the external group, whereas straightness motility was
significantly lower. Moreover, no semen parameter was related to uri-
nary 3-PBA concentration in a group of healthy Japanese university
students.3®

3.3.3 | Organophosphates

Padungtod et al.34

assessed a reduction in sperm concentration and
percent motility in factory workers exposed to OP pesticides than
non-exposed workers (Biog sperm concentration= —0.6, 95% Cl: —0.9 to
—0.2; Bpercent motility = —10.4, 95% Cl: —19.2 to —1.6, respectively).
In addition, the same group investigated the interaction of human
paraoxonase (PON1), which is responsible for OP deactivation, geno-
type with semen quality.3> They reported that this enzyme, depending
on the amino acid substitution at position 192, had different effects
on semen parameters. In the presence of arginine, exposure to OPs
was associated with a lower total sperm count ()(2 =9.01, p < 0.01)
and sperm normal morphology (2 = 4.18, p < 0.05) and percent-
age motility (p < 0.05), while with glutamine homozygosity, even
non-exposed subjects had a lower sperm concentration (y2 = 4.90,
p < 0.05) than the reference group (non-exposed to OP with arginine
192 homo/heterozygotes).

Ejaculate volume (Bregression = —0.60, Pregression = 0.009), rapid and
progressive motility (Bregression = —0.22, Pregression = 0.008), and nor-
mal sperm morphology (Bregression = —9-74, Pregression < 0.001) were
found to be lower in Peruvian pesticide sprayers than in non-exposed
subjects.?® In Mexican farmworkers with more than 18 years of work
exposure to OPs, a high rate of abnormal morphology (100%), low ejac-
ulate volume (46%), low sperm motility (30%), and viability (13%) were
found.” The authors demonstrated that all cells of the spermatoge-
netic cycle were sensitive to OP toxicity and confirmed the dose-effect
relationships between sperm motility and viability and OP exposure
in men with the homozygous PON1192RR genotype and, to a lesser
extent, the heterozygous PON1Q192R genotype.

Urine metabolites of OP were positively related to a reduction in
semen volume and sperm count in a dose-dependent manner among
volunteers of an agricultural community.®® This finding was confirmed

by Yucra et al.,3?

who reported that urinary OP metabolites were neg-
atively associated with seminal pH after application of Holm’s test.
Hossain et al.*® confirmed that semen parameters were worse in
farmers than in non-exposed men in Sabah, Malaysia, and Malathion,
including semen volume, sperm concentration, motility, and normal
morphology, despite a lower exposure.

Evaluating men attending infertility services in southern Spain, Mel-
garejo et al.*! showed that sperm concentration and total count were
significantly and inversely related to the concentrations of urinary
metabolites. Dziewirska et al.*Z also demonstrated a negative associa-
tion between urinary 3,5,6-trichloro-2-pyridinol (TCPY) concentration
and a decrease in motility (p = 0.024).

Lwin et al.*®* compared groundnut farmers in growing (June-

October) and non-growing (November-April) seasons and found that

WILEY-

in the June-October period, there were significantly higher levels of

sperm motility (Wilcoxon z-value = —2.838, p = 0.005) and significantly
lower levels of morphology (Wilcoxon z-value = —4.338, p < 0.001)
and sperm count (Wilcoxon z-value = —4.852, p < 0.001). In addition,
sperm count and total and progressive motility were significantly lower
in rural farmers than in urban men.** However, two studies did not
report any seminal alteration after OP exposure. In the first study,
no correlation between OP urinary metabolites and semen parameter
alterations occurred in Mexican agricultural workers.* In the second

study, Multigner et al.*¢

showed no significant difference in sperm
characteristics between banana plantation workers and men working

in non-agricultural sectors.

3.34 | Carbamates

Three studies investigated the effect of carbapenates. Wyrobek
etal.*” found a negative association between their exposure and sperm

normal morphology. Even Xia et al.#®

reported sperm morphological
abnormalities as the only altered parameter. In addition to the Car-
baryl relationship with the percentile of spermatozoa with abnormal
morphology (8 = —7.25), Dziewirska et al.*? showed that also CASA
parameter straight line velocity (8 = 3.47) was positively associated

with its urinary metabolite 1-naphthol (1N) concentration.

3.3.5 | Fungicides

Only one article retrieved was on the effect of fungicides. Celik-
Ozenci et al.*? showed a significantly lower level of sperm motility in
farmworkers exposed to abamectin than in non-exposed men.

3.3.6 | Herbicides

One paper regarding herbicides was included. In the first article, Swan
et al.’% reported that blood alachlor and atrazine concentrations were
strictly related to poor semen quality (ORg 7.ys<0.15 (ug/g creatinine) = 30,
95% Cl: 4.3, 210 and ORg 1<ys<0.1 (ug/g creatinine) = 11.3, 95% Cl: 1.3,
98.9, respectively) and that at high levels of both pesticides, the sperm
abnormality rate was higher. However, this association was imprecise,
as indicated by the width of the ClI, probably because of the two small

samples examined.

3.3.7 | Mixture

In 13 studies, associations with mixtures of pesticides were analyzed.
In 1998, Larsen et al.° reported that the percentage of normal
sperm heads was the only parameter affected in Danish farmers dur-
ing the spraying season than the non-sprayer counterpart (p < 0.01).
Abell et al.>2 showed a significantly lower proportion of normal sper-

matozoa in greenhouse workers with a high level of dermal exposure
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(b = 0.02). Moreover, using logistic regression analysis, a significant

association was found between semen threshold values and pesticide
exposure in men of couples seeking pregnancy, with estimated ORs of
3.0 (p = 0.015) for sperm concentration (>1 x 10/ml vs. <1 x 10%/ml),
2.7 (p = 0.031) for sperm count (<3 x 10% vs. >3 x 109), and 4.5
(p = 0.002) for sperm motility (>50% vs. <50%).>3

In OP and PYR sprayers, Kamijima et al.>* reported significantly
lower levels of sperm normal morphology and significantly higher lev-
els of slow progressive and non-progressive motile spermatozoa in
exposed with respect to non-exposed. In a case-control study inves-
tigating semen quality in rice farmers, sperm abnormalities were
significantly associated with a distance of fewer than 300 m from
household to rice fields and a duration of work over 10 years as a
farmer (OR = 3.16, 95% Cl: 1.97-5.05 and OR = 3.98, 95% Cl: 2.20-
7.21, respectively).”® Furthermore, personal protective equipment
absence was also reported to be associated with sperm morphology
alterations (adjusted OR = 3.05, 95% Cl: 1.92-4.85).

Perry et al.® evaluated 18 random urine samples and divided them
according to low and high pesticide metabolite levels, discovering
a significant crude difference in sperm concentration for diethylth-
iophosphate (DETP) (absolute difference = —1.0, 95% Cl: —1.8 to
—0.2, p < 0.05). Instead, occupational exposure to OP and carba-
mates (CAR) is only associated with lower sperm concentration and
live spermatozoa.”” Ina questionnaire-based study conducted on 2122
men attending an Andrology Laboratory in Tunisia, exposure to pesti-
cides was significantly associated with asthenozoospermia (OR = 1.6,
95% Cl: 1.0-2.4, p = 0.02) and necrozoospermia exposure (OR = 2.6,
95% Cl: 1.4-4.7, p = 0.001).°8 Cremonese et al.’? reported in 2017 a
worsening of sperm motility (p = 0.01) and morphology (p < 0.01) in
rural Brazilian men exposed to a mixture of fungicides in contrast to
urban ones.

However, three studies reported no relationship between pesticides
and semen parameters. Tielemans et al.?C did not find any signifi-
cant association in infertile men exposed to fungicides, herbicides,
and insecticides. In a mixture of these toxicants, no relationship was
shown to affect sperm concentration, the only examined parameter.6*
Similarly, men attending a Fertility Clinic underwent a self-reported
occupational questionnaire, and exposure to pesticides was not signif-
icantly correlated with seminal quality (OR = 3.6, 95% Cl: 0.8-15.8,
p=0.087).62

3.4 | Chromatin and DNA integrity

Twenty-five articles investigated this relationship (Table 2).

3.4.1 | Organochlorine

Nine studies regarded OC. Using the aniline blue staining method
instead of the terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay, the percentage of Grade 3-stained samples
(the least condensed spermatozoa) was positively associated with the

GIULIONI ET AL.

p,p’-DDE concentration, with an increase of 0.04% (95% Cl: 0.001-
0.070) per unit of the lipid-adjusted pesticide.!” Giwercman et al.2*
demonstrated the susceptibility of DNA to OC based on the androgen
receptor gene CAG repeat length (p = 0.01). The group with higher
(above the median) serum p,p’-DDE levels with respect to the group
with lower levels presented a 43% (95% Cl: 9.6-78) higher DFI for CAG
<20 and 38% (95% Cl: 7.6-68, p = 0.01) higher DFI for CAG 20/21.

De Jager et al.®® dividing subjects according to lipid-adjusted
p,p’-DDE plasma concentration, noted an increasing trend in the log-
transformed DFI| coefficients as the serum level of this metabolite
increased, with a significant difference between the lowest quartile
group and third and fourth quartile groups (p < 0.05). In sub-fertile
couples, a higher serum p,p’-DDE concentration was associated with
XX (incidence rate ratio [IRR] = 1.6, 95% Cl: 1.4, 1.7, p < 0.001), XY
(IRR =1.30,95% Cl: 1.23-1.38, p = 0.001), and total (IRR = 1.27, 95%
Cl: 1.22-1.33, p < 0.001) sex-chromosome disomy in men comparing
the highest with the lowest quartile of p,p’-DDE distribution.®* Perry
et al.®> have also demonstrated that men who were more exposed to
DDT had increased rates of XX18 (IRR = 1.52, 95% Cl: 1.35, 1.72),
XY18 (IRR = 1.40, 95% ClI: 1.30, 1.51), and total disomy (IRR = 1.32,
95% Cl: 1.25, 1.35) compared with the highest with the lowest tertile
of p,p’-DDE for adults in a cross-sectional evaluation.

However, in four studies, no relationship was highlighted. Hauser
et al.?¢ did not find any significant association between OCs and
DNA damage. No significant difference in % DFI between the low-
est exposed DDT group and the highest exposed DDT group using
multivariable age-adjusted analysis occurred.®’” Moreover, a lack of
association between DFI and p,p’-DDE was reported among Euro-
pean men.® However, through TUNEL assay, Stronati et al.® found
no relationship between sperm DNA fragmentation and p,p’-DDE con-
centration (8 = 0.0, 95% Cl: —0.1 to 0.2) using a linear regression
model.

3.4.2 | Pyrethroids

Seven studies focused on the relationship between PYR and DNA dam-
age. In factory workers exposed to fenvalerate, Xia et al.2 observed
a significantly higher percentage of sex chromosome-bearing and dis-
omic chromosome 18 sperm disomy (p < 0.01) and nullisomy (p < 0.01)
than in control groups. Moreover, DNA fragmentation was signifi-
cantly higher in exposed workers using the TUNEL assay, as well as
the percentage of DNA in the tail (p = 0.044 and 0.024, respectively)
and olive tail moment (p = 0.016 and 0.011, respectively) in Comet
assay, than in internal and external non-exposed men.32 Meeker et al.28
reported a monotonic association between 3-PBA and % DNA in the
comet tail (p-value for trend = 0.02), suggesting a dose-response
effect. Among men recruited from an infertility clinic, a positive asso-
ciation between urinary 3-PBA levels and sperm DNA fragmentation
(8 = 0.27, 95% Cl: 0.15-0.39, p < 0.001) was reported.?? Serum 3-
PBA levels were also associated with a higher rate of YY18 disomy
(IRR =1.28,95% Cl: 1.15-1.42) and a lower rate of XY18 (IRR = 0.82,
95% Cl:0.77-0.87) and total (IRR = 0.93, 95% Cl: 0.87-0.97) disomy.”®
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Furthermore, a positive correlation between TDCCA concentration
and XX18 (IRR = 1.30, 95% Cl: 1.17-1.46), YY18 (IRR = 1.19, 95%
Cl: 1.06-1.34), and total (IRR = 1.09, 95% Cl: 1.04-1.15) disomy was
reported. Jurewicz et al.”! also found a positive association between

over the median cis-3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropane
carboxylic acid (CDCCA) and 3-PBA levels and medium and high %DFI,
respectively. Finally, Radwan et al.”2 reported that urine TDCCA over
the median levels was positively related to XY disomy and disomy
of chromosome 2. Furthermore, urinary 3-PBA concentration (both
above and below the median) was directly related to XY disomy, Y

disomy, disomy of chromosome 21, and total disomy.

3.4.3 | Organophosphates

Four studies evaluated the impact of OP on chromatin integrity. Recio
et al.”3 reported that the frequency of total aneuploidies was slightly
higher, relative risk (RR)pgp = 2.59 and RRpgrp = 1.68, during the
spraying season in nine men exposed to OP. Furthermore, the authors
found a significant association between diethylphosphate (DEP) and
sex null aneuploidy (8 = 0.00022, p = 0.0001), as well as between
dimethyldithiophosphate (DMDTP) and the rate of total aneuploi-
dies (8 = 0.00009, p = 0.0001). Sanchez-Pefia et al.*> discovered a
positive relationship between urinary DETP concentrations and DFI
(8=0.48, p = 0.03). Furthermore, 75% of semen specimens were clas-
sified as having poor fertility potential (with DFI > 30%). Regarding
the PON1Q192R genetic polymorphism, homozygote subjects for the
192R allele showed dose-effect relationships with OP exposure at
the month of sampling (p = 0.025).3” Dziewirska et al.*? also found
that higher urinary TCPY levels in infertile men were significantly
associated with a higher percentage of DFI.

3.4.4 | Carbamates

Two studies investigated the genotoxic effect of CAR. Xia et al.*®
showed a significantly higher rate of chromosome 18 and X/Y disomy
and nullisomy in exposed groups (p < 0.01 and <0.05, respectively).
However, no significant association was reported between urinary 1N

levels and DFI.42

3.4.5 | Mixture

Two studies investigated the combination of CAR and OP together.
Miranda-Contreras et al.’” reported a higher rate of DFI in the exposed
group (p < 0.0001). The interaction between DAP metabolites and
3-PBA in adjusted models determined a varied correlation between
their levels and total disomy, with the highest significant associations
between the third exposure quartile of DETP and the second 3-PBA
exposure quartile for an IRR = 2.31 (95% Cl: 2.02, 2.64).”* However,
in workers with past occupational exposure to pesticides during the

no growing season, no significant differences were reported in terms

GIULIONI ET AL.

of aneuploidy compared to the control group,’! as reported by Smith
et al.”> for aneuploidy and diploidy frequencies for chromosomes 13,
21,X,and .

4 | DISCUSSION

In most studies included in this review, pesticides played a role in alter-
ing semen parameters. Indeed, in 40 of the 51 studies (78%), at least
one parameter was affected negatively. The most frequently worsened
parameters were sperm total count, motility, and morphology. In every
case, we found high heterogeneity in the measures used to evaluate the
association between each compound and semen parameters.

In most of the included studies, OCs were associated with altered
semen parameters. The most frequent was sperm motility (in 10 out of
the 12 studies reporting a significant association). It has been shown
that OCs permit a massive entry of calcium ions into germ cells’® with
a consequent reduction in the mitochondrial membrane potential.””
Instead, a reduction in semen count and volume was significantly
associated with OCs in seven studies. This may be explained by the
induction of apoptosis in Sertoli cells and germ cells, with increased
caspases,’8 because of the increase in superoxide anion and hydro-
gen peroxide and the consequent oxidative stress.”” Another emerging
element is the dose-dependent relationship between DDT serum
metabolites concentration and the decrease of the parameters.16-21
However, some studies showed non-clear evidence on the correlation
between OC and worsening of semen quality. Indeed, although strat-
ifying cases according to p,p’-DDE serum concentrations, a negative
trend of impaired semen parameters occurred,?® and some papers did
not report any relationship, showing that these pesticides are safe than
other POPs, such as polychlorinated biphenyls (PCBs).22=25 |n any
case, almost all human studies have a low level of evidence, and further
studies with adequate quality are necessary for definitive evidence.

Regarding the effect of PYR on semen quality, more than half of the
studies showed altered parameters. Sperm motility was affected in two
studies, with low normal morphology and total count in three, while
reduction of sperm concentration occurred in four out of eight studies.
The reduction in sperm count and concentration may be attributable
to the reduced size and number of cell layers in atrophic and distorted
seminiferous tubules, as demonstrated in the F1 and F3 generations of
female rats exposed during fetal gonadal sex determination.g° Regard-
ing sperm morphology, a considerable reduction in germ cells and
impairments of the seminiferous tubules have been demonstrated in
adult rats.81

OPs are among the most used and effective pesticides worldwide.
They are excellent insecticides, although adverse effects can also occur
in humans after exposure. OPs have also shown a worsening impact
on fertility, altering the regular function of the blood-testis barrier
in mice through oxidative stress,82 forming covalent bonds with the
zonula occludens-2 protein (Z02).8% The effect of OPs on semen qual-
ity emerged through a recent meta-analysis, where we demonstrated a
decline in almost all parameters considered.84 In 11 out of the 13 stud-

iesincluded in this review, sperm quality was significantly affected, and
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the most frequently affected parameters were sperm total count (in
three out of 11 studies), ejaculate volume and (in four out of 11 stud-
ies), sperm morphology and concentration (in five out of 11 studies),
and motility (in seven out of 11 studies). Semen motility and morphol-
ogy were the most frequently affected parameters. The phenomenon
for the first one is associated with the generation of reactive oxygen
species and, consequently, increased lipid peroxidation and a lower
ratio of polyunsaturated/saturated fatty acids.8> Regarding worsen-
ing sperm morphology rates, in male Wistar rats, OP exposure was
related to abnormalities, such as lipid droplets, a higher number of
mitochondria and apoptotic phenomena in germ cells (as confirmed by
the altered expression of the BAX and Bcl-2 genes).8¢ Moreover, within
the seminiferous tubules, there are cell-cell contact loss and slough-
ing of epithelial cells, concomitant arrest of spermatogenesis, with a
decrease in meiotic figures and elongating spermatids, reducing sperm
total count and concentration in mature goats.87

Carbamates are derivatives of carbamic acid and are mainly used
as insecticides. The singular parameter affected within all studies was
sperm morphology. Indeed, under the microscope, a distorted organi-
zation of the seminiferous tubules in exposed mice can be observed,
with areduced number of spermatocytes and spermatids and the pres-
ence of cellular debris and necrotic cells.®8 Carbamates act directly on
rat spermatogenesis, increasing abnormalities, such as detached heads,
double heads, and coiled tails.8?

In men exposed to a mixture of pesticides, establishing their likely
effect was not possible because this may cause bias. Nevertheless,
there are worthy considerations. First, there has been found a progres-
sive worsening in semen quality based on the number of years exposed
to those hazards.’1>2 Moreover, the impact on semen parameters was
not evident during the spraying period, and therefore, semen samples
should be collected later.6*

According to the sixth edition of the WHO manual for the examina-
tion and processing of human semen, a sub-fertile condition is defined
by values lower than the fifth percentile of the general population.”°
In studies recruiting workers or men with no fertility problems, sperm
normal morphology!* and ejaculate volume®¢ were under the estab-
lished threshold limit in only one study, while another study reported
sperm motility3! and total sperm count*3#4 lower than the fifth per-
centile. Furthermore, in the latest WHO manual, a “border-line zone”
between pathological and normal values has been suggested.”! Within
that zone, sperm motility, morphology, count, and volume occurred in
eight,1415.18,26,27,32.34.44 5, 15182446 three 1427.39 and threel417.18
studies, respectively. Therefore, a significant impact occurs, espe-
cially on sperm motility and normal morphology, as many studies
have demonstrated, although semen parameters were under the WHO
threshold limits in a few cases. In particular, OCs and OPs were found
to be associated with semen quality, while others require further
investigation.

In 25 studies documenting the effect of pesticides on chromatin con-
densation, most of them reported an association between exposure
and DFI.

In studies regarding OC, the actual DNA damage is controver-

sial. Only half of the studies showed an increase in DFIl. Giwercman
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et al.2* stated that this susceptibility was related to the length of the
CAG sequences, a key site for androgen receptor function.”? Only one
study? found a DFI greater than 30%.7% Therefore, further studies
are needed to clarify this issue. Both studies evaluating aneuploidy
documented a correlation between chromosomal disomy and blood
p,p’-DDE levels. An interesting finding is that the susceptibility to
semen parameter alterations was based on ethnicity. Messaros et al.”*
demonstrated how sperm motility influenced the GSTT1 genotype,
while abnormal morphology influenced the CYP1A1 alleles. The phe-
nomenon of allopatric speciation implies that an isolated population
such as the Inuit from Greenland tends to be less prone to infertility,
sperm alterations, and DNA integrity than others such as European
men, even if there were no robust controls for each ethnicity group.

The studies investigating PYR exposure reported unequivocal
results regarding DNA damage. Indeed, PYRs result in some increase
in DFI. A linear relationship between the serum concentration of its
metabolites and chromosome aneuploidy and DNA in the tail occurred.
As reported by animal studies, this pesticide may determine nuclear
morphological alterations, with the alteration of chromatin conden-
sation and the arrangement of the cytoplasmic microtubules at the
ultrastructural level.”>

OPs, alone or in association with CARs, showed a harmful effect
in exposed men, with a positive association between DFI and their
urinary metabolites, as confirmed by DNA fragmentation higher than
30% in mouse studies. Indeed, in the cellular nucleus, OPs alter the
methylation promoters of some genes by modifying their expression,
such as NRF2 and OGG1 (fundamental for antioxidant action and DNA
repair, respectively),”® and reduce the chromatin condensation and
integrity of DNA.?” Moreover, farmworkers’ susceptibility to chronic
pesticide poisoning is influenced by genetic polymorphisms. Actually,
the gene for PON1 plays a key role.?® The latter is an enzyme against
anticholinesterase toxicity, particularly with OPs. As already demon-
strated by Pérez-Herrera et al.,%” some polymorphisms of the PON1
gene determine reduced catalytic activity, and its exacerbation occurs
depending on the intensity and years of occupational exposure.??

Only two studies explored the effect of CAR on DNA damage.
Although a correlation of these pesticides with chromosomal dis-
omy and aneuploidy was demonstrated,”® no association with DFI
occurred.*2

In the literature, too few articles have reported the effects of pesti-
cides on the ability to sire a pregnancy. Controversies emerged because
only half of the studies confirmed the relationship. However, Cocco
et al.2% showed even a significant association between p,p’-DDE and
stillbirths, while Sallmén et al.1°? demonstrated that, despite expo-
sure levels, farmworkers’ fecundability is influenced by pesticides. In
2017, Smarr et al.192 reported that not enough studies were published
to affirm a general modification of human fecundity, except for some
chemical hazards such as DBCP.

This review has some limitations to disclose. First, most studies
were cross-sectional and a cause-effect relationship cannot be stated.
Regarding the study design, a systematic error could be of concern.
Selection bias could have occurred, as several studies selected the

sample voluntarily. Exposure evaluation inaccuracies can occur in the
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case of subject recall, thus biasing the results. Several studies adjusted
the statistical models used for the analysis with different covariates
or stratified the analysis to control for potential known confounders.
However, the reported results of some studies were unadjusted, and
several articles neglected to control for unmeasured confounders. As
observation studies are prone to such bias, sensitivity analysis could be
anopportunity to interpret the results. Second, several papers included
a small sample size, which could have led to the inadequate statistical
power of the study.

There are limitations linked to the considered studies. A comparison
between studies is difficult because the exposures are measured dif-
ferently, and various methods are applied to verify the association with
the outcome. Indeed, the latter can be assessed through a logarithmic
scale, partitioning with categories, threshold values, the logarithm of
the odds or through the distribution of exposure level. The latter, then,
also depends on the reference population and the study period, limit-
ing the performance of a proper meta-analysis. Thus, studies involving
several sites that share the same study protocol as that eligibility crite-
ria, the definition of exposure and outcomes, would allow the specific
assessments of each site and then obtain a global assessment (pooled
analysis). Furthermore, there were no data about family and medi-
cal history in some articles, including previous/concomitant testicular
disease, comorbidities, exposure time, and exposure dose, and the sub-
jects would have probably been exposed to other confounding factors,
such as alcohol, smoking, and others. Moreover, exposure levels were
not standardized in each study, creating some disparity. Last, in stud-
ies regarding occupational exposure, no specified or uniform protective
clothing was worn by workers.38 Future research should focus on two
main points: the effects of frequently applied pesticides but less consid-
ered in studies (such as glyphosate, herbicides, or carbamates) and the
susceptibility to pesticides of various ethnic groups based on genetic
polymorphisms.

5 | CONCLUSION

Occupational exposure to pesticides results in a harmful impact on
human health, not only on workers but also in the general population,
because of their ubiquitous persistence in different environmental
media, their ability to bioaccumulate and their capacity for long-range
atmospheric transport. In the present study, we summarized the con-
sequences of pesticide exposure on human semen parameters, and we
found a detrimental impact on sperm total count, motility, and normal
morphology and damage to DNA integrity. These effects seem to be
mainly correlated with exposure time rather than dose. However, cur-
rent knowledge almost relies on cross-sectional evaluations, and future
prospective studies with appropriate methodology to control for sys-
tematic uncertainty are mandatory to support these findings and to

strengthen the evidence for causality.
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