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Abstract

Background Knowledge surrounding the association between exposure to pesticides and hypothyroidism is incon-
sistent and controversial.

Methods The aim of present study was, therefore, to review scientific evidence systematically and conduct

a meta-analysis into the contribution of exposure to pesticides to hypothyroidism. PubMed, Scopus, Web of Sci-
ence, and Google Scholar were searched. The findings are presented as OR, HR, PR, IRR, and 95% confidence inter-
val (95%Cl). A fixed-effect model using the inverse-variance method and random-effects inverse-variance model
with DerSimonian-Laird method were used for estimating the pooled estimates. Cochran Q and I tests were used
to confirm the heterogeneity of selected studies.

Results Twelve studies were included in the systematic review, and 9 studies in the meta-analysis. Epidemiological
evidence suggested that exposure to insecticides including organochlorines, organophosphates, and pyrethroids
increased risk of hypothyroidism (adjusted odds ratio (aOR)=1.23, 95%CI=1.14, 1.33 for organochlorines, aOR=1.12,
95%Cl=1.07, 1.17 for organophosphates, aOR=1.15, 95%Cl=1.03, 1.28 for pyrethroids). Exposure to herbicides

also increased risk of hypothyroidism (@OR=1.06, 95%Cl=1.02, 1.10). However, exposure to fungicides and fumigants
was not found to be associated with hypothyroidism.

Conclusion To increase current knowledge and confirm evidence to date future research needs to center on large-
scale longitudinal epidemiological and biological studies, examination of dose-response relationships, the controlling
of relevant confounding variables, using standardized and high sensitivity tools, and investigating the effects of envi-
ronmental exposure.
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Background

Thyroid disease is a global health issue that has signifi-
cant adverse effects on well-being. Hypothyroidism is
one example of thyroid disease, the pathology of which
is thyroid hormone deficiency. The prevalence of hypo-

*Correspondence: thyroidism has been found to range from 0.3-3.7% in
Ratana Sapbamrer the USA and 0.2-5.3% in Europe [1]. Thyroid stimulat-
lekratana56@yahoo.com ine h (TSH) df th . (fT4~) .

1Departmeh‘[ of Community Medicine, Faculty of Medicine, Chiang Mai Ing hormone ?n ree Xromne . .1n serum are
University, 110 Inthavaroros Road, Sri Phum Subdistrict, Muang District, used to define thyroid dysfunction. Subclinical hypothy-
Chiang Mai 50200, Thailand roidism is defined as TSH above the normal range but

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12889-023-16721-5&domain=pdf

Sirikul and Sapbamrer BMC Public Health (2023) 23:1867

normal fT4, whereas overt hypothyroidism is defined
as TSH above the normal range and fT4 below the nor-
mal range [2, 3]. The most common symptoms include
weight gain, constipation, fatigue, lethargy, cold intoler-
ance, dry skin, and change in voice. It may have major
adverse health consequences and eventually death if left
untreated [4, 5]. Risk factors for hypothyroidism include
female sex, aging, iodine nutrition, genetic susceptibility,
and endocrine disrupting chemicals (EDCs) [4—6].

It has been acknowledged that EDCs can disrupt the
endocrine system, including the function of the thyroid.
Some pesticides have been reported to act as EDCs and
also disrupt thyroid function. EDCs may interfere with
thyroid function through several mechanisms, including
disruption at the hypothalamus—pituitary—thyroid axis,
interference with TSH receptors, inhibition of sodium-
iodine symporters, inhibition of the thyroid peroxidase
enzyme, alteration of the binding sites of transport pro-
teins, inhibition of deiodinase enzymes, increased syn-
thesis of glucuronosyltransferase, decreased cellular
uptake of thyroid hormone, and alteration during the
transcription of thyroid hormone receptors [7-11].

Previous experimental studies on animals have shown
that organochlorine insecticides can cause a decrease
in trilodothyronine (T3), and thyroxine (T4), and an
increase in TSH [12-14]. Most epidemiological stud-
ies focus on the effects of pesticide exposure on thyroid
hormone levels, however, the evidence has shown incon-
sistent results [14—16]. With regard to epidemiological
studies, some found an association between pesticide
exposure and increased risk of hypothyroidism, but some
studies found no association, hence current available
evidence is inconsistent, and there is a lack of clarity in
which types of pesticides contribute to hypothyroid-
ism. In an attempt to address these issues, we conducted
a systematic review and meta-analysis to summarize
the findings and identify which pesticides contribute to
hypothyroidism.

Methods

Search strategy

The aim of this study was to systematically review sci-
entific evidence and conduct a meta-analysis into the
relationship between exposure to pesticides and hypo-
thyroidism. The study was carried out in accordance with
the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) [17]. A reference management
program (Endnote X9.3.3) was used to search the results.
The search process was performed by two reviewers (RS
and WS). Full-text articles published in PubMed, Web
of Science, Scopus, and Google Scholar were searched
using the following keywords: “pesticide” OR “insecti-
cide” OR “herbicide” OR “fungicide” OR “nematocide”
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OR “fumigants” plus “thyroid” OR “thyroid disease” OR
“hypothyroidism” To avoid unplanned research duplica-
tion, the study was registered under International Pro-
spective Register of Systematic Reviews (PROSPERO)
(CRD42022342522, 7 July 2022). The search started on
July 7, 2022, and completed on August 4, 2022.

The articles that were included qualitative and quanti-
tative synthesis were as follows: (1) original articles; (2)
published between 1994 and 2022; (3) published as a
full-text article; (4) written in English language and oth-
ers; (5) hypothyroidism was assessed and diagnosed by a
physician or by laboratory results of thyroid hormones;
(6) the association between exposure to pesticides and
hypothyroidism was assessed; (7) data were analyzed by
chi-square and /or regression analysis; and (8) presented
results using odds ratio (OR), prevalence ratio (PR), haz-
ard ratio (HR), incidence rate ratio (IRR), or relative risk
(RR). The studies that were without variables of interest,
were review articles, animal studies, involved pregnancy
and neonatal hypothyroidism, and irrelevant information
were excluded from the study.

Exposure and outcome classification

Main exposure: The studies were classified as those inves-
tigating: (1) insecticides; (2) herbicides; (3) fungicides; (4)
fumigants; or (5) non-specific pesticides. The studies into
insecticides were also subdivided into organochlorines,
organophosphates, carbamates, and pyrethroids. Expo-
sure assessment was classified as occupational or envi-
ronmental exposure.

Main outcome: all types of hypothyroidism, includ-
ing subclinical and overt hypothyroidism were included
in the study. Outcome assessment was classified as self-
reported history of physician diagnosis or laboratory
investigation.

Data extraction

The data were independently extracted by two investi-
gators (RS and WS). The data extracted were as follows:
authors, year of publication, study site, study design,
population, sample size, type of hypothyroidism, out-
come assessment, source of exposure, exposure assess-
ment, name of pesticides, findings, and confounding
variables. The findings are presented as OR, HR, PR, IRR,
and 95% confidence interval (95%CI). The data regard-
ing types of pesticides were divided into five groups on
the basis of the different types of pesticide, insecticides,
herbicides, fungicides, fumigants, and non-specific pes-
ticides. The data for insecticides was also subdivided into
organochlorines, organophosphates, carbamates, and
pyrethroids.
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Quality assessment

The National Heart, Lung, and Blood Institute (NHLBI):
guidelines for reporting observational cohort, cross-
sectional, and case—control studies were used to assess
the quality of eligible articles [18]. Fourteen items on the
NHLBI checklist are for reporting cross-sectional and
observational cohort studies, and 12 are for reporting
case—control studies. The quality of articles was rated as
“good’, “fair” or “poor”. The range of scores for cross-sec-
tional and observational cohort studies was 1-5 as poor,
6-10 as fair, and 11-14 as good. The range of scores for
case—control studies was 1- 4 as poor, 5-8 as fair, and
9-12 as good. The quality of eligible articles was indepen-
dently assessed by two reviewers (RS and WS). The deci-
sion regarding the inclusion of the studies in the review
was agreed by both reviewers. Table S1 and Table S2 pre-
sent the quality assessment of eligible studies. Of the 12
eligible studies, 8 were assessed as good, 1 as fair, and 3
as poor.

Data analysis
To pool the effect estimate by a meta-analysis, the type of
effect estimate varied between the included studies in our
study, necessitating the conversion of PR, RR, and HR
into a common metric (OR). The study which presented
the results using PR were converted to OR [19]. Shrestha
et al. [20, 21] conducted two cohort studies that provided
association estimates as an adjusted hazard ratio (aHR).
We planned to convert HR to RR and then convert to OR
using the following equations [22, 23]:
_ oHRxIn(1-r)
RR = le— (1)

r

B OR
" (1—r1)+ (r x OR)

RR (2)

Nevertheless, we were unable to calculate the OR from
the available data and have reported it as aHR because
the total number of exposure and non-exposure groups,
and the incidence rates of hypothyroidism were not
reported. Since the incidence of hypothyroidism in the
studies by Shrestha et al. [20, 21] were reported as 2.38%
and 6.94%, respectively, and the reported aHR was rela-
tively close to 1, the HR, OR, and RR would be relatively
similar according to the assumption of rare disease/event
(less than 10%). To prove this assumption, we performed
the conversion of HR to RR and then convert this to OR
using the Egs. (1) and (2). As shown in Figure S1, we
found that the converted OR and HR were relatively simi-
lar when the incidence rate is less than 10%. Therefore,
we decided to perform a meta-analysis using the aHR
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from the aforementioned studies. The studies examining
the association between exposure to non-specific pesti-
cides and hypothyroidism were excluded from the meta-
analysis because the reported estimates in these studies
were not adjusted for confounding variables [24—26].

The 9 studies which were eligible were included in the
meta-analysis. A fixed-effect model using the inverse-
variance method and random-effects inverse-variance
model with DerSimonian-Laird method were used for
estimating the pooled estimates. A fixed-effect meta-
analysis was used to estimate pooled effects under the
assumption that the true effect of a pesticide expo-
sure (in both magnitude and direction) is the same in
the included studies. This assumption implies that the
observed differences among study results are due solely
to the chance that there was no statistical heterogene-
ity (low heterogeneity). When heterogeneity across the
included studies was moderate to high and statistically
significant, a random-effects analysis was performed to
estimate pooled effects under the assumption that the
effects estimated in the included studies are not identical
but instead follow some distribution. Cochran Q and I?
tests were used to confirm the heterogeneity of selected
studies. The three criteria of the heterogeneity were as
follows: low heterogeneity (I> < 25%); moderate heteroge-
neity (I* 25-50%); substantial heterogeneity (I* > 50%).

Evaluation of the possible bias from small-study effects
(e.g. publication bias) was examined through funnel plot
visualization. Log adjusted odds ratio (aOR) of individual
studies were plotted on the horizontal axis of the funnel
plot, and standard error on the vertical axis. Two-tailed
statistical tests at a significance of p-value<0.05 were
used. The sensitivity analysis on sources of exposure
(occupational and environmental), types of reported
estimate (OR and HR) and the impact of fixed-effect or
random-effects models on summary measures were per-
formed. The data were analyzed using the STATA soft-
ware package (Stata Corp. 2019.Stata Statistical Software:
Release 16. College Station, TX, USA: Stata Corp LLC.).

Results

Search study

The PRISMA flow diagram is shown in Fig. 1. The process
of study selection was as follows: 4,697 records identified
through databases, 1,920 records remained after dele-
tion of duplicates, 122 articles remained after screening
for full-text articles, 12 articles were eligible for inclusion
in the systematic review, and 9 articles were included in
the meta-analysis. One hundred and ten full-text articles
(n=110) were excluded due to being without variables
of interest (n=79), review articles (n=3), animal studies
(n=5), studies in pregnant women and neonates (n=2),
and irrelevant information (n=21).



Sirikul and Sapbamrer BMC Public Health (2023) 23:1867

Records identified fromdatabase ‘
( (n=4,697) ) [

4

Page 4 of 26

Duplicate records removed
n=2,777)

( Records screened (n = 1,920) )»@ecords excludded (n = 1,798))
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review (n =12)

Studies included in meta-analysis
(n=9)

Fig. 1 The PRISMA flow diagram of study selection

Association between exposure to insecticides and risk

of hypothyroidism

Organochlorines (OCs)

Eight studies (n=8) were eligible for inclusion in the
qualitative synthesis. Five studies were cohort studies,
whereas two were cross-sectional studies, and one was
a case—control study [20, 21, 27-32]. Six studies were
conducted in the USA (n=6), whereas the others were
conducted in Columbia (n=1) and Belgium (n=1).
Of the eight studies, six (#=6) found an association
between exposure to organochlorine insecticides and
risk of hypothyroidism [20, 27-31]. A study by Gold-
ner et al. [27] found an association between hypothy-
roidism and exposure to organochlorine insecticides
(aOR=1.2, 95%CI=1.0, 1.6). A study by Goldner
et al. [28] also found an association between hypo-
thyroidism and chlordane aOR=1.36, 95%CI=1.12,
1.66), heptachlor (aOR=1.3, 95%CI=1.04, 1.62), lin-
dane (aOR=1.35, 95%CI=1.1, 1.66), and toxaphene
(aOR=1.35, 95%CI=1.07, 1.7). A study by Wei et al.
[29] found an association with 2,5-DCP (adj.OR =12.86,
95%CI=1.39, 118.64). Lerro et al. [30] found an asso-
ciation with aldrin (aOR=4.76, 95%CI=1.53, 14.8).

~

-Without variables of interest (n =79)
-Review articles (n =3)

-Animal studies (n = 5)

-Pregnant and neonates (n =2)

-\Irrelevant information m = 21)

J

The study by Shrestha et al. [20] found an association
with aldrin for age > 62 years (aHR =1.28, 95%CI=1.02,
1.60), chlordane (aHR=1.21, 95%CI=1.04,1.41), hep-
tachlor for age>62 years (aHR=1.3 5, 95%CI=1.07,
1.70), and lindane for age>62 years (aHR=1.54,
95%CI=1.23, 1.94). A study by Londofio et al. [31]
found an association with Delta-BHC (aOR=6.8,
95%CI=1.8, 57.6), endosulfanl (aOR=9.9, 95%CI=1.1,
86.2), and trans-chlordane (aOR=9.8, 95%CI=1.1,
86.2) (Table 1).

In the meta-analysis for exposure to organochlo-
rines and hypothyroidism, the random-effect model
showed that exposure to organochlorines significantly
increased the risk of hypothyroidism (aOR=1.23,
95%CI=1.14, 133, 1*=43.4%, p<0.001) (Fig. 2).
The subgroup analysis based on source of exposure,
showed that occupational exposure to organochlo-
rines significantly increased the risk of hypothyroidism
(aOR=1.22, 95%CI=1.14, 1.32, 1*=42.0%, p<0.001),
but environmental exposure to organochlorines was
not significantly associated with the risk of hypothy-
roidism (aOR=4.01, 95%CI=0.88, 18.23, I*=32.5%,
p=0.072) (Table S3).
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Author (year) Outcome Name of chemicals aOR (95% CI) Weight
Goldner et al.(2010) Any hypothyroidism Organochlorines -— 1.20 (1.00, 1.60) 3.75
Goldner et al.(2010) Any hypothyroidism Aldrin —_—— 1.30 (0.64, 2.40) 1.09
Goldner et al.(2010) Any hypothyroidism Chlordane [—— 1.30 (0.99, 1.70) 3.36
Goldner et al.(2010)  Any hypothyroidism DDT —— 1.20 (0.85, 1.60) 291
Goldner et al.(2010) Any hypothyroidism Heptachlor —— 1.20 (0.66, 2.30) 1.19
Goldner et al.(2010) Any hypothyroidism Lindane ——— 1.50 (0.93, 2.40) 1.80
Goldner et al.(2013) Any hypothyroidism Aldrin —o- 1.09 (0.88, 1.36) 3.95
Goldner et al.(2013) Any hypothyroidism Chlordane Lo— 1.36 (1.12, 1.66) 4.19
Goldner et al.(2013) Any hypothyroidism DDT r 1.25 (1.00, 1.56) 3.89
Goldner et al.(2013) Any hypothyroidism Dieldrin — 1.04 (0.76, 1.42) 2.95
Goldner et al.(2013) Any hypothyroidism Heptachlor —— 1.30 (1.04, 1.62) 3.90
Goldner et al.(2013) Any hypothyroidism Lindane o— 1.35(1.10, 1.66) 4.09
Goldner et al.(2013) Any hypothyroidism Toxaphene —lO— 1.35(1.07, 1.70) 3.79
Wei et al.(2016) Overt hypothyroidism 2,5-DCP ! —09 12.86 (1.39, 118.64) 0.12
Wei et al.(2016) Overt hypothyroidism 2,4-DCP * L 0.46 (0.02, 9.41) 0.06
Lerro et al.(2017) Subclinical hypothyroidism Aldrin ! 4.76 (1.53, 14.80) 0.42
Lerro et al.(2017) Subclinical hypothyroidism Chlordane [—— 1.80 (0.57, 5.73) 0.41
Lerro et al.(2017) Subclinical hypothyroidism DDT _0-—|— 0.85 (0.26, 2.81) 0.38
Lerro et al.(2017) Subclinical hypothyroidism Heptachlor * L 0.63 (0.16, 2.46) 0.30
Shresta et al.(2018) a  Any hypothyroidism Aldrin (age < 62) —0-—' 0.87 (0.65, 1.17) 3.12
Shresta et al.(2018) a  Any hypothyroidism Aldrin (age > 62) + 1.28 (1.02, 1.60) 3.86
Shresta et al.(2018) a  Any hypothyroidism Chlordane -+- 1.21 (1.04, 1.41) 4.72
Shresta et al.(2018) a  Any hypothyroidism DDT (age < 62) - 0.84 (0.64, 1.12) 3.27
Shresta et al.(2018) a  Any hypothyroidism DDT (age > 62) + 1.18 (0.95, 1.47) 3.94
Shresta et al.(2018) a  Any hypothyroidism Dieldrin (age < 62) —_—r 0.95 (0.59, 1.51) 1.82
Shresta et al.(2018) a  Any hypothyroidism Dieldrin (age > 62) -—+— 1.22 (0.93, 1.60) 3.35
Shresta et al.(2018) a  Any hypothyroidism Heptachlor (age < 62) — \ 0.80(0.58, 1.11) 2.84
Shresta et al.(2018) a  Any hypothyroidism Heptachlor (age < 62) —IO— 1.85 (1.07, 1.70) 3.79
Shresta et al.(2018) a  Any hypothyroidism Lindane (age = 62) e ol 1.01(0.80, 1.28) 3.75
Shresta et al.(2018) a  Any hypothyroidism Lindane (age > 62) I—O— 1.54 (1.23, 1.94) 3.83
Shresta et al.(2018) a  Any hypothyroidism Toxaphene (age = 62) — | 0.78 (0.56, 1.07) 2.84
Shresta et al.(2018) a  Any hypothyroidism Toxaphene (age > 62) --OI— 1.14 (0.89, 1.46) 3.61
Shresta et al.(2018) b Any hypothyroidism Aldrin -—IO— 1.55(0.88,2.72) 1.39
Shresta et al.(2018) b Any hypothyroidism Heptachlor —0——| 0.77 (0.41,1.47) 1.15
Lodono et al.(2018) Overt hypothyroidism Lindane T 0.30 (0.03, 2.10) 0.13
Lodono et al.(2018) Overt hypothyroidism Heptachlor _OI_ 1.10 (0.30, 4.00) 0.33
Lodono et al.(2018) Overt hypothyroidism Beta-BHC b‘——l « 0.30 (0.086, 1.30) 0.24
Lodono et al.(2018) Overt hypothyroidism Delta-BHC | _0_‘> 6.80 (1.80, 57.60) 0.19
Lodono et al.(2018) Overt hypothyroidism Endosulfan1 T g < 9.90 (1.10, 86.20) 0.12
Lodono et al.(2018) Overt hypothyroidism Cis-chlordane T * < 4.00 (0.50, 32.70) 0.13
Lodono et al.(2018) Overt hypothyroidism Trans-chlordane T ~ 9.80 (1.10, 86.20) 0.12
Lodono et al.(2018) Overt hypothyroidism Endrin —_—T 0.80 (0.20, 2.80) 0.32
Lodono et al.(2018)  Subclinical hypothyroidism Lindane —_—— 1.30 (0.70, 2.30) 1.29
Lodono et al.(2018) Subclinical hypothyroidism Heptachlor r—— 1.70 (1.00, 3.20) 1.33
Lodono et al.(2018) Subclinical hypothyroidism Aldrin \a! 1.10 (0.30, 3.70) 0.35
Lodono et al.(2018) Subclinical hypothyroidism Beta-BHC - 1.40 (0.80, 2.50) 1.37
Lodono et al.(2018) Subclinical hypothyroidism Delta-BHC1 T 4 2.40 (0.50, 10.80) 0.24
Lodono et al.(2018) Subclinical hypothyroidism Endosulfan1 | —Oé 6.20 (1.60, 24.80) 0.30
Lodono et al.(2018) Subclinical hypothyroidism Cis-chlordane r—— 3.10 (1.00, 9.40) 0.43
Lodono et al.(2018) Subclinical hypothyroidism Trans-chlordane T * 3.60 (0.70, 17.20) 0.22
Lodono et al.(2018) Subclinical hypothyroidism 4,4-DDE || —— 3.80 (1.60, 9.20) 0.67
Lodono et al.(2018) Subclinical hypothyroidism Endrin —T— 1.40 (0.80, 2.50) 1.37
Lodono et al.(2018) Subclinical hypothyroidism 4,4,-DDT —_—— 2.20 (0.70, 6.30) 0.45
Lodono et al.(2018) Subclinical hypothyroidism Endosulfan sulfate T + 2.80 (0.60, 13.30) 0.23
Lodono et al.(2018) Subclinical hypothyroidism Methoxichlor T + < 2.80 (0.30, 24.40) 0.12
Dufour et al.(2020) Overt hypothyroidism 4,4-DDT * 4.47 (0.96, 20.80) 0.24
Overall, Random-effect model DerSimonian-Laird (z = 5.315 p < 0.001) ‘ 1.23(1.14,1.33) 100.00
Heterogeneity (I° = 43.4%, p < 0.001) o Ls 0|1 0|2 ols 4 ; é 1|0 2|0

OCs do not increase risk of Hypothyriodism

OCs increase risk of Hypothyriodism

Fig. 2 Meta-analysis for exposure to organochlorine insecticides and hypothyroidism

Organophosphates (OPs)

Six studies (n=6) were eligible for inclusion in the quali-
tative synthesis: five studies were cohort studies, and
one was a cross-sectional study [19-21, 27, 28, 30]. Five
studies were conducted in the USA (n=5), whereas one
study was conducted in Indonesia (n=1). Of the six stud-
ies, three studies (#=3) found an association between
exposure to organophosphate insecticides and risk of
hypothyroidism [19, 20, 28]. A study by Goldner et al.
[28] found an association with diazinon (aOR=1.24,
95%CI=1.02, 1.5), and malathion (aOR=1.29,
95%CI=1.03, 1.62). A study by Suhartono et al. [19]
found an association with organophosphate insecticides
(crude PR=2.4, 95%CI=1.4, 4.3). A study by Shrestha
et al. [20] found an association with coumaphos for
age>62 years (aHR=1.44, 95%CI=1.06, 1.95), diazinon
(aHR=1.27, 95%CI=1.10, 1.48), dichlorvos (aHR=1.42,
95%CI=1.17, 1.72), and malathion (aHR=1.23,
95%CI=1.04, 1.46) (Table 1). In the meta-analysis, the

random-effect model showed that exposure to organo-
phosphates significantly increased the risk of hypo-
thyroidism (aOR=1.12, 95%CI=1.07, 1.17, 1*=27.0%,
p<0.057) (Fig. 3).

Carbamates

Five studies (n=5) were eligible for inclusion in the
qualitative synthesis. All studies were cohort studies and
conducted in the USA [20, 21, 27, 28, 30]. Of the five
studies, only one study found an association between
exposure to carbamate insecticides and risk of hypo-
thyroidism. One study by Goldner et al. [28] found an
association between exposure to carbofuran and hypo-
thyroidism (aOR=1.31, 95%CI=1.08, 1.59) (Table 1).
In the meta-analysis, the fixed-effect model showed that
exposure to carbamates did not significantly increase the
risk of hypothyroidism (aOR=1.05, 95%CI=1.00, 1.11,
*=21.7%, p <0.224) (Fig. 4).
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%

Author (year) Outcome Name of chemicals aOR (95% CI) Weight
Goldner et al.(2010) Any hypothyroidism Organophosphates Enal 1.10 (0.94, 1.20) 5.94
Goldner et al.(2010) Any hypothyroidism Chlorpyrifos s 1.00 (0.74, 1.40) 1.72
Goldner et al.(2010) Any hypothyroidism Coumaphos —:— 1.00 (0.57,1.90)  0.55
Goldner et al.(2010) Any hypothyroidism Diazinon —t— 1.10 (0.86, 1.30)  3.33
Goldner et al.(2010) Any hypothyroidism Dichlorvos ——| | 0.60 (0.37,0.97)  0.83
Goldner et al.(2010) Any hypothyroidism Fonofos —_— 0.99 (0.60, 1.60)  0.80
Goldner et al.(2010) Any hypothyroidism Malathion -+ 1.10(0.92,1.30) 417
Goldner et al.(2010) Any hypothyroidism Phorate —_—— 0.86 (0.51,1.40) 0.76
Goldner et al.(2010) Any hypothyroidism Parapthion ——— 1.00 (0.58, 2.00) 0.46
Goldner et al.(2010) Any hypothyroidism Terbufos —_—— 1.00 (0.70, 1.50) 1.27
Goldner et al.(2013) Any hypothyroidism Chlorpyrifos --?— 1.12(0.93, 1.34) 3.90
Goldner et al.(2013) Any hypothyroidism Coumaphos -—IO— 1.24 (0.93, 1.67) 1.98
Goldner et al.(2013) Any hypothyroidism Diazinon —T— 1.24 (1.02,1.50) 3.64
Goldner et al.(2013) Any hypothyroidism Dichlorvos T 1.26 (0.97,1.64) 235
Goldner et al.(2013) Any hypothyroidism Fonofos —— 1.08(0.87,1.33) 3.21
Goldner et al.(2013) Any hypothyroidism Malathion :—0— 1.29(1.03,1.62) 2.93
Goldner et al.(2013) Any hypothyroidism Parathion T 1.20 (0.94,1.52)  2.69
Goldner et al.(2013) Any hypothyroidism Phorate —1— 1.05(0.87,1.27) 3.74
Goldner et al.(2013) Any hypothyroidism Terbufos —— 1.01(0.83,1.22) 3.65
Goldner et al.(2013) Any hypothyroidism Trichlorfon -—E—O— 2.19(0.95,5.03) 0.29
Lerro et al.(2017) Subclinical hypothyroidism ~ Chlorpyrifos —_—— 0.71(0.36,1.41)  0.43
Lerro et al.(2017) Subclinical hypothyroidism Diazinon T + 1.88(0.68,5.17) 0.20
Lerro et al.(2017) Subclinical hypothyroidism  Fonofos —_—T 1.09 (0.52,2.31) 0.36
Lerro et al.(2017) Subclinical hypothyroidism Malathion —— 1.50(0.69,3.27) 0.34
Lerro et al.(2017) Subclinical hypothyroidism  Phorate # 1.10 (0.47, 2.58) 0.28
Lerro et al.(2017) Subclinical hypothyroidism  Terbufos —_— 0.95(0.51,1.78)  0.51
Suhartono et al.(2018)  Subclinical hypothyroidism Organophosphates 1 + 5.29 (1.53,18.21) 0.14
Shresta et al.(2018) a  Any hypothyroidism Chlorpyrifos - 1.02(0.89,1.18) 5.21
Shresta et al.(2018) a  Any hypothyroidism Coumaphos (age < 62) —0—+ 0.88 (0.63, 1.24) 1.55
Shresta et al.(2018) a  Any hypothyroidism Coumaphos (age > 62) —— 1.44 (1.06, 1.95) 1.85
Shresta et al.(2018) a  Any hypothyroidism Diazinon —— 1.27(1.10,1.48)  4.95
Shresta et al.(2018) a  Any hypothyroidism Dichlorvos | 1.42(1.17,1.72)  3.65
Shresta et al.(2018) a  Any hypothyroidism Fonofos +— 1.15(0.97, 1.36) 4.29
Shresta et al.(2018) a  Any hypothyroidism Malathion -|-0— 1.23 (1.04, 1.46) 4.27
Shresta et al.(2018) a  Any hypothyroidism Parathion =— 1.18 (0.97, 1.42) 3.70
Shresta et al.(2018) a  Any hypothyroidism Phorate — 1.02 (0.88, 1.19) 4.86
Shresta et al.(2018) a  Any hypothyroidism Terbufos + 1.14 (0.98, 1.32) 4.93
Shresta et al.(2018) b Any hypothyroidism Chlorpyrifos T‘_ 1.28(0.96,1.71)  2.02
Shresta et al.(2018) b Any hypothyroidism Fonofos —_— 0.74 (0.46,1.20)  0.84
Shresta et al.(2018) b Any hypothyroidism Malathion T 1.08(0.94,1.24)  5.30
Shresta et al.(2018) b Any hypothyroidism Phorate —_— 0.64 (0.41,1.01)  0.94
Shresta et al.(2018) b Any hypothyroidism Terbufos —_— 0.87 (0.59, 1.30) 1.19
Overall, Random-effect model DerSimonian-Laird (z = 4.780 p < 0.001) ‘ 1.12(1.07,1.17) 100.00
, T T ! T T T T T
Heterogeneity (I = 27.0%, p = 0.057) 0.05 0.1 0.2 05 1 2 5 10 20
OPs do not increase risk of Hypothyriodism OPs increase risk of Hypothyriodism
Fig. 3 Meta-analysis for exposure to organophosphate insecticides and hypothyroidism
%

Author (year) Outcome Name of chemicals aOR (95% CI) Weight
Goldner et al.(2010) Any hypothyroidism Carbamates - 1.00(0.88, 1.10) 22.12

'
Goldner et al.(2010) Any hypothyroidism Carbaryl - 1.00 (0.88,1.20) 11.45

T
Goldner et al.(2010) Any hypothyroidism Carbofuran —e 1.00 (0.59, 1.60) 1.11

'
Goldner et al.(2013) Any hypothyroidism Aldicarb —_— 0.99 (0.72,1.37) 2.66

'
Goldner et al.(2013) Any hypothyroidism Carbaryl - 1.08 (0.89, 1.31) 7.37
Goldner et al.(2013) Any hypothyroidism Carbofuran 1.31(1.08,1.59) 7.36
Lerro et al.(2017) Subclinical hypothyroidism  Carbaryl —T 0.77 (0.27,2.23) 0.25

'
Lerro et al.(2017) Subclinical hypothyroidism ~ Carbosulfan —_————— 1.58 (0.81,3.02) 0.64
Shresta et al.(2018) a  Any hypothyroidism Aldicarb —_— 0.76 (0.58,1.01) 3.58
Shresta et al.(2018) a  Any hypothyroidism Carbaryl 1.13(0.97,1.32) 11.60
Shresta et al.(2018) a  Any hypothyroidism Carbofuran 1.12(0.97,1.31) 12.20
Shresta et al.(2018) b Any hypothyroidism Carbaryl 1.02 (0.90, 1.15) 18.33

Overall, Fixed-effect model Inverse-variance (z = 1.829 p = 0.067) 1.05 (1.00, 1.11)  100.00

I I I I
Heterogeneity (I° = 21.7%, p = 0.224) 0.05 0.1 0.2 05

Shresta et al.(2018) b Any hypothyroidism Carbofuran —‘1— 0.97 (0.62, 1.54) 1.33
I
1 2 5 10 20

Carbamates do not increase risk of Hypothyriodism Carbamates increase risk of Hypothyriodism

Fig. 4 Meta-analysis for exposure to carbamate insecticides and hypothyroidism
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Author (years) Outcome Name of chemicals
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%

aOR (95% Cl)  Weight

Goldner et al.(2010)  Any hypothyroidism Permethrin(crops) —0—-5 0.60 (0.40, 1.10) 4.50
Goldner et al.(2013)  Any hypothyroidism Permethrin (crops) -—E‘— 1.19 (0.92, 1.55) 16.92
Goldner et al.(2013)  Any hypothyroidism Permethrin (animals) —-QI— 1.14 (0.88, 1.48) 17.03
Lerro et al.(2017) Subclinical hypothyroidism Permethrin —-0:_ 1.14 (0.54,2.39) 2.08
Shresta et al.(2018) a Any hypothyroidism Permethrin (animals) —Eb— 1.20 (0.99, 1.46) 30.50
Shresta et al.(2018) a Any hypothyroidism Permethrin (crops) —E‘— 1.19 (0.98, 1.46) 28.97
Overall, Fixed-effect model inverse-variance (z = 2.512, p = 0.012) ‘ 1.15(1.03, 1.28) 100.00
Heterogeneity (I = 25.6%, p = 0.242) 0_!)5 0!1 0!2 0!5 1 ; é 1|0 2|0

Pyrethroids do not increase risk of Hypothyriodism

Pyrethroids increase risk of Hypothyriodism

Fig. 5 Meta-analysis for exposure to pyrethroid insecticides and hypothyroidism

Pyrethroids

Four studies (n=4) were eligible for inclusion in the
qualitative synthesis. All studies were cohort studies and
conducted in the USA [19, 27, 28, 30]. Of the four stud-
ies, none found an association between exposure to pyre-
throid insecticides and risk of hypothyroidism (Table 1).
In the meta-analysis, the fixed-effect model showed
that exposure to pyrethroids significantly increased the
risk of hypothyroidism (aOR=1.15, 95%CI=1.03, 1.28,
I>=25.6%, p=0.242) (Fig. 5).

Association between exposure to herbicides and risk

of hypothyroidism

Five studies (n=5) were eligible for inclusion in the
qualitative synthesis. All studies were cohort studies
and conducted in the USA, and found an association
between exposure to herbicides and risk of hypothy-
roidism [20, 21, 27, 28, 30]. One study by Goldner et al.
[27] found an association with paraquat (aOR=1.8,
95%CIl=1.1, 2.8). Another study by Goldner et al. [28]
found an association between 2,4-D (aOR=0OR=1.35,
95%CIl=1.04, 1.76), 2,4,5-T (aOR=1.38, 95%CI=1.12,
1.69), 2,4,5-TP (aOR=1.39, 95%CI=1.06, 1.82, alachlor
(aOR=1.24, 95%CI=1.02, 1.50), dicamba (aOR=1.37,
95%CI=1.13, 1.66), and petroleum oil (aOR=1.23,
95%CI=1.02, 1.48) and hypothyroidism. The study
by Lerro et al. [30] found an association with pen-
dimethalin (aOR=0R=2.78, 95%CI=1.30, 5.95). The
study by Shrestha et al. [20] found an association with
dicamba (aHR=1.27, 95%CI=1.08, 1.50), glyphosate
(aHR=1.28, 95%CI=1.07, 1.52), and 2,4-D (aHR=1.30,
95%CI=1.07, 1.58). The study by Shrestha et al. [21]
found an association with pendimethalin (aHR=1.77,
95%CI=1.19, 2.62) (Table 2). In the meta-analysis, the

random-effect model showed that exposure to herbi-
cides significantly increased the risk of hypothyroidism
(@OR=1.06, 95%CI=1.02, 1.10, I>=41.2%, p<0.001)
(Fig. 6).

Association between exposure to fungicides and risk

of hypothyroidism

Five studies (n=>5) were eligible for inclusion in the qualita-
tive synthesis. All these were cohort studies and conducted
in the USA [20, 21, 27, 28, 30]. Of the five studies, two stud-
ies found an association between exposure to fungicides
and risk of hypothyroidism [21, 27]. A study by Goldner
et al. [27] found an association with benomyl (aOR=3.1,
95%CI=1.9, 5.1), and maneb/mancozeb (aOR=2.2,
95%CI=1.5, 3.3). The study by Shrestha et al. [21] found
an association with metalaxyl (aHR=1.82, 95%CI=1.25,
2.66) (Table 3). In the meta-analysis, the random-effect
model showed that exposure to fungicides did not sig-
nificantly increase the risk of hypothyroidism (aOR=1.15,
95%CI1=0.97, 1.36, I*=75.2%, p<0.001) (Fig. 7).

Association between exposure to fumigants and risk

of hypothyroidism

Four studies (n=4) were eligible for inclusion in the
qualitative synthesis. All were cohort studies and con-
ducted in the USA [20, 27, 28, 30]. Of the four stud-
ies, none found any association between exposure to
fumigants and risk of hypothyroidism (Table 4). In the
meta-analysis, the fixed-effect model also showed that
exposure to fumigants did not significantly increase the
risk of hypothyroidism (aOR=1.00, 95%CI=0.90, 1.12,
I,=0%, p<0.474) (Fig. 8).



Page 14 of 26

(2023) 23:1867

Sirikul and Sapbamrer BMC Public Health

(PE1'260) LL'L =4O

o(87°L
‘01 €T1=4HO
(¥0°L'1£°0) 980=4HO
(8€'L'6°0) LL'L=40O
(6T°1'68°0) LO'L =4O utjeanyul
(8€'L'S60)VL'L=HO  |I0 Wnajon=d
(L'l '6£°0) S60=HO Uleyiswipuad
(611 ¥60) 8L'L =4O 1enbeley
(8¥'1'96°0) 611 =4O uizngiinsiy
o @@._ 10|Y2e[0IDIN
‘L) LEL=Y 1Akderazew|
iy 9 31esoydA|D
(¥ o _ OR ov mwo mO Dldd
(611'180)860=40 equied|q
(cT _ om 0) 660=40 sujzeueA)
(051 OE
TONPTL=HO -Uoinwiolyd
Amm._ a1e1king
90'L) 6€'L =4O sulzeny (LT€'10)
mao Jojydely 352351P ON-
U 8EL=40 dLI-SY'e sisoubelp ueld (19%) wsl
uonesnpa ‘obe YAl 1-S'v'e -15Ayd Jo A1o3s1y wsl -ploIAYIodAH- si01edydde Apnis 1871 (£107)
‘Xapul ssew Apog Y0'1) GE1 =40 a-v'c MBIAIDIU| D0 pauodai-jas  -prolAyrodAy Auy 88/'lz  oppnsad sey 10Yy0D /SN [e13 Jaup|oD
uljeanyiL
(F'1°080) 'L=4O |10 wWn3joned
(S1°94°0) I’ umo uljeylawipudd
(S'1'650) £60=40 1enbeied
8T 1) 8L umo uiZnguIs
(£1'690) 'L=40  JoJyde|01dN
1€ 0) oooumo JAdeyezew|
(€1'SS0)¥80=40  =mwesoydA|n
(C1'160)0°L=40 DIKE|
(F'L'0¥0) S£0=40 equiedig
(86'0 '5%°0)99°0=HO aulzeuel)
(I'L ‘v¥0) 690=40 Ky1s
(£1'€90)0'L=HO -uoINWLOYD
Adessupiuaw  (£'1'950) 860=Y40 ale|Aing (98¥'v1)
-92e|das auoulloy (C1'190)780=40 dujzely 95835Ip ON-
‘xapulssew Apog ('L '650) €80=HO J0jy2ely sisoubelp ueld L) Wl
'SNJeIS BUBOWS (¢ '9%'0) LO'L=HO 1-5%'C -1sAyd o Aioasiy wsl  -ploifylodAH-  sioredidde jo Apms /7 0107)
‘9be ‘uonednpy (1L '08°0) 960=4O av'z M3IAIDIU| 220 pavodal-jas  -plolAyrodAy Auy 009'GL  sasnods ajewa 11040 VSN {EREPEIe]lel5)
sa|gelea (1D%S6) YH/HO sappnsad  judwssasse  ainsodxa juawssasse  wsiploifyyodAy ubisap Apms
Buipunojuo) sbuipuly Jo sweN ainsodx3 jo adInos awomnnQ Jo adAL 9zis s|dwes uonejndod /ous Apnis  (1eak) sioyiny

wisipioiAyiodAy pue sapidigiay 01 ainsodxs buipiebal salpnis  ajqeL



Page 15 of 26

(2023) 23:1867

uiZnguIsN
auizuel)

(79 <obe)

oulzelly

(79 obe)

61°1'88'0)C0'L =4H aulzeny
[T1'€6'0)60'L =4H d1-§¥'C
1S1'160)8L L =4H 1-5%'C
LL'L'2£0)68'0=4H a-v'c
6€'1'68°0)LL L =4H LB
¥’ 1'06'0)90"L =4H (79 < obe)
85 L'0)OEL=4H |10 Wnajond
0EL'S60)LLL=YH (9> obe)

( )T
( )6
( )
( )
( )
( )9
A 1)
( )
(IS1'£60)LTL=YH |lo Wn3j0nd
(LL'L'92°0)C60=HH ulleyiawipuad
(¥0'1'8£°0)06'0=4H 1enbeley
(OL'L'920)L60=HH  10]Yy2e|0IaN
(€1'1'S8°0)86'0=4H 1Aderazew|
(8L'1'980)L0L=4YH  alesoydA|n
A 1)
( )
A 1)
( )
( )
( )

S L'L01)8T L=YH BIKE|
67°1'160)80°L =HH equiedig (050'%¢€)
0S'1'80'L)LT L =Y4H [ASEE 95e3SIP ON-
smes  (80'L'08'0)€60=4H  UoINWLIOlYD sisoubelp ueld (678) ws!
Bupjows ‘a1e18 [T 1'76°0)60° L =HH 91e1Aing -1sAyd jo K1o1s1y ws| -p1oIAY10dAH- sloied Apnis [07] &(8107)
‘uonednpa ‘xas  (zZ'L'16'0)SO'L =4HH jo|yoe)y MIAIDIU| 220 pavodal-jes  -plolAyiodAy Auy 6/8%c  -l|dde apdnsad 10Yyod VSN |2 39 _UYISAIYS
(69°¢C ‘mm.ov B.onmo |10 WN3j0lisd
(Sl v 1kdeyiszew|
(ree 8 01 alesoydA|o
86'L LS 9 equiedid
(05°€'090) ¥ iApa
(887 '2L0) v -uonwilolyD
(LoC'8r0) m@o mo 1014|0190
(S6'L'LT 9 mmo mo lojydeyy
(197'190) 9 uiznguisiy
8L % 0)9 auizeueA)
(1£6'82°0)0 N mO sulzeny
(8L ‘Ot ov 08'0=40 1-6'%'C
(€9l vmom mo a-v'c (¢s9)
soponsad paie|  (8Cy ﬁ 0) 8/ Dd3 95835IP ON-
-24102 ‘snieis bul - (£1°2'SS5°0) 60 a1eAing (£Z1) wsl
S|oWs ‘Xapul ssewl m?.m S uljeinyldl wsiploiAyy  -ploiAyrodAH- sioyedljdde Apnis log] (£102)
\AUOD ‘21e15 d@( ‘OM. : 8/°C=4Y0 C__mrtwcn__bcmn_ MoIAIS1U| 220 \COHm\_Ole_ vOO_\f _mu_c__uﬂjm 6/9 mU_UEmUQ Em_\/_ tOr_OU /¥SN .ﬁ 19 OlIoT]
sajqelien (1D9%56) YH/HO sappnsad  juawssasse  ainsodxa juawssasse  wsiploifyrodAy ubisap Apnig
Buipunojuod sbuipui4 Jo swepN ainsodx3 jo axunos awodInQ Jo adAL az1s a|dwes uone|ndod /ous Apnls  (1eak) sioyiny

Sirikul and Sapbamrer BMC Public Health

(panunuod) g ajqeL



Page 16 of 26

(2023) 23:1867

Sirikul and Sapbamrer BMC Public Health

o13el sppO YO ‘insodxa |euoirednddQ D20 ‘oliel piezeH yH ‘oreweqgledolyyjAdoidip [AYe-S D1d3
‘2INs0dXd |[PIUSWIUOIIAUT AUT ‘|PAIDIUL DIUSPYUOD %56 (D956 ‘Pioe dluoldoid (Axouaydoio|ys-5'y'7)T d1-§4°Z ‘pioe dnadeAxouaydolo|yd-§'y'z 1-§ 47 ‘P1oe 2nadedxousydolo|ydip-1'z g-#'z ‘uoneldosse Juedyiubis ,

uIznguI N
(69179010 L =9H auizeueAd
(LT1'SS0)Y80=4H auizeny
(SO'L'1£°0)66'0=4H a-v'c
(SO'L'££0)06'0=4H ulfeInyuL
@S 1'/80)SIL=4¢H ulleylawipusd
o(C9T6LL)LLL=HH  JO]Yyde|oRN
(80'L'87'0)c0=4H  JAdepazew
(L600r0)€90=4H  esoydA|o
(0C1'$6'0)0'L=4H Dld3
(0€°1'£€0)0£0=4H equiedlg (¥€6'1L0)
SOpD  (09'1'S80)/L L =YH 1Ay1e 35e35Ip ON-
-nsad parePlod  (BH1'SS0)680=YH  uoinwuolyd sisoubelp uep (£29'1) wisl sioredljdde
‘snieis bupjows  (¢€ L€’ 0)SL0=HH are|fing -15Ayd jo A1o1s1y wsl  -ploAyrodAn- appnsad s1en Apns [17] 4(8L00)
‘91els ‘uonedNp3  (6S°L'€80)SL'L =4H lojydeyy MIIAIRIY| 220 panodalas  -ploihyiodAy Auy L9g'€z  -ud jo sasnods 1Uoyod /¥SN e 19 eYISaIYS
sd|qelien (1D%S6) YH/HO sappiysad  jJuswssasse  aunsodxd judwssasse  wsiploifylodAy ubisap Apnis
Buipunojuo) sbuipuiy Jo swepN ainsodx3 jo adunos awodInQ Jo adAy azis a|dwes uonejndod /ous Apnls  (1eak) sioyiny

(panunud) Z 3jqey



Sirikul and Sapbamrer BMC Public Health

Author (year) Outcome Name of chemicals
Goldner et al.(2010; Any hypothyroidism 2,4-D
Goldner et al.(2010; Any hypothyroidism 2,45-T
Goldner et al.(2010)  Any hypothyroidism Alachlor
Goldner et al.(2010; Any hypothyroidism Atrazine
Goldner et al.(2010; Any hypothyroidism Butylate
Goldner et al.(2010; Any hypothyroidism Chlorimuron-ethy!
Goldner et al.(2010; Any hypothyroidism Cyanazine
Goldner et al.(2010; Any hypothyroidism Dicamba
Goldner et al.(2010; Any hypothyroidism EPTC
Goldner et al.(2010; Any hypothyroidism Glyphosate
Goldner et al.(2010; Any hypothyroidism Imazatapyr
Goldner et al.(2010; Any hypothyroidism Metolachlor
Goldner et al.(2010; Any hypothyroidism Metribuzin
Goldner et al.(2010)  Any hypothyroidism Paraquat
Goldner et al.(2010; Any hypothyroidism Pendimethalin
Goldner et al.(2010; Any hypothyroidism Petroleum oil
Goldner et al.(2010; Any hypothyroidism Trifluralin
Goldner et al.(2013)  Any hypothyroidism ,4-|

Goldner et al.(2013; Any hypothyroidism 2,45T
Goldner et al.(2013; Any hypothyroidism 2,4,5-TP
Goldner et al.(2013; Any hypothyroidism Alachlor
Goldner et al.(2013; Any hypothyroidism Atrazine
Goldner et al.(2013; Any hypothyroidism Butylate
Goldner et al.(2013; Any hypothyroidism Chlorimuron-ethy!
Goldner et al.(2013)  Any hypothyroidism Cyanazine
Goldner et al.(2013, Any hypothyroidism Dicamba
Goldner et al.(2013; Any hypothyroidism EPTC
Goldner et al.(2013; Any hypothyroidism Glyphosate
Goldner et al.(2013)  Any hypothyroidism Imazetapyr
Goldner et al.(2013; Any hypothyroidism Metolachlor
Goldner et al.(2013; Any hypothyroidism Metribuzin
Goldner et al.(2013)  Any hypothyroidism Paraquat
Goldner et al.(2013, Any hypothyroidism Pendimethalin
Goldner et al.(2013; Any hypothyroidism Petroleum oil
Goldner et al.(2013; Any hypothyroidism Trifluralin
Lerro et al.(2017) Subclinical hypothyroidism Pendimethalin
Lerro et al.(2017) Subclinical hypothyroidism Trifluralin
Lerro et al.(2017) Subclinical hypothyroidism Butylate
Lerro et al.(2017) Subclinical hypothyroidism EPC

Lerro et al.(2017) Subclinical hypothyroidism 2,4-D

Lerro et al.(2017) Subclinical hypothyroidism 2,4,5-T

Lerro et al.(2017) Subclinical hypothyroidism Atrzine

Lerro et al.(2017) Subclinical hypothyroidism Cyanazine
Lerro et al.(2017) Subclinical hypothyroidism Metribuzin
Lerro et al.(2017) Subclinical hypothyroidism Alachlor
Lerro et al.(2017) Subclinical hypothyroidism Metolachlor
Lerro et al.(2017) Subclinical hypothyroidism Chlorimuron-ethyl
Lerro et al.(2017) Subclinical hypothyroidism Dicamba
Lerro et al.(2017) Subclinical hypothyroidism Glyphosate
Lerro et al.(2017) Subclinical hypothyroidism Imazethapyr
Lerro et al.(2017) Subclinical hypothyroidism Petroleum oil
Shresta et al.(2018) a Any hypothyroidism Alachlor
Shresta et al.(2018) a Any hypothyroidism Butylate
Shresta et al.(2018) a  Any hypothyroidism Chlorimuron ethyl
Shresta et al.(2018 Any hypothyroidism Dicamba
Shresta et al.(2018; Any hypothyroidism EPTC
Shresta et al.(2018; Any hypothyroidism Glyphosate
Shresta et al.(2018 Any hypothyroidism Imazetapyr
Shresta et al.(2018) a Any hypothyroidism Metolachlor
Shresta et al.(2018) a Any hypothyroidism Paraquat
Shresta et al.(2018) a  Any hypothyroidism Pendimethalin

Shresta et al.(2018
Shresta et al.(2018;
Shresta et al.(2018;
Shresta et al.(2018;

Any hypothyroidism
Any hypothyroidism
Any hypothyroidism
Any hypothyroidism

Petroleum oil (age < 62)
Petroleum oil (age > 62)
Trifularin

Shresta et al.(2018; Any hypothyroidism 2,45T
Shresta et al.(2018; Any hypothyroidism 2,4,5-TP
Shresta et al.(2018; Any hypothyroidism Atrazine (age < 62)

a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a

Shresta et al.(2018) a
a
a
b
b
b
b
b
b
b
b
b
b
b

Any hypothyroidism

Atrazine (age > 62)

Shresta et al.(2018; Any hypothyroidism Cyanzine
Shresta et al.(2018; Any hypothyroidism Metribuzin
Shresta et al.(2018 Any hypothyroidism Alachlor
Shresta et al.(2018; Any hypothyroidism Butylate
Shresta et al.(2018; Any hypothyroidism Chlorimuron ethyl
Shresta et al.(2018; Any hypothyroidism Dicamba
Shresta et al.(2018; Any hypothyroidism EPTC
Shresta et al.(2018; Any hypothyroidism Glyphosate
Shresta et al.(2018; Any hypothyroidism Imazethapyr
Shresta et al.(2018; Any hypothyroidism Metolachlor
Shresta et al.(2018 Any hypothyroidism Pendimethalin
Shresta et al.(2018; Any hypothyroidism Trifluralin
Shresta et al.(2018; Any hypothyroidism 2,4-D

Shresta et al.(2018) b Any hypothyroidism Atrazine
Shresta et al.(2018) b Any hypothyroidism Cyanazine
Shresta et al.(2018) b Any hypothyroidism Metribuzin

Overall, Random-effect model DerSimonian-Laird (z = 2.983 p = 0.003)
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%
Weight

210
0.21
0.81
0.88
0.39
0.47
0.54
0.71
0.31
2.33
0.60
0.62
0.55
0.52
0.52
0.87
1.15
1.24
1.66
1.20
1.77
1.61
1.78
1.73
1.85
1.78
1.57
1.46
1.82
1.83
1.84
1.59
1.79
1.83
1.81
0.22
0.26
017
0.19
0.26
0.13
017
0.24
0.13
0.24
0.26
0.16
0.31
0.33
0.29
0.12
223
219
220
2.05
1.94
1.93
211
2.28
1.84
2.26
1.80
1.53
212
1.75
2.09
1.52
1.57
1.31
213
219
0.93
0.38
0.50
0.97
0.31
257
0.57
0.66
0.69
1.15
214
1.75
0.63
0.49
100.00

Heterogeneity (I° = 41.2%, p < 0.001)

NOTE: Weights are from random-effects model

Herbicides do not increase risk of Hypothyriodism

T
0.2

T T T
0.5 1 2 5

Herbicides increase risk of Hypothyriodism

Fig. 6 Meta-analysis for exposure to herbicides and hypothyroidism

Association between exposure to non-specific pesticides

and risk of hypothyroidism

Three studies (n=3) were eligible for inclusion in the
qualitative synthesis: two studies were cross-sectional
studies, and one was a cohort study [24-26]. Of the
three studies, two (#=2) found an association between

exposure to non-specific pesticides and risk of hypothy-
roidism [25, 26]. The study by Huang et al. [25] found
an association between exposure to non-specific pes-
ticides and hypothyroidism (IRR=1.40, 95%CI=1.07,
1.83). The study by Risal et al. [26] also found an asso-
ciation between exposure to non-specific pesticides and
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%

Author (year) Outcome Name of chemicals aOR (95% CI) Weight

Goldner et al.(2010)  Any hypothyroidism Benomy! : —_—— 3.10(1.90, 5.10) 4.89

Goldner et al.(2010)  Any hypothyroidism Captan —-‘I— 1.10(0.73,1.70) 5.51
1

Goldner et al.(2010)  Any hypothyroidism Chlorothalonil -— 1.60 (0.92,2.90) 4.26

Goldner et al.(2010)  Any hypothyroidism Maneb/mancozeb H —— 2.20 (1.50, 3.30) 5.77
'

Goldner et al.(2010)  Any hypothyroidism Metalaxyl —t 1.40(0.83,2.30) 4.76

Goldner et al.(2013)  Any hypothyroidism Benomyl —-‘— 1.13(0.83, 1.52) 6.63
f

Goldner et al.(2013)  Any hypothyroidism Captan —_—— 0.89 (0.60, 1.32) 5.77

Goldner et al.(2013)  Any hypothyroidism Maneb/mancozeb —— 1.27 (0.98, 1.66) 6.99
'

Goldner et al.(2013)  Any hypothyroidism Metalaxyl —_—— | 0.66 (0.50, 0.85) 6.97

Goldner et al.(2013)  Any hypothyroidism Ziram + - 0.57 (0.21,1.53) 2.15
'

Lerro et al.(2017) Subclinical hypothyroidism Captan ——:—0— 1.89(0.87,4.11) 3.03

Lerro et al.(2017) Subclinical hypothyroidism Metalaxy! + : 0.60 (0.19, 1.92) 1.70
I

Shresta et al.(2018) a Any hypothyroidism Benomyl —0—:- 0.93(0.72,1.21) 7.02

Shresta et al.(2018) a Any hypothyroidism Captan — 0.91(0.73,1.14) 7.34
'

Shresta et al.(2018) a Any hypothyroidism Chlorothalonil —0-—:- 0.92 (0.69, 1.24) 6.71

Shresta et al.(2018) a Any hypothyroidism Maneb/mancozeb —_— 0.95 (0.73, 1.23) 7.01
'

Shresta et al.(2018) a Any hypothyroidism Matalaxy! —0-—: 0.91(0.75,1.11) 7.56

Shresta et al.(2018) b Any hypothyroidism Metalaxyl | ——— 1.82(1.25,2.66) 5.92

Overall, Random-effect model DerSimonian-Laird (z = 1.590 p = 0.112)

1.15(0.97,1.36) 100.00

Heterogeneity (1> = 75.2%, p < 0.001 I I I
genaity ( p<0.001) 0.05 01 0.2

Fungicides do not increase risk of Hypothyriodism

NOTE: Weights are from random-effects model

Fig. 7 Meta-analysis for exposure to fungicides and hypothyroidism

hypothyroidism (crude OR=2.18, 95%CI=1.31, 3.63)
(Table 5).

Funnel plots

Funnel plot asymmetries, indicating the evidence of
small study effects, were observed in the meta-analyses
of all pesticide groups (Fig. 9). When sensitivity analy-
ses were performed, modest changes in effect estimates
were found across all outcomes of interest, indicating the
robustness of the overall findings (Table S3).

Discussion

The results from the meta-analysis provided evidence
that exposure to insecticides, which included organo-
chlorines, organophosphates, and pyrethroids, signifi-
cantly increased the risk of hypothyroidism (aOR=1.23,
95%CI=1.14, 1.33 for organochlorines, aOR=1.12,
95%CI=1.07, 1.17 for organophosphates, aOR=1.15,
95%CI=1.03, 1.28 for pyrethroids). Organochlorines have
been shown to interfere with synthesis, transportation,
and metabolism of thyroid hormones through a variety of
mechanisms [8]. Several organochlorines have the ability
to mimic thryroid hormones, and bind to thyroid recep-
tors along the hypothalamus-pituitary-thyroid (HPT)
axis, resulting in reduced bioactivity of thyroid hormones,
such as T3 and T4. The reduced bioactivity of thyroid
hormones may occur through the reduction of transport

I
05

I I I I
2 5 10 20

*

Fungicides increase risk of Hypothyriodism

proteins and/or increased clearance of thyroid hormones
[7]. An in vivo study found that exposure to DDT in male
rats caused decreased total thyroxine (TT4) and fT4 lev-
els, and decreased the levels of transthyretin protein
responsible for T4 transport. It also caused increased T4
clearance by upregulating hepatic enzymes [33].

Thyroid disruption may be caused by inhibition of TSH
receptors. In vitro studies showed that DDT can inhibit
TSH receptors, resulting in decreased production of T4
and T3 levels [8, 34]. Due to the high lipophilic property
of DDT, it has the potential to change the phospholipid
composition of thyroid cell membranes, and induce the
formation of extracellular vesicles containing the TSH
receptors. Consequencely, DDT could lead to the trigger-
ing of autoimmunity against TSH receptors and induce
the failure of TSH receptors [34]. An in vivo study by
Yaglova and Yaglov [35] also suggested that long-term
exposure to DDT in rats changed the cytophysiology in
the follicular epithelium of the thyroid gland, leading to
a decrease in the production of thyroid hormones in rats.
Some organochlorines can interfere with thyroid hor-
mones by disruption of the HPT axis. In an in vivo study,
HCB was shown to disrupt the HPT axis, resulting in
decreased T4 levels, increased T4 conversion to T3, and
increased inhibition of T4 binding to transporters [36]. In
addition, HCB was shown to inhibit cell growth in thyro-
cytes by inhibiting cell progression of FRTL-5 rat thyroid
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Author (year) Outcome Name of chemicals
Goldner et al.(2010;
Goldner et al.(2010;

) Carbon tetrachloride/disulfide
)
Goldner et al.(2013)
)
)

Any hypothyroidism
Any hypothyroidism methylbromide
Any hypothyroidism Brom-O-Gas
Goldner et al.(2013]
Goldner et al.(2013]
Goldner et al.(2013)
Lerro et al.(2017)

Lerro et al.(2017)

Any hypothyroidism Aluminium phosphate

Any hypothyroidism Carbon tetrachloride/disulfide
Any hypothyroidism Ethylene dibromide
Subclinical hypothyroidism Carbon tetrachloride/disulfide

Subclinical hypothyroidism Methyl bromide
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%
aOR (95% Cl)  Weight
1.40 (0.93, 2.20)
1.60 (0.92, 2.80)
0.81 (0.60, 1.09)
0.92 (0.59, 1.44)
1.19 (0.84, 1.68)
1.02 (0.62, 1.67)
1.08 (0.29, 4.08)

6.29
3.76
13.08
5.86
9.70
4.75

0.67

Shresta et al.(2018) a
Shresta et al.(2018) a
Shresta et al.(2018) a
Shresta et al.(2018) a
Shresta et al.(2018) a

Any hypothyroidism Carbon tetrachloride/disulfide

Any hypothyroidism Aluminium phosphide (age < 62)
Any hypothyroidism Aluminium phosphide (age > 62)
Any hypothyroidism Ethylene bromide
Any hypothyroidism Methyl bromide

Overall, Fixed-effect model Inverse-variance (z = 0.086 p = 0.931)

0.45 (0.11, 1.81)
1.00 (0.76, 1.32)
0.96 (0.63, 1.46)
1.26 (0.79, 2.04)
0.79 (0.52, 1.20)
0.96 (0.76, 1.21)
1.00 (0.90, 1.12)

0.59
15.30
6.60
5.18
6.67

B "HrH

— 21.56

100.00

0.05 0.1 0.2

Heterogeneity (I° = 0.0%, p = 0.474)

Fig. 8 Meta-analysis for exposure to fumigants and hypothyroidism

Fumigants do not increase risk of Hypothyriodism

T I
0.5 1

T T T T
2 5 10 20

Fumigants increase risk of Hypothyriodism

Table 5 Studies regarding exposure to non-specific pesticides and hypothyroidism

Authors Study site/ Population Sample size  Type of Outcome Source of  Exposure Findings Confounding
(year) Study hypothyroidism assessment exposure  assessment OR/PR/IRR (95%Cl) variables
design
Kartinietal.  Indonesia/  Elementary 100 Subclinical hypo-  Laboratory Env Interview PR=2.2(0.8,6.0) -
(2018) [24] Cross- school thyroidism
sectional children
study (9-12yrs)
Huangetal.  Taiwan/ Nationwide 41,488 Any hypothyroid-  Physician Env Interview IRR=1.40(1.07,1.83) -
(2017) [25] Cohort population  -Pesticide ism diagnosis
study poisoning
(10,372)
-No pesticide
poisoning
(31,116)
Risal et al. Nepal/Ret-  Patients 288 Any hypothyroid-  Laboratory Env Interview OR=218(1.31,363)° -
(2019) [26] rospective -Hypothyroid- ism
Cross- ism (116)
sectional -No disease
study (172)

2 significant association; 95%Cl 95% confidence interval, Env. Environmental exposure, HR Hazard ratio, IRR Incidence rate ratio, Occ. Occupational exposure, OR Odds

ratio, PR Prevalence ratio

cells and increasing mRNA levels of transforming growth
factor-beta (TGF-B1) [37].

The results from the meta-analysis also provided evi-
dence that occupational exposure to organochlorines
significantly increased the risk of hypothyroidism, but no
association was found between environmental exposure
and hypothyroidism. Occupational exposure to pesticides
generally occurs in agricultural workers and workers in
pesticide factories. Acute exposure generally occurs in
the workers who mix, load, spray, and apply pesticides,
whereas long-term exposure occurs in the workers in
other tasks. Environmental exposure occurs in the general
population through eating foods and drinks contaminated

with pesticides, inhaling air contaminated with pesticides,
and living close to a contaminated area. Environmental
exposure usually results in low dose expose to pesticides,
and causes chronic adverse effects [38]. It is likely that
those experiencing occupational exposure are exposed
to higher doses of pesticides. As a result, the association
between organochlorine exposure and hypothyroidism
was found only in occupational exposure. The findings of
the meta-analysis indicate that pesticides should be used
with caution, especially pesticides used occupationally
with high doses and long-term exposure.

Regarding organophosphates, previous studies clearly
stated that the main mechanism of thyroid disruption is
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(a) Insecticides-Organochlorines

(b) Insecticides-Organophosphates
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Fig. 9 Funnel plot

interference with thyrocyte growth [7, 39]. Both in vivo
and in vitro studies by Porreca et al. [39] suggested that
exposure to chlorpyrifos had an effect on the thyroid sys-
tem by altering the growth of thyrocytes and decreasing
gene expression, leading to decreased thyroid hormone
levels. Other mechanisms are decreased gene expression
and decreased TSH receptor expression. An in vitro study
by Xiong et al. [40] also found the indication that mala-
thion interferes with thyroid function through down-
regulation of TSH receptors and cellular cAMP, resulting
in suppression of TSH dependent signal transduction,
inhibition of thyroid transcription, and inhibition of thy-
roid hormone biosynthesis. In vitro study by Yang et al.
[41] also found that potentially, triazophos and their
metabolites could disrupt thyroid hormone receptors,
and inhibit binding and transport of thyroid hormones
in the blood stream. With regard to pyrethroids, previous
in vivo and silico studies found clear evidence that per-
methrin, bifenthrin, and lampda-cyhalothrin could dis-
rupt thyroid function through binding with tranthyretin
receptor proteins, and consequently decreased bioactiv-
ity of thyroid hormone levels [42, 43]. In addition, sev-
eral types of pyrethroid including cyhalothrin, cyfluthrin,
cycloprothrin, cypermethrin, deltamethrin, etofenprox,

fenvalerate, permethrin, and tetramethrin, could bind
with thyroid hormone receptors and show agonist effects
[44, 45].

The results of the meta-analysis also provided evidence
that exposure to herbicides significantly increased the
risk of hypothyroidism (aOR=1.06, 95%CI=1.02, 1.10).
Amitrole has been shown to disrupt thyroid function
through inhibiting the production of thyroid peroxi-
dase in thyroid follicles, resulting in deceased synthesis
of T3 and T4 levels. Acetochlor has been also shown to
disrupt thyroid function through enhancing the hepatic
metabolism and altering mRNA expression of HPT axis-
related genes, resulting in increased biliary metabolism
of T3 and T4, and decreased thyroid hormone levels in
the bloodstream [8, 46]. Pertinent to glyphosate, a review
by Romano et al. [47] stated that glyphosate might dis-
rupt thyroid function through iodide oxidation and oxi-
dative phosphorylation in adenosine triphosphate (ATP)
synthesis. Nevertheless, few studies into herbicides and
thyroid toxicology have been carried out to date. Signifi-
cantly, our study could not subdivide herbicides based
on chemical structure because of the small number of
epidemiological studies on herbicides as well as sev-
eral types of chemical structures. Therefore, it is rather
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difficult to confirm the evidence based on the formulae of
herbicides.

The relevant laboratory studies unearthed by our
search provided some information to explain the mecha-
nisms associated with thyroid disruption, and facilitated
the interpretation of the epidemiological effects of hypo-
thyroidism [48]. Nevertheless, transference of labora-
tory data from animal studies to humans is challenging
because the mechanisms of action of pesticides may dif-
fer between species, and duration and levels of exposure.
Synergistic effects and mode of action of pesticide mix-
tures should be also considered [11]. In addition, conclu-
sive evidence in animal studies is typically only found to
affect the thyroid following high doses of pesticide expo-
sure, and the doses found in these animal studies exceed
the legal levels of pesticides permitted [14].

This study is the first systematic review and meta-
analysis investigating the association between pesticide
exposure and the risk of hypothyroidism. Although the
epidemiological evidence supported that exposure to
insecticides and herbicides contributed to hypothyroid-
ism, some limitations should be considered. Firstly, the
majority of studies assessed occupational exposure and
studies investigating environmental exposure were lim-
ited. Therefore, it is difficult to confirm the evidence
based on environmental exposure. Secondly, some stud-
ies used interviewing as a tool for assessing exposure to
pesticides and outcome. Data collection by interview
with regard to pesticide use may be subjective, cannot
identify the degree or level of pesticide exposure and
may be subjected to recall bias. Therefore, further stud-
ies determining the dose—response relationships are
warranted. In addition, self-reported histories of physi-
cian diagnosis in some studies are unable to identify the
types of hypothyroidism. Thirdly, most studies were con-
ducted in the USA; therefore, the evidence might not be
generalized to populations in other countries. Although
our search terms were broad and not restricted to spe-
cific study designs or countries, it is possible that our
study might have missed some relevant studies which
are only available in non-English language versions or
unpublished. Studies reporting a negative effect of the
pesticide on hypothyroidism may be published more fre-
quently than studies with null results [49, 50]. Due to the
marginal effect of pesticides on hypothyroidism, a large
sample size is necessary to determine statistical signifi-
cance. This could explain why there are very few pub-
lished studies. However, the sensitivity analysis revealed
no or minimal variation in effect estimates, supporting
the robustness of the results. Publication bias may have
less of an effect on the validity of the current system-
atic review and meta-analysis [51, 52]. Fourthly, human
beings are usually exposed to a mixture of pesticides at
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the same time, therefore, it is difficult to separate the
effect of individual pesticides [11, 53]. Furthermore,
some studies investigated only a few types of pesticides,
whereas some investigated non-specific pesticides. As a
result, over- or under-estimation might have occurred.
Fifthly, some studies assessed exposure to pesticides and
hypothyroidism by using cross-sectional study. A cross-
sectional study design cannot determine cause-and-effect
relationships [54]. Sixthly, high heterogeneity was found
in some groups, which might be due to different study
populations and methodologies, especially as regards
study designs, types of exposure, outcome measurement,
and effect estimates. The high heterogeneity might have
effects on the results, particularly in the meta-analyses
carried out into fungicides, herbicides, and organo-
chlorines. Finally, some studies assessed the association
between pesticide exposure and hypothyroidism without
adjusting covariates for statistical analysis. The adjust-
ment for covariates is to improve the efficiency of the
analysis and give more precise evidence. The important
covariates contributing to hypothyroidism which need to
be considered in further studies include age, gender, race,
ethnicity, education, smoking status, body mass index,
nutritional status, iodine uptake, poverty status, physical
activity, and hormone replacement therapy, investigating
the correlation of these to pesticide exposure.

Conclusion

There is considerable evidence to indicate that exposure
to the insecticides organochlorines, organophosphates,
and pyrethroids increased risk of hypothyroidism. Expo-
sure to herbicides also increased risk of hypothyroidism.
However, exposure to fungicides and fumigants was not
found to be associated with hypothyroidism. With regard
to the source of exposure, the evidence showed that
occupational exposure to organochlorines contributed to
hypothyroidism. However, the small number of studies
in environmental exposure meant that it is a challenge to
draw firm conclusions. To add weight to the conclusions
to date in future research, conducting large-scale longi-
tudinal epidemiological and biological studies, examining
dose-response relationships, controlling relevant con-
founding variables, using standardized and high sensi-
tivity tools, and investigating in effects of environmental
exposure, are needed to confirm the evidence.

Abbreviations

24,5-T 2,4,5-Trichlorophenoxyacetic acid
2,45-TP 2(2,4,5-Trichlorophenoxy) propionic acid
24-D 2,4-Dichlorophenoxyacetic acid
2,4-DCP 24-Dichlorophenol

4,4'-DDE 4,4"-Dichlorodiphenyldichloroethylene
44'-DDT 4,4"-Dichlorodiphenyltrichloroethane

95%Cl 95% Confidence interval
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aOR Adjusted odds ratio

ATP Adenosine triphosphate
Beta-BHC Beta-hexachlorocyclohexane
CAR Carbamate insecticides

DDT Dichlorodiphenyltrichloroethane
Delta-BHC  Delta-hexachlorocyclohexane
Env. Environmental exposure

EPTC S-ethyl dipropylthiocarbamate
T4 Free thyroxine

HR Hazard ratio

IRR Incidence rate ratio

0oC Organochlorine insecticides
Occ. Occupational exposure

OoP Organophosphate insecticides;
OR Odds ratio

PR Prevalence ratio

PYR Pyrethroid insecticides

TSH Thyroid stimulating hormone
EDCs Endocrine disrupting chemicals
T3 Triiodothyronine

T4 Thyroxine

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analysis

PROSPERO  International Prospective Register of Systematic Reviews
RR Relative risk

NHLBI The National Heart, Lung, and Blood Institute
HPT Hypothalamus-pituitary-thyroid
T4 Total thyroxine
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