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Association Between Diethylhexyl Phthalate
Exposure and Thyroid Function:
A Meta-Analysis
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Background: Diethylhexyl phthalate (DEHP) is widely used in industrial products, particularly as plasticizers
and softeners. Because it is used extensively, DEHP has been detected in humans worldwide. Although
epidemiological studies suggest that DEHP can disrupt the function of the hypothalamic—pituitary—thyroid
(HPT) axis, evidence on the association between DEHP exposure and thyroid function remains inconclusive.
Therefore, a comprehensive meta-analysis was performed to investigate the association between DEHP ex-
posure and the HPT axis in humans.

Methods: A literature search of the MEDLINE, EMBASE, and Web of Science databases was conducted to
search for studies in which the correlation coefficient values or regression coefficient values between three
major DEHP metabolites (i.e., monoethylhexyl phthalate [MEHP], mono [2-ethyl-5-hydroxyhexyl] phthalate
[MEHHP], and mono [2-ethyl-5-oxohexyl] phthalate) and thyrotropin, free thyroxine (T4), or total T4 were
determined. The association between DEHPs and thyroid hormone levels were evaluated using Pearson’s
correlation coefficients.

Results: Thirteen eligible articles were included. Urinary MEHP and MEHHP concentration was negatively
correlated with total T4. Pooled correlation coefficients between MEHP/MEHHP and total T4 were —0.02
[confidence interval (CI) —0.05 to 0.00] and —0.03 [CI —0.05 to —0.01], respectively. Urinary mono (2-ethyl-5-
oxohexyl) phthalate concentration was positively correlated with thyrotropin, and the pooled correlation co-
efficient was 0.02 [CI 0.00-0.04].

Conclusions: The findings of this meta-analysis suggest a significant association between the exposure of
DEHP metabolites and the function of the HPT axis.
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Introduction

THYROID DYSFUNCTION is among the most common dis-
eases worldwide (1). Although the leading cause of
thyroid dysfunction is iodine deficiency and autoimmune
disease (2), many cases in which the cause is unclear have
been reported. The recent massive increase in the use of
chemicals worldwide has become a major health concern.
Some of these chemicals can alter the function of the endo-
crine system, including that of the thyroid. These endocrine-
disrupting chemicals (3,4), including phthalates, can interfere

with the function of the hypothalamic—pituitary—thyroid (HPT)
axis (4).

Phthalates are among the chemicals produced in high
volume and are widely used as plasticizers and softeners in
various commercial products, including food packaging,
building materials, children’s toys, medical devices, and
cosmetics (5). Because phthalates are not chemically bound
to the end products, they can be easily transferred to indoor
dust, air, food, and water (6). Subsequently, humans can be
exposed to phthalates through inhalation of contaminated air,
ingestion of contaminated food or water, and dermal contact
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(5). Phthalates absorbed in the human body are rapidly me-
tabolized to their metabolites and excreted in the urine or
feces. Urinary concentration of phthalate metabolites is
generally used as a biomarker for evaluating phthalate ex-
posure in humans (7,8). Because of their extensive use,
phthalates have been detected in humans worldwide (9,10).

Diethylhexyl phthalate (DEHP), one of the most com-
monly used phthalates, has been noted for its health effects
(5). Recently, increasing evidence showed that DEHP can
disrupt the function of the HPT axis (11). Animal experi-
ments have shown that exposure to DEHP and its metabolites
reduces the expression of the sodium-iodine symporter
(NIS), decreases the level of transthyretin (one of the main
thyroid hormone-binding proteins), and increases the levels
of deiodinase 1 and UDP glucuronosyltransferase (UGT) in
the liver, which metabolizes thyroid hormones (12-14).
These observations suggest that DEHP can affect the thyroid
hormone levels through effects on thyroid hormone synthe-
sis, transport, and metabolism. In humans, Meeker et al. first
reported that urinary concentration of monoethylhexyl
phthalate (MEHP), one of the metabolites of DEHP, was
negatively associated with free thyroxine (fT4) and total
triiodothyronine levels in 408 men (15). Thereafter, several
epidemiological studies in a diverse population supporting an
association between DEHP exposure and thyroid hormone
have been reported (16-22). However, the type of metabo-
lites associated and the direction of association are different
in each study, and some studies even reported absent asso-
ciations. Therefore, a meta-analysis was conducted to de-
termine the association of DEHP exposure with the function
of HPT axis.

Methods

A meta-analysis was performed in accordance with the
general principles recommended in the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (23).

Search strategy

Two independent investigators (S.M. and M.J.K.) conducted
a literature search of MEDLINE, EMBASE, and Web of Sci-
ence in September 2017. The databases were searched with the
following terms: “‘phthalate or “‘diethylhexyl phthalate” or
“Di (2-ethylhexyl) phthalate” or ‘“‘Bis (2-ethylhexyl) phtha-
late” or “DEHP” and ‘‘thyroid.” Only articles published be-
fore September 1, 2017, in English were included.

Eligibility criteria

For studies to be included in this meta-analysis, the par-
ticipants, interventions, comparators, outcomes, and study
design framework was used (24). The participants of interest
were the general population, including pregnant women and
children. Neonates were excluded from this study because
they might be exposed to DEHP through their mother rather
than via direct exposure. Among different DEHP metabolites,
urinary concentrations of MEHP, mono (2-ethyl-5-oxohexyl)
phthalate (MEOHP), and mono (2-ethyl-5-hydroxyhexyl)
phthalate (MEHHP) determined using liquid chromatogra-
phy/tandem mass spectrometry were investigated to evaluate
DEHP exposure. To evaluate thyroid function, blood con-
centrations of fT4, total T4 (TT4), and thyrotropin (TSH)
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were investigated. However, studies that presented thyroid
status as categorized groups such as hyperthyroidism or hy-
pothyroidism were excluded. Outcomes of interest were the
association between urinary DEHP metabolite and thyroid
hormone concentrations as continuous variables. Articles
that reported Pearson’s correlation coefficients, Spearman’s
correlation coefficients, or regression coefficients between
fT4/TT4 and TSH and DEHP as continuous variables were
included. Cross-sectional, case-control, and cohort studies
were included.

Search and study selection

A literature search yielded 470 potentially relevant articles
(Fig. 1). After excluding duplicate articles (n=214), the titles
and abstracts of 256 articles were further reviewed, and 239
articles were excluded based on the eligibility criteria. In
addition, four articles published as meeting abstracts, letters,
editorials, or reviews were excluded. Subsequently, the full
texts of the 17 selected articles were reviewed by two inde-
pendent investigators (S.M. and M.J.K.), and any disagree-
ment was resolved by a third investigator (Y.J.P.). Four
studies were excluded because they were in the same data-
base (n=1), analyzed with an interquartile range in DEHP
concentration (n=1), or had insufficient data for extraction
(n=2). Finally, 13 articles comprising five studies on chil-
dren and adolescents (aged <18 years), four on pregnant
women, two on adults (aged >18 years), and two analyzing a
general population including children, adolescents, and
adults were selected for the meta-analysis.

Data extraction

The following variables were extracted by the two inves-
tigators independently based on the same rules: first author;
publication year; country; number and age of subjects; the
mean or median urinary concentration of MEHP, MEHHP,
and MEOHP; TSH, fT4, and TT4; Pearson’s correlation co-
efficient; Spearman’s correlation coefficient; and regression
coefficient.

Data analyses and statistical methods

The association between DEHPs and thyroid hormone
levels was evaluated using Pearson’s correlation coeffi-
cient. The z-values were calculated using Pearson’s corre-
lation coefficient after being transformed via Fisher’s
z-transformation (25). Pearson’s correlation coefficient was
known in only one of the 13 studies (26). The raw data were
available in two studies (16,27), and a re-analysis was con-
ducted to obtain Pearson’s correlation coefficients. In the
other studies, Pearson’s correlation coefficient was calcu-
lated from existing Spearman’s correlation coefficient or
regression coefficient with the corresponding confidence in-
terval (CI) using the following formulas:

Estimated Pearson’s correlation coefficient

1
=2 X sin(Spearman’s correlation coefficient x 7/6) M

(Estimated Pearson’s correlation coefficient)2

2
= )(P+n-2) @
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FIG. 1.

where ¢ is the regression coefficient/the standard error of
regression coefficient and the estimated Pearson’s correlation
coefficient X regression coefficient =0.

Meta-analysis of z-values was performed, and the pooled
z-value was converted to a correlation coefficient again for
ease of understanding according to the following formula:
correlation coefficient=([e** — 1]/[e** + 1]).

The Higgins’ I* statistic was used to test for heterogeneity.
The random-effects model including a random intercept per
study was used. Subgroup and sensitivity analyses were used
to determine the cause of heterogeneity. The potential for
publication bias was assessed using a funnel plot analysis
and Egger’s regression test. To examine the strength of
the outcome, a sensitivity analysis was conducted to esti-
mate the effects of the remaining studies without the effect
of the larger one. All statistical analyses were calculated

)
Records identified through database searching
c
o (n = 470)
® MEDLINE 113
& EMBASE 136
€ Web of Science 221
s
R \ 4
. Records after duplicates removed
(n=214)
o0
—
s v
g
S Records screened R Records excluded
(n=256) i (n=239)
e
) A
Original articles with Meeting abstracts, Letters,
eligible data for reviewing > Editorials, Reviews
2 (n=21) (n=4)
=
5o
w
A 4
Full-text articles assessed Full-text .articles excluded,
— for eligibility v W't? rea:)ons
n=
— (n=17)
T \ 4
7]
3 Studies included
2 in meta-analysis
o (n=13)
IR

Representation of the search strategy.

using the statistical program R v3.1.0 and the R package
metafor (28).

Results
Characteristics of eligible studies

In total, 12,674 patients from 13 articles were included in
this analysis. Sample sizes of these studies ranged from 76 to
6003 patients. The types of DEHP metabolites and thyroid
hormones measured in the included studies are summa-
rized in Table 1. The urinary concentration of DEHP me-
tabolites were determined using liquid chromatography/
tandem mass spectrometry. Among the several DEHP me-
tabolites, a meta-analysis was performed for MEHP, MEHHP,
and MEOHP.
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Correlation between MEHP exposure
and thyroid function

A total of 12 studies provided data suitable for a meta-
analysis of the correlation between urine MEHP con-
centration and thyroid function. Data on fT4 and TSH
were available in all 12 studies, while data on TT4 were
available in 10/12 studies (Fig. 2). The analysis between
MEHP and TT4 showed a negative correlation, and the

A
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pooled correlation coefficient was —0.02 [CI —0.05 to 0.00]
without significant heterogeneity (I =0%). The funnel plot
for MEHP and TT4 was asymmetrical (Supplementary
Fig. S1), and the p-value for Egger’s test was 0.04.
However, funnel plots for each subgroup did not show
remarkable asymmetry (Supplementary Fig. S1). Subgroup
analysis showed that MEHP was significantly associated
with TT4 in pregnant women but not in adults and chil-
dren. MEHP was not associated with T4 and TSH (Fig. 2).

B
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FIG. 2. Forest plots of the correlation coefficient with corresponding confidence intervals (CIs) for the correlation between
monoethylhexyl phthalate (MEHP) and thyroid hormone. (A) Correlation between MEHP and thyrotropin (TSH). (B) Cor-
relation between MEHP and free thyroxine (fT4). (C) Correlation between MEHP and total thyroxine (TT4).
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Correlation between MEHHP exposure
and thyroid function

For a meta-analysis of the association between urine
MEHHP concentration and thyroid function, 11 studies were
included. Data for fT4 and TT4 were available in 10 studies,
while data for TSH were available in all 11 studies. The
analysis showed that the urinary MEHHP concentration was
negatively associated with TT4 (pooled correlation coeffi-
cient —0.03 [CI —-0.05 to —0.01], P= 14%; Fig. 3). Because
the studies with fT4 were significantly heterogeneous

KIM ET AL.

(I*=64%), sensitivity analysis for fT4 was performed, and
one outlier study was found (21). When this study was ex-
cluded, MEHHP was significantly associated with {T4
(pooled correlation coefficient —0.04 [CI —0.08 to 0.00],
I?=39%). Subgroup analysis showed that MEHHP was
negatively correlated with fT4/TT4 in adults, and the pooled
correlation coefficients for fT4 and TT4 were —0.04 [CI -0.09
to 0.00] and —0.08 [CI —0.14 to —0.01], respectively. On the
other hand, the MEHHP concentration in children was pos-
itively correlated with TT4 and TSH, and the pooled corre-
lation coefficient for TT4 and TSH was 0.06 [CI 0.01-0.10]
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FIG. 3. Forest plots of the correlation coefficient with corresponding CIs for the correlation between mono (2-ethyl-5-
hydroxyhexyl) phthalate (MEHHP) and thyroid hormone. (A) Correlation between MEHHP and TSH. (B) Correlation
between MEHHP and fT4. (C) Correlation between MEHHP and TT4.
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and 0.04 [CT 0.00-0.09], respectively. The funnel plot anal-
ysis and Egger’s test revealed no significant publication bias
(Supplementary Fig. S2).

Correlation between MEOHP exposure
and thyroid function

For a meta-analysis of the correlation between urine
MEOHP and thyroid function, 11 studies met the eligibility
criteria. Data for fT4 and TT4 were available in 10 studies,
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while data for TSH were available in all 11 studies (Fig. 4). A
modest positive correlation between MEOHP and TSH was
found (pooled correlation coefficient 0.02 [CI 0.00-0.04]),
whereas no correlation between MEOHP and fT4/TT4 was
noted. Because of significant heterogeneity of the analysis
with fT4 (I*=53%), a sensitivity analysis was conducted
where one outlier study was found (21). When this study was
excluded, the heterogeneity disappeared, and the pooled
correlation coefficient changed significantly (pooled corre-
lation coefficient —0.03 [CI =0.05 to —0.01], > = 25%). In the

Study Total Correlation COR 95% ClI Study Total Correlation COR 95% CI
Children Children
Meeker et al. 2011 354 004 [-0.06; 0.15]  Meekeretal. 2011 354 0.14 [0.03; 0.24]
Morgenstern etal. 2017 228 0.09 [0.21; 0.04]  Tsaietal 2016 240 0.00 [-0.13; 0.13]
Tsai etal. 2016 240 004 [0.09; 0.16]  Wuetal 2016 216 0.05 [-0.08; 0.18]
Wu et al. 2016 216 -0.06 [-0.19; 0.08] Boas et al. 2010 758 0.03 [-0.04; 0.10]
Boas et al. 2010 758 —— 0.01 [-0.06; 0.08] Weng et al. 2017 189 0.04 [-0.10; 0.18]
Weng etal. 2017 189 004 [0.11; 0.18]  HuangHBetal.2017 75 0.02 [-0.20; 0.25]
Huang HB et al. 2017 75 0.01 [-0.22; 0.24] Random effects model — 0.05 [0.00; 0.10]
Random effects model < 0.00 [-0.04; 0.05] Heterogeneity: P =0%
o2 _
Heterogeneity: I” = 0% Pregnant women
Pregnant women Yao et al. 2016 2521 . -0.00 [-0.04; 0.04]
Yao etal. 2016 2521 - 003 [007; 001] HuangPCetal.2016 o7 0.00 [-0.20; 0.20]
Huang PC et al. 2016 97— -0.14 [033; 006]  Kuoetal. 2015 148 014 [:0.02; 0.29]
Kuo et al. 2015 148 | ——=—— 024 [008; 0.35)  Random effects model = 0.02 [:0.05; 0.10]
Random effects model ——e 0.03 [-0.16; 0.20] Heterogeneity: ? =27%
Heterogeneity: P =82% Adults
Adults Huang HB et al. 2017 266 -0.07 [-0.18; 0.05]
Huang HB et al. 2017 266 — 018 [:0.29;-0.06] Meeker et al. 2011 1563 5 -0.08 [-0.13;-0.03]
Meeker et al. 2011 1563 1 004 [-009 001] Park etal. 2017 6003 L] -0.01 [-0.04; 0.01]
Random effects model —r 2010 [0.22; 0.03] Random effecgs model E— -0.05 [-0.10; 0.01]
Heterogeneity: I2 =75% Heterogeneity: I" = 68%
Random effects model <‘> 0.02 [0.07; 0.03] Random effects model < -0.01 [-0.03; 0.01]
Heterogeneity: I = 62% o ahrar bl ' Heterogeneity: © = 0%
03-02-01 0 01 02 03 02 01 0 01 02
C Study Total Correlation COR 95% CI

Children

Meeker et al. 2011 354 0.02 [-0.08;0.12]

Morgenstern etal. 2017 229 0.02 [-0.11;0.15]

Tsaietal. 2016 240 0.06 [-0.06;0.19]

Wu et al. 2016 216 0.04 [-0.10;0.17]

Boas et al. 2010 758 0.07 [0.00;0.14]

Weng et al. 2017 189 0.08 [-0.06;0.22]

Huang HB et al. 2017 75 0.10 [-0.13;0.32]

Random effects model — 0.05 [0.01;0.10]

Heterogeneity: (. 0%

Pregnant women
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Kuo et al. 2015 148 -0.11 [-0.26; 0.06]

Random effects model — -0.03 [-0.13;0.08]
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Adults

Huang HB et al. 2017 266 0.01 [-0.11;0.13]
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Random effects model 0.01 [-0.01; 0.03]

Heterogeneity: * = 0%

Random effects model 0.02 [0.00; 0.04]
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FIG. 4. Forest plots of the correlation coefficient with corresponding ClIs for the correlation between mono (2-ethyl-5-
oxohexyl) phthalate (MEOHP) and thyroid hormone. (A) Correlation between MEOHP and TSH. (B) Correlation between

MEOHP and fT4. (C) Correlation between MEOHP and TT4.
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subgroup analysis, MEOHP exposure in children was posi-
tively correlated with TT4 and TSH, and the pooled corre-
lation coefficient for TT4 and TSH was 0.05 [CI 0.00-0.10]
and 0.05 [0.01-0.10], respectively. The funnel plot was asym-
metrical (Supplementary Fig. S3), but p-values for Egger’s test
were >(0.05, suggesting no significant publication bias.

Discussion

The meta-analysis conducted in this study demonstrated
that urinary MEHP and MEHHP concentrations were nega-
tively correlated with serum TT4 concentration, and urinary
MEOHP concentrations were positively correlated with se-
rum TSH concentration. Furthermore, sensitivity analysis
showed that urinary MEHHP and MEOHP concentrations
were also negatively correlated with serum fT4 concentra-
tion. Interestingly, subgroup analysis showed a significant
negative correlation between DEHP metabolites and TT4 in
adults but a significant positive correlation between DEHP
metabolites and TT4/TSH in children.

Previous experimental studies have suggested that DEHP
can affect the function of the HPT axis. DEHP exposure in rat
and zebrafish decreased fT4/TT,4 concentration without any
change in the serum TSH concentration (12,13). DEHP was
associated with an antagonistic activity for thyroid hormone
action in cell culture experiments (29,30). DEHP can disrupt
the thyroid hormone system through various pathways, in-
cluding thyroid hormone synthesis, transport, and metabo-
lism. DEHP exposure induced histological changes of the
thyroid gland in rats (12,31) and affected the expression of
NIS in zebrafish (13), suggesting an effect of DEHP on
thyroid hormone synthesis. Moreover, DEHP can interfere
with thyroid hormone-binding proteins. DEHP exposure
decreased transthyretin, a main thyroid hormone-binding
protein in rats and zebrafish (12,13). However, the effects of
DEHP on binding proteins in human is equivocal, and no
association was found between DEHP exposure and thyroxine-
binding globulin, the major thyroid hormone-binding protein
in humans (19). Moreover, in this study, the association be-
tween DEHP exposure and fT4 was as relevant as that with
TT4. Therefore, at least in humans, the influence of DEHP on
binding proteins does not seem to be the main mechanism by
which it affects thyroid hormone levels. Lastly, DEHP ex-
posure can increase thyroid hormone metabolism. DEHP
exposure affected deiodinase 1 activity and increased UGT in
rat and zebrafish (12-14).

DEHP is rapidly metabolized when absorbed into the hu-
man body (32,33). Thus, DEHP metabolites, not the parent
compound, may affect thyroid hormone levels. There is a
wide variety of DEHP metabolites. However, only three of
these were analyzed. Because each metabolite can have a
different effect on thyroid hormone economy, this is a limi-
tation of this study. Other studies measured various DEHP
metabolites, calculated the sum of DEHP metabolites
(XDEHP metabolites) (19,27), and reported that XDEHP
metabolites were also negatively correlated with TT4.
However, only three studies presented XDEHP metabolites,
and each study used different types of DEHP metabolites
when calculating XDEHP metabolites (19,27,34). Therefore,
a meta-analysis was not conducted for that.

The effects of DEHP on the HPT axis in pregnant women
can be different from those in the general population. Cross-
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sectional studies suggested an association between DEHP
exposure and thyroid dysfunction in pregnant women, but
this was not consistent (18,21,22,26). Therefore, a subgroup
analysis was performed for pregnant women, and only the
association between MEHP/MEHHP and TT4 was signifi-
cant. In studies of pregnant women, the results can vary based
on the timing of sample collection because thyroid function
changes with gestational age. Therefore, to evaluate the ef-
fects of DEHP exposure, DEHP metabolites and thyroid
hormone concentrations should be measured repeatedly at
defined gestational ages. Longitudinal studies with repeated
measurements revealed that MEHP was associated positively
with TT4 and negatively with TSH in pregnant women (17),
findings that contrast with the current results and suggesting
that the effects of DEHP may vary depending on when the
woman was exposed during pregnancy.

DEHP exposure of pregnant women can affect thyroid
function or neurodevelopment of the baby. Prenatal DEHP
exposure is negatively associated with a child’s neurodeve-
lopment (35,36). Because thyroid hormones play a pivotal
role in neurodevelopment, DEHP-induced thyroid dysfunc-
tion is speculated to mediate the effect of DEHP on neuro-
development. Some researchers investigated the association
between maternal DEHP exposure and thyroid hormone
levels in cord blood (18,21) or neonate (37), they but found
no significant association between them. However, further
research is necessary to verify these findings.

The results of studies that investigated the association
between DEHP exposure and thyroid hormone levels in
children and adolescents were inconsistent (16,19,38-42). In
the subgroup analysis of children in this study, MEHHP and
MEOHP were positively correlated with TSH and TT4.
However, no association was observed between DEHP me-
tabolites and fT4. These differences in the results between
children and adults might be because children are less ex-
posed to DEHP than adults. However, previous studies that
included both children and adults reported that the urinary
concentration of DEHP metabolites was inversely correlated
with age (16,19,43). Hence, the difference in results between
children and adults may come from the duration of DEHP
exposure. Even if the urinary concentration of DEHP me-
tabolites is similar in both adults and children, the duration of
exposure to DEHP might be longer in adults than in children.

This meta-analysis has some limitations. First, DEHP
metabolites and thyroid hormones were measured by differ-
ent methods in each study. In addition, some studies cor-
rected for urine dilution by using urine creatinine levels or
specific gravity when analyzing Pearson’s correlation or re-
gression coefficients, while the others did not. Next, all in-
cluded studies had a cross-sectional observational design.
Because the half-life (<24 h) of DEHP is short (8) and ex-
posure to DEHP can change over time, a single measurement
of urinary DEHP metabolites cannot represent the total ex-
posure throughout life. However, the urine concentration of
phthalates with single urine spot can moderately represent
long-term exposure (44,45). Even if the degree of DEHP
exposure is constant, the duration of DEHP exposure may be
different, an aspect that cannot be considered in the analysis.
Finally, the analytical method can miss a nonlinear associa-
tion between endocrine disrupting chemicals and thyroid
function. Endocrine-disrupting chemicals may have non-
monotonic or U-shape dose—response curves (4,46). Thus, a
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low or specific concentration may be more harmful than a
higher concentration.

Urinary DEHP metabolites have been shown to have
a strong correlation with other phthalates metabolites or
bisphenol A (27). Furthermore, people are simultaneously
exposed to various endocrine-disrupting chemicals. The
mixture effects or endocrine-disrupting chemicals, including
DEHP, on thyroid function can differ from the effects of
DEHP alone (47). Further studies are needed in this area.

Conclusions

This meta-analysis shows that DEHP exposure can de-
crease TT4 and increase TSH. The results suggest that DEHP
can affect thyroid function in children, adults, and preg-
nant women. Thus, exposure to DEHP should be avoided or
reduced.
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