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Abstract

Background: Environmental endocrine disruptor-diethylhexyl phthalate (DEHP) or its active metabolites-mono(2-ethylhexyl) phthalate
(MEHP) has the greatest endocrine disrupting potency. The present systematic review and meta-analysis was to investigate the effects of
DEHP/MEHP exposure on the folliculogenesis and ovarian steroidogenesis in female rodents. Methods: A search was conducted using
EMBASE, PubMed, Web of Science, and Cochrance Library databases. The meta-analyses were performed using mean difference (MD)
and random-effects model. Risk of bias and subgroup analyses were assessed using Revman 5.4.1 and R 4.1.2. Registration number:
PROSPERO CRD42021292264. Results: A total of 15 studies were included in this systematic review. We found that the exposure of
DEHP/MEHP significantly increased the ovary weight (p = 0.003), decreased the serum progesterone levels (p = 0.0008) and delayed
the vaginal opening (p = 0.01). Conclusions: The DEHP/MEHP exposure has adverse effects on some aspects of female reproduction
ability which tested in female rodent. However, more evidence is needed to strengthen the conclusion.
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1. Introduction

With development of the industrial society, the popu-
lation is more and more exposed to different kinds of chem-
ical compounds. Some of them are known as endocrine dis-
rupting chemicals (EDCs), which negatively affect human
and environmental well-being [1,2]. Phthalates esters, as
one of the EDCs, are commonly used in polyvinyl chlo-
ride (PVC) based plastics production as plasticizers [3,4].
Diethylhexyl phthalate (DEHP) is the most common ph-
thalates ester, and the annual production level has reached
to millions of pounds, which has the greatest endocrine
disrupting potency [5,6]. DEHP is easily transferred into
the environment and bio-accumulated in the human body
through ingestion, inhalation, dermal contacts, even in-
trauterine exposure [4,5,7–10]. In the past few decades,
many studies have proved that DEHP has negative effects
on the male reproductive functions, such as variations of
anogenital distance [11] and testicular toxicity [12,13].

EDCs can also negatively affect the female repro-
ductive functions such as trophoblast and placental func-
tion, the female hypothalamus-pituitary–gonadal axis, pu-
berty onset and ovarian functions [14,15]. The maternal
exposure to EDCs even has some transgenerational effects
[16]. DEHP, mainly through its secondary metabolites-
mono(2-ethylhexyl) phthalate (MEHP), significantly af-
fects the steroidogenesis and folliculogenesis through PI3K
signaling pathway, 17b-hydroxysteroid dehydrogenase sig-

nalling pathway, peroxisome proliferator-activated recep-
tors and changes the mRNA levels of cell cycle related pro-
teins [3,17–20]. According to Fu et al. [21], the reproduc-
tive toxicity of DEHP/MEHPmay be caused by the gut bac-
terial dysbiosis and altered metabolites, such as the alter-
ations of short-chain fatty acid (SCFA), which is considered
to be associated with the steroidogenesis dysfunction in pa-
tient with polycystic ovary syndrome (PCOS) [22]. How-
ever, little has been systematically investigated concerning
the effects of DEHP/MEHP on folliculogenesis and ovarian
steroidogenesis.

Based on the available studies with rodents, we con-
ducted a systematic review with meta-analysis on the ef-
fects of DEHP/MEHP exposure on the folliculogenesis and
ovarian steroidogenesis in the female rodents.

2. Methods
The methodology of this systematic review was pre-

specified in a protocol, which has been published on the
PROSPERO website in December, 2021 and the registra-
tion number is PROSPERO CRD42021292264. The ap-
plied methodology followed the guidelines of the System-
atic ReviewCentre for Laboratory Animal Experimentation
(SYRCLE) [23].
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2.1 Search Strategy and Selection of Papers

A comprehensive search strategy was used to iden-
tify articles in the EMBASE, PubMed, Web of Science,
and Cochrance Library databases in December, 2021. The
search strategy was provided in the supplementary mate-
rial (Supplementary Table A.1). In addition, the reference
lists of the included articles were screened manually in or-
der to identify the potentially relevant new articles.

There were two screening phases in the study selec-
tion, namely initial screening based on the title and abstract,
which was then followed by full-text screening of the eli-
gible articles for final inclusion. In each phase, two ob-
servers (WH and YW) independently assessed each article.
Discrepancies were resolved through discussion, or by con-
sulting a third investigator (FQ).

The studies were included for full text screening when
theymet all the inclusion criteria: (1) original full paper pre-
sented unique data; (2) all female rodents (with all species
and all ages) were exposed to DEHP/MEHP; (3) at least one
of the following outcome measures related to folliculogen-
esis and ovarian steroidogenesis was examined (including
ovary weight, serum estradiol levels, serum progesterone
levels, mean estrous cyclicity, postnatal day (PND) of pu-
berty onset, age of vaginal opening (VO)); (4) controlled
studies with a separate control group. In case of doubt, a full
text analysis was performed. During the full text screening,
the studies were excluded if they met one of the following
criteria: (1) duplicates; (2) not primary study; (3) the inter-
vention/exposure of DEHP/MEHP not one of gavage, oral
or inhalation; (4) without outcomes of interest (folliculo-
genesis and ovarian steroidogenesis related outcomes); (5)
not a rodent study; (6) unhealthy rodents like animal model
of disease.

2.2 Study Characteristics and Data Extraction

Two review observers (WH and YW) independently
extracted the bibliographic data from the included studies,
including the characteristics of animal model, the expo-
sure, the study design and the relevant outcome measures
(i.e., ovary weight, serum estradiol levels, serum proges-
terone levels, follicle counting, oocyte counting, mean es-
trous cyclicity, PND of puberty onset, age of VO). If dis-
agreement occurred, two authors discussed and arrived at a
consensus with the investigator (FQ). We considered each
analysis of a specific outcome measure with a specific dose
as a separate comparison, however, when a study was car-
ried two or more experiments in the same condition, we
would merge the data with formulae. In addition, analy-
ses in different ovaries (even derived from the same ani-
mal) and analyses with different time windows of exposure
were considered as separate comparisons. Therefore, mul-
tiple comparisons from one study were included.

If the outcomes were repeatedly measured at differ-
ent timepoint(s) in the same animals, we selected the time-
point at which the measured effect was greatest (i.e., the

timepoint with the strongest association with the outcome).
The timepoint of greatest efficacywas selectedwhen the ab-
solute difference between the mean of the exposure group
and the mean of the control group divided by the sum of
standard deviations (SDs) was highest. The direction of the
effect was not considered when selecting the timepoint of
greatest efficacy by using the absolute difference [24].

All data was collected as mean and SD. Standard er-
ror of the mean was recalculated to SD. In case the number
of animals was unclear, a conservative estimate would be
made, usually the mean. When the data were reported as
median and interquartile range, the authors have contacted
for raw data. The studies were excluded from the analyses
when there existed missing data, unavailable author contact
details, or no response from authors or remainders within 6
weeks.
2.3 Risk of Bias and Methodological Quality Assessment

The risk of bias of the included studies were assessed
independently by two observers (WH and YW) using the
SYRCLE’s Risk of Bias (RoB) tool (version 2, SYRCLE,
http://WWW.SYRCLE.NL), which is specifically designed
for animal studies [23]. Briefly, the ten items in the RoB
tool were scored with “yes” indicating low risk of bias, “no”
indicating high risk of bias or “? / unclear” indicating that
the item was not reported and therefore the risk of bias was
unknown.

Any discrepancies were resolved among the authors
to reach a consensus. If, upon further discussion, the eval-
uation team couldn’t reach an agreement on a risk of bias
determination for a particular domain, the more conserva-
tive judgment would be selected (i.e., if one observer made
a judgment of “yes” and the other made a judgment of “? /
unclear”, the “? / unclear” judgment would be used). The
figure of risk of bias was performed using R (version 4.1.2,
R Core Team, Vienna, Austria).
2.4 Data Synthesis and Statistical Analysis

Meta-analyses were performed using Review Man-
ager 5.4.1 (The Cochrane Collaboration) [25]. For
subgroup analysis, a minimum of 2 studies per subgroup
was required. If meta-analysis was not possible, data
were reported through a descriptive summary. We ex-
tracted the means and the SDs from each study. We
combined the means and the SDs when the difference
of experiments in the study were negligible. The fol-
lowing formula was applied to compute the pooled
Mean: Meanpooled = (N1M1 +N2M2) / (N1 +N2),
and the pooled SD was calculated as: SDpooled =√

(N1−1)SD1
2+(N2−1)SD2

2+
N1N2

N1+N2
(M1

2+M2
2−2M1M2)

N1+N2−1 ,
where the N1, N2 is the sample size of each experiment.
If there were data from more than two experiments that
needed to be merged, we followed the above formula to
merge the data from two of the experiments, and then
merged the resulting data with the third experiment, and so
on.
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Heterogeneity was assessed using I-square (I2) and the
significance level of the meta-analyses was set at p hetero-
geneity <0.05 or I2 >50%. When the significant hetero-
geneity was observed, the random-effects model was used.
Otherwise, the fixed-effects model was adopted. Subgroup
analysis and sensitivity analysis were applied to explore the
origin of heterogeneity. For the outcome measure which
multiple subgroup analyses could be conducted, the p-value
for statistical significance was adjusted to p < 0.01, to ac-
count for the potential false positive results.

The assessed subgroup variables included: animal
species (rats or mice), strains, route of exposure (gav-
age, oral, diet, inhalation), dosage of treatment (below the
tolerable daily intake (TDI) of 50 ug/kg/d [26], between
50 ug/kg/d and 5 mg/kg/d, between 5 mg/kg/d and 500
mg/kg/d, above 500 mg/kg/day, time window of exposure
(perinatal exposure: during gestation and lactation period;
prenatal exposure: during gestation only; postnatal expo-
sure: during lactation period only), time of outcome mea-
surement (before or after PND21, the normal weaning pe-
riod), offspring of measure (F0: female mice before mated;
F1: mice born form the F0 generation; F2: the F1 gen-
eration was mated with nontreated males to generate the
F2 generation; F3: the F2 generation was mated with non-
treated males to generate the F3 generation).

2.5 Sensitivity Analyses
A sensitivity analysis method was conducted to evalu-

ate the results. It is the latest timepoint was selected instead
of the greatest timepoint [24].

2.6 Confidence Rating
The quality of the included studies was rated ac-

cording to the confidence rating methodology of the Of-
fice of Health Assessment and Translation (OHAT) [27].
The available studies on a particular outcome were firstly
grouped by the key study design features then each group-
ing of the studies was given an initial confidence rating ac-
cording to those features [28]. According to the OHAT, an
initial high confidence could be downgraded to a moderate,
low or very low confidence based on assessment of five fac-
tors (i.e., risk of bias, unexplained inconsistency, indirect-
ness, imprecision and publication bias). In addition, four
factors could help to increase confidence in the results. As
the factor “plausible confounding” primarily applied to the
observational studies, the factor was not accessed [28]. Fur-
thermore, the factor “large magnitude of effect” was also
not assessed. According to the Wassenaar et al. [24], it was
difficult to define “large effect”, as a relatively low dose of
exposure led to major public health problems. Funnel plots
were used to examine the publication bias when at least 5
studies could be included.

3. Results
3.1 Study Selection and Characteristics

A flow chart of the study was provided in Fig. 1. Us-
ing the comprehensive electronic database search strategy,
a total of 981 unique articles were identified from EM-
BASE, PubMed, Web of Science, and Cochrance Library
databases. Finally, 15 articles were included in this sys-
tematic review after screening, of which, 8 reported the ef-
fects on ovary weight [29–36], 6 on the serum estradiol lev-
els [19,29,32,37–39], 5 on the serum progesterone levels
[19,29,32,37,38], 3 on themean estrous cyclicity [29,30,32]
and age of VO [39–41], 2 on the oocyte counting [39,42]
and PND at puberty onset [39,40]. The detailed character-
istics of all the included studies were provided in Supple-
mentary Table A.2.

Fig. 1. The flow chart of study selection process.

3.2 Risk of Bias and Methodological Quality Assessment
Using the SYRCLE’s RoB tool (version 2, http://WW

W.SYRCLE.NL), the main observation from the risk of
bias was the existence of many “? / unclear” scores, which
means that most items were not sufficiently reported, re-
sulting in an unknown risk of bias. The individual scores of
the RoB tool of the included studies were provided in Fig. 2
and Table 1 (Ref. [19,29–42]). Compared to other bias, the
selection bias was lower: the baseline characteristics and
allocation concealment had 73% and 53% of low
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Table 1. Risk of bias of the included studies.

Article info
Selection bias Performance bias Detection bias Attrition bias Reporting bias Other

Sequence
generation

(selection bias)

Baseline
characteristics
(selection bias)

Allocation
concealment
(selection bias)

Random housing
(performance

bias)

Blinding
(performance

bias)

Random outcomes
assessment

(detection bias)

Blinding
(detection bias)

Incomplete outcome
data (attrition bias)

Selective outcome
reporting (reporting

bias)

Other sources of
bias (other)

Grande et al. 2007
[29]

? Y Y ? ? Y ? Y ? ?

Berman et al. 1993
[37]

? Y Y Y ? Y Y ? Y N

Takai et al. 2009
[30]

? Y Y N ? ? ? ? ? ?

Li et al. 2012 [38] ? Y Y Y Y Y Y Y Y ?

Ma et al. 2006 [40] Y Y ? ? ? ? ? Y ? ?

Pocar et al. 2012
[31]

? Y ? Y ? ? Y ? Y Y

Pocar et al. 2017
[42]

? Y ? Y ? ? Y ? Y Y

Tassinari et al 2021
[41]

? Y Y Y ? Y ? ? Y ?

Yu et al. 2020 [32] Y Y Y ? ? ? ? ? ? Y

Brehm et al. 2018
[33]

? ? Y Y ? Y ? ? Y ?

Rattan et al. 2018
[36]

? ? Y ? Y ? ? N ? ?

Niermann et al.
2015 [34]

? ? ? Y ? ? ? N Y ?

Moyer et al. 2012
[39]

? ? ? ? ? ? ? ? ? ?

Li et al. 2020 [19] ? Y Y ? ? Y ? Y Y ?

Svechnikova et al.
2007 [35]

? Y Y ? ? ? ? ? ? ?

Notes: The items in the SYRCLE’s RoB were scored with “yes” indicating low risk of bias, “no” indicating high risk of bias or “? / unclear” indicating that the item was not reported and therefore the risk of bias was
unknown. Y, Yes; N, No.
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risk of bias respectively. The items more frequently
recorded included random outcomes assessment (seven
studies had a low risk of bias and one study had a high risk
of bias), and incomplete outcome data (four studies had a
low risk of bias and two had a high risk of bias).

Fig. 2. Results of the risk of bias and methodological quality
indicators for all included studies.

3.3 Effects of DEHP/MEHP on Folliculogenesis and
Ovarian Steroidogenesis
3.3.1 Ovary Weight (mg)

A total of 15 studies including 61 comparisons inves-
tigated the effects of DEHP/MEHP exposure on the ovary
weight in this meta-analysis and the forest plots for sub-
group analysis were showed in Supplementary Figs. A.1–
8 in supplementarymaterial. Overall, the DEHP/MEHP ex-
posure significantly increased the ovary weight in female
rodents (mean difference (MD) = 0.01; 95% confidence in-
terval (CI): 0.00, 0.02; p = 0.003; Table 2), with a sub-
stantial heterogeneity among the studies (I2 = 97%). The
heterogeneities were very high (i.e., I2 >75%) in subgroup
analyses. For subgroup analysis of species, the exposure
didn’t significantly increase the ovary weight of rats (MD
= 0.06; 95% CI = 0.00, 0.02; Table 2), while the exposure
significantly decreased the ovary weight of mice (MD = –
1.81; 95% CI = –2.45, –1.18; p < 0.00001). For subgroup
of strain, the exposure significantly decreased the ovary
weight of CD-1 (mice) (MD = –1.81; 95% CI = –2.45, –
1.18), while didn’t significantly increase the ovary weight
of Sprague-Dawley (rat) (MD = 0.00; 95% CI = 0.00, 0.01;
p < 0.00001).

As for route of exposure, the exposure through gav-
age didn’t significantly increase the ovary weight, while
oral exposure significantly decreased the ovary weight in
female rodents, which mainly through pipette feeding (p
< 0.0001). When the exposure dose was lower than 0.05
mg/g/day, the exposure significantly increased the ovary
weight (MD = 0.44; 95% CI = 0.29, 0.59). However, the
ovary weight was not significantly increased when the ex-
posure dose was between 0.05 mg/kg/day and 5 mg/kg/day

(MD= 0.01; 95%CI = –0.00, 0.02) or between 5mg/kg/day
and 500 mg/kg/day (MD = 0.00; 95% CI = –0.00, 0.01).
Furthermore, when the exposure dose was higher than 500
mg/kg/day, the DEHP/MEHP exposure significantly de-
creased the ovary weight (MD = –1.34; 95% CI = –2.63,
–0.05; p < 0.00001).

Prenatal exposure significantly increased the ovary
weight (MD = 0.01; 95% CI = 0.01, 0.02), while postna-
tal exposure significantly decreased the ovary weight (MD
= –2.31; 95% CI = –2.63, –0.05; p < 0.00001). In addi-
tion, the DEHP/MEHP exposure didn’t change the ovary
weight for subgroup analysis of time of outcome measure
(p = 0.76). However, for F2 and F3, the exposure signifi-
cantly decreased the ovary weight (p < 0.00001).

3.3.2 Serum Estradiol Levels (ng/mL)
In total, 6 studies consisting of 26 comparisons re-

ported the effects of DEHP/MEHP exposure on the serum
estradiol levels and the forest plots for subgroup analysis
were showed in Supplementary Figs. B.1–5 in supple-
mentary material. Overall, the exposure of DEHP/MEHP
didn’t significantly decrease the serum estradiol levels (MD
= –1.34; 95% CI = –4.01, 1.33; p = 0.32; Table 2). The sub-
group analyses showed that the heterogeneities were very
high (i.e., I2 >75%). For subgroup of species, the expo-
sure didn’t significantly decrease the serum estradiol levels
(p = 0.61). For subgroup of strain (p = 0.36), the exposure
significantly decreased the serum estradiol levels of Wis-
ter (rat) (MD = –2.71; 95% CI = –4.83, 4.34), while non-
significantly increased serum estradiol levels of Sprague-
Dawley (rat) (MD = 2.30; 95% CI = –6.55, 11.14).

The exposure of DEHP/MEHP didn’t significantly
change the serum estradiol levels for subgroup analysis of
the route of exposure (p = 0.41) and dose of exposure (p=
0.03). However, the exposure significantly decreased the
serum estradiol levels for the dose between 5 mg/kg/day
and 500 mg/kg/day (MD = –5.15; 95% CI = –8.94, –1.37)
or the dose higher than 500 mg/kg/day (MD = –1.97; 95%
CI = –8.98, 5.04).

3.3.3 Serum Progesterone Levels (pg/mL)
A total of 26 comparisons from 5 studies, which re-

ported the serum progesterone levels, were included and the
forest plots for subgroup analysis were showed in Supple-
mentary Figs. C.1–3 in supplementary material. Overall,
the exposure of DEHP/MEHP significantly decreased the
serum progesterone levels (MD = –1.90; 95% CI = –3.00, –
0.79; p = 0.0008; Table 2). The subgroup analyses showed
that for all estimates, the heterogeneities were quite high
(i.e., I2 >75%). For subgroup of strain (p = 0.005), the ex-
posure didn’t significantly decrease the serum progesterone
levels of Sprague-Dawley (rat) (MD = –0.17; 95% CI = –
1.53, 1.18; p = 0.80), while for Wister (rat), the exposure
significantly decreased the serum progesterone levels (MD
= –3.38; 95% CI = –5.13, –1.63; p < 0.00001).
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Table 2. Effects of exposure to DEHP/MEHPc on folliculogenesis and ovarian steroidogenesis from random-effects meta-analyses.
Analysis Subgroups MDc (gram) ± 95% CIc I2 # studies (# comparisons) Test for subgroup differences

Ovary weight (mg)

Overall 0.01 [0.00, 0.02] 97% 8 (61) p = 0.003

Species Rats 0.06 [–0.07, 0.18] 100% 4 (19)
p < 0.00001

Mice –1.81 [–2.45, –1.18] 96% 4 (32)

Strain CD-1(mice) –1.81 [–2.45, –1.18] 96% 4 (32)
p < 0.00001

Sprague-Dawley (r) 0.00 [0.00, 0.01] 89% 4 (19)

Route of exposure Gavage 0.00 [0.00, 0.01] 92% 2 (12)
p < 0.0001

Oral –1.49 [–2.22, –0.76] 95% 5 (26)

Dose of exposure DEHP ≤0.05 mg/kg/day 0.44 [0.29, 0.59] 99% 5 (10)

p < 0.00001
0.05 mg/kg/day < DEHP ≤ 5 mg/kg/day 0.01 [–0.00, 0.02] 95% 6 (13)
5 mg/kg/day < DEHP ≤ 500 mg/kg/day 0.00 [–0.00, 0.01] 91% 7 (17)

DEHP >500 mg/kg/day –1.34 [–2.63, –0.05] 59% 4 (11)

Time window of exposure Prenatal 0.01 [0.01, 0.02] 99% 2 (12)
p < 0.00001

Postnatal –2.31 [–3.13, –1.49] 84% 3 (30)

Offspring of measure F0 –2.08 [–4.80, 0.64] 54% 2 (7)

p < 0.00001
F1 0.00 [–0.00, 0.01] 91% 6 (28)
F2 –3.12 [–4.91, –1.32] 68% 2 (8)
F3 –4.70 [–7.34, –2.05] 89% 2 (8)

Time of outcome measure (F1) PND0-PND21c –0.10 [–0.87, 0.67] 95% 2 (10)
p = 0.76

>PND21 0.01 [0.01, 0.02] 97% 6 (32)

Serum estradiol levels (ng/mL)

Overall –1.34 [–4.01, 1.33] 91% 6 (26) p = 0.32

Species Rats –1.68 [–4.84, 1.48] 93% 4 (20)
p = 0.61

Mice –0.25 [–4.83, 4.34] 76% 2 (6)

Strain Wister (rats) –2.71 [–4.35, –1.07] 61% 2 (13)
p = 0.36Sprague-Dawley (r) 2.30 [–6.55, 11.14] 96% 2 (7)

Othersa –0.25 [–4.83, 4.34] 76% 2 (6)

Route of exposure Gavage –0.21 [–2.89, 2.47] 92% 4 (20)
p = 0.41

Oral –5.65 [–18.30, 7.00] 77% 2 (6)
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Table 2. Continued.
Analysis Subgroups MDc (gram) ± 95% CIc I2 # studies (# comparisons) Test for subgroup differences

Dose of exposure 0.05 mg/kg/day < DEHP ≤ 5 mg/kg/day 3.74 [–1.71, 9.19] 92% 2 (6)
p = 0.035 mg/kg/day < DEHP ≤ 500 mg/kg/day –5.15 [–8.94, –1.37] 85% 4 (9)

DEHP >500 mg/kg/day –1.97 [–8.98, 5.04] 94% 3 (8)

Serum progesterone levels (pg/mL)

Overall –1.90 [–3.00, –0.79] 94% 5 (26) p = 0.0008

Strain Sprague-Dawley (r) –0.17 [–1.53, 1.18] 95% 2 (7)
p = 0.005

Wister (rats) –3.38 [–5.13, –1.63] 93% 2 (13)

Dose of exposure 0.05 mg/kg/day < DEHP ≤ 5 mg/kg/day 0.10 [–1.01, 1.21] 83% 2 (6)
p < 0.000015 mg/kg/day < DEHP ≤ 500 mg/kg/day –2.21 [–3.57, –0.85] 85% 4 (9)

DEHP >500 mg/kg/day –11.40 [–16.25, –6.56] 97% 2 (6)

Oocyte counting (oocyte/animal)b

Overall 0.08 [–1.51, 1.67] 56% 2 (8) p = 0.92

Mean estrous cyclicity (No. of days)

Overall 0.11 [–0.00, 0.22] 74% 3 (18) p = 0.06

Dose of exposure 0.05 mg/kg/day < DEHP ≤ 5 mg/kg/day 0.10 [0.01, 0.19] 0% 2 (5)
p = 0.38

5 mg/kg/day < DEHP ≤ 500 mg/kg/day 0.23 [–0.04, 0.50] 88% 3 (7)

PND of puberty onset (days)b,c

Overall 0.59 [–2.16, 3.35] 93% 2 (5) p = 0.67

Age of VO (days)b,c

Overall –0.78 [–1.39, –0.17] 64% 3 (8) p = 0.01
Notes: Effect size are expressed in MD with 95% CI calculated using random-effects model. From each study, we considered each analysis of different time, dose, offspring as individual
comparison. Heterogeneity is measured by I2. Positive MDs represent an increase in the outcome measure after exposure, while negative MDs represent a decrease. Test for subgroup
analyses was conducted using Review Manager.
a Includes C57/B16 and ICR mice.
b Only two or three studies were included, so subgroup analyses could not be carried out.
c DEHP, diethylhexyl phthalate; MEHP, mono(2-ethylhexyl) phthalate; MD, mean difference; CI, confidence interval; PND, postnatal day; VO, vaginal opening.
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For subgroup of dose of exposure (p-value for sub-
group differences <0.00001), the exposure didn’t signifi-
cantly increase the serum progesterone levels for the dose
between 0.05mg/kg/day and 5mg/kg/day (MD= 0.10; 95%
CI = –1.01, 1.21; p < 0.0001), while the exposure signifi-
cantly decreased the serum progesterone levels for the dose
between 5 mg/kg/day and 500 mg/kg/day (MD = –2.21;
95% CI = –3.57, –0.85; p < 0.00001) or the dose higher
than 500 mg/kg/day (MD = –11.40; 95% CI = –16.25, –
6.56; p < 0.00001).

3.3.4 Mean Estrous Cyclicity (No. of Days)
Three studies consisting of 18 comparisons reported

the mean estrus cyclicity and the forest plots for subgroup
analysis were showed in Supplementary Figs. D.1–2 in
supplementary material. Overall, DEHP/MEHP exposure
didn’t significantly prolong themean estrus cyclicity (MD=
0.11; 95% CI = –0.00, 0.22; p = 0.06; Table 2). In subgroup
analysis of dose of exposure (p = 0.38), the exposure didn’t
significantly prolong the mean estrus cyclicity for the dose
between 0.05mg/kg/day and 5mg/kg/day (MD= 0.10; 95%
CI = 0.01, 0.19; p = 0.02) or the dose between 5 mg/kg/day
and 500 mg/kg/day (MD = 0.23; 95% CI = –0.04, 0.50; p =
0.09).

3.3.5 Oocyte Counting (Oocyte/Animal)
A total of two studies consisting of 8 comparisons ex-

amined the DEHP/MEHP exposure on the oocyte counting
and the forest plot for subgroup analysis was showed in
Supplementary Fig. E.1 in supplementary material. Over-
all, DEHP/MEHP exposure didn’t significantly increase the
oocyte counting (MD = 0.08; 95% CI = –1.51, 1.67; p =
0.92; Table 2). After 14 hours culture of the oocyte from
the maternally treated female offspring, about 10% fewer
oocytes reached MII stage in the exposure groups when
compared with the controls, and the percentage of degener-
ated oocytes was nearly doubled [31]. The negative effect
of maternal exposure to 0.05 mg/kg/day DEHP on oocyte
development could still be detected in F2, F3 [42].

3.3.6 PND of Puberty Onset (Days)
Five comparisons from 2 studies focused on the ef-

fects of DEHP/MEHP exposure on the PND of puberty on-
set and the forest plot for subgroup analysis was showed
in Supplementary Fig. F.1 in supplementary material.
DEHP/MEHP exposure did not significantly postpone the
PND of puberty onset (MD = 0.59; 95% CI = –2.16, 3.35;
p = 0.67; Table 2). The DEHP inhalation postponed the age
of first estrus [40] and exposure of MEHP induced a four-
day delay in the puberty onset of F1 adult female rodents
[39].

3.3.7 Age of VO (days)
Three studies, consisting of 8 comparisons, reported

theDEHP exposure on age ofVO and the forest plot for sub-

group analysis was showed in Supplementary Fig. G.1 in
supplementarymaterial. Overall, the exposure significantly
delayed the age of VO (MD = –0.78; 95% CI = –1.39, –
0.17; p = 0.01; Table 2). In both of the 500 mg/kg/day and
1000 mg/kg/day MEHP exposure groups, a trend of delay
was observed [39]. As for DEHP exposure, both inhalation
[40] and gavage [41], the age of VO were delayed.

3.4 Sensitivity Analyses
The overall effect of the exposure on ovary weight

was not changed with the sensitivity analyses using the data
from the latest measured timepoint (MD = –0.01; 95% CI =
0.00, 0.02; Supplementary Table A.2). However, for sub-
group analyses (i.e., species, strain, route of exposure, dose
of exposure, time of exposure measure, time window of ex-
posure, offspring of measure), the effect for ovary weight
was changed from a significantly negative effect to a non-
significantly negative effect, so we used the latest measured
timepoint, instead of the greatest measured timepoint, for
the subgroup analyses. Sensitivity analyses were not con-
ducted for other measure results because they didn’t contain
the latest measure time studies [34,36].

3.5 Confidence Rating
An initial confidence rating for all the seven outcomes

were “high confidence” (Table 3, Ref. [27]), because nearly
all the studies had four features: controlled exposure, expo-
sure prior to outcome, individual outcome data, and com-
parison group used. However, the quality of evidence for
all the outcome measures were downgraded because there
were many “unclear” scores for the risk of bias (Table 1).
In addition, the confidence of all the outcomemeasures was
downgraded with respect to unexplained inconsistency be-
cause of the substantial heterogeneity (i.e., I2 >75%). As
for the ovary weight, the different timepoints and a minimal
CI overlap were observed.

Furthermore, for ovary weight, the publication bias
was judged as undetected, according to the funnel plot
(Supplementary Fig. A.9). The confidence for the serum
levels of estradiol and progesterone were downgraded for
publication bias, based on the funnel plots (Supplementary
Fig. B.6 and Supplementary Fig. C.4). Consequently,
the quality of evidence of ovary weight, the serum levels
of estradiol and progesterone were “very low”. For other
four outcomemeasures, the quality of evidence were “low”,
which means the true effect may be different from the ap-
parent relationship.

4. Discussion
4.1 Mini Review and Key Results
4.1.1 Mini Review

Many studies have proved the DEHP had adverse ef-
fects on the male reproduction system, however, the asso-
ciation between DEHP/MEHP exposure with female repro-
duction has not been clearly explored, therefore, we carried
out this systematic review and meta-analysis.
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Table 3. Quality of the evidence of the overall effects of DEHP/MEHPh on the folliculogenesis and ovarian steroidogenesis related outcome measures using the OHATh confidence
rating methodology [27].

Outcome measures Body of evidence (Animal studies)
Factors for downgrading Factors for upgrading Final confidence rating

Risk of
bias

Unexplained
inconsistency

Indirectness Imprecision Publication
bias

Magnitudeg Dose
response

Residual
confoundingg

Consistency
species

Ovary weight (mg) Initial high confidence (8 studies) ↓a ↓c - –d –e - - - - Very low
Serum estradiol levels (pg/mL) Initial high confidence (6 studies) ↓b ↓c - –d ↓f - - - - Very low
Serum progesterone levels (ng/mL) Initial high confidence (5 studies) ↓b ↓c - –d ↓f - - - - Very low
Mean estrous cyclicity (No. of days) Initial high confidence (3 studies) ↓b ↓c - –d - - - - - Low
Oocyte counting (oocyte/animal) Initial high confidence (2 studies) ↓b ↓c - –d - - - - - Low
PNDh of puberty onset (days) Initial high confidence (3 studies) ↓b ↓c - - - - - - - Low
Age of VOh (days) Initial high confidence (3 studies) ↓b ↓c - –d - - - - - Low
Notes: “ -” = no concern, or not present; “↓ ” = serious concern; “↑ ” = sufficient to upgrade evidence.
a Serious concern because of the many “unclear” scores and a change in direction of the association after sensitivity analyses.
b Serious concern because of the many “unclear” scores.
c Serious concern because of minimal or no overlap of CIs between studies and substantial heterogeneity (I2 = 75%).
d The absolute difference between the upper and lower 95% CI for most studies is <100.
e No strongly suspected publication bias observed.
f Strongly suspected publication bias observed.
g The factors “large effect magnitude” and “residual confounding” were not assessed in this study and consequently not used to upgrade the evidence.
h DEHP, diethylhexyl phthalate; MEHP, mono(2-ethylhexyl) phthalate; OHAT, the Office of Health Assessment and Translation; PND, postnatal day; VO, vaginal opening.
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4.1.2 Key Results
The results of this systematic review and meta-

analysis showed that DEHP/MEHP exposure significantly
increased the ovaryweight (p= 0.003), decreased the serum
progesterone levels (p = 0.0008) and delayed the age of
VO (p = 0.01), while the exposure didn’t significantly de-
crease the serum estradiol levels (p = 0.32). Additionally,
DEHP/MEHP exposure did not significantly increase the
oocyte counting (p = 0.92), prolong the mean estrus cyclic-
ity (p= 0.06) and delay the PNDof puberty onset (p= 0.67).

4.2 Discussion of the Key Results
DEHP was identified as an index compound, since it

has the most robust underlying toxicological dataset, there-
fore, the current TDI of DEHP at 0.05 mg/kg bw per day
was reaffirmed in 2019 by the EFSA Food Contact Ma-
terials, Enzymes and Processing Aids (CEP) Panel’s up-
dated opinion [26]. The “dose of exposure” subgroup anal-
ysis for the ovary weight showed that the dose lower than
0.05mg/kg/day significantly increased on ovary weight and
the dose higher than 500 mg/kg/day significantly decreased
the ovary weight. In addition, the exposure dose between
0.05 mg/kg/day and 5 mg/kg/day significantly prolonged
the mean estrus cyclicity, while the exposure dose between
5 mg/kg/day and 500 mg/kg/day significantly decreased the
serum levels of estradiol and progesterone. Additional data
is necessary to enhance the credibility of the results and
whether the current TDI is safe enough.

Other subgroup analyses for the ovary weight showed
that the exposure of DEHP/MEHP significantly decreased
the ovary weight in F2 and F3, indicating that the expo-
sure has transgenerational effects [33,36]. However, the
subgroup analysis of offspring could not be carried out for
other outcome measures because of the insufficient num-
ber of studies (Table 2). According to E. Brehm et al. [33]
and S. Rattan et al. [36], this transgenerational effects also
impacted the follicle numbers, estrus cyclicity, and ovarian
steroidogenesis in the offspring.

However, due to the limitations of the available data
and low evidence of quality, the results of subgroup analy-
ses should be interpreted with caution.

4.3 Strengths and Limitations
This systematic review applied SYRCLE approach as

the main methodology, which is specifically designed for
animal studies. In addition, some formulas were used to
calculate the data from the repeated experiments in the same
study. Furthermore, we analyzed the transgenerational ef-
fects of DEHP/MEHP exposure.

The main limitation of this systematic review is that
the amount of the included studies is relatively small and
the quality of the available data is low, therefore, other out-
come measure could not be included in this study. In addi-
tion, there was significant heterogeneity across the included
studies (i.e., I2 >75%; Table 2). Despite the utility of sensi-

tivity analysis and subgroup analysis, the origin of hetero-
geneity could not be fully traced. In order to account for the
heterogeneity, we applied the random effect model.

According to the funnel plots of the serum levels of
estradiol and progesterone (Supplementary Fig. B.6 and
Supplementary Fig. C.4), a strongly suspected publica-
tion bias was observed. The reasons for the potential pub-
lication bias may be partly attributed to the publication ten-
dency for positive results. Meanwhile, the relatively strict
inclusion criteria maybe also contribute to it.

This systematic review only focused on the rodents
and excluded other species, although the rodents are specif-
ically relevant for risk assessment purposes. Other species
[43], even human-cell studies [44], would also be valuable
addition to the conclusion. Out of the included studies, only
the route of exposure of one study [40] is inhalation. Other
routes, such as subcutaneous injection [45] and intraperi-
toneal injection [46] should also be fully explored.

The reason why the follicle counting and other out-
comemeasures of folliculogenesis were not be included lied
in the uncertainties, such as the time taken from each exper-
iment, the freezing method, the slice angle, the person ob-
served, and the data without uniform units. We excluded the
mixture exposure of DEHP/MEHP and other reproduction
toxicants (i.e. dibutyl phthalate, diisobutyl phthalate, butyl
benzyl phthalate), because the composition and dosage of
substances in different experimental groups are different
[47,48].

5. Conclusions
The DEHP/MEHP exposure has adverse effects on

some aspects of female reproduction ability which tested
in female rodent. However, more evidence is needed to
strengthen the conclusion.
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