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Abstract

Background: Biomonitoring studies indicate a trend towards increased human exposure to 

diisobutyl phthalate (DIBP), a replacement for dibutyl phthalate (DBP). Recent reviews have 

found DIBP to be a male reproductive toxicant, but have not evaluated other hazards of DIBP 

exposure.

Objective: To inform chemical risk assessment, we performed a systematic review to 

identify and characterize outcomes within six broad hazard categories (male reproductive, 

female reproductive, developmental, liver, kidney, and cancer) following exposure of nonhuman 

mammalian animals to DIBP or the primary metabolite, monoisobutyl phthalate (MIBP).

Methods: A literature search was conducted in four online scientific databases [PubMed, Web 

of Science, Toxline, and Toxic Substances Control Act Test Submissions 2.0 (TSCATS2)], 

and augmented by review of regulatory sources as well as forward and backward searches. 

Studies were identified for inclusion based on defined PECO (Population, Exposure, Comparator, 

Outcome) criteria. Studies were evaluated using criteria defined a priori for reporting quality, risk 

of bias, and sensitivity using a domain-based approach. Evidence was synthesized by outcome 

and life stage of exposure, and strength of evidence was summarized into categories of robust, 
moderate, slight, indeterminate, or compelling evidence of no effect, using a structured framework.

Results: Nineteen toxicological studies in rats or mice met the inclusion criteria. There was 

robust evidence that DIBP causes male reproductive toxicity. Male rats and mice exposed to 
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DIBP during gestation had decreased testosterone and adverse effects on sperm or testicular 

histology, with additional phthalate syndrome effects observed in male rats. There was also 

evidence of androgen-dependent and -independent male reproductive effects in rats and mice 

following peripubertal or young adult exposure to DIBP or MIBP, but confidence was reduced 

because of concerns over risk of bias and sensitivity in the available studies. There was also 

robust evidence that DIBP causes developmental toxicity; specifically, increased post-implantation 

loss and decreased pre- and postnatal growth. For other hazards, evidence was limited by the 

small number of studies, experimental designs that were suboptimal for evaluating outcomes, and 

study evaluation concerns such as incomplete reporting of methods and results. There was slight 
evidence for female reproductive toxicity and effects on liver, and indeterminate evidence for 

effects on kidney and cancer.

Conclusion: Results support DIBP as a children's health concern and indicate that male 

reproductive and developmental toxicities are hazards of DIBP exposure, with some evidence 

for female reproductive and liver toxicity. Data gaps include the need for more studies on male 

reproductive effects following postnatal and adult exposure, and studies to characterize potential 

hormonal mechanisms in females.

1. Introduction

Diisobutyl phthalate (DIBP) is a member of the phthalate ester class of chemicals and is 

used as a plasticizer to provide flexibility and durability to a wide variety of industrial and 

consumer products, including paints, lacquers, printing ink, pulp and paper, carpet, concrete, 

nail polish, and cosmetics (HSDB, 2017). Because of its use in household products, people 

are exposed to DIBP via food and indoor environments (Wormuth et al., 2006). DIBP is 

absorbed via oral ingestion (Koch et al., 2012) and dermal exposure (Elsisi et al., 1989), and 

is rapidly hydrolyzed to its primary metabolite, monoisobutyl phthalate (MIBP). DIBP and 

MIBP are distributed systemically in blood (Elsisi et al., 1989; Strucinski et al., 2006), and 

there is evidence these chemicals can be transferred to human breast milk (Fromme et al., 

2011; Latini et al., 2009) and cross the placental barrier (Wittassek et al., 2009).

Biomonitoring studies indicate that DIBP exposures have increased in recent years, possibly 

because of DIBP being used as a substitute for other phthalates such as dibutyl phthalate 

(DBP) (Wittassek et al., 2007; Zota et al., 2014). For instance, data from the National 

Health and Nutrition Examination Survey (NHANES) indicate that the detection frequency 

of MIBP in urine increased from 72% of the U.S. general population in 2001–2002 to 96% 

in 2009–2010. Over this period, urinary concentrations of MIBP increased monotonically, 

while the metabolites of DBP and several other phthalates decreased (Zota et al., 2014).

Because DIBP was historically used less compared to other phthalates, it has also been 

relatively less studied. However, recent reviews have characterized DIBP as a male 

reproductive toxicant (CPSC, 2014; NAS, 2017). Male reproductive toxicity is a common 

hazard among many phthalates and is generally the greatest concern associated with 

phthalate exposure. In rats, in utero exposure to phthalates during the critical window of 

male sexual differentiation produces a phenotype known as “phthalate syndrome”, which 

is characterized by underdevelopment of male reproductive organs, decreased anogenital 
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distance (AGD), female-like nipple retention, cryptorchidism, and germ cell toxicity (CPSC, 

2014; Foster and Gray Jr., 2013; Lioy et al., 2015; National Research Council, 2008). 

These effects can be causally linked to decreased testicular production of androgens, which 

are integral to male sexual development; decreased insulin-like-3 (INSL3) hormone, which 

regulates transabdominal testicular descent; and disruption of seminiferous cord formation, 

Sertoli cells, and germ cell development via an unknown mode of action (MOA) that is 

independent of effects on androgen production (Johnson et al., 2012; Martino-Andrade and 

Chahoud, 2010; National Research Council, 2008).

Based on recommendations following a review by a Chronic Hazard Advisory Panel 

(CHAP) (CPSC, 2014), which evaluated the effects on children's health of phthalates and 

phthalate alternatives used in children's toys and child care articles, DIBP is one of eight 

phthalates that the U.S. Consumer Products Safety Commission (CPSC) has permanently 

banned from children's toys and care articles at any amount greater than 0.1% [16 CFR § 

1307 (2017)]. The CHAP stated that, although DIBP is not widely used in children's toys, 

it shares a similar anti-androgenic MOA with other banned phthalates, and therefore may 

contribute to cumulative risks to children. Additionally, the National Academy of Sciences 

(NAS) recently conducted a systematic review on phthalates and male reproductive tract 

development with the purpose of evaluating the potential for low-dose toxicity. The NAS 

concluded that DIBP is a presumed human health hazard based on dose-related effects on 

testosterone (T) production in animal studies (NAS, 2017).

Systematic review methods have only recently been applied for the purposes of chemical 

risk assessment, but offer the advantages of being focused, objective, and transparent. 

The CPSC (2014) and NAS (2017) reviews of phthalates both focused on evaluating 

epidemiological and toxicological studies with male reproductive outcomes, of which the 

NAS focused specifically on three phthalate syndrome endpoints (T, anogenital distance, 

and hypospadias) after gestational exposure. These systematic reviews did not evaluate other 

hazards caused by phthalate exposure, such as female reproductive effects or effects in other 

organ systems.

To gain a more comprehensive understanding of the spectrum of effects after DIBP 

exposure, we performed a systematic review of the animal toxicology literature for DIBP for 

six broad hazard categories (male reproductive, female reproductive, developmental, liver, 

kidney, cancer) that have been commonly associated with phthalate exposure.

2. Methods

This systematic review is part of a larger evaluation of health effects after exposure to 

phthalates, which includes systematic reviews of epidemiological and animal toxicology 

studies for multiple phthalates that will be published as separate manuscripts. The literature 

searches and screening, study evaluation, data extraction, and evidence synthesis methods 

are described in detail in the systematic review protocol (provided as a supplementary file) 

and summarized here. The systematic review protocol also provides detailed definitions 

for the terminology used to describe study evaluation and evidence synthesis, which are 

summarized in Fig. 1. For easier reference, these definitions and key methods from the 
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protocol related to study evaluation and evidence synthesis are also summarized in a 

separate supplementary file (“key methods supplement”).

2.1. Literature searches and screening

A literature search was conducted in four online scientific databases [PubMed, Web of 

Science, Toxline, and Toxic Substances Control Act Test Submissions (TSCATS2)], using 

search terms designed to capture all potentially pertinent studies. Initial database searches 

were conducted in February 2013, with updates performed every 6–12 months through July 

2017 (see protocol Section 3). The results of this literature search were supplemented by 

forward and backward searches, searching citations from key references, manual search 

of citations from key regulatory documents, and by addition of references that had been 

previously identified from an earlier DIBP review effort and added to EPA's Health and 

Environmental Research Online (HERO) database.

A PECO (Population, Exposure, Comparator, Outcome) was developed to frame the 

research question and guide the screening of relevant studies. The PECO identifies the 

following as the inclusion criteria for the systematic review of DIBP animal toxicology 

studies (see protocol Section 2 for the full PECO):

• Population: Nonhuman mammalian animal species (whole organism) of any life 

stage.

• Exposure: Any administered dose of DIBP or MIBP as singular compounds, via 

oral, dermal, or inhalation routes of exposure.

• Comparator: Exposure to vehicle-only or untreated control

• Outcome: Any examination of male reproductive, female reproductive, 

developmental, liver, kidney, or cancer outcomes.

Title/abstract and full text screening was performed by two reviewers, and all identified 

animal toxicology studies underwent full-text screening to determine compliance with the 

PECO. Peer-reviewed studies that contained original data and complied with the PECO 

were selected for inclusion, and were moved forward for study evaluation. Studies providing 

supporting health effects data (e.g. mechanistic, genotoxic, or toxicokinetic studies) were 

also compiled in HERO and annotated during the screening process (https://hero.epa.gov/

hero/index.cfm/project/page/project_id/2320).

2.2. Study evaluation

For each study selected for inclusion, the quality and informativeness of the evidence 

was rated by evaluating domains related to reporting quality, risk of bias, and sensitivity 

(see protocol Section 4; abbreviated version available in the key methods supplement). 

Evaluations first considered reporting quality, which refers to whether the study has reported 

sufficient details to conduct a risk of bias and sensitivity analysis; if a study does not 

report critical information (e.g. species, test article name) it may be excluded from further 

consideration. Risk of bias, sometimes referred to as internal validity, is the extent to which 

the design or conduct of a study may alter the ability to provide accurate (unbiased) evidence 

to support the relationship between exposures and effects (Higgins, 2011). Sensitivity refers 
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to the extent to which a study is likely to detect a true effect caused by exposure (Cooper et 

al., 2016).

All study evaluation ratings are documented and publicly available in EPA's version 

of Health Assessment Workspace Collaborative (HAWC), a free and open source web­

based software application (https://hawcprd.epa.gov/assessment/497/). Study evaluation 

was conducted in the following domains: reporting quality; allocation; observational 

bias/blinding; confounding; selective reporting and attrition; chemical administration 

and characterization; exposure timing, frequency and duration; endpoint sensitivity 

and specificity; and results presentation. For each domain, core questions and basic 

considerations provided guidance on how a reviewer might evaluate and judge a study for 

that domain (see Table 9 of the protocol or Table A of the key methods supplement).

At least two reviewers independently assessed each study, and any conflicts were resolved 

through discussion among reviewers or other technical experts. When information needed 

for the evaluation was missing from a key study, an attempt was made to contact the study 

authors for clarification. All communication with study authors was documented and is 

available in HERO (tagged as Personal Correspondence with Authors), and was annotated in 

HAWC whenever it was used to inform a study evaluation.

For each study, in each evaluation domain, reviewers reached a consensus on a rating 

of Good, Adequate, Deficient, or Critically Deficient. These individual ratings were then 

combined to reach an overall study confidence classification of High, Medium, Low, or 

Uninformative. The evaluation process was performed separately for each outcome reported 

in a study, as the utility of a study may vary for different outcomes.

2.3. Data extraction

Data from included studies were extracted into HAWC (see protocol Section 5). Information 

was extracted on the study design (species, strain, life stage, exposure characteristics), 

outcome measurements, and statistical significance as reported by the study authors. Dose 

levels are presented as mg/kg-day. For dietary exposure studies, dose conversions to mg/

kg-day were made using US EPA default food or water consumption rates and body weights 

for the species/strain and sex of the animal of interest (US EPA, 1988).

2.4. Evidence synthesis

For each outcome, data were synthesized and evaluated across studies according to the 

age and developmental stage of exposure to account for life stage-specific windows of 

susceptibility, as recommended by the US EPA (2006). The following considerations were 

used to articulate the strengths and weaknesses of the available evidence for each outcome 

[adapted from Hill, 1965; see protocol Section 6.1]: consistency, biological gradient (dose­

response), strength (effect magnitude) and precision, biological plausibility, and coherence. 

Data were synthesized using a narrative approach, with no meta-analysis performed due 

largely to the heterogeneity of endpoints and study designs considered in this review (see 

protocol Section 6.2). Syntheses were based primarily on studies of High and Medium 
confidence. Low confidence studies were generally used to evaluate consistency, or if no or 

Yost et al. Page 5

Environ Int. Author manuscript; available in PMC 2021 November 17.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

https://hawcprd.epa.gov/assessment/497/


few higher confidence studies are available. When available, informative mechanistic data 

were used to augment the qualitative syntheses.

Based on this synthesis, each outcome was assigned a strength of evidence conclusion of 

Robust, Moderate, Slight, Indeterminate, or Compelling evidence of no effect (see protocol 

Section 6.3), using the framework outlined in Table 13 of the protocol or Table B of the 

key methods supplement. Robust and Moderate describe evidence that supports a hazard, 

differentiated by the quantity and quality of information available to rule out alternative 

explanations for the results. Slight evidence includes situations in which there is some 

evidence that supports a hazard but a conclusion of Moderate does not apply. Indeterminate 
describes a situation where there are no studies available for that evidence stream or the 

evidence is inconsistent and cannot provide a basis for making a conclusion in either 

direction. Compelling evidence of no effect represents a situation where extensive evidence 

across a range of populations and exposures identified no association.

The ratings for individual outcomes were then summarized into an overall strength of 

evidence conclusion for each of the six hazards (male reproductive, female reproductive, 

developmental, liver, kidney, cancer). Rationales for strength of evidence conclusions 

are presented in evidence profile tables using a structured format based on the Grading 

of Recommendations Assessment, Development and Evaluation (GRADE) approach for 

evaluating certainty in the evidence (Guyatt et al., 2011; Schunemann et al., 2011).

3. Results

3.1. Study selection

Literature search and screening results are summarized in Fig. 2. The literature search 

retrieved a total of 1156 unique records for DIBP, of which 31 proceeded to full text 

screening. Of these, 25 met the defined PECO criteria for inclusion and were moved 

forward for study evaluation. The studies excluded after full text screening were all animal 

toxicology studies that did not meet PECO criteria, consisting of three studies that used 

intraperitoneal injection (Lawrence et al., 1975; Ray et al., 2012; Singh et al., 1972), two 

studies in nonmammalian species [chickens: Choy, 1975; zebrafish: Sohn et al., 2016], 

and one behavioral study in mice (Ma et al., 2013). Additionally, the included article by 

University of Rochester (1954) presented data from multiple experiments, including a rat 

study that complied with the PECO criteria and was moved forward for study evaluation, 

and a dog study and several acute studies that were rejected for not meeting the PECO 

criteria.

At the study evaluation phase, one article was excluded from further consideration because 

of critical deficiencies in reporting (Eastman Kodak, 1954), and four articles (all of which 

presented data from the same reproductive toxicity study in rats) were excluded because they 

tested a single high dose of DIBP (4000 mg/kg-day) that caused a high rate of mortality in 

the exposed dams (Hardin et al., 1987; Hazleton Laboratories, 1983a, 1983b, 1992). Two of 

the included articles (Foster et al., 1981; Foster et al., 1982) presented overlapping data from 

the same animals.3 Therefore, a total of 20 articles presenting data from 19 unique studies 

were included in this analysis (Table 1).
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3.2. Summary of included studies

Table 1 summarizes the experimental designs and outcomes evaluated in the included 

studies. All were oral exposures (gavage or diet) of rats or mice. Ten were prenatal 

developmental toxicity studies that dosed pregnant dams with DIBP; of these, nine exposed 

rats during gestation only, and one exposed mice either during gestation only or from 

gestation through weaning (via lactational exposure). The remaining nine studies were 

postnatal-only exposures of weanling or peripubertal rats or mice to DIBP or MIBP.

Most of the gestational exposure studies were designed with the primary objective of 

evaluating male reproductive effects in F1 offspring, although two rat studies focused 

on fetal survival and structural alterations (external, skeletal, and soft tissue/visceral 

malformations and variations) (BASF, 2007; Saillenfait et al., 2006). Because of the focus 

on male reproductive effects, four of the rat studies exposed animals only during the critical 

window of male sexual differentiation (Furr et al., 2014; Hannas et al., 2011; Hannas et 

al., 2012; Saillenfait et al., 2017), which is approximately between gestation days (GDs) 14–

18. Other studies exposed pregnant dams for longer durations, beginning immediately after 

mating (mice: Wang et al., 2017), within a few days after implantation (rats: BASF, 2007; 

Howdeshell et al., 2008; Saillenfait et al., 2006), or at mid-gestation (rats: Saillenfait et al., 

2008), and continuing through the remainder of gestation. One study in rats (Saillenfait et 

al., 2008) and one in mice (Wang et al., 2017) allowed dams to give birth and evaluated 

male reproductive effects in adult F1 offspring, while the remaining rat studies sacrificed 

dams near the end of gestation and evaluated effects in fetuses. Regardless of the primary 

objective of the study, all gestational exposure studies provided relevant data on F1 offspring 

survival, growth, and/or maternal reproductive outcomes.

Six of the postnatal exposure studies exposed sexually immature male rats or mice of 

varying ages (weanling to peripubertal) for up to 7 days and focused on male reproductive 

outcomes (Foster et al., 1981; Foster et al., 1982; Oishi and Hiraga, 1980a, 1980b, 1980c, 

1980d; Zhu et al., 2010). One study by Sedha et al. (2015) focused on estrogenic outcomes 

in weanling female rats. Two studies by the University of Rochester (1953, 1954) exposed 

male or female rats for 1 or 4 months beginning at weaning and focused on general toxicity. 

All reported information on postnatal growth, and most also reported information on liver 

and kidney effects.

None of the gestational or postnatal exposure studies provided information on cancer.

3.3. Study evaluation

Overall study confidence classifications by outcome are summarized in Table 1, and heat 

maps summarizing study evaluation ratings by domain are provided in the Supplementary 

Materials for gestational exposure studies (Fig. S1) and postnatal exposure studies (Fig. 

S2). Figs. S1 and S2 each provide links to HAWC, where rationale for the study evaluation 

ratings is documented.

3Here, we cite Foster et al., 1981 (a peer-reviewed publication) for testis weights and histopathology, and Foster et al., 1982 (an edited 
book) for liver and kidney weights from the same study.
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Among the gestational exposure study outcomes, confidence was generally high, although 

some study outcomes were rated medium or low confidence because of specific concerns. 

For instance, the rat gestational exposure studies by Furr et al. (2014) and Hannas et al. 

(2011, 2012) used a relatively small sample size (generally n = 3–4 dams/treatment group) 

that authors stated did not provide the statistical power to consistently detect anything 

but rather large alterations in maternal weight gain and fetal viability, or decreases in T 

production of less than 20–25%; our reviewers determined that the T measurements in 

these studies had adequate sensitivity, but confidence in the maternal weight gain and 

fetal survival data was reduced because of sensitivity concerns. For evaluation of maternal 

toxicity, confidence was reduced in the maternal body weight gain measurements in several 

studies that did not adjust for gravid uterine weight, the calculation of which is considered 

preferable because it facilitates the interpretation of maternal toxicity relative to effects on 

fetal body weight (US EPA, 1991). Additionally, in the only available gestational exposure 

study in mice (Wang et al., 2017), confidence in male reproductive, body weight, and organ 

weight data was reduced because data were presented as an average of individual pups, 

rather than using the litter as the experimental unit. Failure to account for litter effects has 

the potential to overestimate the statistical significance of experimental findings (Haseman 

et al., 2001). All rat gestational exposure studies used the litter as the experimental unit for 

presentation and analysis of F1 offspring data.

All outcomes reported in the postnatal exposure studies were rated as medium or low 
confidence. In general, these studies had incomplete reporting of experimental designs and 

results, which led to concerns for risk of bias and sensitivity. Concerns included lack of 

information about the age or pubertal status of the animals at the time of exposure, strain of 

the animals, sample size, or methods used to allocate test animals to experimental groups, 

and presentation of only qualitative (rather than quantitative) results. For evaluation of male 

reproductive effects, confidence was reduced in studies that presented only relative testis 

weight (as a percentage of body weight) without presenting absolute testis weight; it has 

been shown that testis weights are not modeled well by an organ-to-body weight ratio 

because testis and body weights are not proportional (Bailey et al., 2004), so this may be a 

less sensitive measurement compared to absolute testis weight.

3.4. Male reproductive effects

Figures indicating the doses at which statistically significant male reproductive effects 

occurred are provided in Supplemental Materials (Figs. S3 - S5). Morphological and 

histopathological effects in F1 postnatal and adult males from the multi-dose study by 

Saillenfait et al. (2008) are summarized in Figs. S6 and S7, respectively.

3.4.1. Summary of gestational (F1) exposure studies—A dose-related decrease 

in androgens was observed in male offspring from all rat and mouse gestational exposure 

studies that evaluated this outcome. This includes six studies that evaluated fetal testicular 

T production or testicular T or androstenedione (AN) levels in fetal rats (Borch et al., 

2006; Furr et al., 2014; Hannas et al., 2011; Hannas et al., 2012; Howdeshell et al., 2008; 

Saillenfait et al., 2017), and one study that evaluated serum and testicular T levels in adult 

mice that had been exposed during gestation and/or through weaning (Wang et al., 2017). 
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Across these studies, changes in T were statistically significant at doses as low as 200 

mg/kg-day, and the magnitude of effect was often large (decreased up to 96% compared 

to controls). Several of these studies also reported decreased testicular expression of genes 

or proteins in the steroidogenesis pathway in rats (Borch et al., 2006; Hannas et al., 2011; 

Hannas et al., 2012; Saillenfait et al., 2017) and in mice (Wang et al., 2017), providing 

mechanistic evidence in both species to corroborate the observed decrease in fetal testicular 

testosterone. The affected genes or proteins included steroid acute regulatory protein (StAR) 

and scavenger receptor class B type 1 (SR-B1), which are involved in cholesterol uptake and 

transport; and 3β-hydroxysteroid dehydrogenase (3β-HSD), cytochrome P450 (CYP) side 

chain cleavage (P450scc or CYP11A1), and CYP17A1, which are steroidogenic enzymes. 

Hannas et al. (2012) also reported decreased testicular gene expression of INSL3 in rats. 

Overall, the evidence for decreased fetal testicular T production after gestational exposure 

was found to be robust.

In postnatal and adult male rats that had been exposed during the critical window of 

male sexual differentiation during gestation, Saillenfait et al. (2008) reported numerous 

dose-related outcomes that are consistent with decreased testosterone and INSL3: decreased 

AGD, increased time to puberty (preputial separation), nipple retention, increased rate 

of external malformations of the reproductive tract (hypospadias, exposed os penis, 

cryptorchidism,4 cleft prepuce; Fig. S6), and decreased reproductive organ weights (testis, 

epididymides, seminal vesicles, prostate). Other gestational exposure studies that evaluated 

fetal rats also observed decreased male AGD (Borch et al., 2006) and increased incidence 

of cryptorchidism, with approximately two-thirds of testes in the highest dose group (1000 

mg/kg-day) located in the upper half of the abdominal cavity (Saillenfait et al., 2006). 

Conversely, in weanling and adult mice, male AGD was not affected and effects on 

testis weight were inconsistent (Wang et al., 2017). It is not clear whether this reflects a 

species sensitivity difference or a difference in study design. Overall, based on strength 

of the data in rats, the evidence for effects on male morphological development after 

gestational exposure was found to be robust, and evidence for effects on male reproductive 

organ weight was found to be moderate. In these same animals, histopathological analysis 

found dose-related increases in lesions in the fetal rat testis (Borch et al., 2006) and 

adult rat testis (Saillenfait et al., 2008), with oligospermia or total azoospermia5 in the 

corresponding epididymides (Saillenfait et al., 2008, Fig. S7). Adult male mice exposed 

to DIBP during gestation had decreased sperm concentration and motility, which reached 

statistical significance in mice that were exposed from gestation through weaning (Wang 

et al., 2017). These outcomes are consistent with effects on sperm development and 

function that have been observed for other phthalates, which are thought to be mediated via 

androgen-dependent and -independent pathways (Johnson et al., 2012; National Research 

Council, 2008). Given the exposure-response gradient and consistency across species, the 

evidence for effects on testicular histology and sperm parameters was found to be robust.

4Cryptorchidism is reported as “nonscrotal testis” in in adult males in Saillenfait et al., 2008 and “ectopic testis” in male fetuses in 
Saillenfait et al., 2006.
5Azoospermia refers to a lack of spermatozoa, and oligospermia refers to reduced spermatozoa.
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3.4.2. Summary of postnatal (weanling or peripubertal) exposure studies—
Effects on androgens (measured as testicular T or serum T or dihydrotestosterone [DHT] 

levels) were inconsistent across a series of studies by Oishi and Hiraga (1980a, 1980b, 

1980c, 1980d), in which immature (~5-week-old) rats or mice were exposed to DIBP 

or MIBP in the diet for 7 days. In rats, androgen levels were increased compared to 

controls (Oishi and Hiraga, 1980b, 1980c), whereas testicular T levels in mice were similar 

(Oishi and Hiraga, 1980a) or significantly decreased (Oishi and Hiraga, 1980d) compared 

to controls. The life stage of these animals at the time of exposure was inferred to be 

peripubertal, based on the age of the animals; however, only one of these studies confirmed 

the pubertal status of the animals [Oishi and Hiraga, 1980c reported that the rats had 

positive sperm counts and were between puberty and sexual maturity, whereas the pubertal 

status of animals in the other three studies was not reported]. Susceptibility to phthalate­

induced effects on androgen levels is dependent on the life stage of exposure, with sexually 

immature animals being more susceptible (Albert and Jégou, 2014; Hotchkiss et al., 2008; 

National Research Council, 2008). The discord in findings could therefore be based on 

issues such as timing of exposure and timing of assessment. Given these study concerns and 

the inconsistency in results across studies, the evidence for effects on T was found to be 

indeterminate.

Despite the inconsistent findings for androgen levels, effects on male reproductive organ 

weight provide support for an androgen-dependent MOA in animals exposed during 

weanling and/or peripubertal life stages. A dose-related decrease in absolute and relative 

testis weight was consistently observed across all rat studies (Foster et al., 1981; Oishi and 

Hiraga, 1980b, 1980c; University of Rochester, 1954; Zhu et al., 2010), with no significant 

effects on prostate or seminal vesicle weight (Foster et al., 1981). Decreased absolute testis 

weights were also observed in 21-day-old mice exposed to DIBP for 7 days (Zhu et al., 

2010), although statistically significant effects occurred at higher doses compared to rats 

in the same study. Conversely, 5-week-old mice exposed to DIBP or MIBP for 7 days had 

a statistically significant increase in relative testis weight compared to control (Oishi and 

Hiraga, 1980a, 1980d). Relative testis weight has been found to be an unreliable metric 

because testis and body weights are not proportional (Bailey et al., 2004), so this result is 

considered low confidence since it could be an artifact of the decreased body weights in the 

DIBP- and MIBP-treated mice. Nevertheless, results reflect a potential difference in species 

sensitivity, with rats being more sensitive than mice for effects on testis weight. Overall, 

reduced testis weight was observed in both species and was consistent with effects observed 

in rats exposed to DIBP during gestation, so the evidence for effects on male reproductive 

organ weight was found to be robust.

DIBP- or MIBP-exposed rats had increased testicular atrophy (defined as marked or total 

loss of germinal epithelium of the seminiferous tubules) (Foster et al., 1981) and decreased 

spermatocytes and spermatogonia compared to controls (Foster et al., 1981; Oishi and 

Hiraga, 1980b). These results are considered low confidence because authors provided 

little information on their methods, and neither study provided quantitative results for 

the observed effects on sperm. However, results are consistent with those observed in 

rodents exposed to DIBP during gestation (Saillenfait et al., 2008; Wang et al., 2017), and 
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are corroborated by the reported decrease in testis weight in these studies. Evidence for 

testicular degeneration and effects on sperm was therefore found to be moderate.

3.4.3. Synthesis of results for male reproductive effects—Overall, the available 

studies in rodents provide robust evidence that DIBP causes male reproductive toxicity 

(Table 2). Across the gestational exposure studies, male rats had decreased fetal testicular 

T and displayed the hallmarks of phthalate syndrome (reduced male reproductive organ 

weights, hypospadias, cryptorchidism, nipple retention, reduced AGD, germ cell effects), 

and male mice had decreased T and effects on sperm. These effects are consistent with 

well-established MOAs for male reproductive effects of phthalates, which act through 

both androgen-dependent (decreased steroidogenesis leading to decreased androgens) and 

androgen-independent (decreased INSL3 and germ cell effects) pathways, and are supported 

by mechanistic data in both rats and mice showing decreased fetal testicular expression 

of steroidogenic genes/proteins and INSL3. While not all studies reported statistical 

significance, the direction of effect observed for most outcomes was consistent across 

the available gestational exposure studies, although some biomarkers observed in rats 

(decreased AGD and decreased adult male reproductive organ weights) were not observed in 

the mouse study by Wang et al. (2017).

The database of postnatal exposure studies had more risk of bias and sensitivity concerns 

compared to the gestational exposure database, but likewise provides evidence of both 

the androgen-dependent MOA (decreased testis weights) and androgen-independent MOA 

(increased testicular atrophy and decreased spermatocytes). Although androgens were 

inconsistently affected across the available postnatal exposure studies for DIBP, this may 

simply reflect limitations in the study designs, such as uncertainty about the pubertal status 

of the animals. Pubertal exposure studies for other antiandrogenic phthalates [e.g. DBP 

and diethylhexyl phthalate (DEHP)] report decreased T as well as androgen-dependent and 

-independent effects on reproductive development (Noriega et al., 2009; US EPA, 2007).

Strengths of this database include the availability of several high confidence gestational 

exposure studies, with one large multi-dose study that assessed multiple outcomes in 

postnatal and adult animals that had been exposed to DIBP in utero during the critical 

window for male reproductive development (Saillenfait et al., 2008). Other strengths are 

the availability of studies in both rats and mice that assessed similar outcomes, including 

multi-dose studies in multiple rat strains. Although none of the studies included a direct 

measurement of male fertility (e.g. mating success), the observed increase in hypospadias, 

testicular atrophy, and germ cell effects (including azoospermia) suggest that fertility can be 

affected.

3.5. Female reproductive effects

Figures indicating the doses at which statistically significant female reproductive effects 

occurred are provided in the Supplementary Materials (Figs. S8 - S9).

3.5.1. Summary of gestational (F1) and postnatal (weanling) exposure 
studies—Following gestational exposure, Saillenfait et al. (2006) observed a non­

significant increase in the incidence of fetuses with displaced ovaries. Borch et al. (2006) 
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reported a significant increase in female AGD/cubic root of body weight, whereas Saillenfait 

et al. (2008) found a slight but not statistically significant increase in female AGD following 

gestational exposure with body weight used as a covariate in their statistical analysis. A 

separate publication of mechanistic data for the Borch et al. (2006) animals (Boberg et 

al., 2008) reported elevated ovarian aromatase gene expression in DIBP-exposed female 

fetuses, suggesting a possible endocrine mechanism; ovarian estradiol was also measured 

but was found to be near the detection limit of the assay with no statistically significant 

differences between groups (data not shown by authors). In a 20-day pubertal assay in rats, 

no vaginal opening had occurred in control or DIBP-treated animals when the study was 

terminated at PND 41, indicating that DIBP did not accelerate the timing of female puberty 

(Sedha et al., 2015). Although data is limited and the biological implications are unclear, the 

effects on AGD and ovarian displacement suggest morphological changes in females that are 

analogous to those observed in male offspring from these studies. Overall, the evidence for 

effects on female morphological development is considered slight.

In female weanling rats exposed to DIBP in a 3-day uterotrophic assay or 20-day pubertal 

assay, Sedha et al. (2015) found no effects on uterine, paired ovary, or vaginal weight. 

Because only one study was available, the evidence for effects on reproductive organ weight 

in developing females is considered indeterminate.

3.5.2. Summary of maternal (F0) exposure studies—Only one study (Saillenfait 

et al., 2008) evaluated gestation length, and reported that there was no effect of DIBP 

exposure. The evidence for effects on gestation length was considered indeterminate.

Maternal body weight parameters were reported in all gestational exposure studies. Of the 

studies judged to be high confidence for this outcome, BASF (2007) reported a significant 

decrease in maternal body weight gain in Wistar rats after correcting for gravid uterine 

weight, whereas three other rat studies reported no effect on corrected maternal body weight 

gain (Borch et al., 2006; Saillenfait et al., 2006; Saillenfait et al., 2017). The remaining 

studies were judged to have lower confidence because they did not correct for gravid uterine 

weight. Of these, Howdeshell et al. (2008) observed a decrease in maternal body weight 

gain, which appears to be a consequence of fetal toxicity (decreased fetal body weights); and 

the remaining studies reported no effect on maternal weight gain (Furr et al., 2014; Hannas 

et al., 2011; Hannas et al., 2012; Saillenfait et al., 2008; Wang et al., 2017). Overall, the 

evidence for effects on maternal body weight gain are considered slight.

Saillenfait et al. (2006) reported a significant decrease in gravid uterine weight, which 

appears to be a secondary effect to reduced fetal body weights in this study, whereas BASF 

(2007) and Saillenfait et al. (2017) reported no effect on gravid uterine weight. Given 

this limited amount of information, the evidence for effects on maternal organ weights is 

considered indeterminate.

3.5.3. Synthesis of results for female reproductive effects—Overall, the 

available studies provide slight evidence that DIBP causes female reproductive toxicity 

following developmental or maternal exposure (Table 3). This database has significant 

limitations. The exposure durations used in the gestational exposure studies were selected 
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primarily for evaluating male reproductive toxicity and fetal morphological development, 

and may not be the most sensitive for detecting maternal toxicity. None of the studies 

included pre-mating, mating, or lactational exposure intervals; therefore, effects on fertility, 

mating, fecundity (other than litter size effects due to post-implantation loss), and estrous 

cyclicity were not evaluated. Additionally, limited data were presented on effects in FI 
females exposed during gestation, compared to the detailed evaluations of reproductive 

toxicity in F1 males.

3.6. Developmental effects

Figures indicating the doses at which statistically significant developmental effects occurred 

are provided in the Supplementary Materials (Figs. S10 - S12).

3.6.1. Summary of gestational (F1) exposure studies—Two high confidence 
studies (Howdeshell et al., 2008; Saillenfait et al., 2006) that exposed Sprague-Dawley 

rats by gavage beginning soon after the time of implantation (GD 8–18 and GD 6–20, 

respectively) observed a dose-related increase in fetal resorptions per litter, leading to a 

52–62% decrease in the number of live fetuses per litter. In contrast, effects on fetal viability 

were not observed in the other studies that reported this outcome, including two dietary 

studies that exposed Wistar rats for similar durations (BASF, 2007; Borch et al., 2006), four 

studies that exposed Sprague-Dawley rats for shorter durations in mid- to late gestation (Furr 

et al., 2014; Hannas et al., 2011; Hannas et al., 2012; Saillenfait et al., 2008), or in mice 

exposed throughout gestation (Wang et al., 2017). This variability in results appears to be 

driven by differences in species, strain, and study design (particularly exposure duration). 

Reduced fetal survival has also been observed for other phthalates, such as DBP, and 

evidence suggests that DBP can interfere with pregnancy maintenance by decreasing ovarian 

progesterone production (Gray Jr et al., 2006). Given this biologically plausible mechanistic 

hypothesis for other phthalates, and the large effect size and exposure-response gradient 

observed in Howdeshell et al. (2008) and Saillenfait et al. (2006), the evidence for effects on 

fetal survival was found to be robust.

Postnatal survival following gestational exposure was only evaluated by Saillenfait et al. 

(2006), who found no effect on the survival of male and female rat pups through weaning. 

The evidence for effects on postnatal survival was found to be indeterminate.

Most studies in rats reported a dose-related decrease in fetal body weights (BASF, 2007; 

Borch et al., 2006; Saillenfait et al., 2006; Saillenfait et al., 2017) and postnatal and adult 

body weights (Saillenfait et al., 2008) of animals exposed to DIBP during gestation. No 

effects on fetal body weight were observed in rats by Saillenfait et al. (2017), and Wang et 

al. (2017) observed no effects in mice at PND 21 but increased body weight at PND 80, 

although these two studies tested a single lower dose of DIBP. Given the exposure-response 

gradient observed in studies that tested a wider range of DIBP doses, the evidence for effects 

on prenatal growth was found to be robust, and evidence for effects on postnatal growth after 

gestational exposure was found to be moderate.

Different results were observed in the two studies that performed detailed analyses of 

fetal external, skeletal, and soft tissue/visceral malformations and variations following 
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exposure from GD 6–20. In Sprague-Dawley rats, Saillenfait et al. (2006) reported a dose­

related increase in the total incidence of external, skeletal, and visceral malformations 

in fetuses following gestational exposure to DIBP, reaching statistical significance at 

750 and 1000 mg/kg-day. In particular, the incidence of fused sternebrae increased 

statistically significantly with dose, and a variety of other individual malformations of 

the neural tube, eye, vessels of the heart, vertebral column, and axial skeleton exhibited 

dose-related increases that were not significant. Dose-related skeletal variations included 

supernumerary ribs, incomplete ossification of thoracic or lumbar vertebral centra, and 

assorted variations of the skull and axial skeleton. Dose-related visceral variations included 

dilation or distention of the ureter and dilated renal pelvis, as well as ectopic testis and 

displaced ovaries (discussed in the male and female reproductive sections, respectively). 

Comparatively, in Wistar rats, BASF (2007) did not observe any dose-related trends at 

doses up to 942 mg/kg-day. In some cases, the frequency of skeletal variations was 

significantly elevated in treatment groups relative to control; however, the incidences of 

these variations were consistently within the range of historical control data for that 

laboratory, suggesting that they were not caused by DIBP treatment. Additionally, no effects 

on external morphology were observed by Saillenfait et al. (2017) at the single dose tested 

(250 mg/kg-day). Given that a clear exposure-response gradient was observed in one rat 

study while no effects were observed in the others, the evidence for effects on fetal structural 

alterations was found to be slight.

3.6.2. Summary of postnatal (weanling or peripubertal) exposure studies—A 

dose-related decrease in postnatal and adult growth was observed in all available studies that 

exposed immature rats and mice (Oishi and Hiraga, 1980a, 1980b, 1980c, 1980d; Sedha et 

al., 2015; University of Rochester, 1953, 1954), which were judged to be medium or low 
confidence for this outcome. One limitation is that the studies by Oishi and Hiraga reported 

decreased food consumption in DIBP and MIBP treated animals, suggesting a palatability 

issue, so the decreased growth in these animals may have been a secondary effect related 

to food intake. The studies by University of Rochester did not report food consumption, but 

also used high doses of DIBP in diet that may have caused palatability issues. Overall, the 

evidence for effects on growth after postnatal exposure was found to be moderate.

3.6.3. Synthesis of results for developmental effects—Overall, the available 

studies in rodents provide robust evidence that DIBP causes developmental toxicity (Table 

4). The strongest evidence was available from the gestational exposure studies, which found 

effects on survival, growth, and fetal structural alterations. One limitation is that many of 

the studies exposed fetuses only during the major window of male sexual differentiation 

(e.g. GD 14–18), which may not be the most sensitive for detecting effects on survival or 

on skeleton or organ system development, and there were no two-generation or continuous 

breeding studies available. This limits the ability to fully evaluate potential effects on the 

developing fetus; for instance, none of the rat studies exposed dams prior to implantation, 

so it was not possible to evaluate effects on preimplantation loss. Nevertheless, the targeted 

dosing periods are informative of developmental hazards overall, and may provide a starting 

point for understanding the windows of susceptibility for various outcomes in the developing 

fetus.
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3.7. Liver effects

A figure indicating the doses at which statistically significant effects on liver weight 

occurred is provided in the Supplementary Materials (Fig. S13).

3.7.1. Summary of available studies—Dose-related increases in relative liver weight 

were observed in all studies that reported this outcome, consisting of postnatal exposure 

studies in male rats (Foster et al., 1982; Oishi and Hiraga, 1980b; University of Rochester, 

1953, 1954), female rats (University of Rochester, 1954), and male mice (Oishi and Hiraga, 

1980a, 1980d); and in weanling and adult male mice that were exposed during gestation 

(Wang et al., 2017). While the University of Rochester studies did not include a statistical 

analysis, the average magnitude of effect was large (increased by up to 84% compared to 

controls); and in all other cases, effects on relative liver weight were statistically significant. 

Statistically significant increases in absolute liver weight were also observed in some cases 

(Oishi and Hiraga, 1980b; Wang et al., 2017). The largest increases in liver weight were 

often seen at doses associated with marked growth retardation, which has the potential 

to exaggerate the effect of relative weight measurements; however, since the relationship 

between liver weight and body weight is proportional, changes in relative liver weight are 

considered informative of toxicity (Bailey et al., 2004). Given the consistent direction of 

effect across studies and two species, the evidence for effects on liver weight is considered 

robust.

Two of these studies also included a histopathological analysis (University of Rochester, 

1953, 1954), and found no difference between treatment and control livers. However, these 

results are considered low confidence because of reporting limitations in these studies. 

Therefore, the evidence for histopathological effects in the liver is considered indeterminate.

3.7.2. Synthesis of results for liver effects—Change in organ weight alone has been 

used as a potentially sensitive indicator for toxicity from chemical exposure (Bailey et al., 

2004). In the absence of histopathological changes or supporting biochemical or mechanistic 

evidence (e.g. changes in hepatic enzyme expression), however, the biological significance 

of the reported changes in liver weight is inconclusive (Hall et al., 2012). Taken together, the 

evidence for liver toxicity is considered slight (Table S1).

3.8. Kidney effects

A figure indicating the doses at which statistically significant effects on kidney weight 

occurred is provided in the Supplementary Materials (Fig. S14).

3.8.1. Summary of available studies—Dose-related increases in relatively kidney 

weight were reported in the 1- and 4-month exposure studies in male and female rats by the 

University of Rochester (1953, 1954), with more pronounced changes in males compared to 

females (University of Rochester, 1954), although the authors did not perform a statistical 

analysis. In contrast, the 7-day exposure studies found that relative kidney weight was 

statistically significantly decreased in mice exposed to DIBP (Oishi and Hiraga, 1980a), 

and not significantly changed in mice exposed to MIBP (Oishi and Hiraga, 1980d) or rats 

exposed to DIBP (Oishi and Hiraga, 1980b). In a 4-day exposure of rats to MIBP, relative 
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kidney weight was increased by 12% compared to controls, although the effect was not 

significant (Foster et al., 1982). Given these inconsistencies and the limited number of 

studies, the overall evidence for effects on kidney weight is considered slight.

Two of these studies also included a histopathological analysis (University of Rochester, 

1953, 1954), and found no difference between treatment and control livers. These 

histopathology results are considered low confidence because of reporting limitations 

in these studies. The evidence for histopathological effects in the kidney is considered 

indeterminate.

3.8.2. Synthesis of results for kidney effects—Taken together, the available 

evidence is inadequate to draw conclusions on the effects of DIBP on the kidney. Therefore, 

the evidence for kidney toxicity is considered indeterminate (Table S2).

3.9. Cancer

None of the available studies evaluated cancer in animals exposed to DIBP. The limited 

number of mutagenicity assays identified in the literature search generally had negative 

findings (Seed, 1982; Simmon et al., 1977; Zeiger et al., 1982), although genotoxicity assays 

of DIBP-treated primary human mucosal cells demonstrated DNA damage as measured by 

the comet assay (Kleinsasser et al., 2000a; Kleinsasser et al., 2000b; Kleinsasser et al., 

2001). This was considered inadequate information to evaluate carcinogenicity; thus, the 

evidence for cancer is considered indeterminate.

4. Discussion

The results of this systematic review provide robust evidence that DIBP causes male 

reproductive and developmental toxicity and slight evidence for female reproductive toxicity 

and effects on liver, whereas evidence for effects on kidney and cancer were indeterminate. 

These results corroborate the CPSC (2014) and NAS (2017) conclusions that DIBP is a male 

reproductive toxic agent, with gestational exposure leading to permanent adverse effects in 

male offspring, and support DIBP as a children's health concern. The results also provide 

a reconnaissance of additional effects observed in laboratory animals after DIBP exposure, 

some of which may share the same mechanisms as the male reproductive effects.

Howdeshell et al. (2008) demonstrated that fetal testosterone production and fetal mortality 

(post-implantation loss) followed a similar dose-response relationship in rats exposed to 

a mixture of phthalates during gestation, and suggested that this might be because fetal 

T production and fetal mortality are both caused by decreased steroidogenesis (decreased 

testicular testosterone in male fetuses, and decreased ovarian progesterone in dams). While 

it has been found that DBP decreases maternal ovarian progesterone production in dams 

exposed at mid-pregnancy (Gray Jr et al., 2006), this has not yet been evaluated for 

DIBP. Gray Jr et al., 2006 hypothesized that decreased progesterone production could be 

mediated through decreased ovarian steroidogenesis, similar to the mechanism for decreased 

testicular steroidogenesis; or may result from disrupted androgen and INSL3 signaling, since 

those hormones contribute to maintaining the function of the corpora lutea in pregnant 

rats. There is also some epidemiologic evidence that DIBP is associated with decreased 
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expression of steroidogenic enzymes in the placenta (CYP11A1, CYP19A1, CYP1B1, 17β­

hydroxysteroid dehydrogenase) (Adibi et al., 2010) with a significantly stronger association 

in male placentas compared to female in some cases (Adibi et al., 2017), although results 

were inconsistent and suggested a possible non-monotonic response.

For male reproductive outcomes, the available studies suggest a sensitivity difference in 

mice compared to rats; however, there were relatively few mouse studies and all had some 

concerns for risk of bias and/or sensitivity, so it is difficult to fully delineate species 

sensitivity differences using the available data. Outcomes associated with the androgen­

independent MOA for phthalates (e.g. atrophy of seminiferous cords, germ cell effects) were 

observed in both species. Conversely, while decreased T was observed in both species, mice 

did not consistently display the other androgen-dependent outcomes that were observed in 

rats (e.g. decreased testis weight and AGD). Similar observations on the relative sensitivity 

of mice and rats have been made for other phthalates, such as DBP. It has also been found 

that human xenografts (human fetal testis explants into rodents) are less sensitive than rats to 

the anti-androgenic effects of phthalates, suggesting an interspecies difference in sensitivity; 

however, the xenograft results have several factors that limit their interpretation, such as 

concerns about the developmental stage of the human tissues used in the experiments, and 

high variability in the results (Lioy et al., 2015). In the case of DIBP, results suggest that 

mice and rats are susceptible to both the androgen-dependent and -independent MOAs, 

although not all androgen-dependent biomarkers were conserved across species.

The available studies were generally not designed to evaluate female reproductive, liver, or 

kidney effects, so interpretation of these outcomes is limited. The few studies that evaluated 

female offspring following gestational exposure provide evidence of morphological effects 

(displaced ovaries and increased AGD), which could be caused by alterations in hormone 

signaling analogous to those seen in male offspring. While these observations are 

compelling, the implications for female fertility are unclear. Literature on the female 

reproductive effects of phthalates is relatively sparse. A review of phthalate effects in 

females reported altered steroidogenesis and ovarian function in animal studies, but effects 

were often inconsistent across studies and the mechanism was unclear (Kay et al., 2013). 

One study by Hannas et al. (2013) attempted to identify a critical window of exposure for 

in utero phthalate effects in the female rat, and found a statistically significant increase 

in vaginal and uterine agenesis in F1 females exposed to a phthalate mixture from GD 

8–19; the incidence was lower after exposure from GD 8–13, and there were no female 

reproductive malformations after exposure from GD 14–19. One female exposed from 

GD 8–19 had undescended ovaries, located above the kidneys. Although the authors were 

not able to ascertain the critical window of exposure, they concluded that it appeared to 

encompass the major period of organogenesis (GD 8–13).

A concurrent systematic review of epidemiological studies of phthalates by our colleagues 

found moderate evidence of an association between DIBP exposure and reduced testosterone 

in adult cross-sectional studies, but only slight evidence of an association with other male 

reproductive effects. Comparatively, DBP and several other anti-androgenic phthalates had 

robust evidence of an association with male reproductive toxicity in humans (Radke et 

al., 2018). Given the effects of DIBP in animal models, the low level of evidence for 
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male reproductive toxicity in humans was likely due to the relatively small number and 

low sensitivity of the available epidemiological studies that evaluated DIBP exposure. 

Systematic review of the epidemiological literature also provided moderate evidence of 

an association between DIBP exposure and decreased birth size, and slight evidence for an 

association with preterm birth and spontaneous abortion (Radke et al., under review-a).

Epidemiological evidence also suggests that phthalate exposure may be associated with 

emerging health outcomes such as neurodevelopmental and metabolic toxicity, with 

moderate evidence of an association between DIBP exposure and diabetes risk, and slight 
evidence of an association with some neurodevelopmental outcomes (Radke et al., in 

preparation; Radke et al., under review-b). Although emerging health outcomes were not the 

focus of this systematic review of animal studies, we note that the literature search for DIBP 

identified one behavioral study (Ma et al., 2013), which reported that mice dosed with 1000 

mg/kg-day DIBP via oral gavage for 8 weeks had decreased passive avoidance capability 

and increased apoptosis of hippocampal cells. We performed a preliminary evaluation of this 

study and found it to have reporting limitations that reduce confidence in the results (e.g., 

lack of experimental method detail to determine how memory and learning were measured 

in the passive avoidance test); however, it does provide suggestive evidence of neurological 

effects from DIBP exposure.

As a next step towards understanding the quantitative relationship between gestational 

DIBP exposure and phthalate syndrome in the male rat, an ordinal univariate dose-response 

analysis of phthalate syndrome was performed by our group using data from Saillenfait et 

al. (2008), in which endpoints were grouped by severity. This analysis will be available in a 

forthcoming publication.

This systematic review highlighted several ways in which future studies could provide 

further insight into the mechanisms and characterization of hazards of DIBP exposure. Most 

of the available studies were targeted at critical exposure windows for male reproductive 

toxicity, so it would be useful to design chronic or sub-chronic studies that cover critical 

windows of exposure for other outcomes. For instance, there are currently no one- or multi­

generational reproductive toxicity studies available for DIBP; such a study would assess 

fertility and fecundity, and would provide a point of reference for comparing reproductive 

effects in animals exposed as adults versus those exposed in utero. Effects on liver, kidney, 

and cancer are known hazards for other phthalates, so further research is warranted to 

characterize these outcomes after exposure to DIBP, in addition to evaluating emerging 

outcomes such as neurodevelopmental toxicity. Additionally, despite the profound effects 

of DIBP on testosterone observed in males, data on hormone production in DIBP-exposed 

females was extremely limited. It would be useful to evaluate steroidogenesis and INSL3 

in F1 females to provide a mechanistic understanding of how each sex is affected by 

gestational DIBP exposure, and to evaluate altered maternal steroidogenesis and INSL3 as a 

potential contributing factor to reduced fetal survival.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Summary of (A) study evaluation and (B) strength of evidence characterization for DIBP 

animal toxicology studies.
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Fig. 2. 
Literature flow diagram for identifying DIBP animal toxicology studies.
a Other sources consisted of forward and backward searches, searching citations from key 

references, manual search of citations from key regulatory documents, references that had 

been previously identified from an earlier DIBP review effort, and supplementary materials 

for articles identified during the literature search.
b Includes 28 supplementary materials (not main text articles) that were tagged as records 

during the literature search. These supplementary materials were not included in the count of 

records for title/abstract screening.
c Most studies reported data on multiple hazards; see Table 1.
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