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ARTICLE INFO ABSTRACT

Keywords: Several toxicological studies were conducted to evaluate the hepatoxicity of PBDEs using different animal
Hepamxmty models, congeners, duration of exposure, and other parameters. These variations in different animal models and
Liver . conditions might have an impact on extrapolating experimental results to humans. Hence, by the meta-analysis,
xiect:'analym we aimed to clarify and elucidate the species differences in hepatoxicity induced by PBDE exposure in rats and
PBDEs mice across different conditions and moderators. Fourteen in vivo studies that utilized rats and mice models were

Rats identified, and data such as author names, year of publication, type of PBDE congeners, rodent species, life stage
of exposure, dosage, duration, and hepatoxicity indicators were extracted. The pooled standard mean difference
(SMD) with a 95% confidence interval (95% CI) was used to evaluate the association between hepatoxicity and
PBDE exposure across multiple approaches of measurement. Subgroup analysis, meta-regression, and interaction
analysis were utilized to elucidate the species-related differences among the results of the involved studies. The
pooled SMD of hepatoxicity of PBDE exposure in the involved in vivo studies was 1.82 (p = 0.016), indicating
exposure to PBDE congeners and mixtures is associated with a significant increase in liver toxicity in rodents.
Moreover, findings showed that rats were more sensitive to PBDEs than mice with the BDE-209 had the highest
SMD value. Among the life stages of exposure, embryonic stage was found to be the most sensitive to hepatoxicity
induced by PBDE congeners. Positive relationships were found between the incidence of hepatoxicity with
dosage and duration of exposure to PBDE. Interaction analyses showed significant interactions between rodent
species (rats or mice), dosage, length of exposure, and hepatotoxicity endpoints. Rats demonstrated an increased
susceptibility to variations in organ weight, histopathological changes, mitochondrial dysfunction, and oxidative
stress markers. Conversely, mice showed pronounced lipid accumulation and modifications in liver enzyme
expression levels. However, significant differences were not found in terms of endoplasmic reticular stress as a
mechanistic endpoint for hepatotoxicity. In conclusion, this meta-analysis showed that there might be some
species-related differences in hepatoxicity induced by PBDE exposure in rats and mice depending on the pa-
rameters used. This study highlights the importance of cross-species extrapolation of results from animal models
to accurately assess the potential risks to human health from exposure to PBDEs.

Species-related differences

Introduction

Polybrominated diphenyl ethers (PBDEs) have been used as a flame
retardant in many products, including plastics, furniture, upholstery,
electrical equipment, electronic devices, textiles, and other home
products (Wang et al., 2016). PBDEs have two phenol rings joined by an
oxygen atom and consist of 209 congeners depending on the position
and number of bromine substitutions (Lilienthal et al., 2006). PentaBDE
mixture, octaBDE mixture, and decaBDE mixture were the commercial
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PBDE mixtures most frequently utilized in the production process. A
widely used commercial PBDE mixture, DE-71 consists of > 20 different
congeners, including 2,2,4,4-tetrabromodiphenyl ether (BDE47, ~ 38%)
and 2,2,4,4,5—pentabromodiphenyl ether (BDE99, ~49%). In flame-
retarded polyurethane (PUR) foams, the pentaBDE commercial
mixture was mainly employed. The commercial mixture of octaBDE was
utilized primarily on the acrylonitrile butadiene styrene (ABS) resins
used to make computer housings and household goods. The commercial
decaBDE mixture was used primarily in polystyrene (PS) as flame
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retardants in various plastic and textile products. (Darnerud et al., 2001;
Hale et al., 2001; Hale et al., 2002; National Collaborating Centre for
Environmental Health, 2013). Due to their structural similarity with
polychlorinated biphenyls (PCBs), PBDEs are resistant to degradation in
the environment and transported for long-range on the globe and bio-
accumulative in the food web. Thus tetra-, penta-, hexa-, hepta-, and
decabrominated diphenyl ethers are listed in Annex A (to be eliminated)
of the persistent organic pollutants (POPs) (Siddiqi et al., 2003; Zacs
et al., 2013).

In contrast to PCBs, of which the environmental levels are
decreasing, the concentration of PBDEs in the environment has been
significantly increased during the past decades, and the contamination
in the environment is continuously spreading on a local and global scale
(Darnerud et al., 2001; Makey et al., 2014; Zhang et al., 2021). Several
environmental studies have found PBDEs contamination in both indoor
and outdoor air, house dust, sediments, surface water, livestock meat,
food, birds, human tissues, breast milk, fish, and other marine species
(Braune et al., 2015; Darnerud, 2001; de Wit, 2002; Hale et al., 2001; Jin
et al., 2016; Jorundsdottir et al., 2013; Malarvannan et al., 2009;
McDonald, 2005; Prudente et al., 2007; Darnerud et al., 2001, Hale
et al., 2001; de Wit, 2002; McDonald, 2005; Prudente et al., 2007;
Malarvannan et al., 2009; Jorundsdottir et al., 2013; Braune et al., 2015;
Jin et al., 2016; Yuan et al., 2017). BDE-47 is detected more frequently
than other congeners in humans, fish, and different biota samples, fol-
lowed by BDE-99, BDE-100, BDE-153, and BDE-154. BDE-209 (deca-
BDE) appears to be predominant in environmental media, including
house dust, sediments, and air (US-EPA, 2009). Debromination of BDE-
209 and other high BDEs is one of the sources of lower brominated
congeners that have often been detected in human and animal tissues
(Soderstrom et al., 2004; Law et al., 2006; Inoue et al., 2006; Gomara
et al., 2006).

Several studies were conducted using systematic review and/or
meta-analysis to evaluate the impacts and effects of environmental
pollutants on humans and other living organisms. A study by Robinson
(2017) examined the relationship between exposure to persistent
organic pollutants (POPs) and the incidence of attention deficit hyper-
activity disorder (ADHD). Results suggest positive correlations between
exposure to perfluorinated chemicals (PFCs) and the incidence of ADHD.
Another meta-analysis by Park et al. (2016) investigated the association
of POPs and endocrine-disrupting chemicals with hypertension. The
study suggested that the high concentrations of certain POPs (e.g., p, p-
DDE) and dioxin-related compounds were associated with the risk of
hypertension. However, there was no significant association between
non-dioxin-like PCBs and the risk of hypertension (OR = 1.00; 95 % CI
0.89, 1.12). Additionally, the meta-analysis by Wu et al. (2013)
confirmed the significant associations between type 2 diabetes and HCB
(2.00 (95% CI: 1.13, 3.53; I2 = 21.4%) and PCBs (1.70 (95% CI: 1.28,
2.27; 12 = 16.3%) exposure. In connection with PBDEs, the study by
Zhao et al. (2017) revealed a significant negative relationship between
PBDE exposure and infant birth outcomes (e.g., birthweight) from both
human and animal studies (§ = — 50.598; 95% confidence interval (CI)
—95.914, —5.282; 12 = 11.8%; p = 0.029; 5.26 + 0.39 vs. 5.8 + 0.58, p
= 0.0132, respectively). Other studies confirmed significant associations
of PBDE exposure with neurotoxicity in humans (Dorman et al., 2018),
reproductive toxicity in male rodents (Zhang et al., 2020), abnormal
thyroid function in humans (Zhao et al., 2015), human neuro-
developmental defects (Herbstman & Mall, 2014; Hudson-Hanley et al.,
2018) and toxicity on plants (Sun et al., 2020a,b).

The liver, the body’s largest internal organ, plays a vital role in
transforming lipophilic toxic substances into more water-soluble me-
tabolites and excreting them out of the body (Grant, 1991). With its
physiological functions, the liver is continuously exposed to these
chemical agents. Hepatotoxicity refers to the ability of a substance, such
as a drug, chemical, or environmental factor, to cause damage to the
liver (Pak et al., 2004). This may manifest in various ways, ranging from
mild elevation of liver enzymes in blood tests to more severe conditions
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such as hepatitis, fatty liver, cirrhosis, and even liver failure in extreme
cases (Teschke et al., 2013; Manfo et al., 2014). PBDEs, like PCBs and
dioxins, may adversely affect hepatic functions by inducing cytochrome
450 levels (Sanders et al., 2005; Birnbaum & Cohen Hubal, 2006). Long-
term exposure to BDE-47 and PBDE mixture may result in the up-
regulation of the nuclear factor erythroid 2-related factor 2 (Nrf2)
antioxidant pathway and changes in metabolic functions leading to liver
damage (Dunnick et al., 2018). Moreover, PBDE exposure might raise
the likelihood of developing metabolic diseases (Ervin, 2009).

Due to ethical considerations, the number of studies conducted to
assess the hepatoxicity of PBDEs on humans remains limited; mostly
animal models and cell lines have been used so far. Rodents, such as rats
(Rattus norvegicus) and mice (Mus musculus), are commonly used animals
in toxicological studies because of their availability, cost-effectiveness,
and physiological similarities to humans (European Centre for Ecotoxi-
cology and Toxicology of Chemicals, 2010). However, inconsistencies
and reproducibility in results may emerge due to the variation of the
species, strains, indicators, and other factors used in evaluating the
toxicity of target chemicals (Van Norman, 2019). For instance, several
studies have revealed that mice are more susceptible to specific pesti-
cides than rats, while other studies have revealed the opposite (Schauber
et al., 1997; Cunningham, 2002; Rowland & Toth, 2019). Some strains
of mice (C57BL/6 and Albino Winstar Han) may be more sensitive to
certain toxicants due to specific genetic mutations, while other strains
may be more resistant (Jacoby et al., 2002; Ren et al., 2017). Moreover,
differences in other variables used, such as the life stage of animals,
dosage, and duration of exposure across different laboratories can affect
the consistency and reproducibility of toxicological studies.

By focusing on the hepatotoxicity of PBDEs in rodents, researchers
can better predict the liver damage caused by exposure to these com-
pounds in certain human populations. This information can then be used
to implement measures to assess the potential health effects of PBDEs in
humans. While numerous studies have indicated the hepatoxicity of
PBDEs in rats and mice, the findings remain subject to debate due to
variations in research designs, congeners, strains, exposure duration,
and life stages. To date, no meta-analyses and systematic reviews have
been conducted to confirm the differences in hepatoxicity exerted by
PBDE congeners and mixtures among rodents across different modera-
tors. Considering the challenges of performing meta-analyses in this
field, the researchers applied statistical techniques that account for the
heterogeneity in endpoints and outcomes commonly seen in animal
toxicology studies. Thus, this study aims to answer the following
research questions.

1. What is the overall effect size of PBDE exposure on hepatoxicity in
rodents across the included studies?

2. Is there a significant difference in hepatoxicity outcomes based on
the type of PBDE congeners and mixture, rodent species or strains, and
the life stage of exposure as reported in the included studies?

3. How do the dosage and duration of exposure to PBDE affect the
incidence and severity of PBDE-induced hepatoxicity in rodents?

4. Are there any significant interactions between the variables of
rodent species, congeners, dosage, duration of exposure, life stage of
exposure, and hepatotoxicity endpoints in predicting the incidence and
severity of PBDE-induced hepatoxicity in rodents?

Methods
Research design

This study used systematic review and meta-analysis as its primary
research designs to investigate the hepatoxicity of PBDE congeners in
different randomized controlled rodent studies. Generally, this study
was designed following PRISMA (Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses) Statements (Moher et al., 2009).
Furthermore, this study employed the literature search protocol from
Zhang et al. (2020), the meta-analytic approach from Nielsen et al.
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(2018), and the assessment of the level of evidence from Dorman et al.
(2018).

Literature search strategy

The software “Harzing’s Publish or Perish” (https://harzing.com)
was utilized for the literature search. The program searches through
various online academic databases to collect information on publica-
tions, including citation data, h-index, and other metrics (Harzing,
2007). Additionally, the study used five renowned and exhaustive da-
tabases to ensure that the search included all pertinent literature and
journals: Crossref, Google Scholar, PUBMED, SCOPUS, and Cochrane
Library. Other local and institutional databases such as university re-
positories and library records were used to widen the scope of literature
search. This study used the PECO principle - Participants, Exposure,
Comparator, and Outcomes to establish the main topic words (Morgan
et al., 2018), as presented in Table 1.

To identify as much literature as possible, we used keywords in
Boolean queries such as hepatoxicity, polybrominated diphenyl ethers,
hepatotoxicity PBDEs, rats, mice, randomized controlled trial, randomised
controlled trial, liver toxicity, liver damage, liver, DE, rodents, randomized
controlled study, PBDE-induced hepatotoxicity, and rodent trials. More
details regarding the search strategy, keywords, and the number of hits
are described in Supplementary Table S1 and Figure S1. The literature
query was employed thrice, covering the period from April to August
2022, with an interval of one month between each iteration. The first
search helps identify initial relevant studies and assess the effectiveness
of the chosen keywords and search strings. Subsequent searches can be
refined based on the initial results, potentially capturing additional
relevant studies that were missed in the first search.

Duplicates were identified using the literature search process
through the implementation of “Harzing: Publish or Perish” that com-
pares bibliographic information such as titles, authors, publication de-
tails, and abstracts (Harzing, 2007). This software systematically flagged
and eliminated duplicate entries, ensuring that only unique studies were
considered for further evaluation. In addition, we manually examined
references from the included studies for additional articles. The ab-
stracts of all retrieved publications were initially evaluated for rele-
vance. In the title-abstract review process, we employed a screening
software — “EPPI-Reviewer” to facilitate the initial assessment of article
relevance (Thomas et al., 2010). Two independent reviewers evaluated
each article to determine its eligibility for full-text review. Any conflicts

Table 1
Participants, Exposure, Comparator, and Outcomes (PECO) Criteria.

PECO Inclusion Criteria Data Extraction
Parameter
Participants Rodents (rats and mice) Species, strains, age, sex

®)
Exposure (E) Polybrominated diphenyl

ether (PBDE) exposure.

PBDE congener or mixture (209
possible congeners and mixture)*,
dose, route, duration

Comparator Control groups Exposure control
©

Outcomes Hepatotoxicity endpoints Methodology, biomarkers, and
0) Liver histopathological endpoints measured such as liver

parameters
Liver function markers

weight, liver histopathology, liver
serum biomarkers, CYP enzyme
expression, oxidative stress markers,
liver mitochondrial parameters,
hepatocyte membrane potential,
nuclear fragmentation, endoplasmic
reticular stress markers, lipid
accumulation, and morphological
changes.

Note: * - The selection of PBDE congeners and mixtures included in the analysis
was determined based on their availability and their explicit mention in the
studies that met the inclusion criteria.
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or discrepancies in their assessments were resolved through discussion
and consensus (Table S2). The full texts of preliminary considered pa-
pers were re-evaluated to determine the final list of acceptable articles.
The language of featured publications was restricted to English. Overall,
a total of 14 studies were identified and included in the meta-analysis.
Fig. 1 depicts a flowchart describing the literature search strategy.

Selection criteria

Selected studies met the following criteria: (1) investigated the
hepatoxicity of PBDE congeners and mixtures, (2) used rodents (e.g.,
mice or rats) (3) studies that employed randomization in assigning an-
imal subjects to treatment group (randomized controlled trials), and (4)
published in peer-reviewed journals and conference proceedings. Some
studies were not included in the meta-analysis because of the following
reasons: (1) not randomized controlled studies, (2) non-rodent studies,
(3) in vitro cell-based studies, (4) a review or meta-analysis, and (5) lack
of adequate data or absence of information pertaining to study design,
rodent species, control groups, randomization procedures, outcome
measures, and publication status. While in vitro cell-based research
provides mechanistic insights, studying PBDE exposure in rodents in vivo
gives a more comprehensive view of systemic effects. Moreover, this
meta-analysis excluded research papers focused on the environmental
biomonitoring of PBDEs. To expand the range of search strategies, the
publication date was not considered a criterion for selection.

Exposure to chemicals and outcomes

PBDE congeners and mixtures (DE-71, BDE-47, BDE-71, BDE-99,
BDE-153, BDE-209, and > PBDEs (total)) were used for chemical
exposure. Based on the literature review, the following moderators that
might influence the hepatoxicity of PBDE in rodents — congeners or
mixture, rodent species or strains, life stage exposed, dosage, and
duration of exposure were identified. As of the limitations of this study,
the sex of rodents was not classified as moderator since this information
was not reported in most of the included studies (n = 3 only, all rat
studies). Moreover, endpoints such as changes in organ weight, histo-
pathological changes, serum biomarkers, liver enzyme expression, lipid
accumulation, reactive metabolites, mitochondrial damage, and endo-
plasmic reticular stress, were reflected as outcomes or indicators of
hepatoxicity (Table 2). In most of the included studies, parameters like
bile acids, porphyrins, and cholesterol were either limited or not
examined at all.

Data extraction

Three independent experts extracted data from the fourteen included
studies. Data were recorded as follows; authors, year of publication,
PBDE congeners, rodent species or strains used, number of subjects or
animals, life stage exposed, duration of exposure, dosage, and indicators
of liver toxicity. Data from the figures were extracted using a digitizer
software program (Digitizelt version 2.5, Braunschweig, Germany)
(https://www.digitizeit.xyz/). Data such as mean, percentage, fre-
quency, and standard deviations (SD) were verified and retrieved to
estimate the effect size of the outcomes.

Data normalization and rescaling

Continuous outcomes

As studies employed diverse methods for measuring continuous data
(e.g., varying protein quantification methods, and different house-
keeping genes for gene expression), data rescaling was undertaken.
Standard mean difference (SMD) was used to facilitate comparison and
combination of results from different studies (Murad et al., 2019). For
each study, the original outcome measures were extracted, and the SMD
values were calculated using the standardized formula (Eq. (3)). These
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Studies from other sources
(e.g., University Online
Library, and Repositories)
(n=23)

Records excluded abstracts and

titles not related to the study.
(n=505)

Not case-controlled study (n=10)

Survey and Assessments (n=26)
Meta-analysis (n=20)

Cell line studies (n=37)
Insufficient data (n=3)

Different animal model (n=1)

Additional studies retrieved from

the reference list (n=2)

g Search Results using Harzing Software;
= Google Scholar (n=116);
S PubMed (n=289); SCOPUS (n=175);
Eé CrossRef (n=600);
s Cochrane Library (n=78)
=
A 4
Records after duplicates removed
n=614
z o9
=
3
St h 4
@
Records after Abstract screening
(n=109)
\4
2 Full-text articles assessed for
= eligibility
o)
‘o (n=53)
=
A\ 4
Records after Full-text screening
3 (n=12)
=
=
o v
= Studies included
(N=14)

Fig. 1. Strategy of literature survey.

SMD values were then utilized in the meta-analysis, enabling the syn-
thesis of results across various studies and endpoints. For studies with
various metrics, continuous data were normalized using z-score trans-
formation to make them dimensionless and centered around the mean
(Raymaekers & Rousseeuw, 2021). This allowed the researchers to
assess the relative position of continuous data points within their
respective distributions regardless of the methodology used.

In addressing the variability in administered doses and exposure
durations across our study pool, a dose standardization approach was
implemented. This approach involved calculating cumulative or time-
weighted doses for each study participant based on their specific expo-
sure duration. The resulting doses were then standardized to specific
time points to facilitate consistent dose comparison (Brown & Strick-
land, 2003).

Dichotomous outcomes

Data transformation was performed in certain cases where dichoto-
mous data (present/absent) needed to be compared to continuous data.
To generate summary statistics and incorporate the outcome in a meta-
analysis, the independent experts extracted the counts of individuals in
the control and intervention groups who either experienced or did not
experience the specific outcome. Subsequently, this study employed
“odds ratio (OR)” to quantify the strength of association between the
control group and experimental using the following equation (Eq. (1)).

Odds of events in the experimental group  PrA.
AgP.
(€Y

Where, Pg, Ac, Ag and Pg, are the number of subjects with outcome,

Odds ratio(OR) =

Odds of events in the control group

Absent (S) or Present (P), in each group, Control (C) or experimental (E)
(Higgins et al., 2022). The odds ratio combines results from multiple
studies, providing a unified measure of the association between vari-
ables across different research findings.

Combining continuous and dichotomous outcomes
In the assumption that the continuous measurements in each
experimental group adhere to a logistic distribution and that outcome
variability is consistent among experimental and control groups, the
odds ratios can be transformed into a standardized mean difference
(SMD) using the following equation (Chinn, 2000) (Eq. (2)).
V3

SMD = ~——InOR (2
VA

Where, InOR refers to the natural logarithm of odds ratio (log odds
ratio). The standard error of the log odds ratio can be transformed into
the standard error of an SMD by applying a constant factor of (\/ 3/n=
0.5513) (Higgins et al., 2022). After calculating SMDs (or logarithms of
odds ratios) along with their corresponding standard errors for all
studies within the meta-analysis, these values can be aggregated using
either the fixed-effect or random-effect methodologies.

Assessment of the level of evidence

The study employed the Grading of Recommendations Assessment,
Development, and Evaluation (GRADE) guidelines to assess the confi-
dence and quality of evidence of each study. The GRADE framework was
utilized to evaluate the study findings and determine the level of con-
fidence in the evidence presented in the selected studies (Phi et al.,
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Table 2

Included studies grouped according to reported endpoints of hepatotoxicity.

Outcomes

Indicators and parameters

Involved studies

A. Apical endpoints

Organ Weight (OW)

Histopathological
changes (HC)

Lipid Accumulation
(LA)

Liver enzyme
expression level
(LEE)

Apoptotic pathway
(AP)

Liver weightLiver index
(liver mass/body weight)

Hepatocyte swelling
Histopathological
abnormalities

Hepatocytic fatty degeneration
Vacuolization

Pressure occlusion of hepatic
sinusoids

hepatocyte apoptosis

Liver necrosis

Liver metastases
Hepatocellular hypertrophy
Liver lesions

Hepatocytic fatty degeneration

Expressions of Cyp1Al,
CyplA2, Cy2B, UDPGT, AST,
ALT

Phagosomes

nuclear fragmentation,
cytochrome c release, caspase
3 and caspase 9 activation

B. Mechanistic endpoints

Mitochondrial
dysfunction (MD)

Endoplasmic
reticulum stress
(ERS)

Oxidative stress
markers (OSM)

Reactive metabolites
(RM)

Liver mitochondrial
parameters (e.g., protein
content, membrane potential
respiration, mitochondrial
swelling, Ca + efflux, ATP
levels

Endoplasmic stress markers
(CHOP, XBP1, BiP/GRP78,
PERK, IRE1)

SOD, CAT, GRD, GPX, MDA,
TBARS, XOD, GST

Reactive oxygen and nitrogen
species (RONs) e.g.,
Superoxide anion (02-),
Hydrogen peroxide (H202)
Hydroxyl radical
(eOH)Singlet oxygen
(102)Peroxynitrite
(ONOO-), Nitric oxide (NO),
Nitrogen dioxide (NO2)
Peroxynitrite
(ONOO-)Nitrosyl ion

(NO + )Nitroxyl

(HNO)

Blanco et al. (2012);
Brito et al. (2020);
Curcic et al. (2015);
Dunnick et al. (2012);
Dunnick et al. (2018);
Dunnick & Nyska,
(2009); Lee et al. (2010);
Liang et al. (2012); Zhou
et al. (2010); Chen et al.
(2022)

Albina et al. (2010);
Blanco et al. (2012);
Brito et al. (2020);
Curcic et al. (2015);
Dunnick et al. (2012);
Dunnick et al. (2018);
Lee et al. (2010); Liang
et al. (2012); Zhou et al.
(2010); Chen et al.
(2022)

Lee et al. (2010); Chen
et al. (2022)

Blanco et al. (2012);
Brito et al. (2020);
Curcic et al. (2015);
Dunnick & Nyska,
(2009); Lee et al. (2010);
Chen et al. (2022)
Albina et al. (2010);
Pereira et al. (2017);
Pereira et al. (2018)

Pazin et al., 2015;
Pereira et al., 2017a,b;
Chen et al., 2022

Pazin et al., 2015; Chen
et al., 2022

Albina et al. (2010);
Blanco et al. (2012);
Curcic et al. (2015);
Liang et al. (2012); Zhou
et al. (2010); Chen et al.
(2022)

Pereira et al. (2017)
Pereira et al. (2018)
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2012; Piggott et al., 2021; Xie & Machado, 2021). The assessment pro-
cess involved an initial rating of “high” confidence based on the study
design and experimental characteristics. The risk of bias (RoB) was
evaluated across five distinct domains, which included consistency of
results, change of exposure levels over time, incomplete data, outcome
measures, and presentation of results. These domains were indepen-
dently assessed by two experts, who assigned ratings of “low” (green),
“high” (red), or “unclear” (yellow) based on the presence or absence of
specific criteria within each domain presented in Table S3. Conflicting
ratings were resolved through re-evaluation and discussion.

Based on this rigorous evaluation, the initial confidence rating of
each study was adjusted, if necessary, through downgrading or
upgrading based on the assessment of factors such as inconsistency,
imprecision, incomplete data, publication bias, large effects, complete
data, and dose-response relationships. One level of the downgrade is
needed for low RoB, and two levels of a downgrade for high RoB. Other
factors were eventually upgraded or downgraded by one level based on
the experts’ judgment. The overall RoB was reported based on the
highest rating received among the five domains of each study. Lastly, the
level of evidence was described as “high” or “low” based on the reported
overall RoB.

Data analysis

Test of heterogeneity

Cochrane’s Q and the I? test were utilized to assess the heterogeneity
of the involved studies. To calculate heterogeneity, Q-value was
compared to the variation observed if all studies were drawn from the
same population probability sample. Moreover, studies were considered
heterogenous if 12 was greater than 50% (p < 0.05) (Thorlund et al.,
2012). Random-effect models were utilized if p < 0.050 and I? was
greater than 50%, which means there was a high level of heterogeneity
(DerSimonian & Kacker, 2007).

Meta-analysis and calculation of effect size

A meta-analysis was performed to estimate the overall effect size of
PBDE exposure on hepatoxicity in rats and mice across the included
studies. Subsequently, subgroup analysis (stratified analysis) was used
to determine the significance of each moderator (type of PBDE conge-
ners or mixtures, rodent species/strains, life stage exposed, duration of
exposure, and dosage) on the hepatoxicity of PBDEs. Subgroup analysis
is a component of meta-analysis that examines the effect of an inter-
vention or exposure in a specific subset of the study population (mod-
erators) rather than the entire population. (Wang & Ware, 2013).

This study employed the standardized mean difference (SMD) for
effect size measurement derived from the mean and the standard devi-
ation (SD) of the maximum dosage group of PBDEs used in each study
(Faraone, 2008; Andrade, 2020). SMD is a typical effect size measure-
ment in meta-analyses and other research comparing group results. It
normalizes the variation in means between two groups, which facilitates
comparing effect sizes across several studies that might employ various
scales or measures of the same outcome variable (Bakbergenuly et al.,
2020).

The equation for the SMD calculation is as follows (Eq. (3)).

(mean of control group — mean of experimental group)

SMD =
pooled standard deviation (Pooled SD)

3)

Where;

2

(SD of control group)’ — (SD of experimental group)
Pooled SD =
oole \/ 3

4

Once the SMD is calculated, it can be interpreted as the standardized
difference in means between the two groups, with larger values indi-
cating a more significant effect size. A standard convention for
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interpreting SMD is to consider values of 0.2, 0.5, and 0.8 as small,
medium, and large effect sizes, respectively (Lin & Aloe, 2021). In
toxicological studies, a positive standardized mean difference (SMD)
(rightward directionality) indicates a detrimental effect of the treat-
ment, such as an increase in toxicity or adverse effects of a chemical or
drug (Friedrich et al., 2011). The confidence interval (95% CI) is then
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calculated by adding and subtracting a value based on the desired
confidence level and the pooled standard error estimate (DerSimonian &
Laird, 1986).

Meta-regression
This study used meta-regression analysis on the numerical

Table 3
Characteristics of studies used for the meta-analysis.
PBDE Studies Species N Life stage Duration of Dosage Hepatotoxicity outcomes
Congeners/ (strain) Exposed* Exposure
Mixture
DE-71 Dunnick & Rat 20 PND42-PND117 75 days 0.01, 5, 50, 100, Liver weight (1); hypertrophy (+).Expressions of Cyp1A1(1),
Nyska, (F344/N) (Puberty to 500 mg/kg/day Cyp1A2(1), Cy2B (1), UDPGT
(2009) sexual maturity) m
Dunnick Rat 20  G6-PND21 27 days 50 mg/kg/day Liver weight (1); hepatocyte hypertrophy (+) and
et al. (2012) (Wistar Han) (Embryonic to vacuolization (+); Differentially expressed transcripts (DETs)
weaning) m
Dunnick Rat 24 GD6-PND21 27 days 0.1, 15, 50 Liver weight (1), liver index (1),liver lesions
et al. (2018) (Wistar Han) (Embryonic to mg/kg/day (+), fatty change (+), liver hypertrophy (+), and liver
weaning) transcriptomic changes (cytochrome 450 transcripts (1), ABC
membrane transport transcripts (1))
BDE-47 Pazin et al. Rat 30 n/a n/a 0.1, 1,5,10,25,50 Liver mitochondrial parameters (e.g., protein content (1),
(2015) (Wistar Han) ug/kg/day membrane potential (1), respiration, mitochondrial swelling
(1), Ca + efflux (1), ATP levels (|))
Dunnick Rat 24 GD6-PND21 27 days 0.1, 15, 50 Liver weight (1), liver index (1),liver lesions
et al. (2018) (Wistar Han) (Embryonic to mg/kg/day (+), fatty change (+), liver hypertrophy (+), and liver
weaning) transcriptomic changes (cytochrome 450 transcripts (1), ABC
membrane transport transcripts (1))
BDE-99 Albina et al. Rat 30 PND49-PND94 45 days 0.6, 1.2 Oxidative stress markers (SOD (1), CAT (1), GRD (1), GPX (1),
(2010) (Sprague- (Puberty to mg/kg TBARS (1), GST (l); Histopathological abnormalities (+),
Dawley) sexual maturity) (single dose) Phagosomes (+)
Blanco et al. Rat 32 GD6 - GD19 14 days 0.5, 1.0, 2.0 Liver hypertrophy (+); oxidative stress markers (SOD (1), CAT
(2012) (Sprague- (Embryonic to mg/kg/day (1, GR (1), GPx (1), GST (1), TBARS (1)); Cyp1Al (1), CyplA2
Dawley) Fetal) (1), Cyp2B1 (1), and Cyp3B2 (1) expression; teratogenicity (-)
Pazin et al. Rat 30 n/a n/a 0.1, 1,5,10,25,50 Liver mitochondrial parameters (e.g., protein content (1),
(2015) (Wistar Han) ug/kg/day membrane potential (1), respiration, mitochondrial swelling
(1), Ca + efflux (1), ATP levels (|))
BDE-153 Pereira et al. Rat 30 n/a n/a 0.1, 1,5, 10, 25 Liver mitochondrial parameters (e.g., mitochondrial
(2018) (Wistar Han) mg/kg/day membrane potential dissipation (+), mitochondrial swelling
(1), ATP levels (])), liver cells metabolic activities (1), RONs
accumulation (1), PS cytotoxicity (1), nuclear fragmentation
(1), Cyt ¢ (1), AIF (1), Caspase 3 activation (+).
BDE-209 Brito et al. Mouse 36 PND49-PND9%4 45 days 0.08, 0.8,8.0 pg/ Liver index (x), ALT (1), AST (1), Oxidate stress markers (CAT
(2020) (C57BL/6) (Breeding age) kg every 5 days (x), NPT (1), LPO (1), GST (x), SOD(x)), liver metastases (+).
Chen et al. Mouse 30 PND28-PND84 56 days 100 Liver index (x), AST (1), ALT (1), lipid accumulation (1), liver
(2022) (C57BL/6) (Puberty to mg/kg tissue anomaly and lesions (+), hepatocyte apoptosis rate (1),
breeding age) (Single dose) endoplasmic reticulum stress (1), Ca®" efflux (1), hepatic

Curcic et al. Rat (Albino 40 n/a 21 days
(2015) Wistar Han)
Lee et al. Rat 24  PND10-PND42 32 days
(2010) (Sprague- (Neonate to
Dawley) weaning)
Liang et al. Mouse 45 PND70-PND130 15, 30, 60
(2012) (CD-1 Swiss) (Breeding age) days
Pereira et al. Rat 30 n/a n/a
(2017) (Wistar Han)
Zhou et al. Mouse 24  PND35-PND42 7 days
(2010) (Kun Ming) (Puberty)

inflammatory factors (IL-1 (1) and TNF-«a (1)), hepatic
mitochondrial function (e.g., membrane potential (|), ATP

levels (|).
1000, 2000, 4000 Liver weight (1); liver enzyme activities (AST (1), ALT (1),
mg/kg/day ALP (1), y-GT (1)); histopathological changes (+); stress

markers (MDA (1), SOD ({), -SH (1))
100,300,600 mg/ Liver weight (1); Cyp1Al (1), CyplA2 (1), and Cy2B (1)

kg/day expression; nuclear receptors expression (CAR (1) and PXR
(1)), Hepatocytic fatty degeneration (+)
0.1,40, 80, 160 Hepatocyte swelling (+); Pressure occlusion of hepatic
mg/kg/day sinusoids (1).XOD (1), GPT (1), and GOT (1)
activities.
0.1,1, 5,10, 25 Liver mitochondrial parameters (e.g., mitochondrial swelling
mg/kg/day (1), ATP levels (1), collapsed membrane potential (+); HepG2

viability (1), ROS (1), PS cytotoxicity (1), nuclear
fragmentation (1), cytochrome c release (1), caspase 3 (+) and
caspase 9 (+) activation)
50, 100, 200 mg/ Liver index (liver mass/body weight) (1); oxidative stress
kg/day markers — SOD () and MDA (1)

Notes: N —number of animals examined; GD — Gestational Day; PND — Post-natal day; 1/] - increase or decrease; +/- - presence or absence; x- no significant changes; DE-
71 - a mixture of BDE-47, BDE-99, BDE-100, and BDE153; n/a- data not available; Cytochrome isoforms - Cyp1Al, CyplA2, Cy2B, Cyp3B2; UDPGT - uridine
diphosphate glucuronic transferase; SOD - superoxide dismutase; -SH — thiols; CAT - catalase; GRD - glutathione reductase; GPX - glutathione peroxidase; GST —
glutathione S transferase; TBARS - thiobarbituric acid-reactive substances; CAR - constitutive androstane receptor; PXR — pregnane X receptor; MDA — malondial-
dehyde; DETs include Aldhlal, Cyplal, Abce3, Zshhx2, Far4, Cltb, Abhd4, Abhd4, Ces2, Zeint, Fam134b, And Vps26a; XOD- xanthine oxidoreductase; GPT- glutamic
pyruvic transaminase; PS - phosphatidylserine GOD - glutamic oxalacetic transaminase; ABC- ATP-binding cassette; AIF — apoptosis-inducing factor; AST - aspartate
transaminase; ALT — alanine transaminase; ALP — alkaline phosphatase; y-GT — gamma-glutamyl transfuse; ATP — adenosine triphosphate; RONs - reactive oxygen and
nitrogen species; NPT — nonprotein thiols; LPO - lipid peroxidase; IL-1- interleukin-1; TNF-a - tumor necrosis factor — alpha.
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moderators (dosage and exposure duration) to examine the relationship
between study-level numerical covariates and the effect size (or
outcome) of interest. In addition, it was used to identify potential
sources of heterogeneity across studies and to explore the factors that
may explain variation in treatment effects across different studies
(Borenstein et al., 2011). Only total dosage amounts per body weight
(dosage mg/kg/day x repeated days) (n = 14) were included in the
analysis since meta-regression summarizes the data as a function instead
of a single value (Hansen et al., 2009; Nuventra Pharma, 2021).

Interaction analysis

Factorial analysis of variance (ANOVA) was used to investigate the
interactions among the moderators (rodent species, dosage, duration of
exposure, life, stage of exposure, and liver function markers) using the
combined effects of two or more independent variables on the depen-
dent variable (SMD in hepatoxicity) (Ross & Willson, 2017). Moreover,
interaction plots were used to visualize the relationship among these
moderating variables. If the lines are parallel, this indicates that the
effect of one moderator on the response variable (SMD) is the same at all
levels of the other moderator, meaning no interaction between the two.
On the contrary, if the lines are not parallel (intersecting), the effect of
one moderator on the response variable (SMD) varies depending on the
level of the other factor.

Test of sensitivity and publication bias

Sensitivity analysis was used to determine the reliability of the
study’s results by measuring the effects of removing any of the studies
from the model (Gorris & Yoe, 2014; Mathur and VanderWeele, 2020). A
funnel plot and Begg’s test were conducted to assess publication bias,
where p < 0.05 was considered significant. All statistical treatments and
meta-analyses were performed using the “Comprehensive Meta-Analysis
(CMA) Software Version 3 developed by Biostat Inc. (https://www.
meta-analysis.com/).

Results
Study characteristics

Fourteen randomized controlled studies were screened and formally
included in the meta-analysis (Table 3). Included studies were published
in peer-reviewed journals from 2009 to 2022 and focused on the eval-
uation of the hepatoxicity of individual PBDE congeners or mixtures in
rodents (rats or mice) administered by oral gavage. BDE-209 was the
most studied (n = 7), while the other congeners and mixtures used were
BDE-47 (n = 2), BDE-99 (n = 3), BDE-153 (n = 1), and DE-71 (n = 3).
Ten studies used rat species and strains (Winstar Han = 5; Sprague
Dawley = 3; Albino rat = 1; F344/N = 1;) while four studies used mice
strains (C57BL/6 = 2; Kun Ming = 1; CD1-Swiss = 1). All included
studies assessed the hepatotoxicity of PBDEs by measuring a range of
outcomes involving both apical and mechanistic endpoints. Apical
endpoints encompass specific and direct indicators of hepatotoxicity,
including alterations in liver weight, the presence of liver deformities
and lesions, lipid accumulation, changes in gene and protein expres-
sions, as well as shifts in serum marker concentrations. On the other
hand, mechanistic endpoints, while not as specific, play a crucial role in
elucidating PBDE-induced hepatotoxicity. These endpoints encompass
factors like oxidative stress markers, reactive metabolites, mitochon-
drial damage, and endoplasmic reticular stress (Mosedale & Watkins,
2017) (Table 2).

Tests of heterogeneity, sensitivity, and risk of bias

Using the Cochrane-Q and I2 test, the heterogeneity of the involved
studies was 53%, implying high heterogeneity (p = 0.045). Thus, the
overall SMD on the association between exposure to Y PBDE congeners
and hepatotoxicity in rodents (rats and mice) was calculated using the
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random effect model. Begg’s funnel plot was utilized to examine the
publication bias of the studies, and the plot revealed no indication of an
asymmetrical form, indicating no significant publication bias (Fig. 2). A
sensitivity analysis was conducted to confirm the reliability of the re-
sults. Fig. 3 shows that when any study was removed from the model, the
significant results of the hepatoxicity of Y PBDE congeners were un-
changed (overall SMD = 1.82, CI = 1.07, 2.02), as presented in section
3.3.1. Thus, the results revealed that the findings of this meta-analysis
were reliable and acceptable.

Furthermore, the GRADE analysis revealed that a majority of the
studies (n = 10) included in the review exhibited low risk of bias (RoB)
ratings, indicating a heightened likelihood of their results being inter-
nally valid and reliable. It’s important to note, however, that possessing
a low risk of bias does not necessarily equate to a study’s results being
universally valid and reliable. In contrast, four studies received serious
RoB ratings due to issues like incomplete data and selective outcomes
reporting. This perspective emphasizes the multifaceted nature of study
evaluation and underscores the need for a comprehensive assessment of
various factors impacting study quality.

Meta-analysis: PBDE exposure and hepatoxicity in rodents

Total PBDEs

A meta-analysis was conducted to determine the overall effect size of
PBDE exposure on hepatoxicity in rodents across the fourteen studies
using the data from the highest dosage group. All the studies generated
16 SMDs with significant positive associations (p < 0.05). According to
the random effects model (Fig. 4), the overall SMD of the hepatoxicity of
PBDE congeners and mixtures in rodents was 1.82 (95% CI = 1.07, 2.02,
p = 0.016), indicating that exposure to PBDE congeners and mixtures is
associated with a significant increase in liver toxicity in rodents.

Furthermore, results showed significant heterogeneity among the
studies included in the overall meta-analysis (Q = 102.3, p = 0.045; 2=
53%), which may contribute to the pooled effect size. Thus, subgroup
analyses were conducted to identify factors or moderators driving the
observed differences between studies.

Rodent species

Due to limited representations for each rodent strain, only species-
level analysis was carried out to determine if there were significant
differences in the susceptibility or sensitivity of rodents in PBDE-
induced hepatoxicity. Results suggest that there may be species-
related differences in the hepatoxicity induced by PBDEs among ro-
dents, with a higher SMD observed in the rat subgroup (SMD = 1.79,
95% CI = 1.68, 1.98, p = 0.027) compared to the mouse subgroup (SMD
= 1.46, 95% CI = -0.88, 1.59, p = 0.017) (Fig. 5).

The heterogeneity values for both subgroups are moderate, with an I2
of 36% for the rat subgroup and 46% for the mouse subgroup, indicating
that there may be some variability in the results due to differences be-
tween the individual studies included in the meta-analysis. However, the
p-values for the heterogeneity tests are not statistically significant (p =
0.133 for rats, p = 0.112 for mice), suggesting that the observed het-
erogeneity may not be due to chance. The findings suggest that rodent
species, such as rats and mice, used in toxicological studies may play a
moderating role in PBDE-induced hepatotoxicity, with the higher SMD
observed in the rat subgroup indicating a potentially greater sensitivity
to PBDE-induced liver damage compared to mice.

PBDE congeners and mixture

Studies were grouped according to the investigated PBDE congeners
and mixture to determine which has the most significant association
with hepatoxicity in rodents. Due to the limited number of studies, BDE-
153 (Pereira et al., 2018) was not included in the subgroup analysis
since it may be inappropriate or insufficient to draw conclusions.
Figure S2 demonstrates that all PBDE congeners and mixtures (DE-71,
BDE-47, BDE-99, and BDE-209) were significantly associated with


https://www.meta-analysis.com/
https://www.meta-analysis.com/

D.A.R. Robledo et al.

Current Research in Toxicology 5 (2023) 100131

0
ol O
5 054 0
=)
m 0O @)
510} O
g 15/ O
8 0
N O o
20}
O O
25 L O O
20 -1.00 125 150 175 200 225 250 3.00 325
SMD

Fig. 2. Funnel plot for all studies (Begg’s test value = 0.205, p = 0.433). Each bubble represents individual studies.

Study names

Lower CI Upper CI

Dunnick et al., (2009)
Albina et al. (2010)
Lee et al. (2010)
Zhou et al. (2010)
Blanco et al. (2012)
Dunnick et al., (2012)
Liang et al. (2012)
Curcic et al. (2015)
Pazin et al. (2015)
Pereira et al. (2017)
Pereira et al. (2017)
Pereira et al. (2018)
Dunnick et al. (2018)
Dunnick et al. (2018)
Bitro et al. (2020)
Chen et al. (2022)

-2.10

-0.882 1.82

Fig. 3. Results of Sensitivity Test (given named study is omitted).

hepatoxicity in rodents (SMD = 1.80, 95 %CI = 1.10, 1.84, p = 0.034;
SMD = 1.79, 95 %CI = 1.58, 2.10, p = 0.043; SMD = 1.84, 95 %CI =
1.03,2.11, p = 0.033 and SMD = 1.93, 95 %CI = 1.13, 2.48, p = 0.028,
respectively). Moreover, there was no statistically significant difference
in effect size between the subgroups, as indicated by the p-values for the
Q statistics for each subgroup (i.e., p > 0.05 for all subgroups). These
findings suggest that the effect sizes for each subgroup are relatively
similar and that the specific congener and mixture of PBDE (DE-71, BDE-
47, BDE-99, or BDE-209) may not be a significant moderator of the
overall effect size of PBDEs on hepatoxicity in rodents. However, it is
worth noting that the p-values for the Q statistics are relatively close to
the conventional threshold of 0.05, particularly for the BDE-209 sub-
group (p = 0.043) with the highest SMD = 1.93 (CI = 1.13, 2.48),
suggesting that it has the most noticeable hepatoxicity outcomes, but

there may be some potential for heterogeneity. The subtotals (black
diamond) of all PBDE congeners and mixture overlap with each other,
implying that there were no significant differences in their effect sizes.

In addition, the I? values for each subgroup (DE-71 = 43%, BDE-47
= 36%, BDE-99 = 47%, BDE-209 = 54%) suggest some heterogeneity
within each subgroup, but the magnitude of heterogeneity is relatively
modest. This result indicates that the effect sizes for each study within
each subgroup are relatively consistent and that the overall effect size
estimates for each subgroup are reliable.

Life stage of exposure

The life stage of exposure in rats and mice is a crucial factor in
toxicological studies because it can significantly affect the animal’s
susceptibility to the toxic effects of a substance (Nguyen et al., 2022).
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Study names Forest plot SMD (95% CI)
Dunnick et al., (2009) ——q:— 1.80 (-1.88, 2.10)
Albina et al. (2010) o 1.92(1.02, 2.12)
Lee et al. (2010) —_ 1.97 (1.15, 2.56)
Zhou et al. (2010) —_— 1.05 (-2.10, 1.95)
Blanco et al. (2012) — 1.85(-0.10, 2.12)
Dunnick et al., (2012) = 1.97 (-0.15,2.72)
Liang et al. (2012) —_—— 1.82(-1.20, 2.10)
Curcic et al. (2015) —_— 1.12 (-1.25, 1.88)
Pazin et al. (2015) = 1.95 (1.02, 2.48)
Pazin et al. (2015) — 1.75 (1.65, 2.15)
Pereira et al. (2017) ——i—-— 1.88 (-1.18,2.31)
Pereira et al. (2018) ——u— 1.66 (-0.78, 1.90)
Dunnick et al. (2018) o— 1.94 (1.09, 2.30)
Dunnick et al. (2018) —_— 1.67(-1.72, 2.14)
Bitro et al. (2020) —_— 1.12 (-1.60, 1.88)
Chen etal. (2022) —_— 1.86 (1.09, 2.06)
Overall (p=0.016) 1.82 (1.07, 2.02)
Heterogeneity: Q = 102.3, p=0.045 ; 1> =53%
M - SMD ! 1 1
— - 95% Confidence Interval 315 ! 2.72

No Effect Hepatoxicity

<> - Overall SMD

Fig. 4. Forest plot for the hepatotoxic effects of PBDE congeners and mixtures in rodents.

Life stages of rodents upon exposure to PBDEs were recorded and
analyzed to determine if there were moderating effects on the hep-
atoxicity in the animals. Generally, there were differences between rats’
and mice’s developmental timelines. For instance, the embryonic phase
for mice spans from gestational day (GD) O to 15, while for rats, it en-
compasses GD 0 to 16. The fetal stage is marked by GD 16-22 in rats and
GD 15-20 in mice. Both rat and mice share an equivalent neonatal
phase, encompassing postnatal day (PND) O to 14. The weaning stage,
occurring at PND 21, denotes the transition from maternal milk to solid
food consumption. Subsequently, the young life stage spans from PND
22-25 in rats and PND 21-35 in mice. Notably, both rats and mice reach
puberty at PND 35, with rats achieving sexual maturity around 2.5 to 3
months and mice attaining breeding age between 1.5 and 2 months (U.S.
EPA, 2002).

Studies were classified according to the life stage of rodents when
they were initially exposed to PBDE congeners and mixture, regardless
of the species. Since only one study (Lee et al., 2010) exposed rats to
PBDE during the neonatal stage, this subgroup was excluded from the
analysis. Moreover, the life stages of rodents were not reported in the
studies of Curcic et al. (2015), Pazin et al., 2015, Pereira et al. (2017)
and Pereira et al. (2018). Thus, only three categories under this sub-
group — the embryonic, puberty, and breeding stages, were evaluated
based on the indicated body weights and life stage of exposure in each
study.

Results shows that the SMD in hepatoxicity was highest during the
embryonic stage of development (SMD = 1.91, 95 %CI = 1.88, 2.14,p =
0.002), as demonstrated by the black diamond symbol, which does not
overlap with the other two stages (puberty and breeding stage). This
suggests that PBDE exposure during the embryonic development of ro-
dents had a more substantial impact on rodents’ hepatoxicity than
exposure during other life stages. However, there was no significant
difference in PBDE-induced hepatotoxicity between puberty and
breeding rodents (SMD = 1.37, 95 %CI = -1.05, 1.59, p = 0.049; SMD =
1.67, 95 %CIl = -0.62, 1.86, p = 0.044, respectively) (Figure S3).

Nevertheless, these findings suggest that the impact of PBDE exposure
on hepatotoxicity might vary based on the developmental stage of the
rodents, accentuating the recognized sensitivity of the embryonic stage
as a critical developmental window.

Meta-regression on dosage and duration of exposure to PBDEs

Following the protocol of Borenstein et al. (2010), this study
employed meta-regression analysis on the numerical moderators
(dosage and exposure duration) to determine the predicted effect size if
one-unit changes and to identify any systematic relationships between
the numerical moderators and the effect sizes.

PBDE dosage and duration of exposure

Normalized dosages of PBDE congeners and mixtures were grouped
according to the concentration administered per kilogram of weight
(mg/kg): low (<1 mg/kg), moderate (1-50 mg), and high (>50 mg/kg),
at a median duration point. The dosing bins were established based on
the concentration of PBDEs administered per kilogram of body weight
(mg/kg) in the reviewed studies, taking into consideration the classifi-
cations provided by Gill et al. (2004), Kozlova et al. (2020), Lamkin et al.
(2022). Fig. 6A suggests that PBDE dosage (mg/kg) significantly mod-
erates effect size estimates on hepatoxicity in rodents (p = 0.023). The
regression equation was y = 0.0275%, indicating a positive relationship
between PBDE dosage (x) and effect size estimates (y). This means that
as the PBDE dosage increases, the effect size estimate of hepatoxicity
will also increase. The R? value was 0.516, indicating that 51.6% of the
variability in effect size estimates could be attributed to differences in
PBDE dosage. These results propose that PBDE dosage is essential in
explaining the variability in effect size estimates of PBDE-induced
hepatoxicity among rodents.

For a more straightforward interpretation, duration groups were
classified into three — short (<7 days), moderate (8-30 days), and long
(>30 days) (Silins & Hogberg, 2011). The results of the meta-regression
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Rodent species Strains Forest plot SMD (95% CI)

Rats (Rattus norvegicus)
Dunnick et al., (2009) F344/N —_— 1.80 (-1.88, 2.10)
Albina et al. (2010) Sprague-Dawley —— 1.92 (1.02,2.12)
Lee et al. (2010) Sprague-Dawley -_—l 1.97 (1.15, 2.56)
Blanco et al. (2012) Sprague-Dawley —— 1.85(-0.10, 2.12)
Dunnick et al., (2012) Winstar Han i 1.97 (-0.15, 2.72)
Curcic et al. (2015) Albino Winstar Han —— 1.12 (-1.25, 1.88)
Pazin et al. (2015) Winstar Han -_—l 1.95 (1.02, 2.48)
Pazin et al. (2015) Winstar Han . — 1.75 (1.65, 2.15)
Pereira et al. (2017) Winstar Han i 1.88 (-1.18, 2.31)
Pereira et al. (2018) Winstar Han —— 1.66 (-0.78, 1.90)
Dunnick et al. (2018) Winstar Han e 1.94 (1.09, 2.30)
Dunnick et al. (2018) Winstar Han i 1.67(-1.72,2.14)
Subtotal (p=0.027) > 1.79 (1.68, 1.98)
Heterogeneity: Q= 122.4, p=0.133, 1>=36%

Mice (Mus musculus)
Zhou et al. (2010) Kun Ming —— 1.05 (-2.10, 1.95)
Liang et al. (2012) CD-1 Swiss e 1.82 (-1.20, 2.10)
Bitro et al. (2020) C57BL/6 —_— 1.12 (-1.60, 1.88)
Chen et al. (2022) C57BL/6 L_-_ 1.86 (1.09, 2.06)
Subtotal (p=0.017) 1.46 (-0.88, 1.59)
Heterogeneity: Q=89.5, p=0.112, I’=46%

M - SMD
= - 95% Confidence Interval
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Fig. 5. Forest plot for subgroup analysis on rodent species.
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Fig. 6. Meta-regression bubble plots. (A. Dosage; B. Duration of exposure) Note: Each bubble represents a study proportional to the size of corresponding SMDs.

analysis indicate that there was a significant positive association be-
tween the duration of PBDE exposure (y) and hepatoxicity (x) (y =
0.0295x + 0.5, RZ= 0.1065, p = 0.047) (Fig. 6B). This implies that more

prolonged exposure to PBDEs was associated with increased hepatox-
icity in rodents. Moreover, it is important to note that the effect size, as
indicated by the R? value (0.1065), was relatively small, suggesting that

10
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the duration of exposure alone does not fully explain the species-related
differences in PBDE-induced hepatoxicity. Furthermore, it’s crucial to
highlight that due to the high lipophilicity of PBDEs, even a single or
short-term dose can lead to prolonged exposure in the animal. PBDEs
have the capacity to partition into adipose tissue, resulting in sustained
exposure over time. Additionally, in reproductive designs, PBDEs can be
eliminated through breast milk, further contributing to prolonged
exposure. While exposure duration remains vital for various compounds,
it’s noteworthy that highly halogenated lipophilic substances such as
PBDESs can lead to enduring exposures even with short-term or single
doses (Andersen et al., 2008).

Comparing the results of the two analyses, the meta-regression on
PBDE dosage produced a stronger relationship between PBDE exposure
and hepatoxicity than the meta-regression on the duration of exposure,
as indicated by the larger effect size and lower p-value (y = 0.0275x%, p
= 0.023). This suggests that the dosage of PBDEs may be a more critical
factor than the duration of exposure in determining the hepatoxicity
induced by PBDEs in rodents. However, it is important to note that the
two meta-regressions analyzed different exposure variables, and the
factors contributing to PBDE-induced hepatoxicity are likely complex
and multifaceted.

Interaction analyses among rodent species and moderating variables

A factorial ANOVA was implemented to explore further the species-
related differences in the PBDE-induced hepatoxicity in rodents
(Table S5). Findings from section 3.3.2 indicated that the inclusion of
PBDE congeners and mixtures as a moderator did not yield significant
differences in effect size. Furthermore, due to incomplete representation
of both rodent species across each exposure life stage, these two vari-
ables were omitted from the interaction analysis. Fig. 7 presents the
visualization of the interactions among moderators vs. rodent species
(rats or mice).

Rodent species with dosage and duration of exposure

Fig. 7A and 7B show that the extent of PBDE-induced hepatoxicity
was similar for both rat and mice species in the low and moderate PBDE
dosage groups (p > 0.05). However, significant differences between rats
and mice were discovered in the high PBDE dosage groups (F(2,122) =
3.22, p = 0.46; F(2,122) = 5.33, p = 0.046, respectively), in the mod-
erate duration (F(2,122) = 5.44, p = 0.032; F(2,122) = 4.27, p = 0.026,
respectively) and the long duration of exposure groups (F(2,122) = 6.21,
p = 0.003; F(2,122) = 5.28, p = 0.004, respectively). Therefore, the
results suggest that species difference in the effect of PBDE on
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hepatoxicity is dependent on the dosage and duration of exposure.

Interactions among rodent species and endpoints of hepatotoxicity

Factorial ANOVA was performed to determine the nature and di-
rection of the differences between the species across the hepatotoxicity
endpoints (Table 2). Two specific endpoints, (reactive metabolites (RM)
and the apoptotic pathway (AP), were excluded from this analysis due to
incomplete representation in both species. Fig. 8 shows the comparison
between variables (rodent species and hepatotoxicity endpoints). Re-
sults revealed that rats were most sensitive in organ weight changes (e.
g., liver weight and liver index), having an SMD higher than mice (F
(9,18.9) = 4.67, p = 0.035). Rats were also found to be the most
responsive to alterations in hepatic tissues (e.g., hepatocyte swelling,
liver lesions, liver necrosis, vacuolization, etc.) when exposed to PBDEs
(F (10,18.9) = 5.11, p = 0.022).

However, results revealed that mice were more vulnerable to lipid
accumulation (e.g., hepatocytic fatty degeneration) and alterations in
liver enzyme expression levels (CyplA1l, CyplA2, Cyp2B, etc) compared
to rats (F (1, 18.9) = 3.88, p = 0.029; F (5, 18.9) = 3.16, p = 0.039,
respectively). Examining the mechanistic endpoints, it became evident
that rats were more sensitive to mitochondrial dysfunctions (e.g.,
membrane potential, mitochondrial swelling, Ca + efflux, etc.) and
oxidative stress (e.g., SOD, CAT, GRD, GPX, etc.) in contrast to mice (F
(3,18.9) =3.87,p = 0.042; F (5, 18.9) = 4.66, p = 0.027, respectively).
Furthermore, the findings revealed that both rats and mice, regardless of
their species, exhibited a similar level of response in the endoplasmic
reticular reaction when exposed to PBDEs (p > 0.05).

Discussion

PBDEs have been linked to a variety of health effects, including
hepatotoxicity. Since different animal models, parameters, and in-
dicators of liver functions are being used to evaluate the hepatoxicity of
PBDE in living organisms, this can lead to variations in health outcomes,
inconsistencies, and incomparability of results. Studies have shown that
rodents, the most used animal models, can exhibit different health
outcomes in response to exposure to certain chemicals, where some were
showing greater susceptibility to PBDE-induced hepatotoxicity in rats
compared to mice (Schauber et al., 1997; Cunningham, 2002; Rowland
& Toth, 2019). Thus, this study was designed to elucidate the differences
in the incidence and severity of hepatoxicity induced by PBDEs in ro-
dents that might be moderated by different factors such as the type of
PBDE congeners used, rodent species, life stage of exposure, dosage,
duration of exposure, and the endpoints of hepatoxicity.

25 A B oo Rat
e----0 Mouse
n=2 n=3
? n=2 ..-""‘“ .‘,::
..._...o" ‘.‘.' — n= .':::-‘ —
E :1 ....o.‘. “‘,‘ n .......'. =].“‘|‘ n 2
7 o e et
1.5 PO n=2 n=3
n=2
Low Moderate High Short Moderate Long
(<1 mg/kg) (1-50 mg/kg) (>50 mg/kg) (< 7 days) (8-30 days) (>30 days)

Fig. 7. Interaction plots among the rodent species. (A. Dosage; B. Duration of exposure) Note: n = no. of studies/samples.
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Fig. 8. Factorial ANOVA plot of the rodent species vs. endpoints of hepatotoxicity (Note: Organ weight (OW); Histopathological changes (HC); Lipid accumulation
(LA); Liver enzyme expression (LEE); Mitochondrial dysfunction (MD); Endoplasmic reticular stress (ERS); Oxidative stress markers (OSM); * - significantly different
at p < 0.05 (rats vs. mice); n — no. of studies; error bars — 95% confidence interval).

The findings revealed a significant association between PBDE expo-
sure and the overall incidence of hepatoxicity in rodents, as consistently
reported across all the studies involved. This toxicological outcome was
substantiated by various indicators, including changes in relative liver
weight, liver necrosis, gene and protein expressions of liver enzymes,
histological analyses of liver tissues, endoplasmic reticular and mito-
chondrial stress, lipid accumulation, and concentrations of oxidative
stress markers. Dunnick et al. (2018) and Lee et al. (2010) reported that
both BDE-47 and BDE-209 led to a notable increase in liver weight,
elevated incidence of liver necrosis, enhanced hepatic CYP expression,
and heightened severity of hepatocyte hypertrophy in rodents. Addi-
tionally, Albina et al. (2010) and Blanco et al. (2012) uncovered that
BDE-99 could induce liver hypertrophy, liver lesions, and elevate the
expressions of oxidative stress markers in the liver of rodents. The
presence of liver lesions, such as ulceration and inflammation, can
potentially be linked to stress induced by exposure to environmental
toxicants (Greaves, 2000).

Regarding PBDE mixtures, Dunnick et al. (2009) observed that most
liver lesions and alterations in CYP enzyme expressions were noted in
rats exposed to dosages of 50 mg/kg and 100 mg/kg of the PBDE mixture
(DE-71). Furthermore, their subsequent study revealed that DE-71
induced hepatocyte vacuolization, leading to an increase in rats’ liver
weight (Dunnick et al., 2012). Additionally, Dunnick et al. (2018) re-
ported that DE-71 triggered transcriptomic changes in liver cells,
including the upregulation of cytochrome P450 transcripts and the
downregulation of ABC membrane transport transcripts. However, the
mechanisms of hepatotoxicity and toxicokinetics of PBDE mixtures like
DE-71 remain unclear and intricate. DE-71 consists of a mixture of PBDE
congeners, each possessing distinct chemical structures and properties
(Wirth et al., 2015). This composition can result in a wide array of in-
teractions and effects within the liver, making it challenging to pinpoint
a singular unified mechanism.

Curcic et al. (2015) found that increasing the dosage of BDE-209
significantly increased the changes in liver weight, which supports the
results of the meta-regression analysis of this study; as the PBDE dosage
increases, the degree and severity of toxicity indicators also increase.
Like in other studies, BDE-209 significantly increased the indicators of
hepatic cell damage, such as AST and y-GT activities, and the degree of
histopathological changes in liver tissues. Oxidative stress markers as
mechanistic endpoints of hepatoxicity were also altered in the involved
studies on PBDE toxicity in rodents. Albina et al. (2010) revealed that
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BDE-99 significantly increased SOD activity, GSSG levels, and GSSG/
GSH ratio, while GSH levels decreased. When reactive oxygen species
(ROS) production exceeds antioxidant defense, free radicals act on
macromolecules like proteins, lipids, and nucleic acids, setting off a
chain reaction in which intermediate species can act as oxidizing agents,
thereby altering cellular morphology and function (Moreno et al., 2005).

Through subgroup analysis, this study found significant differences
in the incidence and severity of PBDE-induced hepatoxicity as measured
by the variations in effect size across different moderators. Although
differences in PBDE congeners as a moderator were not statistically
significant, BDE-209 had the highest SMD in inducing hepatoxicity in
rodents. BDE-209 is a highly brominated congener with a relatively long
half-life in vivo, which can lead to prolonged exposure to liver cells and
increase the risk of developing hepatoxicity (Pereira et al., 2017; Sun
et al., 2020). Moreover, this congener is known to significantly induce
cytochrome P450 (CYP) enzymes in liver cells, which are responsible for
the metabolism of many xenobiotics (Dong et al., 2010; Khidkhan et al.,
2020). Increased CYP activity can produce reactive metabolites that can
damage liver cells and contribute to the development of hepatotoxicity.

Furthermore, it was revealed that rodents during the embryonic
stage were most sensitive to PBDE-induced hepatoxicity. This might be
because the liver is still in the early stages of development and has not
fully developed its metabolic and detoxification capabilities. Thus, the
organ systems of rodents are more susceptible to disruption by envi-
ronmental pollutants during the prenatal stage (Fagundes et al., 2022).
Rats generally have more extended gestation periods than those mice,
averaging 21-23 days for rats and 19-21 days for mice (Bryda, 2013).
However, this variation in gestational time might not always correspond
to variations in the rate of development of organs or systems. Kratchman
et al. (2018) discovered that rats are significantly more sensitive than
mice for non-cancerous outcomes observed in various toxicity assays. A
study by Viberg et al. (2003) found that neonatal rats exposed to PBDEs
had decreased learning and memory ability compared to mice exposed
to the same level of PBDEs. Another study by Dingemans et al. (2007)
found that PBDEs caused more severe toxicity in rats than in mice
regarding developmental delay and abnormalities.

Meta-regression and interaction analyses confirmed the positive
relationship between hepatoxicity in rodents and dosage and duration of
exposure to PBDE. Results showed a species-related difference in the
severity of hepatoxicity in rodents, where rats have more significant
SMD values than mice in studies with high dosages (>50 mg/kg)
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administered in more than seven days of exposure. These findings sug-
gest that mice might have a higher capacity for PBDE metabolism and
elimination compared to rats, making them more resistant to the toxic
effects of PBDEs at lower doses and shorter exposure durations. How-
ever, at higher doses and longer exposure durations, rats may become
more susceptible to liver damage due to the accumulation of PBDEs and
their metabolites in the liver (Dingemans et al., 2011). Notably, the
characteristic of PBDEs being both lipophilic and containing multiple
halogens contributes to their ability to remain in the body for an
extended period, even if the exposure event itself is short-term (Hites,
2004; Andersen et al., 2008;).

Results showed that changes in liver weight, histopathological al-
terations, and an increased concentration of oxidative stress markers
were most prominently observed in rats exposed to PBDEs. Conversely,
lipid accumulation and more pronounced changes in liver enzyme
expression levels were found in mice. These findings suggest that PBDE
exposure triggers species-specific responses in the liver, resulting in
distinct outcomes between rats and mice. Darnerud et al. (2001) re-
ported that rats metabolize PBDEs more slowly than mice, potentially
leading to higher PBDE concentrations in rat tissues and more pro-
nounced toxic effects. These alterations might lead to the accumulation
of metabolites, such as glycogen and lipids, within hepatocytes. The
heightened metabolic activity, driven by the necessity to process and
detoxify PBDEs, could contribute to the expansion of liver cells, ulti-
mately leading to an overall increase in liver weight, liver tissue dam-
age, and an elevated concentration of reactive metabolites. Reactive
metabolites, such as reactive oxygen and nitrogen species (RONS), are
profoundly reactive chemical species that can induce damage to various
cellular components, including DNA, proteins, and lipids (Weidinger &
Kozlov, 2015; Tanabe et al., 2022). ROS and RNS generated during
oxidative stress can initiate a process called lipid peroxidation. This
process involves the oxidation of lipid molecules, particularly poly-
unsaturated fatty acids, potentially causing an imbalance between lipid
acquisition and disposal in the liver. This imbalance can contribute to
hepatic fatty degeneration (Ipsen et al., 2018).

Furthermore, these variations in toxicological responses can be
attributed to differences in the expression levels of liver enzymes,
particularly cytochrome P450, across rodent species. For instance,
CYP3As, which are pivotal for BDE-47 metabolism, have shown higher
expression levels in rat livers than in mice (Martignoni et al., 2006; Sun
et al., 2016). Conversely, Hammer et al. (2021) have demonstrated that
CYP2Cs is more abundant in rat liver tissues (58 fmol/ug) compared to
mice (8 fmol/ug). Notably, CYP2Cs holds a significant role as the pre-
dominant cytochrome P450 in adult rat livers, contributing to the
metabolism of a range of compounds, including persistent organic pol-
lutants (POPs) (Wei et al., 2018). The observed differences in the
expression and the catalytic functions of these liver enzymes between
rats and mice might play a role in the distinct species-specific responses
to PBDE-induced hepatotoxicity, thereby corroborating the findings of
this meta-analysis.

PBDEs can disrupt mitochondrial function by interfering with the
electron transport chain and reducing ATP production. Moreover, con-
taminants can impair mitochondrial bioenergetics or structure by
interfering with oxidative phosphorylation (Mishra & Chan, 2014). This
can result in the accumulation of reactive oxygen species (ROS) and
oxidative stress, which can further damage mitochondrial DNA and
proteins and impair mitochondrial function (Ding et al., 2018). Mito-
chondrial stress and dysfunction have been linked to the pathogenesis of
various diseases, including PBDE-induced liver toxicity. Similar results
were found for mitochondrial stress as a liver function marker for PBDE-
induced hepatoxicity, mainly observed in rats. Pereira et al. (2015),
Pereira et al. (2017), Pereira et al. (2018), and Chen et al. (2022) have
shown that liver abnormalities, necrosis, and alteration of liver enzymes
specifically by BDE-209 and BDE-153 exposure attribute from mito-
chondrial dysfunction as a consequence of mitochondrial membrane
potential dissipation and buildup of reactive oxygen species. Prolonged
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exposure to PBDE congeners may result in apoptotic cell death, as evi-
denced by pro-apoptotic molecules such as cytochrome ¢, apoptosis-
inducing factor (AIF), and activation of Caspase 3 (Pereira et al., 2018).

Endoplasmic reticulum (ER) stress is a cellular response to environ-
mental stressors such as PBDE exposure (Li et al., 2018). When mis-
folded or unfolded proteins accumulate in the ER, the unfolded protein
response (UPR) pathway is activated, which aims to restore ER ho-
meostasis. The upregulation of genes involved in protein folding, ER-
associated degradation, and cellular apoptosis is part of the UPR
pathway (Tang et al., 2017). Regardless of rodent species, there was no
significant difference in the hepatotoxicity induced by PBDE in terms of
ER stress between rats and mice. One possible explanation for this
similarity is that the UPR pathway is a conserved response mechanism in
all vertebrates, including mice and rats. Therefore, exposure to PBDEs
may trigger similar UPR pathways in mice and rats of different devel-
opmental stages, resulting in similar SMD values for ER stress markers.

Like any other study, this meta-analysis has several limitations that
must be considered. Although grouping this dosage (low, moderate,
high) would be of great help, it poses a threat to the validity of the
findings. The sex of the animal was not considered in this meta-analysis,
which restricts other possible implications of the study. Despite the
absence of a significant publication bias, the heterogeneity between
each study should be carefully considered. Conducting high-quality
human studies and animal experiments using different animal models
is expected to support the findings of this meta-analysis.

To our knowledge, this study is the first meta-analysis on the species
differences in hepatoxicity induced by PBDEs in rats and mice. Thus,
these findings might have implications for the risk assessment and
management of PBDEs in the environment, highlighting the importance
of considering species-related differences of organisms when evaluating
the potential effects of environmental contaminants. This study can also
help researchers design better experiments and improve the quality of
the data.

Conclusion

This meta-analysis provides robust evidence supporting the adverse
impact of PBDEs on liver health in rats and mice. The analysis identified
dosage, exposure duration, and life stage of exposure as significant
moderators of PBDE-induced hepatotoxicity in rodents. Furthermore, it
revealed substantial species-related differences in the hepatoxicity
resulting from PBDE exposure. Specifically, rats exhibited heightened
sensitivity to changes in organ weight, histopathological alterations,
mitochondrial dysfunction, and oxidative stress markers. In contrast,
mice displayed more pronounced lipid accumulation and alterations in
liver enzyme expression levels. However, no significant differences were
observed in endoplasmic reticular stress as a hepatoxicity mechanistic
endpoint. A better understanding of species-specific differences in
PBDE-induced hepatoxicity can inform risk assessments and regulatory
decisions related to human exposure to these chemicals, when extrap-
olating the rodents’ results to humans. This can lead to improved public
health outcomes and better protection of human health and may stim-
ulate research on the molecular mechanisms of hepatotoxicity of PBDEs
and the development of therapeutic strategies.

Funding statement

This work was supported by Grants-in-Aid for Scientific Research (S)
[No. 26220103] and (A) [No. 19H01150] from the Japan Society for the
Promotion of Science (JSPS). The study was also supported by the
Ministry of Education, Culture, Sports, Science and Technology, Japan
(MEXT), to a project on Joint Usage/Research Center — Leading
Academia in Marine and Environment Pollution Research (LaMer).

CRediT authorship contribution statement

Dave Arthur R. Robledo: Conceptualization, Software, Methodol-
ogy, Investigation, Visualization, Writing — original draft. Maricar S.



D.A.R. Robledo et al.

Prudente: Validation, Writing — review & editing, Supervision. Socorro
E. Aguja: Validation, Writing — review & editing. Hisato Iwata: Vali-
dation, Writing — review & editing, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.crtox.2023.100131.

References

Albina, M.L., Alonso, V., Linares, V., Bellés, M., Sirvent, J.J., Domingo, J.L., Sdnchez, D.
J., 2010. Effects of exposure to BDE-99 on oxidative status of liver and kidney in
adult rats. Toxicology 271 (1-2), 51-56. https://doi.org/10.1016/j.
t0x.2010.03.006.

Andersen, M.E., Reddy, M.B., Plotzke, K.P., 2008. Are highly lipophilic volatile
compounds expected to bioaccumulate with repeated exposures? toxicology letters
179 (2), 85-92. https://doi.org/10.1016/j.toxlet.2008.04.007.

Andrade, C., 2020. mean difference, standardized mean Difference (SMD), and their use
in Meta-Analysis: as simple as it gets. The Journal of clinical psychiatry 81 (5),
20f13681. https://doi.org/10.4088/JCP.20f13681.

Bakbergenuly, 1., Hoaglin, D.C., Kulinskaya, E., 2020. Estimation in meta-analyses of
mean difference and standardized mean difference. Statistics in medicine 39 (2),
171-191. https://doi.org/10.1002/sim.8422.

Birnbaum, L.S., Cohen Hubal, E.A., 2006. Polybrominated diphenyl ethers: a case study
using biomonitoring data to address risk assessment questions. Environmental health
perspectives 114 (11), 1770-1775. https://doi.org/10.1289/ehp.9061.

Blanco, J., Mulero, M., Domingo, J.L., Sanchez, D.J., 2012. Gestational exposure to BDE-
99 produces toxicity through upregulation of CYP isoforms and ROS production in
the fetal rat liver. Toxicological Sciences 127 (1), 296-302. https://doi.org/
10.1093/toxsci/kfs082.

Borenstein, M., Hedges, L.V., Higgins, J.P., Rothstein, H.R., 2011. A basic introduction to
fixed-effect and random-effects models for meta-analysis. Research synthesis
methods 1 (2), 97-111. https://doi.org/10.1002/jrsm.12.

Braune, B.M., Letcher, R.J., Gaston, A.J., Mallory, M.L., 2015. Trends of polybrominated
diphenyl ethers and hexabromocyclododecane in eggs of canadian arctic seabirds
reflect changing use patterns. Environmental Research 142, 651-661.

Brito, P.M., Biscaia, S.M.P., de Souza, T.L., Ramos, A.B., Leao-Buchir, J., de Almeida
Roque, A., de Lima Bellan, D., da Silva Trindade, E., Filipak Neto, F., de Oliveira
Ribeiro, C.A., 2020. Oral exposure to BDE-209 modulates metastatic spread of
melanoma in C57BL/6 mice inoculated with B16-F10 cells. Chemosphere 260,
127556. https://doi.org/10.1016/j.chemosphere.2020.127556.

Brown, K.G., Strickland, J., 2003. Utilizing data from multiple studies (meta-analysis) to
determine effective dose-duration levels. Example: rats and mice exposed to
hydrogen sulfide. Regulatory toxicology and pharmacology : RTP 37 2, 305-317.

Bryda, E.C., 2013. The Mighty Mouse: the impact of rodents on advances in biomedical
research. Missouri medicine 110 (3), 207-211.

Chen, S., Che, S., Li, S., Wan, J., & Ruan, Z. (2022). High-fat diet exacerbated
decabromodiphenyl ether-induced hepatocyte apoptosis via intensifying the transfer
of Ca2+ from the endoplasmic reticulum to mitochondria. Environmental pollution
(Barking, Essex: 1987), 292(Pt A), 118297. https://doi.org/10.1016/j.
envpol.2021.118297.

Chinn S. (2000). A simple method for converting an odds ratio to effect size for use in
meta-analysis. Statistics in medicine, 19(22), 3127-3131. https://doi.org/10.1002/
1097-0258(20001130)19:22<3127::aid-sim784>3.0.co;2-m.

Cunningham, M.L., 2002. A mouse is not a rat is not a human: species differences exist.
Toxicological sciences : an official journal of the Society of Toxicology 70 (2),
157-158. https://doi.org/10.1093/toxsci/70.2.157.

Curcic, M., Tanaskovic, S., Stankovic, S., Jankovic, S., Antunovic, M., Djordjevic, S.,
Antonijevic, B., 2015. Relationship of hepatotoxicity and the target tissue dose of dec
brominated diphenyl ether in sub acutely exposed wistar rats. Military Medical and
Pharmaceutical Journal of Serbia 72 (5), 405-413. https://doi.org/10.2298/
vsp1505405c.

Darnerud, P.O., Aune, M., Larsson, L., Hallgren, S., 2001. Placental transfer of
polychlorinated biphenyls, their hydroxylated metabolites and pentachlorophenol in
pregnant mice. Archives of Toxicology 75 (12), 760-765. https://doi.org/10.1007/
s002040100288.

Darnerud, P.O., 2001. Toxic effects of brominated flame retardants in man and wildlife.
Environment International 29 (6), 841-853. https://doi.org/10.1016/50160-4120
(03)00107-7.

14

Current Research in Toxicology 5 (2023) 100131

de Wit, C.A., 2002. An overview of brominated flame retardants in the environment.
Chemosphere 46 (5), 583-624. https://doi.org/10.1016/s0045-6535(01)00225-9.

DerSimonian, R., Kacker, R., 2007. Random-effects model for meta-analysis of clinical
trials: an update. Contemporary clinical trials 28 (2), 105-114. https://doi.org/
10.1016/j.cct.2006.04.004.

DerSimonian, R., Laird, N., 1986. Meta-analysis in clinical trials. Controlled clinical trials
7 (3), 177-188. https://doi.org/10.1016/0197-2456(86)90046-2.

Ding, Y., et al., 2018. Maternal exposure to polybrominated diphenyl ethers during
gestation and lactation induced mitochondria-mediated apoptosis in hippocampus of
rat offspring. Chemosphere 202, 454-463.

Dingemans, M.M., Ramakers, G.M., Gardoni, F., van Kleef, R.G., Bergman, A., Di
Luca, M., van den Berg, M., Westerink, R.H., Vijverberg, H.P., 2007. Neonatal
exposure to brominated flame-retardant BDE-47 reduces long-term potentiation and
postsynaptic protein levels in mouse hippocampus. Environmental health
perspectives 115 (6), 865-870. https://doi.org/10.1289/ehp.9860.

Dingemans, M.M., Heusinkveld, H.J., Bergman, /Q\A, De Groot, A., Westerink, R.H., 2011.
Differential gene expression analysis of in vitro PBDE exposure in rat and mouse
hepatocytes using ToxProfiler. Toxicology in vitro 25 (7), 1516-1524.

Dong, H., Li, Z., Man, X., Zhou, J., Lu, H., Wang, S., 2010. Identification of the
metabolites of polybrominated diphenyl ether 99 and its related cytochrome P450s.
Journal of biomedical research 24 (3), 223-232. https://doi.org/10.1016/51674-
8301(10)60032-2.

Dorman, D.C., Chiu, W., Hales, B.F., Hauser, R., Johnson, K.J., Mantus, E., Martel, S.,
Robinson, K.A., Rooney, A.A., Rudel, R., Sathyanarayana, S., Schantz, S.L.,

Waters, K.M., 2018. Polybrominated diphenyl ether (PBDE) neurotoxicity: a
systematic review and meta-analysis of animal evidence. Journal of toxicology and
environmental health. Part B, Critical reviews 21 (4), 269-289. https://doi.org/
10.1080/10937404.2018.1514829.

Dunnick, J.K., Nyska, A., 2009. Characterization of liver toxicity in F344/N rats and
B6C3F1 mice after exposure to a flame retardant containing lower molecular weight
polybrominated diphenyl ethers. Experimental and toxicologic pathology: official
journal of the Gesellschaft fur Toxikologische Pathologie 61 (1), 1-12. https://doi.
org/10.1016/j.etp.2008.06.008.

Dunnick, J.K., Brix, A., Cunny, H., Vallant, M., Shockley, K.R., 2012. Characterization of
polybrominated diphenyl ether toxicity in wistar han rats and use of liver microarray
data for predicting disease susceptibilities. Toxicologic pathology 40 (1), 93-106.
https://doi.org/10.1177/0192623311429973.

Dunnick, J.K., Shockley, K.R., Pandiri, A.R., Kissling, G.E., Gerrish, K.E., Ton, T.V.,
Wilson, R.E., Brar, S.S., Brix, A.E., Waidyanatha, S., Mutlu, E., Morgan, D.L., 2018.
PBDE-47 and PBDE mixture (DE-71) toxicities and liver transcriptomic changes at
PND 22 after in utero/postnatal exposure in the rat. Archives of toxicology 92 (11),
3415-3433. https://doi.org/10.1007/500204-018-2292-y.

Ervin, R.B., 2009. Prevalence of metabolic syndrome among adults 20 years of age and
over, by sex, age, race and ethnicity, and body mass index: United states,
2003-2006. National health statistics reports 13, 1-7.

European Centre for Ecotoxicology and Toxicology of Chemicals The use of rodents in
regulatory ecotoxicity, environmental fate and metabolism studies https://www.
ecetoc.org/wp-content/uploads/2014/08/TR116ECETOCLRI.pdf 2010 Retrieved
from.

Fagundes, B.H.F., Nascimento, P.C., Aragao, W.A.B., Chemelo, V.S., Bittencourt, L.O.,
Eir6-Quirino, L., Silva, M.C.F., Freire, M.A.M., Fernandes, L.M.P., Maia, C.D.S.F.,
Crespo-Lopez, M.E., Lima, R.R., 2022. Methylmercury exposure during prenatal and
postnatal neurodevelopment promotes oxidative stress associated with motor and
cognitive damages in rats: an environmental-experimental toxicology study.
Toxicology reports 9, 563-574. https://doi.org/10.1016/j.toxrep.2022.02.014.

Faraone, S.V., 2008. Interpreting estimates of treatment effects: implications for
managed care. P & T: a peer-reviewed journal for formulary management 33 (12),
700-711.

Friedrich, J.O., Adhikari, N.K., Beyene, J., 2011. Ratio of means for analyzing continuous
outcomes in meta-analysis performed as well as mean difference methods. Journal of
clinical epidemiology 64 (5), 556-564. https://doi.org/10.1016/j.
jclinepi.2010.09.016.

Gill, U., Chuy, I, Ryan, J.J., Feeley, M., 2004. Polybrominated diphenyl ethers: human
tissue levels and toxicology. Reviews of environmental contamination and
toxicology 183, 55-97. https://doi.org/10.1007/978-1-4419-9100-3_3.

Gorris, L.G.M., Yoe, C., 2014. risk analysis: Risk assessment: Principles, methods, and
applications. Encyclopedia of Food Safety 65-72. https://doi.org/10.1016/b978-0-
12-378612-8.00031-7.

Grant, D.M., 1991. Detoxification pathways in the liver. Journal of inherited metabolic
disease 14 (4), 421-430. https://doi.org/10.1007/BF01797915.

Greaves, P., 2000. Endocrine system 1. Histopathology of preclinical toxicity studies —
interpretation and relevance in drug safety evaluation. Elsevier, Amsterdam, The
Netherlands, pp. 736-822.

Gomara, B., Herrero, L., Gonzalez, M.J., 2006. Survey of polybrominated diphenyl ether
levels in spanish commercial foodstuffs. Environmental Science & technology 40
(24), 7541-7547. https://doi.org/10.1021/es061130w.

Hale, R.C., La Guardia, M.J., Harvey, E.P., Mainor, T.M., Duff, W.H., Gaylor, M.O., 2001.
Polybrominated diphenyl ether flame retardants in virginia freshwater fishes (USA).
Environmental Science & technology 35 (23), 4585-4591. https://doi.org/10.1021/
es010845q.

Hale, R.C., La Guardia, M.J., Harvey, E., Mainor, T.M., 2002. Potential role of fire
retardant-treated polyurethane foam as a source of brominated diphenyl ethers to
the US environment. Chemosphere 46 (5), 729-735. https://doi.org/10.1016/
50045-6535(01)00237-5.


https://doi.org/10.1016/j.crtox.2023.100131
https://doi.org/10.1016/j.crtox.2023.100131
https://doi.org/10.1016/j.tox.2010.03.006
https://doi.org/10.1016/j.tox.2010.03.006
https://doi.org/10.1016/j.toxlet.2008.04.007
https://doi.org/10.4088/JCP.20f13681
https://doi.org/10.1002/sim.8422
https://doi.org/10.1289/ehp.9061
https://doi.org/10.1093/toxsci/kfs082
https://doi.org/10.1093/toxsci/kfs082
https://doi.org/10.1002/jrsm.12
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0040
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0040
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0040
https://doi.org/10.1016/j.chemosphere.2020.127556
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0050
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0050
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0050
http://refhub.elsevier.com/S2666-027X(23)00029-4/optjT1uIYPr2d
http://refhub.elsevier.com/S2666-027X(23)00029-4/optjT1uIYPr2d
https://doi.org/10.1002/1097-0258
https://doi.org/10.1002/1097-0258
https://doi.org/10.1093/toxsci/70.2.157
https://doi.org/10.2298/vsp1505405c
https://doi.org/10.2298/vsp1505405c
https://doi.org/10.1007/s002040100288
https://doi.org/10.1007/s002040100288
https://doi.org/10.1016/S0160-4120(03)00107-7
https://doi.org/10.1016/S0160-4120(03)00107-7
https://doi.org/10.1016/s0045-6535(01)00225-9
https://doi.org/10.1016/j.cct.2006.04.004
https://doi.org/10.1016/j.cct.2006.04.004
https://doi.org/10.1016/0197-2456(86)90046-2
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0100
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0100
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0100
https://doi.org/10.1289/ehp.9860
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0110
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0110
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0110
https://doi.org/10.1016/S1674-8301(10)60032-2
https://doi.org/10.1016/S1674-8301(10)60032-2
https://doi.org/10.1080/10937404.2018.1514829
https://doi.org/10.1080/10937404.2018.1514829
https://doi.org/10.1016/j.etp.2008.06.008
https://doi.org/10.1016/j.etp.2008.06.008
https://doi.org/10.1177/0192623311429973
https://doi.org/10.1007/s00204-018-2292-y
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0140
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0140
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0140
https://doi.org/10.1016/j.toxrep.2022.02.014
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0155
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0155
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0155
https://doi.org/10.1016/j.jclinepi.2010.09.016
https://doi.org/10.1016/j.jclinepi.2010.09.016
https://doi.org/10.1007/978-1-4419-9100-3_3
https://doi.org/10.1016/b978-0-12-378612-8.00031-7
https://doi.org/10.1016/b978-0-12-378612-8.00031-7
https://doi.org/10.1007/BF01797915
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0185
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0185
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0185
https://doi.org/10.1021/es061130w
https://doi.org/10.1021/es010845q
https://doi.org/10.1021/es010845q
https://doi.org/10.1016/s0045-6535(01)00237-5
https://doi.org/10.1016/s0045-6535(01)00237-5

D.A.R. Robledo et al.

Hammer, H., Schmidt, F., Marx-Stoelting, P., Potz, O., Braeuning, A., 2021. Cross-species
analysis of hepatic cytochrome P450 and transport protein expression. Archives of
toxicology 95 (1), 117-133. https://doi.org/10.1007/500204-020-02939-4.

Hansen, R.A., Moore, C.G., Dusetzina, S.B., Leinwand, B.I., Gartlehner, G., Gaynes, B.N.,
2009. Controlling for drug dose in systematic review and meta-analysis: a case study
of the effect of antidepressant dose. Medical decision making: an international
journal of the Society for Medical Decision Making 29 (1), 91-103. https://doi.org/
10.1177/0272989X08323298.

Harzing, A.W. (2007) Publish or Perish, available from https://harzing.com/resources/
publish-or-perish.

Herbstman, J.B., Mall, J.K., 2014. Developmental Exposure to Polybrominated Diphenyl
Ethers and Neurodevelopment. Current environmental health reports 1 (2),
101-112. https://doi.org/10.1007/s40572-014-0010-3.

Higgins JPT, Thomas J, Chandler J, Cumpston M, Li T, Page MJ, Welch VA (editors).
Cochrane Handbook for Systematic Reviews of Interventions version 6.3 (updated
February 2022). Cochrane, 2022. www.training.cochrane.org/handbook.

Hites, R.A., 2004. Polybrominated diphenyl ethers in the environment and in people: a
meta-analysis of concentrations. Environmental science & technology 38 (4),
945-956. https://doi.org/10.1021/es035082g.

Hudson-Hanley, B., Irvin, V., Flay, B., MacDonald, M., Kile, M.L., 2018. Prenatal PBDE
exposure and neurodevelopment in children 7 years old or younger: a systematic
review and meta-analysis. Curr Epidemiol Rep 5 (1), 46-59.

Inoue, K., Harada, K., Takenaka, K., Uehara, S., Kono, M., Shimizu, T., Takasuga, T.,
Senthilkumar, K., Yamashita, F., Koizumi, A., 2006. Levels and concentration ratios
of polychlorinated biphenyls and polybrominated diphenyl ethers in serum and
breast milk in japanese mothers. Environmental health perspectives 114 (8),
1179-1185. https://doi.org/10.1289/ehp.9032.

Ipsen, D.H., Lykkesfeldt, J., Tveden-Nyborg, P., 2018. Molecular mechanisms of hepatic
lipid accumulation in non-alcoholic fatty liver disease. Cellular and molecular life
sciences. CMLS 75 (18), 3313-3327. https://doi.org/10.1007/s00018-018-2860-6.

Jacoby, R.O., Fox, J.G., Davisson, M., 2002. Biology and diseases of mice. Laboratory
Animal Medicine 35-120. https://doi.org/10.1016/B978-012263951-7/50006-5.

Jin, X., Lee, S., Jeong, Y., Yu, J.-P., Baek, W.K., Shin, K.-H., Kannan, K., Moon, H.-B.,
2016. species-specific accumulation of polybrominated diphenyl ethers (PBDEs) and
other emerging flame retardants in several species of birds from korea.
Environmental Pollution 219, 191-200.

Jorundsdottir, H., Lofstrand, K., Svavarsson, J., Bignert, A., Bergman, /°\., 2013.
Polybrominated diphenyl ethers (PBDEs) and hexabromocyclododecane (HBCD) in
seven marine bird species from iceland. Chemosphere 93 (8), 1526-1532. https://
doi.org/10.1016/j.chemosphere.2013.07.061.

Khidkhan, K., Mizukawa, H., Ikenaka, Y., Nakayama, S.M.M., Nomiyama, K.,
Yokoyama, N., Ichii, O., Takiguchi, M., Tanabe, S., Ishizuka, M., 2020. Altered
hepatic cytochrome P450 expression in cats after chronic exposure to
decabromodiphenyl ether (BDE-209). The Journal of veterinary medical science 82
(7), 978-982. https://doi.org/10.1292/jvms.20-0140.

Kozlova, E.V., Chinthirla, B.D., Pérez, P.A., DiPatrizio, N.V., Argueta, D.A., Phillips, A.L.,
Stapleton, H.M., Gonzalez, G.M., Krum, J.M., Carrillo, V., Bishay, A.E., Basappa, K.
R., Currés-Collazo, M.C., 2020. Maternal transfer of environmentally relevant
polybrominated diphenyl ethers (PBDEs) produces a diabetic phenotype and disrupts
glucoregulatory hormones and hepatic endocannabinoids in adult mouse female
offspring. Scientific Reports 10 (1). https://doi.org/10.1038/541598-020-74853-9.

Kratchman, J., Wang, B., Gray, G., 2018. Which is most sensitive? assessing responses of
mice and rats in toxicity bioassays. Journal of toxicology and environmental health.
Part A 81 (7), 173-183. https://doi.org/10.1080/15287394.2018.1423799.

Lamkin, D.M., Chen, S., Bradshaw, K.P., Xu, S., Faull, K.F., Sloan, E.K., Cole, S.W., 2022.
Low-dose exposure to PBDE disrupts genomic integrity and innate immunity in
mammary tissue. Frontiers in genetics 13, 904607. https://doi.org/10.3389/
fgene.2022.904607.

Law, R.J., Allchin, C.R., de Boer, J., Covaci, A., Herzke, D., Lepom, P., Morris, S.,
Tronczynski, J., de Wit, C.A., 2006. Levels and trends of brominated flame retardants
in the european environment. Chemosphere 64 (2), 187-208. https://doi.org/
10.1016/j.chemosphere.2005.12.007.

Lee, E., Kim, T.H., Choi, J.S., Nabanata, P., Kim, N.Y., Ahn, M.Y., Jung, K.K., Kang, I.H.,
Kim, T.S., Kwack, S.J., Park, K.L., Kim, S.H., Kang, T.S., Lee, J., Lee, B.M., Kim, H.S.,
2010. Evaluation of liver and thyroid toxicity in Sprague-Dawley rats after exposure
to polybrominated diphenyl ether BDE-209. The Journal of Toxicological Sciences
35 (4), 535-545.

Li, P., Liu, L., Zhou, G., Tian, Z., Luo, C., Xia, T., Chen, J., Niu, Q., Dong, L., Zhao, Q.,
Wang, A., Zhang, S., 2018. Perigestational exposure to low doses of PBDE-47 induces
excessive ER stress, defective autophagy and the resultant apoptosis contributing to
maternal thyroid toxicity. the Science of the total environment 645, 363-371.
https://doi.org/10.1016/j.scitotenv.2018.07.138.

Liang, S., Gao, H., Sun, H., Gao, N., Zhao, Y., 2012. Experimental studies of the
toxicological responses in mice liver after repeated exposure to BDE-209. In: 2012
international Conference on Biomedical Engineering and Biotechnology. https://doi.
org/10.1109/icbeb.2012.479.

Lilienthal, H., Hack, A., Roth-Harer, A., Grande, S.W., Talsness, C.E., 2006. (2006) effects
of developmental exposure to 2,2,4,4,5-pentabromodiphenyl ether (PBDE-99) on sex
steroids, sexual development, and sexually dimorphic behavior in rats.
Environmental Health Perspectives 114 (2), 194-201. https://doi.org/10.1289/
ehp.8391.

Lin, L., Aloe, A.M., 2021. Evaluation of various estimators for standardized mean
difference in meta-analysis. Statistics in medicine 40 (2), 403-426. https://doi.org/
10.1002/5im.8781.

Makey, C.M., McClean, M.D., Sjodin, A., Weinberg, J., Carignan, C.C., Webster, T.F.,
2014. Temporal variability of polybrominated diphenyl ether (PBDE) serum

15

Current Research in Toxicology 5 (2023) 100131

concentrations over one year. Environmental science & technology 48 (24),
14642-14649. https://doi.org/10.1021/es5026118.

Malarvannan, G., Kunisue, T., Isobe, T., Sudaryanto, A., Takahashi, S., Prudente, M.,
Subramanian, A., Tanabe, S., 2009. Organohalogen compounds in human breast
milk from mothers living in payatas and malate, the philippines: Levels,
accumulation kinetics and infant health risk. Environmental Pollution 157 (6),
1924-1932.

Manfo, F.P.T., Nantia, E.A., Kuete, V., 2014. Hepatotoxicity and hepatoprotective effects
of african medicinal plants. Toxicological Survey of african medicinal plants
323-355. https://doi.org/10.1016/b978-0-12-800018-2.00011-x.

Martignoni, M., Groothuis, G., de Kanter, R., 2006. Comparison of mouse and rat
cytochrome P450-mediated metabolism in liver and intestine. Drug metabolism and
disposition: the biological fate of chemicals 34 (6), 1047-1054. https://doi.org/
10.1124/dmd.105.009035.

Mathur, M.B., VanderWeele, T.J., 2020. Sensitivity analysis for publication bias in meta-
analyses. Journal of the Royal Statistical Society. Series C, Applied statistics 69 (5),
1091-1119. https://doi.org/10.1111/rssc.12440.

McDonald, T.A., 2005. Polybrominated diphenyl ether levels among united states
residents: daily intake and risk of harm to the developing brain and reproductive
organs. Integrated environmental assessment and management 1 (4), 343-354.

Mishra, P., Chan, D.C., 2014. (2014) mitochondrial dynamics and inheritance during cell
division, development, and disease. Nature Reviews 15, 634-646.

Moher, D., Liberati, A., Tetzlaff, J., Altman, D.G., 2009. Preferred reporting items for
systematic reviews and meta-analyses: the PRISMA statement. BMJ 339 (jul21 1),
b2535.

Moreno, J.M., Ruiz, M.G., Ruiz, N., Gémez, F., Vargas, F., Asensio, C., Osuna, A., 2005.
Modulation factors of oxidative status in stable renal function. Transplantation
Proceedings 37, 1428-1430.

Morgan, R.L., Whaley, P., Thayer, K.A., Schiinemann, H.J., 2018. Identifying the PECO:
A framework for formulating good questions to explore the association of
environmental and other exposures with health outcomes. Environment
international 121 (Pt 1), 1027-1031. https://doi.org/10.1016/j.
envint.2018.07.015.

Mosedale, M., Watkins, P.B., 2017. Drug-induced liver injury: Advances in mechanistic
understanding that will inform risk management. Clinical pharmacology and
therapeutics 101 (4), 469-480. https://doi.org/10.1002/cpt.564.

Murad, M.H., Wang, Z., Chu, H., Lin, L., 2019. When continuous outcomes are measured
using different scales: guide for meta-analysis and interpretation. BMJ (Clinical
research ed.) 364, k4817. https://doi.org/10.1136/bmj.k4817.

National Collaborating Centre for Environmental Health, 2013. Polybrominated
diphenyl ethers (PBDEs) - revised. NCCEH. https://ncceh.ca/documents/field-inq
uiry/polybrominated-diphenyl-ethers-pbdes-revised.

Nguyen, H.T., Li, L., Eguchi, A., Agusa, T., Yamamoto, K., Kannan, K., Kim, E.Y.,
Iwata, H., 2022. effects of gestational exposure to bisphenol A on the hepatic
transcriptome and lipidome of rat dams: intergenerational comparison of effects in
the offspring. the Science of the total environment 826, 153990. https://doi.org/
10.1016/j.scitotenv.2022.153990.

Nielsen, M.B., Pallesen, S., Harris, A., et al., 2018. Protocol for a systematic review and
meta-analysis of research on the associations between workplace bullying and sleep.
Systematic Reviews 7, 232. https://doi.org/10.1186/513643-018-0898-z.

Pak, E., Esrason, K.T., Wu, V.H., 2004. Hepatotoxicity of herbal remedies: an emerging
dilemma. Progress in transplantation (Aliso viejo. Calif.) 14 (2), 91-96. https://doi.
org/10.7182/prtr.14.2.k7743w3j64855180.

Park, S.H., Lim, J.E., Park, H., Jee, S.H., 2016. Body burden of persistent organic
pollutants on hypertension: a meta-analysis. Environmental science and pollution
research international 23 (14), 14284-14293. https://doi.org/10.1007/511356-016-
6568-6.

Pazin, M., Pereira, L.C., Dorta, D.J., 2015. Toxicity of brominated flame retardants, BDE-
47 and BDE-99 stems from impaired mitochondrial bioenergetics. Toxicology
Mechanisms and Methods 25 (1), 34-41. https://doi.org/10.3109/
15376516.2014.974233.

Pereira, L.C., Souza, A.O., Tasso, M.J., Oliveira, A.M.C., Duarte, F.V., Palmeira, C.M.,
Dorta, D.J., 2017a. Exposure to decabromodiphenyl ether (BDE-209) produces
mitochondrial dysfunction in rat liver and cell death. Journal of Toxicology and
Environmental Health, Part A 80 (19-21), 1129-1144. https://doi.org/10.1080/
15287394.2017.1357370.

Pereira, L.C., Duarte, F.V., Varela, A.T.LF., Rolo, A.P., Palmeira, C.M.M., Dorta, D.J.,
2017b. An autophagic process is activated in HepG2 cells to mediate BDE-100-
induced toxicity. Toxicology 376, 59-65. https://doi.org/10.1016/j.
t0x.2016.05.022.

Pereira, L.C., Cabral Miranda, L.F., Franco-Bernardes, M.F., Tasso, M.J., Duarte, F.V.,
Inacio Varela, A.T., Rolo, A.P., Marques Palmeira, C.M., Dorta, D.J., 2018.
Mitochondrial damage and apoptosis: Key features in BDE-153-induced
hepatotoxicity. Chemico-Biological Interactions 291, 192-201.

Pharma, N., 2021. Multiple ascending dose studies. PK / PD and Clinical Pharmacology.
Consultants.https://www.nuventra.com/services/pharmacokinetics-
pharmacodynamics/multiple-ascending-dose-studies/.

Phi, L., Ajaj, R., Ramchandani, M.H., Brant, X.M., Oluwadara, O., Polinovsky, O.,
Moradi, D., Barkhordarian, A., Sriphanlop, P., Ong, M., Giroux, A., Lee, J.,
Siddiqui, M., Ghodousi, N., Chiappelli, F., 2012. Expanding the grading of
recommendations assessment, development, and evaluation (Ex-GRADE) for
Evidence-Based clinical recommendations: Validation study. The open dentistry
journal 6, 31-40. https://doi.org/10.2174/1874210601206010031.

Piggott, T., Brozek, J., Nowak, A., Dietl, H., Dietl, B., Saz-Parkinson, Z., Mirzayev, F.,
Gonzalez-Angulo, L., Yepes-Nunez, J. J., Mustafa, R. A., Leontiadis, G. L.,
Brignardello-Petersen, R., Alonso-Coello, P., & Schiinemann, H. J. (2021). Using


https://doi.org/10.1007/s00204-020-02939-4
https://doi.org/10.1177/0272989X08323298
https://doi.org/10.1177/0272989X08323298
https://doi.org/10.1007/s40572-014-0010-3
https://doi.org/10.1021/es035082g
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0225
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0225
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0225
https://doi.org/10.1289/ehp.9032
https://doi.org/10.1007/s00018-018-2860-6
https://doi.org/10.1016/B978-012263951-7/50006-5
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0240
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0240
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0240
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0240
https://doi.org/10.1016/j.chemosphere.2013.07.061
https://doi.org/10.1016/j.chemosphere.2013.07.061
https://doi.org/10.1292/jvms.20-0140
https://doi.org/10.1038/s41598-020-74853-9
https://doi.org/10.1080/15287394.2018.1423799
https://doi.org/10.3389/fgene.2022.904607
https://doi.org/10.3389/fgene.2022.904607
https://doi.org/10.1016/j.chemosphere.2005.12.007
https://doi.org/10.1016/j.chemosphere.2005.12.007
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0275
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0275
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0275
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0275
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0275
https://doi.org/10.1016/j.scitotenv.2018.07.138
https://doi.org/10.1109/icbeb.2012.479
https://doi.org/10.1109/icbeb.2012.479
https://doi.org/10.1289/ehp.8391
https://doi.org/10.1289/ehp.8391
https://doi.org/10.1002/sim.8781
https://doi.org/10.1002/sim.8781
https://doi.org/10.1021/es5026118
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0305
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0305
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0305
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0305
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0305
https://doi.org/10.1016/b978-0-12-800018-2.00011-x
https://doi.org/10.1124/dmd.105.009035
https://doi.org/10.1124/dmd.105.009035
https://doi.org/10.1111/rssc.12440
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0320
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0320
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0320
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0325
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0325
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0330
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0330
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0330
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0335
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0335
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0335
https://doi.org/10.1016/j.envint.2018.07.015
https://doi.org/10.1016/j.envint.2018.07.015
https://doi.org/10.1002/cpt.564
https://doi.org/10.1136/bmj.k4817
https://ncceh.ca/documents/field-inquiry/polybrominated-diphenyl-ethers-pbdes-revised
https://ncceh.ca/documents/field-inquiry/polybrominated-diphenyl-ethers-pbdes-revised
https://doi.org/10.1016/j.scitotenv.2022.153990
https://doi.org/10.1016/j.scitotenv.2022.153990
https://doi.org/10.1186/s13643-018-0898-z
https://doi.org/10.7182/prtr.14.2.k7743w3j64855180
https://doi.org/10.7182/prtr.14.2.k7743w3j64855180
https://doi.org/10.1007/s11356-016-6568-6
https://doi.org/10.1007/s11356-016-6568-6
https://doi.org/10.3109/15376516.2014.974233
https://doi.org/10.3109/15376516.2014.974233
https://doi.org/10.1080/15287394.2017.1357370
https://doi.org/10.1080/15287394.2017.1357370
https://doi.org/10.1016/j.tox.2016.05.022
https://doi.org/10.1016/j.tox.2016.05.022
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0405
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0405
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0405
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0405
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0410
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0410
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0410
https://doi.org/10.2174/1874210601206010031

D.A.R. Robledo et al.

GRADE evidence to decision frameworks to choose from multiple interventions.
Journal of clinical epidemiology, 130, 117-124. https://doi.org/10.1016/j.jclinepi.20
20.10.016.

M.S. Prudente G. Malarvannan S. Tanabe Chapter 12 Persistent Toxic Substances in the
Philippine Environment. Developments in Environmental Science 2007 10.1016/
51474-8177(07)07012-x 559 585.

Raymaekers, J., Rousseeuw, P.J., 2021. Transforming variables to central normality.
Machine Learning. https://doi.org/10.1007/510994-021-05960-5.

Ren, N, Atyah, M., Chen, W.Y., et al., 2017. The various aspects of genetic and epigenetic
toxicology: testing methods and clinical applications. Journal of Translational
Medicine 15, 110. https://doi.org/10.1186/512967-017-1218-4.

Robinson, C. K. (2017, January 17). Relationship of persistent organic pollutants to
ADHD in children: a meta-analysis. Relationship of Persistent Organic Pollutants to
ADHD in Children: A Meta-analysis. Retrieved November 14, 2022, from https://
viurrspace.ca/handle/10170/1037#:~:text=http%3A//hdl.handle.net/10170/
1037.

Ross, A., Willson, V.L., 2017. Factorial Anova. In: Basic and Advanced Statistical Tests.
SensePublishers, Rotterdam. https://doi.org/10.1007/978-94-6351-086-8 6.

Rowland, N.E., Toth, L.A., 2019. Analytic and Interpretational Pitfalls to Measuring Fecal
Corticosterone Metabolites in Laboratory Rats and Mice. Comparative medicine 69
(5), 337-349. https://doi.org/10.30802/AALAS-CM-18-000119.

Sanders, J.M., Burka, L.T., Smith, C.S., Black, W., James, R., Cunningham, M.L., 2005.
Differential expression of CYP1A, 2B, and 3A genes in the F344 rat following
exposure to a polybrominated diphenyl ether mixture or individual components.
toxicological sciences: an official journal of the Society of Toxicology 88 (1),
127-133. https://doi.org/10.1093/toxsci/kfi288.

Schauber, E.M., Edge, W.D., Wolff, J.O., 1997. Insecticide effects on small mammals:
Influence of vegetation structure and diet. Ecological Applications 7 (1), 143-157.
https://doi.org/10.2307/2269413.

Siddiqi, M.A., Laessig, R.H., Reed, K.D., 2003. Polybrominated diphenyl ethers (PBDEs):
new pollutants-old diseases. Clinical medicine & research 1 (4), 281-290. https://
doi.org/10.3121/cmr.1.4.281.

Silins, I., Hogberg, J., 2011. Combined toxic exposures and human health: biomarkers of
exposure and effect. International journal of environmental research and public
health 8 (3), 629-647. https://doi.org/10.3390/ijerph8030629.

Sun, Z., Zhang, Z., Ji, M., Yang, H., Cromie, M., Gu, J., Wang, C., Yang, L.u,, Yu, Y.,
Gao, W., Wang, S.-L., 2016. BDE47 induces rat CYP3A1 by targeting the
transcriptional regulation of miR-23b. Scientific Reports 6 (1). https://doi.org/
10.1038/srep31958.

Sun, Y., Wang, Y., Liang, B., Chen, T., Zheng, D., Zhao, X., Jing, L., Zhou, X., Sun, Z.,
Shi, Z., 2020a. Hepatotoxicity of decabromodiphenyl ethane (DBDPE) and
decabromodiphenyl ether (BDE-209) in 28-day exposed Sprague-Dawley rats. The
Science of the total environment 705, 135783. https://doi.org/10.1016/j.
scitotenv.2019.135783.

Sun, Y., Wang, C., Xu, X., Ruan, H., 2020b. Responses of plants to polybrominated
diphenyl ethers (PBDEs) induced phytotoxicity: A hierarchical meta-analysis.
Chemosphere 240, 124865.

Soderstrom, G., Sellstrom, U., de Wit, C.A., Tysklind, M., 2004. Photolytic debromination
of decabromodiphenyl ether (BDE 209). Environmental science & technology 38 (1),
127-132. https://doi.org/10.1021/es034682c.

Tanabe, S., O’Brien, J., Tollefsen, K.E., Kim, Y., Chauhan, V., Yauk, C., Huliganga, E.,
Rudel, R.A., Kay, J.E., Helm, J.S., Beaton, D., Filipovska, J., Sovadinova, I., Garcia-
Reyero, N., Mally, A., Poulsen, S.S., Delrue, N., Fritsche, E., Luettich, K., La
Rocca, C., FitzGerald, R., 2022. Reactive Oxygen Species in the Adverse Outcome
Pathway Framework: Toward Creation of Harmonized Consensus Key Events.
Frontiers in toxicology 4, 887135. https://doi.org/10.3389/ftox.2022.887135.

Tang, L., et al., 2017. Exposure to polybrominated diphenyl ethers induces endoplasmic
reticulum stress and the unfolded protein response in mice and human liver cells.
Toxicology and Applied Pharmacology 332, 63-70. https://doi.org/10.1016/j.
taap.2017.06.017.

Teschke, R., Frenzel, C., Glass, X., Schulze, J., Eickhoff, A., 2013. Herbal hepatotoxicity:
a critical review. British journal of clinical pharmacology 75 (3), 630-636. https://
doi.org/10.1111/j.1365-2125.2012.04395.x.

Thomas, J., Brunton, J., Graziosi, S., 2010. EPPI-Reviewer 4.0: software for research
synthesis. EPPI centre Software. Social Science Research Unit, Institute of Education,
University of London, London.

Thorlund, K., Imberger, G., Johnston, B.C., Walsh, M., Awad, T., Thabane, L., Gluud, C.,
Devereaux, P.J., Wetterslev, J., Emmert-Streib, F., 2012. Evolution of heterogeneity

16

Current Research in Toxicology 5 (2023) 100131

(I2) estimates and their 95% confidence intervals in large meta-analyses. PLoS Onel
7 (7), €39471.

U.S. EPA. A Review of the Reference Dose and Reference Concentration Processes. U.S.
Environmental Protection Agency, Risk Assessment Forum, Washington, DC, EPA/
630/P-02/002F, 2002.

United States — Environmental Protection Agency (US-EPA) (2009). Polybrominated
Diphenyl Ethers Action Plan . https://www.epa.gov/sites/default/files/2015-09/
documents/pbdes.pdf.

Van Norman, G.A., 2019. Limitations of animal studies for predicting toxicity in clinical
trials: Is it time to rethink our current approach? JACC. Basic to translational Science
4 (7), 845-854. https://doi.org/10.1016/j.jacbts.2019.10.008.

Viberg, H., Fredriksson, A., Eriksson, P., 2003. Neonatal exposure to polybrominated
diphenyl ether (PBDE 153) disrupts spontaneous behaviour, impairs learning and
memory, and decreases hippocampal cholinergic receptors in adult mice.
toxicological Sciences 76 (2), 299-309. https://doi.org/10.1093/toxsci/kfg226.

Wang, R., Ware, J.H., 2013. Detecting moderator effects using subgroup analyses.
Prevention science : the official journal of the Society for Prevention Research 14 (2),
111-120. https://doi.org/10.1007/s11121-011-0221-x.

Wang, P.u., Shang, H., Li, H., Wang, Y., Li, Y., Zhang, H., Zhang, Q., Liang, Y., Jiang, G.,
2016. PBDEs, PCBs and PCDD/Fs in the sediments from seven major river basins in
china: Occurrence, congener profile and spatial tendency. Chemosphere 144, 13-20.

Wei, Y., Yang, L., Zhang, X., Sui, D., Wang, C., Wang, K., Shan, M., Guo, D., Wang, H.,
2018. Generation and characterization of a CYP2C11-Null Rat model by using the
CRISPR/Cas9 method. Drug metabolism and disposition: the biological fate of
chemicals 46 (5), 525-531. https://doi.org/10.1124/dmd.117.078444.

Weidinger, A., Kozlov, A.V., 2015. Biological Activities of Reactive Oxygen and Nitrogen
Species: Oxidative Stress versus Signal Transduction. Biomolecules 5 (2), 472-484.
https://doi.org/10.3390/biom5020472.

Wirth, J.R., Peden-Adams, M.M., White, N.D., Bossart, G.D., Fair, P.A., 2015. in vitro
exposure of DE-71, a penta-PBDE mixture, on immune endpoints in bottlenose
dolphins (Tursiops truncatus) and B6C3F1 mice. Journal of applied toxicology : JAT
35 (2), 191-198. https://doi.org/10.1002/jat.3008.

Wu, H., Bertrand, K.A., Choi, A.L., Hu, F.B., Laden, F., Grandjean, P., Sun, Q., 2013.
Persistent organic pollutants and type 2 diabetes: a prospective analysis in the
nurses’ health study and meta-analysis. Environmental health perspectives 121 (2),
153-161. https://doi.org/10.1289/ehp.1205248.

Xie, C.X., Machado, G.C., 2021. Clinimetrics: Grading of recommendations, assessment,
development and evaluation (GRADE). Journal of physiotherapy 67 (1), 66. https://
doi.org/10.1016/j.jphys.2020.07.003.

Yuan, Y., Meeker, J.D., Ferguson, K.K., 2017. Serum polybrominated diphenyl ether
(PBDE) concentrations in relation to biomarkers of oxidative stress and
inflammation: the national health and nutrition examination survey 2003-2004. The
Science of the total environment 575, 400-405. https://doi.org/10.1016/j.
scitotenv.2016.10.028.

Zacs, D., Rjabova, J., Bartkevics, V., 2013. Occurrence of brominated persistent organic
pollutants (PBDD/DFs, PXDD/DFs, and PBDEs) in baltic wild salmon (Salmo salar)
and correlation with PCDD/DFs and PCBs. Environmental Science & Technology 47
(16), 9478-9486. https://doi.org/10.1021/es401852d.

Zhang, T., Zhou, X., Xu, A., Tian, Y.e., Wang, Y., Zhang, Y., Gu, Q.i., Wang, ShangQian,
Wang, Z., 2020. Toxicity of polybrominated diphenyl ethers (PBDEs) on rodent male
reproductive system: A systematic review and meta-analysis of randomized control
studies. Science of The Total Environment 720, 137419.

Zhang, Y., Xi, B., Tan, W., 2021. Release, transformation, and risk factors of
polybrominated diphenyl ethers from landfills to the surrounding environments: A
review. Environment International 157, 106780. https://doi.org/10.1016/].
envint.2021.1067.

Zhao, X., Wang, H., Li, J., Shan, Z., Teng, W., Teng, X., 2015. The Correlation between
Polybrominated Diphenyl Ethers (PBDEs) and Thyroid Hormones in the General
Population: A Meta-Analysis. PloS one 10 (5), €0126989. https://doi.org/10.1371/
journal.pone.0126989.

Zhao, X., Peng, S., Xiang, Y., Yang, Y., Li, J., Shan, Z., Teng, W., 2017. Correlation
between prenatal exposure to polybrominated diphenyl ethers (PBDEs) and infant
birth outcomes: A Meta-Analysis and an experimental study. International Journal of
Environmental Research and Public Health 14 (3), 268. https://doi.org/10.3390/
ijerph14030268.

Zhou, X., Chen, J., Tang, X., Zhang, X., 2010. Yang An In Vivo Study on the Oxidative
Damage Induced by PBDE 209 on Liver Cells of Mice. 2010 4th. International
Conference on Bioinformatics and Biomedical Engineering. https://doi.org/
10.1109/icbbe.2010.5515171.


https://doi.org/10.1016/j.jclinepi.2020.10.016
https://doi.org/10.1016/j.jclinepi.2020.10.016
https://doi.org/10.1007/s10994-021-05960-5
https://doi.org/10.1186/s12967-017-1218-4
https://doi.org/10.1007/978-94-6351-086-8_6
https://doi.org/10.30802/AALAS-CM-18-000119
https://doi.org/10.1093/toxsci/kfi288
https://doi.org/10.2307/2269413
https://doi.org/10.3121/cmr.1.4.281
https://doi.org/10.3121/cmr.1.4.281
https://doi.org/10.3390/ijerph8030629
https://doi.org/10.1038/srep31958
https://doi.org/10.1038/srep31958
https://doi.org/10.1016/j.scitotenv.2019.135783
https://doi.org/10.1016/j.scitotenv.2019.135783
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0485
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0485
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0485
https://doi.org/10.1021/es034682c
https://doi.org/10.3389/ftox.2022.887135
https://doi.org/10.1016/j.taap.2017.06.017
https://doi.org/10.1016/j.taap.2017.06.017
https://doi.org/10.1111/j.1365-2125.2012.04395.x
https://doi.org/10.1111/j.1365-2125.2012.04395.x
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0505
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0505
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0505
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0510
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0510
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0510
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0510
https://doi.org/10.1016/j.jacbts.2019.10.008
https://doi.org/10.1093/toxsci/kfg226
https://doi.org/10.1007/s11121-011-0221-x
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0540
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0540
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0540
https://doi.org/10.1124/dmd.117.078444
https://doi.org/10.3390/biom5020472
https://doi.org/10.1002/jat.3008
https://doi.org/10.1289/ehp.1205248
https://doi.org/10.1016/j.jphys.2020.07.003
https://doi.org/10.1016/j.jphys.2020.07.003
https://doi.org/10.1016/j.scitotenv.2016.10.028
https://doi.org/10.1016/j.scitotenv.2016.10.028
https://doi.org/10.1021/es401852d
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0590
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0590
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0590
http://refhub.elsevier.com/S2666-027X(23)00029-4/h0590
https://doi.org/10.1016/j.envint.2021.1067
https://doi.org/10.1016/j.envint.2021.1067
https://doi.org/10.1371/journal.pone.0126989
https://doi.org/10.1371/journal.pone.0126989
https://doi.org/10.3390/ijerph14030268
https://doi.org/10.3390/ijerph14030268
https://doi.org/10.1109/icbbe.2010.5515171
https://doi.org/10.1109/icbbe.2010.5515171

	A meta-analysis of randomized controlled studies on the hepatoxicity induced by polybrominated diphenyl ethers (PBDEs) in r ...
	Introduction
	Methods
	Research design
	Literature search strategy
	Selection criteria
	Exposure to chemicals and outcomes
	Data extraction
	Data normalization and rescaling
	Continuous outcomes
	Dichotomous outcomes
	Combining continuous and dichotomous outcomes

	Assessment of the level of evidence
	Data analysis
	Test of heterogeneity
	Meta-analysis and calculation of effect size
	Meta-regression
	Interaction analysis
	Test of sensitivity and publication bias


	Results
	Study characteristics
	Tests of heterogeneity, sensitivity, and risk of bias
	Meta-analysis: PBDE exposure and hepatoxicity in rodents
	Total PBDEs
	Rodent species
	PBDE congeners and mixture
	Life stage of exposure

	Meta-regression on dosage and duration of exposure to PBDEs
	PBDE dosage and duration of exposure

	Interaction analyses among rodent species and moderating variables
	Rodent species with dosage and duration of exposure
	Interactions among rodent species and endpoints of hepatotoxicity


	Discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Appendix A Supplementary data
	References


