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Polybrominated diphenyl ethers (PBDEs) were used as flame-retardant additives in a wide range of
polymers. The generations born when environmental concentrations of PBDEs reached their
maximum account in the United States for one-fifth of the total population. We hypothesized that
exposure to PBDEs during sensitive developmental windows might result in long-lasting changes in
liver metabolism. The present study was based on experiments with CD-1 mice and human he-
patocellular carcinoma cells (human hepatoma cell line, HepG2). Pregnant mice were exposed to
0.2 mg/kg 2,2',4,4'-tetrabromodiphenyl ether (BDE-47) from gestation day 8 until postnatal day 21.
The metabolic health-related outcomes were analyzed on postnatal day 21 and postnatal week 20 in
male offspring. Several groups of metabolic genes, including ribosomal and mitochondrial genes,
were significantly upregulated in the liver at both points. Genes regulated via mechanistic target of
rapamycin (mTOR) pathway, the gatekeeper of metabolic homeostasis, were whether up- or
downregulated at both measurement points. On postnatal day 21, but not week 20, both mTOR
complexes in the liver were activated, as measured by phosphorylation of their targets. mTOR
complexes were also activated by BDE-47 in HepG2 cells in vitro. The following changes were
observed at week 20: a decreased number of polyploid hepatocytes, suppressed cytoplasmic S6K1,
twofold greater blood insulin-like growth factor-1 and triglycerides, and 2.5-fold lower expression of
fatty acid uptake membrane receptor CD36 in liver tissue. Thus, perinatal exposure to environ-
mentally relevant doses of BDE-47 in laboratory mice results in long-lasting changes in liver
physiology. Our evidence suggests involvement of the mTOR pathway in the observed metabolic
programming of the liver.
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Polybrominated diphenyl ethers (PBDEs) were used as flame-retardant additives in a
wide range of polymers; thus, the concentrations increased exponentially for 30 years in
human blood, milk, and tissues [1]. Recently, PBDEs were withdrawn from com-
merce in North America and Europe because of their environmental persistence and
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bioaccumulative properties [2]. Waste and recycling sites, the indoor use of PBDE-containing
products [3], the global circulation of PBDEs toward the northern hemisphere, and the high
potency of PBDEs for bioconcentration in food chains [4] have all contributed to the long-term
persistence of human PBDE exposure all over the world. The results from human studies and
animal experiments suggest that accumulated PBDEs mobilize during pregnancy, causing
high-dose exposure of the developing organism via cord blood and breast milk [5-7]. PBDEs
easily cross the placenta [8] and have been found in most fetal samples in North America [9,
10]. Toddlers are exposed to higher PBDEs doses than adults because of their greater rates of
dust ingestion [11] and greater food intake per kilogram of body weight [6]. Manufacturing of
commercial products containing PBDEs began in 1965 [12], and the concentrations of PBDE
in human tissues reached a plateau in the 2000s [13]. These numbers started to decrease only
the most recent years [14, 15]. Thus, the generations that were exposed in utero and during
early postnatal life to highest doses of PBDEs have now reached 0 to 15 years of age. According
to demographic data, approximately 60 million Americans are <15 years of age [16], com-
prising one-fifth of the US population.

An emerging hypothesis links the metabolic diseases epidemic with exposures to en-
docrine disruptors during vulnerable windows of development [17-19]. The prevalence of
obesity and type 2 diabetes has increased dramatically in children in the United States
during the past few decades. More than 60% of children aged =10 years either are or will
become obese later in life, and one in four overweight children has impaired glucose tol-
erance [18]. According to the Centers for Disease Control and Prevention, approximately
two of every five Americans will develop type 2 diabetes at some point during their adult life
[20]. Hyperlipidemia, prevalent throughout the developed world, is the primary risk factor
for myocardial infarction, which is the most common cause of mortality in the developed
world, with >700,000 deaths attributed to the disease in the United States annually [21].
Thus, an urgent need exists to identify environmental factors that have the potential to
reprogram metabolic health and to understand the molecular events triggered by envi-
ronmental exposures.

PBDEs disrupt hormonal signaling through the thyroid and steroid axes [22] and in-
terfere with the insulin-like growth factor (IGF) axis [23]. Cord blood levels of IGF-1, the
major regulator of anabolism, correlated with breast milk levels of PBDEs in a Taiwan
birth cohort [24], and placental IGF1 expression correlated with cord blood PBDEs in a
China population exposed to electronic waste [25]. Several studies have reported a positive
association between the body mass index in nursing women and PBDE concentrations in
their blood, milk, or placenta for the following congeners: BDE-209 [7, 26]; BDE-47, -99,
and -100 [27, 28]; and BDE-28, and -153 [27]. The body mass index was inversely asso-
ciated with serum PBDE levels in the 7-year-old Mexican-American children from the
CHAMACOS (Center for the Health Assessment of Mothers and Children of Salinas)
cohort [29]. In several animal studies, including our low-dose rodent model, de-
velopmental exposures to BDE-47 resulted in increased body weights [23, 30]. PBDE-
induced growth changes might be linked to changes in fatty acid and carbohydrate
metabolism. However, it is not yet clear whether these exposures could induce long-lasting
changes in metabolic health. In our experiments, rats perinatally exposed to BDE-47 had
increased cholesterol levels [31], increased glucose uptake by tissues [23], and systemic
activation of pathways responsible for the metabolism of lipids and carbohydrates [31].
Thus, emerging evidence has linked PBDE with perturbed liver metabolic health, in
particular.

In the present study, we found that perinatal exposure to the most prevalent PBDE
congener in human samples, 2,2',4,4’-tetrabromodiphenyl ether (BDE-47), results in long-
lasting changes in the expression of metabolic genes in the liver, accompanied by increased
blood triglycerides. We also discuss a possibility that a mechanistic target of rapamycin
(mTOR)-centered molecular pathway, a central pathway of metabolic homeostasis mainte-
nance [32], is involved in liver metabolism programming by BDE-47.
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1. Materials and Methods
A. Animals and Treatment

CD-1 mice—an outbred strain that is the most commonly used in toxicology studies in the
United States—were used in the present study [33]. We obtained 8-week-old male (weight, 30
to 35 g) and female (weight, 27 to 30 g) mice from Charles River Laboratories (Kingston, NY),
which were housed in a temperature-controlled (23°C = 2°C) and humidity-controlled (40% =+
10%) environment, with a 12-hour light/dark cycle and food and water available ad libitum.
After 3 days of acclimation, the mice were bred, and the day of vaginal plug detection was
considered pregnancy day 1. The dams were assigned to one of two treatment groups (n =5 per
group) according to weight and were exposed to tocopherol-stripped corn oil (MP Biomedicals,
Solon, OH) or 0.2 mg/mL solution of BDE-47 (AccuStandard, Inc., New Haven, CT; 100%
purity) in tocopherol-stripped corn oil daily from pregnancy day 8 through postpartum day 21.
The females were fed 1 pL/g body weight from the tip of a pipette, resulting in exposure of
0.2 mg/kg body weight daily. This method of exposure is routinely used in our laboratory as a
substitution for oral gavage, because the latter method induces a substantial stress response
by the endocrine system, which could interfere with analyzed health outcomes [34]. The dams
were allowed to deliver naturally, and the litters were not culled to maintain the consistency
of nutrient distribution among the same number of fetuses and pups during the pre- and
postnatal periods and to avoid catch-up growth [35]. The dams and pups were kept together
until weaning on postnatal day (PND) 21, when the male and female pups were separated.
Using cervical dislocation, the dams and one randomly selected male pup per litter were
euthanized on PND21, and three to five randomly selected male pups per litter were eu-
thanized on postnatal week (PNW) 20. Only male pups were used for further analysis to avoid
any interaction of the measured health outcomes with hormonal fluctuations due to estrus
cycle. All the mice were euthanized between 9 AM and 11 am after 2 hours of fasting. Tissue
samples were collected immediately on euthanasia. The blood samples were then centrifuged
at 3000g for 10 minutes, and serum was collected and stored at —80°C. The liver, right
inguinal subcutaneous fat pad, and gonadal fat from the right side of each mouse were
collected, weighed, snap-frozen in liquid nitrogen, and stored at —80°C. The left lateral lobe
was excised from each liver before freezing and fixed in 4% paraformaldehyde in 0.1 M
phosphate-buffered saline for 24 hours at room temperature, washed in 0.1 M phosphate-
buffered saline, and stored in 70% ethanol at 4°C. The design of the experiment with the mice
is shown in Fig. 1(a). All procedures met the guidelines of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, and the institutional animal care and use
committee of the University of Massachusetts, Amherst approved the present study.

B. RNA Extraction and Sequencing

Total RNA was isolated using TRIzol reagent (Invitrogen; Thermo Fisher Scientific Life
Sciences, Waltham, MA) and quantified using a NanoDrop 1000 instrument (Thermo Fisher
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Figure 1. Schemes of experimental design of gene expression studies used in the present
report: (a) present study and (b) Suvorov and Takser in 2010 [31] and Suvorov and Takser in
2011 [44]. BW, body weight.
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Scientific Life Sciences, Wilmington, DE). RNA quality was assessed using an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA). Samples of RNA with integrity
values >8 were used for library preparation in accordance with the recommendations of
library preparation and sequencing kit manuals. The NEBNext Poly(A) messenger RNA
(mRNA) Magnetic Isolation Module (E7490; New England BioLabs Inc., Ipswich, MA) was
then used to isolate intact poly(A)™ RNA from 3 pg total RNA. Libraries were constructed
using NEBNext mRNA Library Prep Reagent Set for Illumina (Illumina, San Diego, CA) with
multiplexing indexes from NEBNext Multiplex Oligos for Illumina (E6100 and E7335, re-
spectively; New England BioLabs Inc.). The quality and purity of the libraries was assessed
using the Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany), and the
concentration of the libraries was measured using real-time polymerase chain reaction with
primers for P5 and P7 flow cell oligo sequences using the KAPA Library Quantification Kit
(KR0405; Kapa Biosystems, Boston, MA) in a 384-well plate on a CFX384 Touch Real-Time
Polymerase Chain Reaction Detection System (Bio-Rad, Hercules, CA). High-throughput
sequencing was performed using a NextSeq500 sequencing system (Illumina) in the Genomic
Resource Laboratory of the University of Massachusetts, Amherst. Complementary DNA
libraries were single-end sequenced in 75 cycles using the NextSEquation 500 High Output
Kit (FC-404-1005; Illumina) in a multiplex run of 10 samples. All sequencing data were
uploaded to the Gene Expression Omnibus (GEO) public repository and assigned GEO series
accession number GSE85221.

C. Bioinformatic Analysis of Mouse RNA-Sequencing Data

To analyze the data from our mRNA sequencing experiment, read filtering, trimming, and
demultiplexing were performed via the BaseSpace cloud computing service supported by
Illumina (available at: https:/basespace.illumina.com/home/index). Furthermore, the pre-
processed reads were mapped to the reference mouse genome (MM10) using the TopHat2
aligner [36]. BAM files were uploaded to Qlucore Omics Explorer software (Qlucore AB, Lund,
Sweden) to generate heat maps of differentially expressed transcripts [37]. Aligned reads
were then used for assembly of transcripts using Cufflinks, version 2.1.1, and differential
expression of reference transcripts using Cuffdiff, version 2.1.1 [38]. Differential expression
data sets were further used for gene set enrichment analysis (GSEA, Broad Institute, Boston,
MA,; available at: www.broadinstitute.org/gsea). This approach is particularly effective for the
identification of biologically important changes in gene expression that are associated with
relatively small effects across multiple members of a gene set [39]. The details of the method
and statistical approaches used by GSEA have been previously described [40, 41]. We used
GSEA against the hallmark collection of data sets and data sets from Reactome and Kyoto
Encyclopedia of Genes and Genomes (KEGG) databases. Additionally, we created 2 gene sets
from the published data to specifically interrogate changes in the expression of genes that are
transcriptionally regulated downstream the mTOR pathway in rodent liver. The gene set of
mTOR complex 2 (mMTORC2)-regulated genes was extracted from a study [42] in which gene
expression was analyzed in the livers of control and Rictor (component of mTORC2) liver-
specific knockout mice that were fasted overnight and then given ad libitum access to food for
3 hours. The gene set of mTOR complex 1 (mMTORC1)-regulated genes was extracted from
another study from the same group [39] in which two groups of adult Sprague-Dawley rats
were fasted for 48 hours. One group was then subjected to a dimethyl sulfoxide (DMSO)
vehicle and the other group to selective mTORC1 inhibitor rapamycin (2.5 mg/kg body
weight). Both groups were then refed and euthanized 3 hours after refeeding. According to the
results of the GSEA, the genes regulated downstream of the mTOR pathway were either up-
or downregulated by BDE-47 (see the Results section). To further explore which biological
functions controlled by the mTOR pathway were activated and suppressed, we built two lists
of genes, the first of which was created by merging together positively regulated genes (GSEA
ranking list metrics >0) from three gene sets of mTOR-regulated genes: one from the
hallmark collection and two created by us, as described previously. Downregulated genes
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(GSEA ranking list metrics <0) from the same three gene sets were merged into another gene
list. These two gene lists were than analyzed using the DAVID Functional Annotation
Clustering tool with the default settings (available at: david.nciferf.gov) [43].

D. Blood Circulating Factors

IGF-1 was analyzed in the serum of the dams and male offspring euthanized on PND21 and
PNW20, respectively, using the RayBio mouse IGF-1 enzyme-linked immunosorbent assay
kit (ELM-IGF1; RayBiotech, Inc., Norcross, GA). The insulin and triglyceride levels were
measured in the blood of the offspring euthanized on PNW20 using the insulin enzyme-linked
immunosorbent assay kit (catalog no. ab100578; Abcam, Cambridge, MA) and triglyceride
quantification kit (catalog no. ab65336; Abcam), respectively. High-density lipoproteins
(HDLs) and low-density lipoproteins (LDLs) and very-low-density lipoproteins (VLDLs) were
analyzed in the same blood samples using an HDL and LDL+VLDL cholesterol assay kit
(STA-391; Cell Biolabs, Inc., San Diego, CA). The glucose levels were measured using an Accu-
Check Compact Plus blood glucose monitoring system (Roche Diagnostics GmbH, Berlin,
Germany) as previously described [23]. For all serum measurements at PNW20, the analysis
was performed for three to five individual mice per litter. These values were then averaged
and used in a ¢ test, with a subsequent Dunnett’s test to compare five exposed litters against
five control litters.

E. Liver Histologic Examination

To prepare the paraffin sections, paraformaldehyde-fixed lateral lobes of livers collected on
PNW20 were dehydrated through a series of alcohols and xylene and embedded with
Paraplast X-tra paraffin (Leica Biosystems, Wetzlar, Germany) using the Excelsior ES
Tissue Processor (Thermo Fisher Scientific Life Sciences, Runcorn, Cheshire, UK). Five-
micrometer sections were cut on a Microm HM 355S microtome (Thermo Fisher Scientific
Life Sciences, Walldorf, Germany) and mounted on Colorfrost Plus slides (Thermo Fisher
Scientific Life Sciences). The sections were processed through xylene to remove the paraffin,
hydrated by a series of alcohols, and stained with Harris’ hematoxylin and eosin. The
sections were viewed through a Zeiss Axio Observer Z1 inverted light microscope with ZEN
imaging software (Carl Zeiss AG, Oberkochen, Germany), at X10 and X40. Images were
captured at 88,000 dpi (dots per inch) using the Axiocam 506 color digital camera (Carl Zeiss
AG). The slides were first examined for morphological differences between exposure groups,
and the difference in nucleus size in hepatocytes and frequency of binuclear hepatocytes
were noted. To quantify these differences, three images were taken from every slide from
nonoverlapping areas, and three boxes 1000 X 1000 pm were randomly placed on each
image. The number of hepatocytes with single and double nuclei was calculated for each box,
and the size of all nuclei in single-nuclear hepatocytes was measured using ZEN software by
an operator unaware of the exposure group. All values for each slide (nine boxes) were
averaged for the final statistical analysis.

F. Cell Culture and Treatment

The human hepatoma cell line HepG2 were purchased from ATCC (ATCC no. HB-8065; lot no.
62591368; Manassas, VA). The cells were cultured in Dulbecco’s modified Eagle medium
supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY), 2 mM L-glutamine,
110 mg/L sodium pyruvate, 100 U/mL penicillin, and 100 pg/mL streptomycin and incubated
at 37°C in a humidified atmosphere containing 5% carbon dioxide. BDE-47 was prepared in
DMSO as a 50-mM stock solution. When the cells had grown to 80% confluence in 100-mm
culture plates, the media were discarded, and fresh medium containing 1 M BDE-47 was
supplemented. The cells were divided into three groups: control, 3-hour treated group, and
24-hour treated group. The control group was treated with DMSO for 24 hours. Each group
had three replicates.
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G. Protein Phosphorylation Analysis

Phosphorylation of protein targets of mTORC1 and mTORC2 was analyzed by Western
blotting in liver samples of male offspring euthanized on PND21 and PNW20 and in HepG2
cells stimulated by BDE-47. The treated and control HepG2 cells were harvested with 0.25%
trypsin and washed twice in ice-cold phosphate-buffered saline. The liver and HepG2 cells
samples were lysed in T-PER tissue protein extraction buffer (catalog no. 78510; Thermo
Fisher Scientific Life Sciences, Rockford, IL) and M-PER mammalian protein extraction
buffer (catalog no. 78503; Thermo Fisher Scientific Life Sciences), respectively. In both cases,
buffers contained a protease and phosphatase inhibitor cocktail (catalog no. 78442; Thermo
Fisher Scientific Life Sciences). A microplate-based BCA Protein Assay Kit (catalog no. 23227;
Thermo Fisher Scientific Life Sciences) was then used to determine the protein concentrations.
Western blot analyses were performed after separating the proteins on 4% to 20% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gels (catalog no. 456-1094; Bio-Rad, Hercules, CA) and
transferring them to a polyvinylidene difluoride membrane (0.2 wm) under wet conditions
using a Bio-Rad Mini Trans-Blot Cell (catalog no. 1703935, Hercules, CA). The following primary
antibodies were used at the indicated dilutions: anti-phospho-Akt (ser473; 1:2000; catalog no.
4060), anti-AKT (1:2000; catalog no. 4691), anti-actin (1:2000; catalog no. 4970), anti-phospho-
p70S6 kinase (Thr389; 1:1000; catalog no. 9205), and anti-p70S6 kinase (1:1000; catalog no.
9202; all from Cell Signaling Technology, Danvers, MA). Proteins were visualized using
secondary antibody conjugated with horseradish peroxidase (1:5000, catalog no. ab6721;
Abcam), and Pierce ECL enhanced chemiluminescence reagent (catalog no. 32106; Thermo
Fisher Scientific Life Sciences). Western blot densitometry was quantified using Image
Studio Lite (LI-COR Biosciences, Lincoln, NE), version 5.2, software.

H. Reanalysis of Published Transcriptional Data Sets

To test whether changes in gene expression in response to BDE-47 exposure in previously
published studies matched the profile of altered mTOR signaling, we reanalyzed transcriptomic
data sets previously produced by our research group [31, 44]. To the best of our knowledge, no
other studies focusing on the transcriptomic effects of developmental BDE-47 have been re-
ported. In our previous studies, changes in gene expression in the liver [31] and brain frontal
lobes [44] of Wistar rats were analyzed in response to exposure to BDE-47. Dams were exposed
to 0.002 and 0.2 mg/kg body weight BDE-47 by intravenous injections on the 15th day of
pregnancy and at 1, 5, 10, 15, and 20 days after delivery [Fig. 1(b)]. The pups were weaned at
PND21 and were not exposed directly to BDE-47. Liver samples were collected from three
female and three male pups per exposure group at PND27, and brain frontal lobe samples were
collected from three female pups per exposure group at PND41. Gene expression analysis was
performed using Illumina BeadChips RatRef-12. The raw data were preprocessed and nor-
malized with the Bioconductor lumi package [45]. Gene expression data were submitted to GEO
(GEO accession nos. GSE19868 for liver samples and GSE19867 for brain samples).

To test for the signature of altered mTOR signaling in these data sets, we analyzed, using
GSEA, the changes in expression of five gene sets regulated via mTOR pathway from a curated
C2 collection of Molecular Signatures Database (available at: http:/www.broadinstitute.org/
gsea/msigdb/collections.jsp). In response to nutrients and growth factors, mTORC1 positively
regulates cell growth and proliferation by inducing ribosome biogenesis [46, 47], mitochondrial
biogenesis [48, 49], and adipogenesis [47, 50]. In addition, activated mTORC1 suppresses
autophagy [51] and blocks hepatic ketogenesis. To address changes in ribosome biogenesis, the
“KEGG ribosome” gene set was used. The data set includes 88 human genes of ribosomal
proteins and RNA and is curated by KEGG (available at: http:/www.genome.jp/kegg/). To study
the alteration in mitochondria biogenesis, we used the “Mootha mitochondria” gene set, which
includes 447 human mitochondrial genes [41]. To analyze the coordinated changes in genes
participating in autophagy, we used the gene set “Reactome ER [endoplasmic reticulum]
phagosome pathway.” The gene set consists of 61 human genes and is curated by a pathway
database Reactome (available at: http://www.reactome.org/). The gene set “Reactome PPAR«
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activates gene expression” from the same database was used to interrogate changes in
peroxisome proliferator-activated receptor-a (PPAR«) targets, which include metabolic genes
responsible for ketone body production. The gene set contains 104 human genes known to be
activated by PPAR«a from a diversity of studies. Finally, changes in expression of PPARy
targets were analyzed using the gene set “Wang classic adipogenic targets of PPARYy,” which
includes 26 adipogenic genes induced by PPARy during adipogenesis in mouse 3T3-L1
preadipocytes [52].

2. Results

We found no important relationship between the litter size and exposure to BDE-47, with the
number of pups varying from 11 to 15 per litter. No weight differences were observed between
the control and exposed dams and pups throughout the experiment. On PNW20, the body
weight of the mice was 50.8 = 0.3 g in the control mice and 49.4 + 1.9 gin the exposed mice. No
substantial changes were observed in the weight of the livers or adipose tissues. On PNW20,
the weight of the livers, inguinal subcutaneous adipose tissue from the right side of body, and
gonadal adipose tissue from the right side of body in the control mice was 2.16 + 0.15 g, 0.32 =
0.05 g, and 0.79 = 0.11 g, respectively. In the exposed mice, the corresponding respective
weights were 2.13 + 0.17g,0.34 = 0.03 g, and 0.83 = 0.10 g. All data are shown as the mean =+
standard error (SE).

A. Transcriptional Changes in Murine Liver After Perinatal Exposure to BDE-47

We analyzed the transcriptional changes in genes in male mouse livers at the last day of
perinatal exposure (PND21) and long after the end of exposure (PNW20) using an RNA-
sequencing approach and subsequent GSEA. Sequencing was completed with a minimum 30
and 20 million reads per sample for RNA samples extracted from the livers on PND21 and
PNW20, respectively. A total of 1857 genes were regulated on PND21 and 1850 genes on
PNW20, with false discovery rate (FDR) of ¢ = 0.05 (Fig. 2). The lists of 22,923 (PND21 data
set) and 22,929 (PNW20 data set) assembled unique transcripts with known identifiers
(genes, noncoding RNAs) were used for GSEA. Gene sets enriched with a nominal P < 0.05
and FDR ¢ = 0.2 were selected for further analysis using more stringent criteria than
those recommended by the GSEA developers (FDR ¢ = 0.25; available at: http://software.
broadinstitute.org/gsea/doc/) to focus on the most significantly altered biological processes.
The gene sets that satisfied these criteria at least one time point (PND21 and PNW20) are
listed in Table 1. The most important metabolic gene sets included “oxidative phosphory-
lation,” which was positively enriched at both time points [Fig. 3(a) and 3(b)]; “bile acid
metabolism,” which was negatively enriched at both time points, although the difference was
substantial on PND21 only; “peptide chain elongation” [Fig. 3(c) and 3(d)] and “ribosome”
[Fig. 3(e) and 3(f)], which were positively enriched at both time points, although with a small
difference on PND21; and “steroid hormones” and “metabolism of steroid hormones and
vitamins A and D,” which were negatively enriched at both time points, although the
difference was substantial on PND21 only. The “mTORC1 signaling” data set was positively
enriched on PND21 and negatively on PNW20. However, at both time points, most genes of
this data set were either up- or downregulated [Fig. 4(a) and 4(b)]. The same binary dis-
tribution was observed for mTOR pathway genes from the C2 collection [Fig. 4(c) and 4(d)]
and for the gene sets of mMTORC1- and mTORC2-regulated genes in rodent livers created
from studies by Bolyen et al. [39] and Lamming et al. [42] [Fig. 4(e-h)]. To analyze which
biological functions controlled by the mTOR pathway were activated and which were
suppressed, we uploaded merged gene lists of the mTOR-controlled genes that had been
up- or downregulated by BDE-47 to DAVID Functional Annotation Clustering. The top
enriched clusters of positively regulated biological functions were associated with ribo-
some, mitochondria, proteasome, and oxidative stress at both time points (Table 2). The
top enriched clusters of inhibited biological functions included cholesterol/steroid/lipid
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Figure 2. Heat maps of genes significantly regulated (P = 0.05) in mouse livers by perinatal
exposure to BDE-47: (a) 1857 genes regulated on PND21 and (b) 1850 genes regulated on
PNW20. Heat bar shows Log2 values of fold change of differentially expressed genes.

metabolism and hexose metabolism at both time points and, in addition, organic acid/
amino acid biosynthesis on PNW20 (Table 2).

Other data sets enriched in GSEA covered a broad range of biological functions. Some
among these several enriched gene sets indicated activation of stress-response mechanisms at
one or both time points, including positive enrichment of “unfolded protein response” and
“DNA repair” gene sets and negative enrichment of an “ultraviolet response” gene set
composed of genes downregulated by ultraviolet exposure. Other gene sets indicated in-
hibition of the complement and coagulation cascade (“Reactome: platelet aggregation plug
formation,” “Reactome: Grb2:SOS provides linkage to MAPK [mitogen-activated protein
kinase] signaling for integrins,” “Reactome: P130Cas linkage to MAPK [mitogen-activated
protein kinase] signaling for integrins,” “KEGG: complement and coagulation cascade,”
“Reactome: integrin alpha IIB beta3 signaling,” and “Reactome: formation of fibrin clot,
clotting cascade”) and suppression of potassium channels (“Reactome: voltage-gated potas-
sium channels” and “Reactome: potassium channels”).

B. Perinatal Exposure to BDE-47 Decreases Percentage of Polyploid Hepatocytes in Murine
Liver on PNW20

Visual inspection of hematoxylin and eosin-stained sections of liver lateral lobes from exposed
and control animals revealed a lower percentage of binuclear hepatocytes and hepatocytes
with large nuclei, considered an indication of polyploidy [53] [Fig. 5(a) and 5(b)]. To quantify
these differences, the greatest width of each nucleus was measured, and the number of
binuclear hepatocytes was counted in nine 1000 X 1000-pm boxes per slide. The proportion
of binuclear hepatocytes was 31.9% = 3.4% in the control mice and 23.0% = 2.5% in the livers of
the exposed mice [mean + SE; P=0.06; Fig. 5(c)]. The average nuclear diameter in the single-
nuclear hepatocytes was significantly smaller in the exposed mice (8.96 * 0.11 pwm) compared
with that in the controls [9.36 * 0.12 pm; mean * SE; P = 0.05; Fig. 5(d)]. We assumed that
given that the increased nuclear size is due to polyploidy, several size classes might exist of
nuclei different in ploidy in mouse livers. To test this hypothesis, we explored the distribution
of nuclear sizes by combining the measurements from all the mice and plotting the quantities of
nucleiin bins of 0.2 pm [Fig. 5(e)]. The appearance of the plot showed that the nucleus size has a
multimodal distribution, likely corresponding to the existence of hepatocytes with several levels
of ploidy. The well-pronounced gap between two distribution peaks that separates the visually
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Table 1. Top GSEA-Enriched Gene Sets on PND21 and/or PNW20 in Livers of Mice Exposed Perinatally
to BDE-47

PND21 PNW20
Gene Set NES NOMP FDRq NES NOMP FDRg
Hallmark collection of gene sets
MYC targets (version 1) 1.72¢ < 0.0005 0.01 0.99 0.497 1.00
Unfolded protein response 1.65% 0.002 0.02 —0.56 1.000 1.00
G2M checkpoint 1.65“ < 0.0005 0.01 —-0.84 0.859 1.00
E2F targets 1.58 < 0.0005 0.02 -0.61 1.000 1.00
Oxidative phosphorylation 1.52¢ 0.005 0.04 1.52¢% < 0.0005 0.15
mTORCT1 signaling 1.41¢ 0.014 0.11 -0.88 0.762 1.00
DNA repair 1.33¢ 0.049 0.20 1.41¢ 0.004 0.20
Bile acid metabolism 1.34¢ 0.045 0.19 —0.53 1.000 1.00
Peroxisome —1.40¢ 0.023 0.15 0.71 0.989 1.00
Ultraviolet response (downregulated by —1.47¢ 0.009 0.10 -0.81 0.892 1.00
ultraviolet)
KRAS signaling (downregulated by KRAS) —1.56¢ 0.002 0.05 —0.88 0.734 1.00
Myogenesis —-1.66% < 0.0005 0.02 1.01 0.388 1.00
KEGG and reactome collections of gene sets
Reactome: peptide chain elongation 1.56 0.015 0.35 1.82¢ < 0.0005 0.13
KEGG: ribosome 1.59 < 0.0005 0.33 1.77* < 0.0005 0.20
Reactome: influenza viral RNA transcription and 1.63 0.002 0.33 1.75% 0.003 0.20
replication
Reactome: 3’ UTR mediated translation regulation 1.55 < 0.0005 0.34 1.75% < 0.0005 0.16
Reactome: voltage-gated potassium channels —1.68° 0.006 0.10 0.95 0.52 1.00
Reactome: platelet aggregation plug formation -1.69 0.002 0.10 -0.74 0.86 1.00
Reactome: steroid hormones -1.70° < 0.0005 0.09 —1.37 0.06 1.00
Reactome: Grb2:SOS provides linkage to MAPK —-1.70* < 0.0005 0.09 —-0.63 0.92 1.00
signaling for integrins
Reactome: potassium channels -1.70¢ 0.002 0.10 -0.97 0.54 1.00
Reactome: P130Cas linkage to MAPK signaling for —1.71* < 0.0005 0.09 —0.40 1.00 1.00
integrins
KEGG: complement and coagulation cascade —1.71¢ < 0.0005 0.09 -0.88 0.68 1.00
Reactome: metabolism of steroid hormones and —-1.72¢ 0.002 0.08 -1.11 0.31 1.00
vitamins A and D
Reactome: integrin alpha IIB beta3 signaling -1.76% 0.002 0.06 —0.64 0.95 1.00
Reactome: formation of fibrin clot, clotting cascade —1.80 < 0.0005 0.04 -0.73 0.84 1.00

Abbreviations: FRD ¢, false discovery rate g value; MAPK, mitogen-activated protein kinase; NES, normalized
enrichment score; NOM P, nominal P value; UTR, untranslated region.
“Gene sets enriched with nominal P < 0.05 and FDR ¢ = 0.2.

large nuclei and visually “normal” nuclei corresponded to approximately 10.1 wm. To test
whether a difference was present in the number of hepatocytes with large nuclei in the exposed
and control mice, we calculated the proportion of nuclei >10.1 pm in every mouse. The control
mice had a proportion of 32.0% * 3.5% of large nuclei, and the BDE-47—exposed mice have a
proportion of 21.9% = 2.3% of large nuclei [mean = SE; P = 0.04; Fig. 5(f)].

C. Changes in mTOR Activity in Murine Liver After Perinatal Exposure to BDE-47

Increased transcription of ribosomal and mitochondrial proteins and changes in the ex-
pression of genes of the mTORC1 pathway and the genes regulated downstream of
mTORC1 and mTORC2 indicated a possibility of mTOR pathway involvement in the
response to BDE-47 in the livers of the exposed mice [46, 47]. To test directly whether
BDE-47 changes the activity of mTOR complexes in the liver, we measured the phos-
phorylation of well-characterized mTORC1 and mTORC2 targets: phospho-p70S6 kinase
(Thr389) and phospho-Akt (ser473), respectively (Fig. 6). The activity of both mTOR
complexes in the livers of the exposed mice was significantly increased on PND21 and had
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Figure 3. GSEA enrichment of three gene sets in mouse liver RNA-sequencing data on
PND21 (a, ¢, and e) and PNW20 (b, d, and f) in response to perinatal exposure to BDE-47:
(a and b) oxidative phosphorylation; (¢ and d) peptide chain elongation; and (e and f)
ribosomal genes. GSEA plot legend: 1, running enrichment score for the gene set; 2, vertical
lines show where the members of the gene set appear in the ranked list of genes; and 3 and
4, ranked list of differentially expressed genes from the most upregulated (left of each plot)
to the most downregulated (right of each plot). Regulation is shown in the heat bar (3) and
the bar plot (4).

returned to a normal level by PNW20. To control for changes in total p70S6, we used anti-
p70S6 antibody (catalog no. 9202; Cell Signaling Technology), which also binds to p85S6,
an alternative translation variant of S6K1 [54]. Expression of p85S6 was significantly
decreased in the 20-week-old mice perinatally exposed to BDE-47 [Fig. 5(d) and 5(e)].

D. Changes in Circulating IGF-1, Insulin, and Glucose After Perinatal Exposure to BDE-47

PBDEs are known to affect the IGF axis [23-25, 31, 44, 55, 56]. Thus, we hypothesized that
changes in the expression of metabolic genes, including the effects of BDE-47 on the mTOR
pathway, are mediated by the availability of circulating IGF-1. To test this hypothesis, we
measured IGF-1 in the blood serum of the dams and male offspring euthanized on PND21 and
PNW20. No substantial differences were found in the serum IGF-1 levels of the dams
and male pups on PND21 [Fig. 7(a)]. By week 20, the concentrations of circulating IGF-1
had decreased more than four times in the control mice compared with the PND21 levels
[Fig. 7(b)]. Additionally, by week 20, the concentrations of IGF-1 had increased twofold in
the exposed mice compared with the age-matched controls. No changes in fasting insulin
and glucose levels were found in male mice on PNW20 [Fig. 7(c) and 7(d)].

E. Changes in Circulating Lipoproteins and Triglycerides and in Expression of Triglyceride
Metabolism Genes in Liver After Perinatal Exposure to BDE-47

The most well-characterized metabolic complication in patients taking the mTORC1 in-
hibitor rapamycin is hyperlipidemia [57-59]. Rapamycin-associated dyslipidemia has been
reported in 45% of liver transplant patients [60] and in ~40% of renal transplant patients
[61]. To test whether BDE-47 is able to induce long-lasting changes in circulating lipids in an


http://dx.doi.org/10.1210/js.2016-1011

doi: 10.1210/js.2016-1011 | Journal of the Endocrine Society | 333

mTORC1 activated genes mTOR pathway genes mTORC1 regulated in rodent liver |mTORC2 regulated in rodent liver
<@ e | |
2 B N N ¢
S| = ~ S : _ .
2| L OO |
SEEM N I )N WD NN s
g = = Ny
5 | UK (1T DOMRE, | IUUOE MR, O RUOREOMG | CMNCUN AL
@ | - mmm— ] - —— o B

I el . ) e =

Figure 4. GSEA enrichment of four gene sets in mouse liver RNA-sequencing data on
PND21 (a, ¢, e, and g) and PNW20 (b, d, f, and h) in response to perinatal exposure to BDE-
47: (a and b) genes activated by mTORC1 (Hallmark collection); (c and d) genes of mTOR
signaling pathway (C2 collection); (e and f) genes regulated in rodent liver via mTORC1 [39];
and (g and h) gene regulated in rodent liver via mTORC2 [42]. The GSEA plot legend is as
provided for Fig. 3.

animal model, we measured the circulating triglycerides, HDL, and LDL+VLDL levelsin
the serum of mouse offspring on PNW20 after perinatal exposure to BDE-47. Total
cholesterol was calculated according to the equation: LDL + VLDL + HDL + triglycerides/5.
Blood triglyceride levels were significantly increased twofold in exposed mice [Fig. 7(e)].
The concentrations of circulating lipoproteins were unaltered in the exposed mice [Fig. 7(f~H)].
To check whether any associated changes were present in liver triglyceride transport and
metabolism at the level of gene expression, we manually checked expression of the enzymes
responsible for triglyceride uptake (Slc27 fatty acid transporters and CD36), synthesis (fatty acid
synthesis and acetyl-coenzyme A carboxylases), and export (microsomal triglyceride transfer
protein and apolipoprotein B) [62, 63]. Expression of only one gene was significantly altered:
CD36 was downregulated 2.5-fold, with a FDR of ¢ = 0.02.

Table 2. Top Enriched DAVID Clusters of Biological Functions Controlling Downstream mTOR
Signaling Pathway

PND21 PNW20
Cluster of Enriched Terms ES Benjamini P Value ES Benjamini P Value
Positively regulated function
Ribosome 13.2 1.5E-3-2.3E-17 14.9 1.9E-2-8.4E-21
Mitochondrion 9.2 5.9E-3-5.6E-13 8.8 3.3E-3-6.2E-13
Proteasome 6.7 1.9E-4-1.4E-6 2.5 9.6E-1-1.6E-4
Response to oxidative stress 2.7 7.0E-1-4.9E-3 NS NS
Glutathione metabolism 2.6 3.0E-1-1.7E-4 2.5 8.1E-1-7.7E-3
Negatively regulated function
Cholesterol/steroid/lipid metabolism 2.9 1.5E-1-4.1E-2 3.3 7.2E-1-3.8E-4
Hexose metabolism 2.4 7.6E-1 - 29E-2 3.2 8.4E-2-3.4E-2
Lipid catabolism 2.3 7.1E-1-2.5E-2 NS NS
Organic acid/amino acid metabolism NS NS 4.1 6.8E-1-6.4E-4

Abbreviations: ES, enrichment score; NS, not significant.
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Figure 5. Perinatal exposure to BDE-47 resulted in reduced number of polyploid
hepatocytes on PNW20: (a) representative image of liver section from control mouse (1,
example of large polyploid nucleus; 2, example of binuclear hepatocyte); (b) representative
image of liver section from exposed mouse; (c) changes in percentage of binuclear hepatocytes;
(d) changes in nucleus width; (e) nucleus size distribution across all mice from both exposure
groups (red line indicates gap between 2 distribution peaks used in the present study to
delineate normal and large nuclei); and (f) changes in percentage of large nuclei. All data
presented as mean * SE; n = 5/exposure group; P value calculated using ¢ test.

F. Changes in mTOR Activity in HepG2 Cells After Exposure to BDE-47

The effects of BDE-47 on mTOR signaling in liver cells might be direct or might be mediated
through changes in the levels of circulating hormones induced by exposure. To test whether
BDE-47 changes the activity of mTOR complexes in vitro, we measured phosphorylation of
mTORC1 and mTORC2 targets in HepG2 cells after exposure to BDE-47 for 3 and 24 hours
(Fig. 8). The activity of mTORC1 was significantly induced by BDE-47 at 3 hours after the
start of exposure and had returned to normal levels after 24 hours of exposure. In contrast, the
activity of mMTORC2 was not changed at the 3-hour point but was significantly induced after
24 hours of exposure.

G. Coordinated Regulation of Genes in Rat Tissues: Revising Published
Transcriptomic Studies

We hypothesized that the metabolic response to PBDE exposure in mammalian organisms is
mediated by the mTOR-centered pathway. If this hypothesis were true, groups of functionally
related molecules, targets of the pathway, would be coregulated. Thus, we predicted that
ribosomal, mitochondrial, and adipogenesis genes would be regulated in one direction and
phagosomal genes and ketone body production genes would be regulated in the opposite
direction in exposed animals. To test this prediction, we performed GSEA using previously
published transcriptomic experiments. The results of the GSEA corresponded to our pre-
diction for all five genomic data sets used in the present study (Table 3), although statistical
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Figure 6. Activity of mMTORC1 and mTORC2 was increased (a) on PND21 but not (d) on
PNW20 in livers of mice exposed to BDE-47 perinatally, as measured by phosphorylation of
p70S6 at Thr389 and Akt at Serd73, respective targets of mMTORC1 and mTORC2. Expression of
p85S6 (cytoplasmic S6K1) was suppressed in exposed mice on PNW20. (b and ¢) Quantification
of phospho (p)-Akt and phospho-p70S6, respectively, on PND21. (e) Quantification of total
p85S6 on PNW20. Data presented as mean = SE; n = 3/exposure group; P value calculated
using the ¢ test.

significance was low for the enrichment of some gene sets. The enrichment scores of all five
data sets after developmental exposure to BDE-47 were very similar to those for female brain
frontal lobes on PND41 and livers on PND27.

3. Discussion

We found that perinatal exposure to 0.2 mg/kg body weight of BDE-47 results in long-lasting
changes in the expression of several groups of metabolic genes in the mouse liver. In par-
ticular, genes of oxidative phosphorylation and ribosomal proteins were increased in ex-
pression 17 weeks after exposure had stopped. Changes in gene expression were associated
with a long-lasting twofold increase in circulating triglycerides and IGF-1, a decrease in the
percentage of polyploid and binuclear hepatocytes, and substantial suppression of expression
of p85S6 kinase in the liver. In a previous study [64], intravenous exposure of pregnant rats to
0.2 mg/kg body weight of BDE-47 resulted in 234.3 ng BDE-47/g lipid in the adipose tissue of
the dams and 1054.7 ng BDE-47/g lipid in the adipose tissue of the pups. These concentrations
are comparable with those of the North American human population (mean concentration in
adipose tissue of adult subjects, 399 ng/g lipids) [65]. Given that the rate of absorption after
oral administration of BDE-47 is 75% to 85% in rodents [66—68] and that the rate of BDE-47
elimination is ~10 times greater in mice than in rats [68, 69], we suggest that the exposure
used in the present study is also relevant for the North American human population. To
further increase the relevance of our exposure paradigm to human exposures, we dosed the
mice during the perinatal period to match that of the human PBDE exposure peaks during the
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Figure 7. Effect of perinatal exposure to BDE-47 on serum IGF-1 on (a) PND21 and (b)
PNW20 and (c) insulin, (d) glucose, (e) triglycerides, (f) LDL+VLDL, (g) HDL, and (h) total
cholesterol on PNW20. All data presented as mean *+ SE; n = 5 (averaged litter values)/
exposure group; P value calculated using Dunnett’s test.

perinatal period of life resulting from the active transport of PBDE via cord blood and breast
milk [5—7] and the greater rates of dust ingestion [11] and greater food intake per kilogram of
body weight in toddlers [6].

Several lines of evidence suggest that the metabolic effects of BDE-47 might be mediated by
changes in the mTOR pathway. mTOR is an atypical serine/threonine kinase that is present
in two distinct complexes: mTORC1 and mTORC2. Both of these complexes were activated on
PND21 but not on PNW20 in mouse livers. Additionally, we observed changes in the ex-
pression of genes participating in mTORC1 signaling pathways and genes regulated
downstream mTORC1 and mTORC2. In particular, mTORC1 regulates ribosomal biogenesis
[46, 47] and mitochondrial biogenesis [48, 49]. Ribosomal genes and genes of oxidative
phosphorylation, which are mostly mitochondrial genes, were among the most highly
enriched at both PND21 and PNW20.

One unexpected finding of the present study was the substantial and long-lasting sup-
pression of the p85S6 kinase in the livers of mice perinatally exposed to BDE-47. This kinase,
along with p70S6 and p31S6, is a product of the RPS6KBI1 gene. One alternative splicing
variant of the gene encodes the p31 kinase and another produces two alternative translation
variants: p70 and p85 [70, 71]. Little is known about the regulation of translation that results
in one S6K1 protein or another. All three S6K1 are targets of mTOR-mediated phosphory-
lation [72] but have different cellular localization; p31 is exclusively nuclear, p85 cytoplasmic,
and p70 is subject to mMTORC1-controlled shuttling between the cytoplasm and the nucleus
[72]. Although many substrates of S6K1 have been reported [70, 71], the main target of S6K1
is ribosomal protein S6, a component of the 40S ribosome subunit. Phosphorylation of S6
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Figure 8. In HepG2 cells exposed to BDE-47, mTORC1 activity increased within 3 hours
and mTORC2 activity increased within 24 hours: (a) representative Western blots showing
phosphorylation status of p70S6 at Thr389 and Akt at Ser473 in control cells and cells
exposed to 1 uM for 3 and 24 hours; (b) quantification of phospho (p)-Akt; (c) quantification of
phospho-p70S6. Data presented as mean * SD; n = 3/exposure group; *P < 0.01, ¢ test).

induces protein synthesis at the ribosome, suggesting that S6K1 regulates cell growth by
affecting the translation process [73]. Thus, long-lasting molecular changes in the livers of
mice perinatally exposed to BDE-47 include somewhat controversial decreases in cytoplasmic
S6K1 responsible for translation activation and increases in expression of ribosomal genes.
This controversy suggests a compensatory nature of some of the observed changes at the
molecular level.

Given that PBDEs are known to affect the IGF axis [23-25, 31, 44, 55, 56] and given that
IGF-1 activates mTOR signaling [74-76], we hypothesized initially that changes in the liver
metabolic profile in response to BDE-47 exposure might be IGF-1-dependent. However, no
substantial differences were found in the serum IGF-1 of the male pups on PND21, the point by
which persisting changes in the altered expression of liver metabolic genes has already been
established. Thus, it is unlikely that changes in circulating IGF-1 after BDE-47 exposure is a

Table 3. GSEA Enrichment of Functional Gene Groups Coregulated by mTOR-Centered Pathway in
Rats Exposed to PBDE

Suvorov and Takser

Variable [31] [44]
Species Rat Rat
Sex Male Female
Tissue Liver Brain frontal lobes
PND 27 41
Interval after dosing (days) 7 21
Normalized ES/Nom P value
KEGG ribosome 1.39/0.034“ 1.40/0.033¢
Mootha mitochondria 1.22/0.056 1.22/0.039“
Reactome ER phagosome pathway —1.73/0.002¢ —1.72/0.000¢
Reactome PPAR« activates gene expression —1.00/0.438 —1.00/0.434
Wang classic adipogenic targets of PPARy 0.98/0.502 0.99/0.491

Abbreviations: ER, endoplasmic reticulum; ES, enrichment score; NOM P value, nominal P value; NS, not
significant.
“Nominal P < 0.05.
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causative factor for changes in liver metabolism. Additionally, activation of mTORC1 and
mTORC2 was observed in HepG2 cells after 3 and 24 hours of treatment by BDE-47, respectively.
This fact suggests that BDE-47 directly affects mTOR signaling in liver cells rather than acting
via changes in circulating hormones. IGF-1 is one of the major activators of the mTOR pathway
[47, 74]. It was surprising, therefore, that the twofold increase in circulating IGF-1 on PNW20 was
not associated with increased activity of mTOR complexes in mouse livers. We hypothesized
that changes in IGF-1 secretion might also result from some compensatory mechanism
that keeps essential cellular processes at physiological levels instead of developmentally
reprogrammed pathways responsible for metabolism homeostasis maintenance.

In our experiments, perinatal exposure to BDE-47 resulted in a long-lasting, almost
twofold, increase in circulating triglycerides. This increase is likely explained by the de-
creased expression of CD36 in the liver of the exposed mice. CD36 is a multifunctional
membrane receptor involved in fatty acid uptake [77, 78]. CD36 is regulated at the trans-
lational level downstream of mTOR [79, 80]. Recent studies have demonstrated that reduced
expression of CD36 improves insulin sensitivity [78, 81] but increases circulating lipids [81].
Improved glucose uptake in rats perinatally exposed to BDE-47 was reported in our previous
study [23], and these animals had increased blood cholesterol levels [31]. Thus, it is likely that
the long-lasting metabolic effects of perinatal BDE-47 exposure in rodent models consist,
among others, in suppression of CD36, associated with increased blood lipids and increased
insulin sensitivity. Increased insulin sensitivity is usually considered a desirable shift in
metabolism; however, other changes in liver metabolic reactions induced by perinatal BDE-47
exposure in our studies and studies reported by other groups [56, 82—84] produced, as yet
poorly understood, shifts in metabolic homeostasis maintenance that might result in multiple
disadvantages.

Perinatal exposure to BDE-47 resulted in a substantial decrease in the percentage of
binuclear and polyploid hepatocytes in the mouse livers on PNW20. Polyploidy is a common
characteristic of the mammalian liver [85]. In rodents, hepatocyte polyploidization starts at
the time of weaning and continues throughout development and aging [86]. After the end of
the proliferative stage, the liver undergoes gradual polyploidization, during which several
ploidy classes of hepatocytes emerge, including tetraploid and octoploid cell classes with one
or two nuclei [87]. In adult rodents, the degree of polyploidy reaches 85% in C57BI mice [88]
and Wistar rats [89]. Liver polyploidization is associated with terminal differentiation and
aging [90-92]. It was shown recently that generation of binuclear tetraploid hepatocytes is
dependent on Akt activity [86, 93]. The investigators demonstrated that selective inhibition of
phosphatidylinositol 3-kinase (PI3K) in rat livers or in cultured hepatocytes results in
substantially reduced Akt and S6 ribosomal phosphorylation and a drastic decrease in cy-
tokinesis failure events. Cytokinesis failure was mTORC1-independent, revealing that Akt
controls the cytokinesis program and consequent generation of binuclear tetraploid hepa-
tocytes directly or through mTORC2 [86]. This second possibility is supported in that
mTORC2 has an important role in regulating the actin cytoskeleton and cytokinesis [94].

The results of the present study have demonstrated that BDE-47 at low doses can activate
both mTOR complexes in mouse livers and in human hepatocellular carcinoma cells, sug-
gesting common mechanisms of activation. One such mechanism consists of PI3K activation.
PI3K is a member of the classic PI3K/Akt/mTORC1 cascade [74]. PI3SK-dependent binding of
mTORC2 to ribosomes was also shown recently as a mechanism of mTORC2 activation [95].
Another mechanism involves post-translational modifications of the mTORC2 complex
member Rictor by mTORC1-dependent S6K1 [96]. It was also reported that Racl regulates
both mTORC1 and mTORC2 by binding directly to mTOR and mediating mTORC1 and
mTORC2 localization at specific membranes in response to stimulation by growth factors [97].
Additional studies are needed to dissect the molecular mechanisms upstream of mTOR that
are affected by BDE-47.

Given that exposure in our mouse experiment ceased on PND21 and many effects linked to
the mTOR pathway were found 17 weeks later, we hypothesize that modulation of mTOR
signaling in the liver during a sensitive developmental window might have a permanent
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programming effect on liver physiology. The initial half-life for BDE-47 is 1 to 3 days in mice,
and the terminal half-life was calculated to be 23 days [69], suggesting that the observed
differences between control and exposed mice cannot be attributed to the direct effect of BDE-
47 retained in the animals’ tissues. The mechanisms of programming by BDE-47 are not clear;
however, we speculate that opposing forces might be involved in these changes, including
abnormal setting of mTOR pathway activity in response to developmental exposure and
compensatory response aimed at restoring normal cellular physiology. For example, the
expression of mTORC1- and mTORC2-regulated genes in our study was altered in both
directions (up and down), implicating opposing forces involved in their regulation. Sub-
stantial suppression of major translation regulator cytoplasmic S6K1 was associated with
substantial upregulation of ribosomal genes. A twofold elevated blood IGF-1 level was not
accompanied by increased activity of mTOR complexes. Given that the mTOR pathway has
numerous feedback loops [32, 42, 47, 74, 98, 99], it is not surprising that dissecting a long-
lasting compensatory network induced by developmental modulation of mTOR activity will be
challenging. Additional studies are needed to better characterize the molecular mechanisms
affected by developmental exposure to PBDEs and the resulting metabolic phenotype in
laboratory animals and humans.

4. Conclusions

The results of the present study have shown that perinatal exposure to environmentally
relevant doses of BDE-47 in laboratory mice results in long-lasting changes in liver meta-
bolism associated with a twofold increase in circulating triglycerides. Given that one-fifth of
the North American population was exposed to high environmental doses of PBDEs during
perinatal development, the possibility of long-term programming of metabolic health by
developmental exposures to this group of chemicals raises important concerns and requires
mechanistic studies to provide a background for the development of preventive and protective
interventions against environmentally induced metabolic disorders. The present study has
also provided experimental evidence for a hypothesis linking PBDE exposure with long-
lasting metabolic changes via an mTOR-centered molecular mechanism—a major pathway of
regulation of growth and metabolism, linked to aging and to the development of cancer,
obesity, type 2 diabetes, male infertility, and neurodevelopmental and neurodegenerative
diseases. The potential ability of environmental exposures to affect the mTOR pathway, the
pathway involved in the pathogenesis of conditions representing major public health threats,
calls for further mechanistic research.
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