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ABSTRACT

Lipids are critical for neurodevelopment; therefore, disruption of lipid homeostasis by environmental chemicals is expected
to have detrimental effects on this process. Previously, we demonstrated that the benzalkonium chlorides (BACs), a class of
commonly used disinfectants, alter cholesterol biosynthesis and lipid homeostasis in neuronal cell cultures in a manner
dependent on their alkyl chain length. However, the ability of BACs to reach the neonatal brain and alter sterol and lipid
homeostasis during neurodevelopment in vivo has not been characterized. Therefore, the goal of this study was to use
targeted and untargeted mass spectrometry and transcriptomics to investigate the effect of BACs on sterol and lipid
homeostasis and to predict the mechanism of toxicity of BACs on neurodevelopmental processes. After maternal dietary
exposure to 120 mg BAC/kg body weight/day, we quantified BAC levels in the mouse neonatal brain, demonstrating for the
first time that BACs can cross the blood-placental barrier and enter the developing brain. Transcriptomic analysis of
neonatal brains using RNA sequencing revealed alterations in canonical pathways related to cholesterol biosynthesis, liver
X receptor-retinoid X receptor (LXR/RXR) signaling, and glutamate receptor signaling. Mass spectrometry analysis revealed
decreases in total sterol levels and downregulation of triglycerides and diglycerides, which were consistent with the
upregulation of genes involved in sterol biosynthesis and uptake as well as inhibition of LXR signaling. In conclusion, these
findings demonstrate that BACs target sterol and lipid homeostasis and provide new insights for the possible mechanisms
of action of BACs as developmental neurotoxicants.
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The brain is the most lipid-rich organ, and lipids play important
roles in neurodevelopment. For example, docosahexaenoic acid,
a x-3 long-chain polyunsaturated fatty acid, is essential for
early neurodevelopmental events such as neurogenesis (Coti
Bertrand et al., 2006; Katakura et al., 2009). Cholesterol is another
critical molecule—serving an essential role in hedgehog signal-
ing (Porter et al., 1996), neurogenesis (Komada et al., 2008), syn-
apse formation and function (Koudinov and Koudinova, 2001;
Mauch et al., 2001), and myelination (Saher et al., 2005).
Importantly, the brain synthesizes its cholesterol locally and

independently (Bjorkhem and Meaney, 2004). The role of choles-
terol in neurodevelopment is underscored by the cholesterol
biosynthesis disorder, Smith–Lemli–Opitz syndrome (SLOS),
which is caused by a defect in the last step of the postsqualene
cholesterol biosynthetic pathway, 3b-hydroxysterol-D7-reduc-
tase (DHCR7) (Porter and Herman, 2011; Thurm et al., 2016). This
defect results in increased levels of cholesterol precursors, such
as 7-dehydrocholesterol (7-DHC), and reduced cholesterol levels
in all tissues and fluids of SLOS patients (Tint et al., 1994, 1995).
The SLOS phenotype includes multiple congenital
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malformations, developmental delay, cognitive impairment,
and behavior problems (Porter and Herman, 2011; Thurm et al.,
2016). A variety of other malformation disorders are also attrib-
uted to alterations in cholesterol homeostasis (Porter and
Herman, 2011).

Some known developmental neurotoxicants, such as reti-
noic acid and ethanol, have been shown to modulate choles-
terol homeostasis (Chen et al., 2011; Zhou et al., 2014). Thus, it is
plausible that environmental chemicals capable of disrupting
cholesterol and lipid homeostasis could be potential develop-
mental neurotoxicants. The small molecule and known terato-
gen, AY9944, induces a pharmacological model of SLOS in rats
by potently inhibiting DHCR7, which leads to the same bio-
chemical defects as observed in SLOS (Kolf-Clauw et al., 1996;
Roux et al., 1979, 1980). Previously, we screened for environmen-
tal molecules and drugs that could inhibit cholesterol biosyn-
thesis in a manner similar to AY9944. We reported that
benzalkonium chloride (BAC), a widely used quaternary ammo-
nium compound (QAC) antimicrobial, displays high structural
similarity to AY9944 (Herron et al., 2016). We further found that
short-chain benzalkonium chlorides (BACs) (C10 and C12) po-
tently inhibit DHCR7, while long-chain BACs (C14 and C16) sup-
press the formation of other cholesterol precursors, such as
zymosterol, lathosterol, and desmosterol (Herron et al., 2016).
Exposure to BACs also altered the lipidome of neuronal cells, in
a manner dependent on the BAC alkyl chain length (Hines et al.,
2017). Given the important role of lipids in neurodevelopment,
our findings indicate that environmental exposure to BACs dur-
ing developmental stages could adversely affect
neurodevelopment.

QACs, including BACs, are disinfectants widely used in resi-
dential, commercial, and medical settings, as well as the food
processing industry. They are found in disinfecting solutions
and wipes, hand sanitizers, eye drops, and nasal spray, indicat-
ing a variety of exposure scenarios (Gilbert and Moore, 2005;
Holah et al., 2002; McDonnell and Russell, 1999; Ratani et al.,
2012). BACs are also directly applied to eating utensils, egg
shells, milking equipment and udders, and medical instru-
ments (EPA, Programs, AD, 2006). High levels of QACs have been
found in grapefruit seed extracts (Takeoka et al., 2005), food
additives (Kröckel et al., 2003), fruits, and processed food such as
milk and other dairy products (Slimani et al., 2017). Therefore,
exposure to QACs is prevalent given the diversity of applica-
tions and presence in food products.

Recently, QACs have been suggested to be bona fide terato-
gens, based on an increased incidence of neural tube defects
(NTDs) observed in both mice and rats exposed in utero to an en-
vironmentally relevant mixture of QACs that contains BACs
(Hrubec et al., 2017). Neural tube defects are closely associated
with defects in neural stem/progenitor cell (NSPC) proliferation
and neurogenesis (Hirata et al., 2001; Ishibashi et al., 1995; Zhong
et al., 2000). Lipid metabolism has been shown to influence
NSPC proliferation and neurogenesis, as a variety of lipids are
used as building blocks for membranes, energy sources, and sig-
naling entities (Bieberich, 2012; Dietschy and Turley, 2004;
Edmond, 1992; Knobloch et al., 2013; Salem et al., 2001; Spitzer,
1973; Warshaw and Terry, 1976). Thus, disruption of lipid me-
tabolism by BACs might contribute to the previously reported
NTDs and other neurodevelopmental outcomes. However, the
ability of BACs to enter the fetal brain and alter sterol and lipid
homeostasis has not yet been investigated. Therefore, the ob-
jective of the present study was to test the hypothesis that in
utero exposure to BACs alters sterol and lipid homeostasis in the
developing brain.

MATERIALS AND METHODS

Chemicals. Optima LC/MS solvents (acetonitrile, chloroform,
methanol, methylene chloride, and water), 2-methylbutane,
ammonium acetate (Optima LC/MS), formic acid (Optima LC/
MS), and sodium chloride were purchased from Thermo Fisher
Scientific (Grand Island, New York). The deuterated (d7-) sterol
standard d7-7-dehydrocholesterol was prepared as reported
previously (Xu et al., 2011a,b). d7-cholesterol was purchased
from Avanti Polar Lipids (Alabaster, Alabama). 13C3-desmosterol
and 13C3-lanosterol were purchased from Kerafast (Boston,
Massachusetts). d7-BAC C12 and d7-BAC C16 were prepared as
described previously (Herron et al., 2016).

Animals. C57BL/6J mice were purchased from Jackson
Laboratories (Bar Harbor, Maine). The University of Washington
Institutional Animal Care and Use Committee approved all ani-
mal protocols. Experiments conducted were also in accordance
with the Guiding Principles in the Use of Animals in Toxicology.
Adult male and female mice (4–6 months old) were acclimated
to untreated Nutra-Gel diet (Product #F5769, Bio-Serv,
Frenchtown, New Jersey) for 1 week prior to dietary BAC expo-
sure (Figure 1A). Our previous pilot studies have shown that ex-
ogenous BAC contamination on the mass spectrometer source
led to artifact levels of BAC in control samples, preventing accu-
rate quantitation. Therefore, to accurately quantify the ability of
BACs to enter the neonatal brain, deuterated BACs were used.
Thus, females were randomly assigned to exposure groups
(n¼ 3–4 per group) as described: control Nutra-Gel diet, 120 mg/
kg body weight/day d7-BAC C12 in Nutra-Gel diet, or 120 mg/kg
body weight/day d7-BAC C16 in Nutra-Gel diet. Excess gel diet
was provided fresh each day so as not to restrict food intake. No
difference in food consumption was observed between expo-
sure groups.

Following the 1-week acclimation period, females were ex-
posed to control or BAC diet for 1 week prior to mating. Breeding
pairs consisted of 1 male per 2 females (2 breeding cages per ex-
posure group) and were housed together for 1 week. Sires were
then removed from the cage and dams were fed the control or
BAC diet throughout gestation until postnatal day 0 (PND0). At
PND0, neonates were sacrificed, and the brain and liver were
dissected, flash-frozen in 2-methylbutane on dry ice and stored
at �80�C until subsequent analyses. Sex was not determined at
this age. The weight of each frozen tissue was recorded. Dams
were sacrificed at this time to collect blood samples for BAC
measurements.

Lipid extraction. Prior to lipid extraction, isotopically labeled ste-
rol internal standards (to be used for quantification in the ster-
ols analysis) and unlabeled d0-BAC C12 and d0-BAC C16 internal
standards (to be used for quantification of the fed d7-BAC in tis-
sues and fluids) were added to each tissue (sagittal-cut half
PND0 brain, PND0 liver, or dam blood). Note that the other half
of the PND0 brain was used for RNA sequencing analysis as de-
scribed below. For sterols analysis, 5 mg of d7-cholesterol and d7-
7-dehydrocholesterol, and 1 mg of 13C3-lanosterol and 13C3-des-
mosterol were added to each sample. For BAC analysis,
0.03 nmol of d0-BAC C12 and d0-BAC C16 were added to each
sample. Lipid extraction was carried out as previously described
in detail (Herron et al., 2018). To extract the lipids, samples were
homogenized in Folch solution (4 ml chloroform/methanol [2/1,
v/v]), using a blade homogenizer. NaCl aqueous solution (0.9%
[w/v], 1 ml) was added and the resulting mixture was briefly vor-
texed and then centrifuged for 5 min in a clinical tabletop
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centrifuge at 10�C. The lower (organic) phase was recovered,
transferred to a separate glass tube, and the solvent was re-
moved in vacuo using a SpeedVacVR (Thermo Fisher Savant).
Finally, the resulting dried tissue or blood extracts were redis-
solved in 0.3 ml methylene chloride prior to analysis.

UHPLC-MS/MS analysis of BAC and BAC-metabolite levels. Analysis
of BAC levels was performed by ultra-high-performance liquid
chromatography tandem mass spectrometry (UHPLC-MS/MS) us-
ing a triple-quadrupole mass spectrometer (API 6500TM; SCIEX,
Vaughan, Ontario, Canada) equipped with electrospray ionization
(ESI). For analysis, 40ml of lipid extract was transferred to an LC
vial, dried under a stream of argon, and reconstituted in 40ml wa-
ter/methanol (1/1, v/v). Reverse-phase chromatography was per-
formed with the following conditions: C18 column (Hypersil
GOLDVR , 100 mm� 2.1 mm, 1.9mm particle diameter; ThermoFisher
Scientific, Grand Island, New York); flow rate, 0.4 ml/min; and gra-
dient elution method with solvent A (0.1% formic acid, 2 mM am-
monium formate in water) and solvent B (acetonitrile) was used:
0 min, 30% B; 9.5 min, 85% B; 10–12 min, 30% B. MS conditions:
declustering potential, 50 V; entrance potential, 10 V; collision en-
ergy, 31 V; collision cell exit potential, 10 V. ESI parameters: spray
voltage 3500 V; temperature, 400�C; curtain gas, 35 psi; ion source
gas, 45 psi. For MS analysis, selective reaction monitoring (SRM)
was employed to monitor the mass-to-charge ratio (m/z) of the
parent ion (Q1) for each BAC (isotopically labeled analyte and cor-
responding internal standard) and the m/z of the characteristic
fragment (Q3), formed from the loss of benzyl group (C7H8) (see
Table 1 for mass transitions). d7-BAC concentrations were calcu-
lated based on the ratio of the analyte peak area to the internal
standard peak area and internal standard concentration in each

sample. The major BAC metabolites were also monitored, includ-
ing the þ1O- and þ1O-2H-metabolites of d7-BAC C12 and the þ1O-
metabolite of d7-BAC C16 in dam blood and neonatal brain sam-
ples (see Table 1 for mass transitions). Presence of a metabolite
peak was confirmed by comparison to a standard sample contain-
ing BAC metabolites that had been generated in NADPH-fortified
human liver microsomes (further details on generation and char-
acterization of BAC metabolites can be found in our manuscript in
submission, by Seguin R.; Herron, J.; Dempsey, J.; Xu, L.). All data
are presented as mean 6 standard deviation. Statistical analyses
relative to control were conducted using the Student’s t test as-
suming unequal variance (p value < .05).

UHPLC-MS/MS analysis of sterol levels. Analysis of sterols was per-
formed by UHPLC-MS/MS using a triple-quadrupole mass

Figure 1. Experimental design, structure of deuterium (d7)-labeled BACs, and BAC tissue distribution analysis. A, Dams were exposed prior to mating and gestation. At birth,

neonates and dams were sacrificed and tissues were harvested to be used for the described endpoints. B, Structures of d7-BAC C12 (top) and d7-BAC C16 (bottom). C,

Concentration of d7-BAC C12 in control and exposed neonatal brain and liver and dam blood determined by ultra-high-performance liquid chromatography tandem mass

spectrometry. D, Concentration of d7-BAC C16 in control and exposed neonatal brain and liver and dam blood determined by ultra-high-performance liquid chromatogra-

phy tandem mass spectrometry. n¼5–7 biological replicates per condition for PND0 tissues and n¼2–3 biological replicates per condition for dam blood; all statistical analy-

ses are relative to control using the Student’s t test assuming unequal variances; *p< .05; Abbreviation: BAC, benzalkonium chloride.

Table 1. The m/z of the Parent Ion (Q1) and Characteristic Fragment
(Q3) for Each BAC Analyte of Interest Was Monitored, Including the
Isotopically Labeled Analyte, Major Metabolite/s, and Corresponding
Internal Standard

Analyte Q1 Parent Ion (m/z) Q3 Fragment Ion (m/z)

d7-BAC C12 311.2 212.2
d7-BAC C12 þ1O 327.2 228.2
d7-BAC C12 þ1O-2H 325.2 226.2
d0-BAC C12 304.2 212.2
d7-BAC C16 367.2 268.2
d7-BAC C16 þ1O 383.2 284.2
d0-BAC C16 360.2 268.2
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spectrometer (API 4000TM; SCIEX, Vaughan, Ontario, Canada)
equipped with atmospheric pressure chemical ionization as de-
scribed previously (Herron et al., 2018). For analysis, 10 ml of lipid
extract was transferred to an LC vial, dried under a stream of ar-
gon, and reconstituted in 100 ml 90% MeOH with 0.1% formic
acid. See previously published protocol for further details on
UHPLC-MS/MS analysis, including MS conditions and quantifi-
cation method (Herron et al., 2018). Data are presented as mean
6 standard deviation. Statistical analyses relative to control
were conducted using Student’s t test assuming unequal vari-
ance (p value < .05).

Untargeted lipidomics and data analysis. Chromatographic separa-
tion was performed using a Waters Acquity FTN ultraperform-
ance liquid chromatography (Waters Corp, Milford,
Massachusetts) with a hydrophilic interaction column (HILIC;
Phenomenex Kinetex, 2.1� 100 mm, 1.7 mm) maintained at 40�C.
An injection volume of 5 ll was used. Ion mobility-mass spec-
trometry (IM-MS) analysis was performed on a Waters Synapt
G2-Si HDMS (Waters Corp) equipped with an ESI source.
Detailed chromatographic and IM-MS conditions and mass cali-
bration parameters were as previously published (Hines et al.,
2017). Data alignment, peak detection, and normalization were
performed in Progenesis QI (Nonlinear Dynamics). The chro-
matographic region from 0.4 to 8.4 min was considered for peak
detection. The reference sample for alignment was automati-
cally selected by Progenesis QI, and data were normalized to tis-
sue weight. The resulting data set was filtered by analysis of
variance p value < .05. Principal components analysis was per-
formed in EZInfo (Umetrics). Lipid identifications were made
against the METLIN database within 20 ppm mass accuracy.
Data are presented as mean 6 standard deviation. Statistical
analyses relative to control were conducted using Student’s t
test assuming unequal variance with a Bonferroni correction for
multiple comparisons (p value < .025).

Total RNA isolation. PND0 brain halves (sagittal-cut) from control,
BAC C12, or BAC C16 exposure groups (n¼ 4 per exposure group)
were homogenized in 1 ml of QIAzol Lysis Reagent (Qiagen) us-
ing a blade homogenizer. Total RNA was extracted from each
sample using the RNeasy Lipid Tissue Mini Kit (Qiagen,
Germantown, Maryland) according to the manufacturer’s proto-
col. RNA concentration was quantified using a microplate spec-
trophotometer (Bio-Tek, Winooski, Vermont) to quantify the
absorbance at 260 nm. The RNA integrity was evaluated by
formaldehyde agarose gel electrophoresis to visualize the 18S
and 28S rRNA bands. Novogene (Chula Vista, California) per-
formed the cDNA library construction and sequencing using the
Illumina NovaSeq 6000 platform (150 base pairs paired-end,
with sequencing depth above 20 million reads per sample).
Novogene confirmed the RNA integrity and purity using the
Agilent 2100 BioAnalyzer (Agilent Technologies Inc, Santa Clara,
California). Samples with RNA Integrity Number (RIN) of 8.6 or
above were submitted to RNA sequencing.

RNA sequencing and data analysis. Raw RNA sequencing reads in
FASTQ format were mapped to the mouse genome using HISAT
(https://ccb.jhu.edu/software/hisat/; Last accessed June 19,
2019), and format conversions were performed using Samtools.
Cufflinks (http://cole-trapnell-lab.github.io/cufflinks/; Last
accessed June 19, 2019) was used to estimate relative abundan-
ces of transcripts from each RNA sample. Cuffdiff, a module of
Cufflinks, was then used to determine differentially expressed
genes (DEGs) between comparison control versus BAC C12 or

control versus BAC C16. Differentially expressed genes met the
following criteria: adjusted p value < .05 (corresponding to the
allowed false discovery rate of 5%).

Differentially expressed genes were plotted in a Venn dia-
gram to identify the common and uniquely expressed genes for
each exposure (BAC C12 or BAC C16). Canonical Pathway analy-
sis and Upstream Regulator analysis of DEGs was performed us-
ing the Core Analysis feature of Ingenuity Pathway Analysis
(IPA, Ingenuity Systems). The Database for Annotation,
Visualization and Integrated Discovery (DAVID; https://david.
ncifcrf.gov/summary.jsp; Last accessed June 19, 2019) annota-
tion enrichment analysis was used to identify enriched lists of
DEGs related to sterol and lipid metabolism from each compari-
son pair (control vs BAC C12 or control vs BAC C16) (Huang et al.,
2009). A two-way hierarchical clustering dendrogram was con-
ducted on the enriched lists of DEGs related to sterol and lipid
metabolism for the control versus BAC C12 comparison and the
control versus BAC C16 comparison using ClustVis (https://biit.
cs.ut.ee/clustvis/; Last accessed June 19, 2019) (Metsalu and Vilo,
2015). Correlation distance and average linkage was used for
clustering of rows and columns.

Validation of genes using real-time quantitative polymerase chain re-
action (RT-qPCR). A subset of genes related to sterol and lipid me-
tabolism were selected for validation using RT-qPCR. Total RNA
isolated from the PND0 brains (n¼ 4 per exposure group) was
reverse-transcribed into cDNA using the SuperScript IV First-
Strand Synthesis System (Invitrogen, Carlsbad, California). The
resulting cDNA was amplified by qPCR, using the TaqMan Gene
Expression Mastermix (Thermo Fisher Scientific, Waltham,
Massachusetts) in a StepOnePlus Real-Time PCR System
(Thermo Fisher Scientific). TaqMan gene expression assays
were used for all qPCR reactions, see Supplemental Table 1 for
assay ID (Thermo Fisher Scientific). Data are expressed as mean
percentage of the expression of the housekeeping gene b-actin
6 standard error of the mean. Statistical analyses relative to
control were conducted using the Student’s t test assuming un-
equal variance (p value < .05).

Joint pathway analysis of genes and metabolites. To integrate results
obtained from sterols analysis, untargeted lipidomics, and tran-
scriptomics analyses, the joint pathway analysis module of
MetaboAnalyst 4.0 (https://www.metaboanalyst.ca/
MetaboAnalyst/faces/home.xhtml; Last accessed June 19, 2019)
was used. Joint pathway analysis exploits the KEGG (Kyoto
Encyclopedia of Genes and Genomes) metabolic pathway data-
base to discover pathways involved in underlying biological pro-
cesses using gene expression and metabolite data. Lists of DEGs
and significantly altered sterols and lipids from either BAC C12 or
BAC C16 exposed neonatal brains were uploaded into the module.
Features were then mapped to KEGG metabolic pathways for
over-representation analysis and pathway topology analysis. For
over-representation analysis, pathway enrichment was deter-
mined by hypergeometric test and reported with an FDR-adjusted
p value. For topology analysis, degree centrality was used to assess
the position of a gene or compound within a pathway.

RESULTS
Distribution of BACs in PND0 Tissues and Maternal
Circulation

To examine whether BACs can enter the embryonic brain, dams
were exposed 1-week prior to mating and throughout gestation
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to control Nutra-Gel diet or Nutra-Gel diet with added d7-BAC
C12 or d7-BAC C16 (120 mg/kg/day) (Figs. 1A and 1B). This dosing
regimen was adapted from Hrubec et al., who had previously
demonstrated that 120 mg/kg/day of an environmentally rele-
vant mixture of QACs, including BACs, increased the incidence
of NTDs in both mice and rats (Hrubec et al., 2017). In the current
study, BACs were found at low nM levels in various PND0 tis-
sues, including the brain and liver (Figs. 1C and 1D). d7-BAC C12
levels were higher in the brain and liver of neonates than in the
control neonates (Figure 1C), whereas d7-BAC C16 levels were
only significantly higher in the brain (Figure 1D). Levels in the
neonatal tissues corresponded to approximately 20 nM BAC in
the maternal circulation (Figs. 1C and 1D). As additional evi-
dence of systemic BAC exposure, BAC metabolites that entailed
cytochrome P450-mediated oxidations of the alkyl chain were
observed in the neonatal brain exposed to d7-BAC C12 and in
the circulation of dams exposed to either BAC (Supplemental
Figure 1) but not in the control mice (identification of these
metabolites can be found in our manuscript under review by
Seguin R.; Herron, J.; Dempsey, J.; Xu, L.). Overall, these results
indicate that BACs do indeed cross the blood-placenta barrier,
enter the fetus, and reach the developing brain.

Assessment of Sterol Homeostasis in PND0 Brains

BAC compounds of different alkyl chain lengths have been
shown to alter cholesterol biosynthesis (Figure 2A) in neuronal
cell lines (Herron et al., 2016). However, the ability of BACs to al-
ter sterol homeostasis during neurodevelopment has not been
characterized. Therefore, levels of sterols in lipid extracts from
control and exposed PND0 brains were assessed using UHPLC-
MS/MS (Herron et al., 2018). Decreased sterol levels were ob-
served in both BAC C12 and BAC C16 exposed brains (Figs. 2B–I).
Exposure to BAC C12 had a more pronounced effect on sterol
levels, significantly decreasing levels of total sterols as well as
the precursors, 7- and 8-DHC, 7-DHD, desmosterol, and lano-
sterol, with a trend of decreased cholesterol and other choles-
terol precursors. BAC C16 also lead to significantly decreased
levels of 7-DHD, lanosterol, and lathosterol with a trend of de-
creased total sterols, cholesterol, and other cholesterol precur-
sors. The decrease in lanosterol, as well as sterol metabolites
downstream of lanosterol, indicate that BACs inhibit biosynthe-
sis upstream of the postsqualene cholesterol biosynthetic path-
way in neonatal brains.

Untargeted Analysis of the PND0 Brain Lipidome

We have previously demonstrated that BAC compounds altered
lipid homeostasis in treated neuronal cells, leading to decreased
levels of triacylglycerols (TGs), diacylglycerols (DGs), and ceram-
ides (Cers) by both BAC-C12 and BAC-C16 and varied changes to
phospholipids and sphingomyelins in a manner dependent on
the alkyl chain length (Hines et al., 2017). In the current study,
significant alterations in the lipidome of BAC C12- and BAC C16-
exposed neonatal brains were also observed, as determined by
our HILIC-IM-MS lipidomics method (Figure 3). Principal compo-
nent analysis (PCA) revealed group separation dependent on ex-
posure, with BAC-exposed brains separating from control
brains along PC-1 (accounting for 64.0% of the variance), al-
though some overlap is observed (Supplemental Figure 2). BAC-
C12 exposed brains further separated from BAC-C16 samples
along PC-2 (accounting for 13.3% of the variance).

Significantly altered lipid species were identified by reten-
tion time and m/z (Supplemental Table 2). Changes in lipid

classes, including DGs, TGs, hexosylceramides (HexCers), and
Cers, contributed to the group separations observed in the PCA.
BACs altered these lipid species in a manner dependent on the
alkyl chain length. BAC C12 exposure led to an overall decrease
in DGs and TGs in the neonatal brains, whereas BAC C16 expo-
sure also decreased the levels of these lipids albeit not reaching
statistical significance due to large error. Furthermore, BAC C16
significantly decreased the levels of Cers and HexCers (Figure 3).
The reduction in the levels of TGs, DGs, and Cers is consistent
with what was previously observed in neuronal cells exposed to
BACs (Hines et al., 2017).

Global Changes in Gene Expression Profiles in BAC-
Exposed PND0 Brains

To elucidate mechanisms underlying the observed decreases in
sterols and lipids, transcriptomic changes in control and BAC-
exposed neonatal brains were investigated using RNA sequenc-
ing. Overall, BAC C12 showed more significant gene expression
changes than BAC C16. Compared to controls, in utero exposure
to BAC C12 altered the expression of 507 genes in PND0 brains,
whereas in utero exposure to BAC C16 altered the expression of
139 genes (adjusted p< .05) (Figs. 4A and 4B). BAC C12 upregu-
lated 308 genes and downregulated 199 genes, whereas BAC C16
upregulated 65 genes and downregulated 74 genes. Among the
DEGs, 77 genes were coregulated by both BACs, whereas 430
genes were uniquely regulated by BAC C12 and 62 genes were
uniquely regulated by BAC C16. Among the commonly regulated
genes, 46 of the genes were upregulated and 31 were
downregulated.

Ingenuity Pathway Analysis of DEGs in BAC-Exposed
PND0 Brains

Functional characterization of DEGs was conducted using IPA.
Ingenuity Pathway Analysis revealed the most significantly al-
tered canonical pathways of DEGs in the control versus BAC C12
comparison and the control versus BAC C16 comparison
(Figure 4C; Supplemental Table 3). For the control versus BAC
C12 comparison, the top 5 significantly altered canonical path-
ways included the “Superpathway of Cholesterol Biosynthesis”
(8 genes), “liver X receptor-retinoid X receptor (LXR/RXR)
activation” (14 genes), “thyroid hormone receptor-retinoid X re-
ceptor (TR/RXR) Activation” (11 genes), “Glutamate Receptor
Signaling” (8 genes), and “Acute Phase Response Signaling” (13
genes) (Figure 4C; Supplemental Table 3). The “Superpathway of
Cholesterol Biosynthesis” was predicted to be activated,
whereas the “LXR/RXR activation” and “Acute Phase Response
Signaling” pathways were predicted to be inhibited. Predictions
of activation or inhibition is inferred from the activation z-score
which is calculated based on the match between the gene ex-
pression pattern expected from the IPA Knowledge Base and the
expression (“increase” or “decreased”) of DEGs within the data-
set. Activation z-scores were not predicted for the “TR/RXR
Activation” or “Glutamate Receptor Signaling” pathways, likely
due to ambiguity in the direction of gene expression changes in
these pathways. For the control versus BAC C16 comparison,
the top 5 significantly altered canonical pathways included
“EIF2 signaling”, “Superpathway of Cholesterol Biosynthesis” (5
genes), “LXR/RXR Activation” (7 genes), “Glutamate Receptor
Signaling” (4 genes), and “Acute Phase Response Signaling” (6
genes) (Figure 4C; Supplemental Table 3). The “Superpathway of
Cholesterol Biosynthesis” was predicted to be activated,
whereas the “EIF2 signaling” and “LXR/RXR activation”
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pathways were predicted to be inhibited. Activation z-scores
were not predicted for the “Acute Phase Response Signaling” or
“Glutamate Receptor Signaling” pathways.

The upstream analysis module of IPA also predicted tran-
scriptional regulators of gene expression and whether they
were activated or inhibited (Supplemental Tables 4 and 5). Of
particular interest was the identification of the upstream regu-
lator of sterol and lipid homeostasis, SREBP cleavage-activating
protein (SCAP), as one of the most significantly activated tran-
scriptional regulators in both the control versus BAC C12 and
control versus BAC C16 comparisons (Figure 5). This prediction
was based on the overlap p value, which measures the signifi-
cance of the overlap between dataset genes and genes regulated
by the transcriptional regulator (control vs. BAC C12,
p¼ 2.02E�12; control vs BAC C16, p¼ 4.37E�07). SCAP activation
was predicted in both IPA comparisons based on the expression
pattern of a variety of DEGs involved in sterol and lipid biosyn-
thesis and transport (Table 2). SCAP is an escort protein required

for cholesterol and lipid homeostasis. When sterol levels are
low, SCAP, a sterol sensor, binds sterol regulatory element bind-
ing proteins (SREBPs) and mediates their transport from the en-
doplasmic reticulum (ER) to the Golgi (Camargo et al., 2009),
where SREBPs are cleaved by proteases. Cleaved cytoplasmic
portion of SREBPs subsequently translocates to the nucleus and
activate genes involved in sterol and lipid biosynthesis, trans-
port, and metabolism. SREBP1c governs the activation of genes
involved in fatty acid and triacylglyceride biosynthesis, whereas
SREBP2 is involved in cholesterol biosynthesis (Camargo et al.,
2009).

Hierarchical Clustering Analysis of DEGs Involved in
Sterol and Lipid Metabolism

Given the identification of canonical signaling pathways, pre-
diction of upstream regulators of sterol and lipid homeostasis,
and the apparent sterol- and lipid-lowering effects of BACs on

Figure 2. Lipid extracts from neonatal brains exposed in utero to BAC C12 or C16 were analyzed to assess changes to sterols involved in the post-squalene cholesterol

biosynthetic pathway (see cholesterol biosynthesis scheme in panel A). B, Total sterol levels, as well as (C) cholesterol, (D) dehydrocholesterol, (E) zymosterol, (F) des-

mosterol, (G) 7-dehydrodesmosterol, (H) lanosterol, and (I) lathosterol were quantified in each neonatal brain. N¼5–7 biological replicates per condition; all

statistical analyses are relative to control using Student’s t test assuming unequal variances; * p< .05; ** p< .005; *** p< .0005. Abbreviation: BAC, benzalkonium

chloride.
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neonatal brains, expression patterns of genes involved in sterol
and lipid homeostasis were examined in detail. DAVID func-
tional annotation clustering analysis identified an enriched
subset of genes functionally-related to sterol and lipid metabo-
lism in both control versus BAC C12 and control versus BAC C16
comparisons (Supplemental Table 6). The gene cluster related
to sterol and lipid homeostasis was found to be enriched in
both BAC C12 (37 genes) and BAC C16 (19 genes) groups, with an
enrichment score of 3.33 and 2.00, respectively (Supplemental
Table 7). Two-way hierarchical clustering analysis revealed dis-
tinct gene expression patterns between the control and exposed
samples for each comparison (Figure 6), except for 1 BAC C16-
sample which clustered remotely with the controls. For the BAC
C12 versus control comparison group, increased expression of
genes known to play key roles in sterol biosynthesis and

homeostasis was observed in the exposed group (Figure 6A;
Supplemental Table 6), including Hmgcs2, Idi1, Cyp51, Ldlr, Sqle,
Dhcr24, Insig1, Hmgcr, Hsd17b7 and Msmo1. Increases in Hmgcs2,
Ldlr, Sqle, Dhcr24, Hsd17b7, and Msmo1 was also observed in the
BAC C16 samples (Figure 6B; Supplemental Table 7). Both BACs
also decreased the expression of genes encoding lipoproteins,
including Apoa1, Apoa2, Apoc1, indicating decreased transport of
lipids.

Targeted Validation of Sterol- and Lipid-Related Genes
Identified by RNA Sequencing

Differentially expressed genes involved in sterol and lipid ho-
meostasis were validated using RT-qPCR (Figure 7). Real-time
quantitative polymerase chain reaction results were consistent

Figure 3. Lipidomic changes in neonatal brains exposed to BAC C12 or BAC C16 relative to control group. Various lipid species including DGs, TGs, Cers, and HexCers

are main contributors to the group separation in the principal component analysis (Supplemental Figure 1). Both BACs decreased DGs and TGs, although this trend did

not reach statistical significance for BAC C16. BAC C16 significantly decreased Cers and HexCers, whereas BAC C12 had little effect on these lipids. n¼5–7 biological rep-

licates per condition; data filtered by analysis of variance p value < .05. Abbreviations: BAC, benzalkonium chloride; DGs, diacylglycerols; TGs, triacylglycerols.
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with the RNA sequencing data, with BAC C12 showing a more
significant effect than BAC C16 (Figs. 7A and B). Genes involved
in cholesterol biosynthesis, including Dhcr24, Hmgcr, Hmgcs2,
and Sqle were significantly increased by both BACs in the RNA
sequencing analyses, but significant increases were only ob-
served with BAC C12 exposure when validated by RT-qPCR al-
though the trend was consistent. Changes in genes involved in
the regulation of sterol and lipid biosynthesis and uptake were
also assessed using RT-qPCR. Insig1, which was significantly al-
tered by exposure to either BAC in the RNA sequencing analy-
ses, also showed significant increases in expression with BAC
C12 when measured by RT-qPCR. Although not significantly in-
creased based on the RNA sequencing analysis, Scap, Srebf1, and
Srebf2 were also included in the RT-qPCR analysis, as Scap had
been predicted as an activated upstream regulator in the IPA
analysis. Scap and Srebf2 showed a trend toward increased ex-
pression in the BAC C12 samples, but not the control or BAC C16
samples (Figure 7C).

Joint Pathway Analysis of Genes and Metabolites

MetaboAnalyst 4.0 was used to conduct joint pathway analysis
which integrates significant features generated from mass spec-
trometry and transcriptomic analyses. In both BAC C12 and BAC
C16 exposed neonatal brains, joint pathway analysis of DEGs

and significantly altered sterols and lipids confirmed the impor-
tance of steroid biosynthesis. This pathway was the top-most
enriched pathway identified, based on the significantly altered
genes, sterols, and lipids, in BAC C12 (adjusted p value ¼ .01,
Impact ¼ .76) and BAC C16 (adjusted p value ¼ .34, Impact ¼ .53)
exposed neonatal brains (Figure 8). This pathway was more sig-
nificantly enriched in BAC C12 exposed brains, which corre-
sponds with previous findings that BAC C12 is more effective at
altering sterol homeostasis.

DISCUSSION

We previously demonstrated that BAC disinfectants can alter
sterol and lipid homeostasis in neuronal cells (Herron et al.,
2016; Hines et al., 2017). The current study aimed at determining
whether BACs could alter sterol and lipid homeostasis in a simi-
lar manner in the developing mouse brain. This study demon-
strated for the first time that BACs can accumulate in the
neonatal brain and alter the transcriptome, sterol profiles, and
the lipidome following in utero exposure. Specifically, decreases
in levels of sterols in the post-squalene cholesterol biosynthetic
pathway and in a variety of lipid species, particularly TGs and
DGs, were observed in neonatal brains exposed in utero to BAC
C12 or BAC C16. Given the important roles of sterols and lipids
during neurodevelopment, these data provide further evidence

Figure 4. Venn diagrams of genes commonly or uniquely expressed in neonatal brains exposed in utero to BAC C12 or BAC C16: (A) upregulated genes or (B) downregu-

lated genes. BAC C12 exposure led to an upregulation of 308 genes, whereas BAC C16 upregulated 65 genes. Of the genes with increased expression, 46 were coregulated

by the BACs. BAC C12 exposure also led to a downregulation of 199 genes, whereas BAC C16 upregulated 74 genes. Of the genes with decreased expression, 31 were cor-

egulated by the BACs. C, Top 5 canonical signaling pathways significantly altered in neonatal brains exposed in utero to BAC C12 or BAC C16. The BACs altered many of

the same pathways, however TR/RXR activation was unique to BAC C12 and EIF2 signaling was unique to BAC C16. Z-score activation values to right of bar for each

pathway, positive number indicates activation whereas negative number indicates inhibition of pathway. n¼4 biological replicates per condition; adjusted p< .05.

Abbreviations: BAC, benzalkonium chloride; LXR/RXR, liver X receptor-retinoid X receptor; TR/RXR, thyroid hormone receptor-retinoid X receptor.
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that in utero exposure to BACs may have significant adverse
effects on neurodevelopment.

BACs directly inhibit cholesterol biosynthesis in neuronal
cell lines, as evidenced by altered sterol levels and increases in
the sterol and lipid biosynthetic genes Hmgcr, Dhcr7, Ebp, Srebf2,
and Fasn (Herron et al., 2016). In the current study, no 7-DHC
was accumulated in BAC C12-treated neonatal brains, but both
BACs inhibited cholesterol biosynthesis. The decreases in the
levels of lanosterol (the first sterol in the pathway) and other
cholesterol precursors suggest that the inhibition of cholesterol

biosynthesis by BACs occurs before the formation of lanosterol.
Further transcriptomic studies revealed the “Superpathway of
Cholesterol Biosynthesis” as one of the most significantly al-
tered canonical pathways in neonatal brains exposed to either
BAC compound. Consistent with our previous results in neuro-
nal cell lines, in utero BAC exposure upregulated genes involved
in sterol biosynthesis in the neonatal brain, including Dhcr24,
Hmgcr, Hmgcs2, and Sqle, supporting direct inhibition of choles-
terol biosynthesis by BACs. BACs also significantly upregulated
Insig, with a trend toward upregulation of Srebf2 and Scap, which

Figure 5. Ingenuity pathway analysis identifies the upstream regulator SREBP cleavage-activating protein as significantly activated in neonatal brains exposed in utero

to BAC C12 (A) or BAC C16 (B). Red, increased gene expression; green, decreased gene expression; orange, predicted activation; yellow, findings inconsistent with state

of downstream molecule; and gray, effect not predicted. n¼4 biological replicates per condition; adjusted p< .05. Abbreviation: BAC, benzalkonium chloride.

Table 2. Differentially Expressed Genes Regulated by SREBP Cleavage-Activating Protein in Neonatal Brains Exposed In Utero to BAC C12 or
BAC C16

BAC C12 BAC C16

Gene ID Description Log2(FC) Adjusted p Value Log2(FC) Adjusted p Value

AACS Acetoacetyl-CoA synthetase 0.42 9.81E�03 0.35 3.84E–02
ACSL4 Acyl-CoA synthetase long-chain family member 4 0.51 4.44E–03
ALB Albumin –2.19 4.44E–03 –3.69 9.98E–03
CYP51 Cytochrome P450, family 51 0.58 3.23E–02
DLK1 Delta like non–canonical Notch ligand 1 –0.53 2.70E–02
ELOVL6 ELOVL family member 6, elongation of long-chain fatty acids 0.58 4.44E–03
HMGCR 3-hydroxy-3-methylglutaryl-CoenzymeA reductase 0.57 4.44E–03
HMGCS2 3-hydroxy-3-methylglutaryl-CoenzymeA synthase 2 0.69 4.44E–03 0.61 9.98E–03
IDI1 Isopentenyl-diphosphate delta isomerase 0.91 4.44E–03
INSIG1 Insulin induced gene 1 0.41 9.81E–03
LDLR Low-density lipoprotein receptor 0.87 4.44E–03 0.73 9.98E–03
MSMO1 Methylsterol monooxygenase 1 0.66 4.44E–03 0.48 9.98E–03
MT2 Metallothionein 2 –0.48 1.66E–02
MTHFD2 Methylenetetrahydrofolate cyclohydrolase –0.66 4.44E–03 –0.53 9.98E–03
PCSK9 Proprotein convertase subtilisin/kexin type 9 –0.81 4.44E–03
SCD Stearoyl-Coenzyme A desaturase –0.36 1.98E–02
SQLE Squalene epoxidase 0.62 4.44E–03 0.45 9.98E–03

n¼4 biological replicates per condition; adjusted p< .05.
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Figure 6. Two-way hierarchical clustering dendrograms of differentially expressed genes involved in sterol and lipid homeostasis in neonatal brains exposed in utero to

(A) BAC C12 (A) or (B) BAC C16; adjusted p< .05. n¼4 biological replicates were tested for each group (shown as columns). Each row represents a different gene.

Dendrogram was generated for each comparison (A) control versus BAC C12 and (B) control versus BAC C16 using standardized means and correlation distance and av-

erage linkage was used for clustering both rows and columns. Adjusted p< .05. Abbreviation: BAC, benzalkonium chloride.

Figure 7. Validation of sterol- and lipid-related differentially expressed genes using RT-qPCR. A, BAC C12 and BAC C16 exposure increased the expression of cholesterol

biosynthetic genes. (B) Genes involved in regulation of sterol biosynthesis trended toward increased expression in neonatal brains exposed in utero to BAC C12. For RNA

sequencing, differentially expressed genes met the criteria of having an adjusted p value < .05, corresponding to the allowed false discovery rate of 5; #p< .05,
##p< .005; n¼4 biological replicates per condition. For RT-qPCR, all statistical analyses are relative to control using Student’s t test assuming unequal variances,

* p< .05, ** p< .005; n¼4 biological replicates per condition. Abbreviations: BAC, benzalkonium chloride; RT-qPCR, real-time quantitative polymerase chain reaction.
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are all involved in the regulation of sterol and lipid biosynthesis.
When sterol levels are low, SCAP binds SREBPs and mediates
the translocation of the protein complex from the ER to the
Golgi. Cleaved SREBPs subsequently increase the expression of
sterol biosynthetic genes upon translocation to the nucleus.
Decreased sterol levels observed in both BAC C12 and BAC C16-
exposed neonatal brains are consistent with the finding that
BACs upregulate sterol biosynthesis via SCAP signaling.

The LXR/RXR signaling pathway was predicted to be inhib-
ited by IPA in neonatal brains exposed to either BAC. Liver X re-
ceptor is responsive to intracellular cholesterol homeostasis as
the cholesterol precursor, desmosterol, and cholesterol-derived
side-chain oxysterols serve as ligands for LXR signaling
(Janowski et al., 1999; Yang et al., 2006). Thus, the downregula-
tion of desmosterol (Figure 2) could contribute to the inhibition
of LXR signaling.

Of interest, is the fact that LXRs have been shown to regulate
both cholesterol homeostasis and neurodevelopment. Liver X
receptors form heterodimers with Retinoid X Receptors (RXRs)
to bind sequence-specific elements which initiates the tran-
scription of genes such as apolipoprotein E (ApoE) (Laffitte et al.,
2001; Mak et al., 2002), a lipoprotein that mediates lipid transport
between astrocytes and neurons, and the cholesterol efflux
transporters, Abca1 and Abcg1 (Venkateswaran et al., 2000).
Moreover, LXR regulates lipogenesis, upregulating fatty acid
synthase (FAS) expression through direct interaction with the
FAS promoter when the pathway is activated (Joseph et al., 2002;
Schultz et al., 2000). Finally, LXR has been shown to play a role
in a variety of neurodevelopmental processes, including forma-
tion of the cortical layers (Fan et al., 2008), neuronal migration
(Xing et al., 2010), myelination (Makoukji et al., 2011; Meffre et al.,
2015), and neurogenesis (Theofilopoulos et al., 2013).

When LXR signaling is inhibited, lipogenesis is expected to
be downregulated, including the synthesis of TGs (Joseph et al.,
2002; Schultz et al., 2000). Previously, we have shown that BACs
alter the lipidome of neuronal cells, including significant
changes to several lipid classes, such as glycerides,

sphingolipids, and phospholipids (Hines et al., 2017). In this
study, we found that TGs and DGs are downregulated by BACs,
which further supports the notion that BAC exposure leads to
the inhibition of LXR/RXR signaling.

Sphingolipids, such as HexCers and Cers, were also signifi-
cantly affected in neonatal brains exposed to either BAC. The
exact mechanism underlying these changes is not clear, but in-
hibition of LXR signaling and downregulation of lipid synthesis
could be contributing factors. Regardless, sphingolipids, includ-
ing HexCers and Cers, play fundamental roles in a variety of cel-
lular processes, which could be another way that BAC exposure
can affect neurodevelopment (Ishibashi et al., 2013).

Another novel finding of this study was the effect of BAC ex-
posure on genes in the glutamate receptor signaling pathway,
one of the top 5 significantly altered canonical pathways in
BAC-exposed neonatal brains. Genes encoding various gluta-
mate ionotropic and metabotropic receptors as well as proteins
involved in glutamate signaling at the synapse were affected by
both BACs (Supplemental Table 3). Glutamatergic signaling reg-
ulates various aspects of neurodevelopment, including neuro-
nal migration, differentiation, neurite outgrowth,
synaptogenesis and survival (Choudhury et al., 2012). Glutamate
also plays essential roles in motor control, synaptic plasticity,
learning and memory, and cognition (Choudhury et al., 2012). Of
particular relevance to the current study is the fact that lipid
rafts, membrane domains enriched in cholesterol, sphingoli-
pids, and gangliosides, are critical for various aspects of synap-
tic signaling, including glutamate receptor signaling (Hering
et al., 2003; Wang, 2014). It has been hypothesized that changes
in cholesterol biosynthesis and subsequent alterations in mem-
brane raft events could contribute to SLOS pathophysiology
(Korade and Kenworthy, 2008). Brain raft fractions prepared
from AY9944-treated rats show altered gel electrophoresis pro-
files, suggesting that altered sterol composition perturbs raft
protein content (Keller et al., 2004). Smith–Lemli–Opitz syn-
drome pathology also includes impaired neuronal response to
glutamate (Wassif et al., 2001). Therefore, the altered sterol and

Figure 8. Joint pathway analysis of significantly altered genes, sterols, and lipids from (A) BAC C12- and (B) BAC C16- exposed neonatal brains. Pathway enrichment de-

termined by hypergeometric test and reported with –log (p value) on y-axis, and pathway impact determined by degree centrality measures and reported by pathway

impact values on x-axis.
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lipid homeostasis observed in BAC-exposed neonatal brains
could very well contribute to the alterations in glutamate recep-
tor signaling pathway, which may have significant consequen-
ces in neurodevelopment.

This study is not without limitations. First, although 2 differ-
ent BACs were evaluated for their effects on the neonatal brain,
the use of a single dose prohibited the evaluation of a dose-
response relationship. However, the selected dose was derived
from the 2017 study by Hrubec et al., which found an increase in
NTDs and late gestation fetal deaths with exposure to a mixture
of BAC-containing QACs (Hrubec et al., 2017). Second, the effects
of BACs at a single time-point of development was examined in
this study. The mouse embryo depends on maternal cholesterol
until embryonic day 11 (E11) (Herrera and Ortega-Senovilla,
2010; Tint et al., 2006). Therefore, earlier time-points, such as the
transition from maternal- to embryonic-derived cholesterol,
might be more susceptible to the effects of BACs.

In conclusion, we have demonstrated that BAC disinfectants
cross the blood-placental barrier and embryonic blood-brain
barrier and alter sterol and lipid homeostasis (Figure 9).
Alterations in signaling pathways important for neurodevelop-
ment (ie, LXR/RXR and glutamatergic signaling) were also ob-
served in this study, possibly arising from altered sterol and
lipid homeostasis. Since the developmental neurotoxicants eth-
anol and retinoic acid are known to modulate cholesterol ho-
meostasis, the potential for BACs to cause adverse
neurodevelopmental outcomes should be seriously considered.
Therefore, for future work, it is imperative to characterize the
neurological phenotype resulting from in utero exposure to BAC
disinfectants, including morphological and behavioral
outcomes.
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