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RESEARCH PAPER

The epitranscriptomic writer ALKBH8 drives tolerance and protects mouse lungs
from the environmental pollutant naphthalene
Andrea Leonardia, Nataliia Kovalchukb, Lei Yinb, Lauren Endres c,d, Sara Evkee, Steven Nevinse, Samuel Martinf,
Peter C. Dedon g,h, J. Andres Melendezd,e, Laura Van Winklei, Qing-Yu Zhangb, Xinxin Dingb,
and Thomas J. Begley d,f

aDepartment of Nanoscale Science and Engineering, University at Albany, Albany, NY, USA; bCollege of Pharmacy, Department of Toxicology
and Pharmacology, University of Arizona, Tucson, AZ, USA; cCollege of Arts and Sciences, SUNY Polytechnic Institute, Utica, NY, USA; dThe
RNA Institute, University at Albany, Albany, NY, USA; eNanoscale Science Constellation, SUNY Polytechnic Institute, Albany, NY, USA;
fDepartment of Biological Sciences, University at Albany, Albany, NY, USA; gDepartment of Biological Engineering, Massachusetts Institute of
Technology, Cambridge, MA, USA; hAntimicrobial Resistance Interdisciplinary Research Group, Singapore-MIT Alliance for Research and
Technology, Singapore; iCenter for Health and the Environment, University of California Davis, Davis, CA, USA

ABSTRACT
The epitranscriptomic writer Alkylation Repair Homolog 8 (ALKBH8) is a transfer RNA (tRNA) methyl-
transferase that modifies the wobble uridine of selenocysteine tRNA to promote the specialized
translation of selenoproteins. Using Alkbh8 deficient (Alkbh8def) mice, we have investigated the
importance of epitranscriptomic systems in the response to naphthalene, an abundant polycyclic
aromatic hydrocarbon and environmental toxicant. We performed basal lung analysis and naphtha-
lene exposure studies using wild type (WT), Alkbh8def and Cyp2abfgs-nullmice, the latter of which lack
the cytochrome P450 enzymes required for naphthalene bioactivation. Under basal conditions, lungs
from Alkbh8def mice have increased markers of oxidative stress and decreased thioredoxin reductase
protein levels, and have reprogrammed gene expression to differentially regulate stress response
transcripts. Alkbh8defmice are more sensitive to naphthalene induced death thanWT, showing higher
susceptibility to lung damage at the cellular and molecular levels. Further, WT mice develop
a tolerance to naphthalene after 3 days, defined as resistance to a high challenging dose after
repeated exposures, which is absent in Alkbh8def mice. We conclude that the epitranscriptomic writer
ALKBH8 plays a protective role against naphthalene-induced lung dysfunction and promotes
naphthalene tolerance. Our work provides an early example of how epitranscriptomic systems can
regulate the response to environmental stress in vivo.
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Introduction

Epitranscriptomic marks in the form of RNAmodifi-
cations are catalysed by specific enzymes or RNA-
protein complexes on the base or ribose sugar of the
canonical adenosine, cytosine, guanosine and uridine
nucleosides. RNA modifications can include simple
changes such as methylation or acetylation, or hyper-
modifications involving multiple enzymes and cofac-
tors. Transfer RNA (tRNA) is the most heavily mod-
ified RNA species, with an average of 13 RNA
modifications comprising ~17% of the 70–90 ribonu-
cleosides. Epitranscriptomic marks can be located
throughout tRNA molecules and can affect tRNA
stability, folding, localization, transport, processing,
and function [1]. Modifications in the anticodon
loop of tRNA can function as regulators of translation

by promoting or preventing codon-anticodon inter-
actions, which can be achieved by altering charge or
base-pairing potential. Mammalian Alkylation Repair
Homolog 8 (ALKBH8) is a writer enzyme that is
required for the formation of modified wobble uri-
dines on tRNASec to promote the translation of spe-
cific selenoproteins [2–4]. Global studies using cell
systems have demonstrated that anticodon specific
epitranscriptomic marks, as well as others, are dyna-
mically regulated during cellular stress. Further it has
been shown that the collection of epitranscriptomic
marks change depending on the mechanism of action
of the toxicants [5,6].

Epitranscriptomic marks reprogrammed in the
anticodon of tRNA have been shown to promote
the translation of codon-biased mRNAs, in order

CONTACT Thomas J. Begley tbegley@albany.edu University at Albany, 1400 Washington Ave, LSRB 1003K, Albany, NY 12222, USA
Supplemental data of this article can be accessed here.

EPIGENETICS
2020, VOL. 15, NO. 10, 1121–1138
https://doi.org/10.1080/15592294.2020.1750213

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-
nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built
upon in any way.

http://orcid.org/0000-0002-7989-8671
http://orcid.org/0000-0003-0011-3067
http://orcid.org/0000-0002-5641-7644
https://doi.org/10.1080/15592294.2020.1750213
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15592294.2020.1750213&domain=pdf&date_stamp=2020-09-02


to increase the synthesis of critical survival pro-
teins. Translational regulation by reprogrammed
epitranscriptomic marks is detailed in bacteria
[7], yeast [8–11], mouse embryonic fibroblasts
[2] and human melanoma cells [12]. A specific
example of epitranscriptomic marks driving
codon biased translation is found with the
ALKBH8 dependent RNA modifications

5-methoxycarbonylmethyluridine (mcm5U) and
5-methoxycarbonylmethyluridine-2ʹ-O-methyluri-
dine (mcm5Um) housed on the wobble uridine of
selenocysteine tRNA (tRNASec) in mice and
humans (Figure 1)[3,4]. The epitranscriptomic
marks mcm5U and mcm5Um are an integral
part of the specialized addition of the selenocys-
teine (Sec) amino acid into proteins. The

Figure 1. ALKBH8 domain structure, modification chemistry and the translation of selenoproteins.
(a) The ALKBH8 protein contains an RNA recognition motif (RRM), 2-oxogluterate and Fe2+-dependent oxygenase (2OG-Fe(II)), and
methyltransferase (MT) domains. Included is the insertion area of the β-galactosidase/neomycin resistance cassette [37]. (b)
Formation of mcm5U and mcm5Um. Uridine (U) is first carboxymethylated to cm5U by elongator proteins. Next, ALKBH8 catalyzes
the formation of mcm5U using S-adenosyl methionine (SAM) as a methyl donor. ALKBH8 is also required for the formation of
mcm5Um under stress-based conditions. (c) Selenoprotein synthesis requires a specialized mechanism of translation. In addition to
nucleotide modifications (mcm5U or mcm5Um) in tRNASec, elongation factors, SECIS Binding Protein 2 (SPB2), and 3ʹUTR
Selenocysteine Insertion Sequence (SECIS) elements are required for translation of the UGA stop codon found in transcripts
corresponding to selenocysteine-containing proteins.
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resulting selenoproteins are made by stop codon
recoding [2,4,13–15], where mcm5 U and
mcm5 Um promote binding of the tRNASec antic-
odon to the UGA stop codon on mRNA.
Corresponding selenoprotein transcripts are
inherently codon-biased because of this unusual
in-frame UGA stop codon as well as the terminal
stop codon [16]. Importantly though, other core
elements are required for stop codon recoding
and they include a stem-loop structure in the 3ʹ
untranslated region (3ʹUTR) of the transcript
termed the Sec Insertion Sequence (SECIS) ele-
ment, a SECIS Binding Protein (SBP2), and SEC-
specific elongation factors (EFSec) [17].

ALKBH8, mcm5U andmcm5Ummodifications on
tRNASec and other cis and trans accessory factors
(Figure 1c) help translationally regulate the produc-
tion of selenoproteins, which comprise an important
groupof activities involved in development, reproduc-
tion and protection against oxidative stress.
Selenoproteins such as glutathione peroxidase (GPX)
family members catalyze the reduction of hydrogen
peroxide and lipid peroxides by glutathione (GSH)
and play an essential role in protecting cells against
oxidative damage. Thioredoxin reductases (TRXRs)
are involved inmaintaining the reduced state of thior-
edoxins (TRXs), which function to reduce oxidative
stress and play critical roles in development. We have
previously shown that a deficiency in ALKBH8 pre-
vents a H2O2 induced increase in mcm5Um and
Alkbh8 deficient mouse embryonic fibroblasts
(MEFs) have decreased selenoprotein expression
levels, increased ROS and show sensitivity to the ROS-
producing agent H2O2 [2,18] ALKBH8 deficient
(Alkbh8def) mice are viable under normal care condi-
tions which include a 12-hour light/dark cycle, 68-72°
F temperature controlled environment, a standardized
and balanced diet with free access to water, and mini-
mal stress-inducing noise, odours and handling. Their
ability to thrive in a normal environment, as well as
produce pups that survive to adulthood, suggested
that Alkbh8def mice adapt to the epitranscriptomic
deficiency. Similar to other important stress and sele-
noprotein deficiency [19], the Alkbh8def mice may
need to experience an external stress to display obser-
vable phenotypes.

Naphthalene is a polyaromatic hydrocarbon
(PAH) and exposure to this environmental toxi-
cant can promote ROS, DNA damage and disrupt

cellular glutathione levels [20–25]. Naphthalene is
found in cigarette smoke, gasoline, and mothballs
[26–28] as well as being derived in a number of
industrial processes. In mouse, rat and human
respiratory tissue, cytochrome P450 (CYP)
enzymes bioactivate naphthalene to reactive and
toxic metabolites. Naphthalene exposure is highly
prevalent in the human population as detectable
metabolites (1- and 2-hydroxynaphthalene) were
found in urine of all 2,749 human civilians tested
across 30 U.S. cities. In addition to its 100% detec-
tion rate in urine, naphthalene contributes
approximately 75% to the total concentration of
all PAHs tested in the study [29]. Naphthalene is
currently classified as a possible human carcinogen
[30] and GSH depletion is a major determinant in
naphthalene-induced lung toxicity [31–33].
Because of the naphthalene connection to GSH
and stress, we postulated that ALKBH8 could
play an important role in response to this toxicant.
Notably there are few animal studies testing the
importance of epitranscriptomic systems in
response to PAHs.

In the following study we have tested the
hypothesis that the ALKBH8 epitranscriptomic
writer plays a protective role against naphthalene-
induced lung toxicity in vivo. We have character-
ized the lungs of Alkbh8def mice under normal
conditions to determine how these mice adapt to
an epitranscriptomic defect. We have shown that
lungs from the writer deficient mice have
increased markers of oxidative stress and have
reprogrammed at the molecular level to display
increased stress response transcripts. We have
also performed naphthalene exposure studies on
WT, Alkbh8def, and Cyp2abfgs-null mice. The
Cyp2abfgs-null mice are a total-body knockout of
a 12-gene cluster of lung preferential CYPs needed
for naphthalene bioactivation in the lung [34].
Naphthalene bioactivation is a well-documented
requirement of naphthalene toxicity, thus the
Cyp2abfgs-null mice served as our negative con-
trols [35,36]. Alkbh8def mice are significantly more
sensitive to naphthalene than WT, showing higher
susceptibility to lung damage both at the cellular
and molecular levels. Tolerance to naphthalene is
defined as resistance to a high challenging dose
after repeated exposures. WT mice develop toler-
ance to naphthalene after 3 days while Alkbh8def
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mice fail to develop tolerance. Our data supports
a model in which the ALKBH8 writer, epitran-
scriptomic marks and some selenoproteins allow
cells and tissues to develop tolerance and adapt to
chronic naphthalene stress. Our work highlights
that epitranscriptomic systems can regulate the
response to environmental stress in vivo.

Materials and methods

Animal experiments

This study was carried out in accordance with the
recommendations in the guide for the Care and Use
of Laboratory Animals of the National Institutes of
Health. The protocol was approved by the
Institutional Animal Care and Use Committee
(IACUC) at the University of Albany, SUNY
(Albany, NY) protocol #17-016 for breeding and
basal characterization and #18-011 for naphthalene
challenge. Additionally, it was approved by the
Wadsworth Centre IACUC committee protocol
14–331 (Albany, NY) and The University of Arizona
IACUC, protocol 17–335 (Tucson, AZ). Four homo-
zygous strains of mice were bred and used in our
study. They included WT, Alkbh8 deficient
(Alkbh8def) and Cyp2abfgs-null, all of which were on
the C57BL/6 background. A doublemutant strain was
also established via an initial cross of our homozygous
Cyp2abfgs-null x Alkbh8defmice with offspring used to
generate homozygous Cyp2abfgs-null/Alkbh8def dou-
ble mutants (denoted as DM in this manuscript).
Alkbh8def mice were originally generated using an
insertional mutagenesis approach targeting the
Alkbh8 gene in the parental E14Tg2a.4 129P2
embryonic stem cell line using a vector containing
a splice acceptor sequence upstream of a β-geo cassette
(β-galactosidase/neomycin phosphotransferase
fusion). The construct was inserted into intron 7 at
chromosome position 9:3,349,468–3,359,589, creating
a fusion transcript of Alkbh8-β-geo [37], as previously
described [2]. The resulting mutant mice were back-
crossed 10 generations to C57BL/6 to make
a congenic strain, and crossed with WT C57BL/6
mice every 10 generations thereafter to prevent
genetic drift. Multiplex qRT-PCR and relative cycle
threshold analysis (ΔΔCT) on genomic DNA derived
from tail biopsies was used to determine animal zyg-
osity for Alkbh8def with TaqMan primers specific for

neomycin (Neo, target allele) and T-cell receptor delta
(Tcrd, endogenous control). The following primers
were used: Neo forward (5ʹ-CCA TTC GAC CAC
CAA GCG-3ʹ), Neo reverse (5ʹ-AAG ACC GGC
TTC CAT CCG-3ʹ), Neo probe (5ʹ-FAM – AAC
ATC GCA TCG AGC GAG CAC GT – TAMRA-
3ʹ), Tcrd forward (5ʹ-CAG ACT GGT TAT CTG
CAA AGC AA-3ʹ), Tcrd reverse (5ʹ-TCT ATG CAA
GTT CCA AAA AAC ATC-3ʹ), and Tcrd probe (5ʹ-
VIC – ATT ATA ACG TGC TCC TGG GAC ACC
C – TAMRA −3ʹ). Cyp2abfgs-null mice were gener-
ated using the in vivo Cre-mediated gene deletion
approach as described [34], in which a 1.4-megabase
pair genomic fragment containing 12 Cyp genes was
deleted, including Cyp2a, Cyp2b, Cyp2f, Cyp2g, and
Cyp2s subfamilies. Genotyping of Cyp2abfgs-null
mice was performed as described [34]. Male mice in
age between 8–12 weeks were used in all experiments.
Mice were sacrificed via CO2 asphyxiation and lungs
excised, flash-frozen and stored at −80°C, or immedi-
ately processed for downstream experiments.

Naphthalene solution preparation and injection

Naphthalene (99% pure) and corn oil were pur-
chased from Sigma-Aldrich (St. Louis, MO). Due
to the volatile nature of naphthalene, stock solu-
tions were stored at −80°C and dilutions were
made fresh at the start of each experiment. In the
case of multiple injections, diluted solutions were
stored at −80°C and discarded after 5 days. For
injections, mice were weighed, placed under brief
anaesthesia (~1 minute) using 5% isoflurane gas,
manually restrained, injection site wiped with 70%
ethanol, and the corn oil or naphthalene solution
injected into the intraperitoneal cavity in the lower
left abdominal quadrant using Coviden™
Monoject™ 27 g, ½ inch standard hypodermic
needles (Fisher Scientific, Franklin, MA) and ster-
ile 1 ml Coviden™ Monoject™ tuberculin syringes
(Fisher Scientific). 50–200 mg/kg of naphthalene
or an equal volume of corn oil proportional to
body weight was used for each injection. In case
of multiple doses, the injections were administered
between 10 and 11 AM (US EST) 24 h apart. Mice
were monitored for signs of excess stress and
weight loss. Mice were sacrificed 24 h after injec-
tion, or 24 h after last injection in case of multiple
doses.
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RNA extraction and Quantitative real-time PCR
(qRT-PCR)

Total RNA was isolated from mouse lungs under
basal and naphthalene-challenged conditions.
Immediately after excision, fresh lungs were placed
in Trizol reagent (Invitrogen, CA), cut into small
pieces with scissors, and homogenized in 2 ml
Trizol with a Tissue-Tearor homogenizer
(BioSpec, Bartlesville, OK). Samples were left at
room temperature for 10 minutes then placed on
dry ice and transferred to −80°C for temporary
storage. RNA isolation was performed using the
standard Trizol reagent manufacturer’s protocol
(http://tools.thermofisher.com/content/sfs/man
uals/trizol_reagent.pdf). Alkbh8 transcript levels
were measured in the lung using a Taqman Gene
Expression assay. All qRT-PCR was carried out
using a Thermo Fisher Scientific QuantStudio™ 3
Real-Time PCR system (Waltham, MA). Each
sample was tested in triplicate and normalized to
a β-Actin endogenous control. Statistically signifi-
cant differences between the ΔΔCT values were
determined using an unpaired Student’s T-test.
Error bars denote standard error of the mean.

mRNA sequencing
Basal, 24-hour corn oil, and 24-hour naphthalene
treated WT and Alkbh8def mice were sacrificed and
lungs were harvested and RNA was extracted using
the QIAGEN RNease mini kit (Qiagen,
Germantown, MD). Samples were sent to Qiagen
Genomic Services (Frederick, MD) for quality con-
trol (QC), library prep and targeted RNA sequen-
cing. RNA integrity and concentration were
evaluated using Agilent TapeStation 4200 and
Thermo Scientific Nanodrop spectrophotometer,
respectively. The starting RNA input for library
prep was 500 ng. QIAseq Targeted RNA with
a custom panel of 350 stress response transcripts
specific to DNA damage, oxidative stress, protein
damage, inflammation, metabolism and signalling
pathways were targeted for library prep and
sequencing. The targeted libraries were pooled
together and sequenced using miSeq™ 500 system
(Illumina, San Diego, CA). See Supplemental
Table 1 for complete gene list. FASTQ files for
each sample were obtained from BaseSpace and
were further analysed using the QIAGEN

GeneGlobe Data Analysis Centre (QIAGEN.com).
Linear fold-change values were reported after nor-
malization and assembled into a heat map using
Java TreeView.

Measurements of Oxidation Reduction Potential
(ORP)

Lung tissue was solubilized in extraction buffer (0.1 g
per 1mL phosphate buffered saline + 0.1% v/v Triton-
X-100) using a rotor/stator tissue homogenizer.
30 mL of lysate was then applied to a filter-based
sensor inserted into the RedoxSYS® galvanostat
(RedoxSYS, Aytu BioScience, Inc., Englewood, CO).
An electrochemical circuit wasmadewhen the sample
(drawn by liquid flow) entered the sensor cell, after
which an initial ORP measurement was made fol-
lowed by the application of a current sweep through
the sample, which exhausts the antioxidants present
in the sample; the amount of current required to do
this was determined over a 3-minute period. The
primary output was a measurement of static ORP
(mV), also known as the redox potential, representing
the potential for electrons to move from one chemical
species to another.

Histopathology

WT, Alkbh8def, Cyp2abfgs-null and Alkbh8def/
Cyp2abfgs-null double mutant mice were exposed
to naphthalene as described above and sacrificed
24 h after the last injection by CO2 asphyxiation.
Lungs and trachea were exposed, a small incision
was placed in the trachea, and the lungs were
slowly inflated with 0.8 mL Z-Fix formalin based
fixative (Anatech LTD, Battle Creek, MI) using
a sterile, disposable blunt end needle (22 gauge,
0.5 in, Part #B22-50, SAI Infusion Technologies,
Lake Villa, IL). The lungs were placed into a 50 ml
microcentrifuge tube containing an additional
20 ml of Z-fix. After 24 h, the fixative was removed
and replaced with 70% ethanol. Samples were sent
to either the Wadsworth histopathology core
(Albany, NY) or Mass Histology Service, Inc
(Worcester, MA) for processing, paraffin embed-
ding, sectioning and haematoxylin and eosin (H &
E) staining. Mass Histology Service, Inc. captured
40X slide scan images of lung airways and alveolar
regions. H & E stained slides were analysed by
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board-certified pathologist at Mass Histology
Service, Lawrence McGill, DVM, PhD, DACVP,
and assessed for pathologies and extent of damage,
with specific focus on club cells.

The 8-isoprostane ROS assay

8-isoprostane was measured as an indicator of
ROS in mouse lungs using an ELISA kit
(Catalogue # ab175819, Abcam). All mouse treat-
ments were performed in triplicate. Additional
reagents used: 2 N sulphuric acid stop solution
(catalogue # DY994, R&D Systems, Minneapolis,
MN), triphenylphosphine (TPP) (Catalogue #
T84409-1 G, Sigma-Aldrich), and ethyl acetate
(Catalogue # 270,989, Sigma-Aldrich). Mice were
sacrificed via CO2 asphyxiation at basal conditions
and after challenge with 200 mg/kg naphthalene or
corn oil carrier for 24 h. Lungs were excised and
divided among 2 tubes with each containing ½
a lung, flash frozen and stored at −80°C. The
right lobes (on the right as observed with the
mouse ventral-side up) were processed for 8-iso-
prostane measurements as outlined in the manu-
facturer protocol and described below. The left
lobes were processed for glutathione quantification
(Section 2.7).

Lungs were weighed and then homogenized in
500 μL of H2O containing 0.00125 mg TPP. 1 μL
of glacial acetic acid was added to acidify the
samples, and pH measured using Hydrion S/R
pH test paper (Micro Essential Labs, Inc.,
Brooklyn, NY) to ensure a pH between 3–4.
500 μL ethyl acetate was added, the sample was
vortexed, spun down at 5000 rpm for 5 minutes,
and the organic phase decanted into a new tube.
The ethyl acetate extraction was repeated 2 more
times and the organic phases were pooled and
then dried using nitrogen gas. 5 μL of ethanol
(200 Proof) (Catalogue #BP2818100, Fisher
Scientific) was added to each sample to dissolve
the dried residue. 300 μL of 1X sample dilution
buffer (provided in the kit) was added to each
sample. Samples were spun at 10,000 rpm for
5 min, and the supernatant was removed and
placed in a new 1.5 ml microcentrifuge tube. The
supernatant was used for ELISA analysis per man-
ufacturer’s instructions.

Glutathione quantification

Sample preparation
Mice were left untreated, or exposed to corn oil or
naphthalene for 24 h. The mice were sacrificed via
CO2 asphyxiation and the lungs removed and
immediately flash frozen. Samples were stored on
dry ice and GSH & GSSG quantification was deter-
mined using liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Tissue samples were
homogenized in 19x volumes of Acetate buffer
(100 mM Tris-base, 1.0 mM ethylenediaminete-
traacetic acid (EDTA), 150 mM potassium chlor-
ide (KCl), pH 7.4) using a Polytron PT 10-35-GT
powered homogenizer (Kinematica, Bohemia,
NY). Tissue homogenates were processed using
protein precipitation and centrifugation as follows:
40 μL internal standard, GSH-13C2,15N (3 µg/mL
in 10% acetonitrile), was added to 40 μL of tissue
homogenate, followed by the addition of 200 μL
methanol and 200 μL water. The samples were
mixed and centrifuged at 4°C and 14,000 rpm for
10 minutes. The supernatant was collected. 300 μL
0.1 N HCL was added to 100 μL supernatant and
vortexed for 30 seconds and centrifuged at 4°C
and 14,000 rpm for 10 minutes. The supernatant
was collected and 3 μL was injected into the LC-
MS system.

LC-MS conditions for analysis of GSH and GSSG
The LC-MS system consisted of an Agilent HPLC-
1290 (Agilent, USA), and a Qtrap 6500 plus mass
spectrometer (Sciex, Ontario, Canada) equipped
with a Turbo IonSpray source. For data acquisition
and processing, Analyst Software 1.6.3 was used.

Chromatographic separation was performed on
a reversed-phase ZORBAX SB-C8 column
(2.1 × 100 mm, 1.8 µm) using a mobile phase
that consisted of 0.1% formic acid (A) and metha-
nol (B) at a flow rate of 0.25 mL/min. The follow-
ing mobile phase gradient was used: at 1%B,
0–3.5 min; 1%-50%B change, 3.5–4.0 min; 50%-
95%B change, 4.0–4.5 min; at 95%B, 4.5–6.0 min;
95%-1%B change, 6.0–6.1 min; re-equilibration of
the column at 1%, 6.1–9.5 min. The mass spectro-
meter was operated in positive ionization mode
with an electrospray ionization probe and multiple
reaction monitoring (MRM) was used. The MRM
transitions used for detection of GSH and GSSG
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were 308.0/179.0 and 613.1/355.1, respectively.
Isotopically labelled GSH (GSH-13C2,15N) was
detected with an MRM transition of 311.0/182.0.

Calibration curves
Calibration standards for GSH and GSSG were
prepared by diluting the stock solutions with
water:acetonitrile (9:1,v/v) to the final concentra-
tions of 1, 2, 10, 20, 50, 100 µg/mL. Calibration
standards were processed using protein precipita-
tion and centrifugation as follows: 40 μL internal
standard, GSH-13C2,15 N (3 µg/mL in 10% aceto-
nitrile), was added to 40 μL of calibration stan-
dards and followed by the addition of 200 μL
methanol and 200 μL water. The samples were
mixed and centrifuged at 4°C and 14,000 rpm for
10 minutes. The supernatant was collected. 300 μL
0.1 N HCL was added to 100 μL supernatant and
vortexed for 30 s and centrifuged at 4°C and
14,000 rpm for 10 minutes. The supernatant was
collected and 3 μL injected into the LC-MS system.

Protein assays

A Simple Western (Wes) protein analysis tool was
used to quantify protein levels following manufac-
turer protocols (Protein Simple, Kanata, ON,
Canada). Commercial antibodies used were as fol-
lows: GPX1 (Catalogue #AF3798, R&D Systems,
Minneapolis, MN), GPX3 (Catalogue #AF4199,
R&D Systems), TRXR1 (Catalogue #MAB7428),
TRXR2 (Catalogue #ab180493, Abcam), TRX1
(Catalogue #MAB19701), TRX2 (Catalogue
#MAB5765), SELS (Catalogue #HPA010025,
Sigma) and GAPDH (Catalogue # CB1001,
Millipore Sigma). Lungs were homogenized in
1–1.5 ml RIPA Buffer (50 mM Tris-HCl, pH 7.4,
with 150 mM NaCl, 1% TritonX-100, 0.5% sodium
deoxycholate, and 0.1% sodium dodecyl sulphate)
supplemented with an EDTA-free phosphatase inhi-
bitor cocktail 2 (Catalogue #P5726, Sigma) and
phosphatase inhibitor cocktail 3 (Catalogue
#P0044, Sigma). Extracted protein was quantified
using either Bradford assay (BioRad, Portland, OR)
or Pierce BCA Protein Assay Kit (Thermo Fisher)
according to manufacturer’s instructions, then
diluted to equal concentrations and, due to Wes’
sensitivity, measured a second time using the BCA
assay, and adjusted if necessary. The final loading

concentration of lysate into each capillary was 3 μL
of 1.5 mg/ml lung protein.

Bronchoalveolar lavage

Mice were euthanized using CO2 asphyxiation, the
lungs and trachea were exposed, a small incision was
placed in the trachea, intubated using a sterile, dis-
posable blunt end needle, 22 gauge, 0.5 in (Part
#B22-50, SAI Infusion Technologies, Lake Villa, IL)
secured with a piece of thread. Next, the lungs were
slowly inflated with 0.8 ml PBS, using a 1-ml
Coviden™ Monoject™ tuberculin syringe (Fisher
Scientific, Franklin, MA) and the fluid removed
and re-injected 2 additional times over the course
of ~1 minute to draw out the maximum number of
inflammatory cells. The PBS containing cells was
then transferred to a 2-ml microcentrifuge tube.
The PBS lavage step was repeated 2 more times
with 0.5 ml of PBS. The pooled Bronchoalveolar
Lavage Fluid (BALF) was thenmixed by gentle pipet-
ting, dissolved 1:1 with trypan blue (Thermo Fisher),
and live cells were counted on a haemocytometer.

Results

Alkbh8def lungs have adapted by molecular
reprogramming

Under standard care conditions 12-week-old WT
and Alkbh8def mice and lungs have no observable
differences in tissue appearance or morphology
(Figure 2a). Similarly, H & E stained lung sections
of the bronchioles and alveolar regions do not
show any noticeable difference (Figure 2b). Lung
sections from WT and Alkbh8def mice show
healthy epithelial cells, comprised primarily of
club cells and ciliated cells, lining the bronchioles.
Epithelial cells maintain a cuboidal structure and
line the perimeter of the bronchiole, with club cells
distinguishable from ciliated cells by the absence
of cilia on the surface facing the bronchiolar
lumen. No inflammation (i.e., macrophages pre-
sent) or swelling in the alveolar regions was
observed in either genotype. Together, these
results support that even though there is
a deficiency in Alkbh8 (Figure 2c) mouse develop-
ment and viability appear normal under normal
growth conditions.
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We also investigated molecular changes in the
lungs of Alkbh8def mice by measuring selenoprotein
andTRX1 andTRX2protein levels (Figure 2d).Under
normal growth conditions, we observed little differ-
ence in GPX1, GPX3, and Selenoprotein S (SELS)
protein levels. In contrast we observed a significant
decrease in TRXR1 and TRXR2 protein levels in the
lungs of Alkbh8def mice. TRXRs are Sec-containing
proteins critical for all signalling pathways in which
thioredoxin (TRX) is involved as a reducing agent, as
TRXRs maintain TRX in its reduced and active state.
Due to significant deficiency in TRXRs, we also mea-
sured the associated thioredoxin (TRX) levels, and
note a significant decrease in the mitochondrial form
(TRX2), while the cytoplasmic form (TRX1) was
unchanged.

Next we used targeted mRNA sequencing (Figure
2e) to determine if specific stress response pathways
are transcriptionally regulated to adapt to the Alkbh8
deficiency, as well as TRXR1, TRXR2 and GPX defi-
ciencies. mRNA seq data was submitted to the Gene
Expression Omniubus (https://www.ncbi.nlm.nih.

gov/gds). Transcripts belonging to inflammatory
pathways were upregulated in the lungs of Alkbh8def

mice, relative to WT. In addition, we observed
increased levels of transcripts for protein damage
response proteins, as well as those specific to some
DNAdamage and oxidative stress response systems in
the lungs of Alkbh8def mice, relative to WT. Together
these mRNA results (Figure 2e and Suppplemental
Figure 1) support the idea that Alkbh8def lungs alter
their gene expression to adapt to stress. Oxidation-
reduction potential (ORP) is a direct measure of the
balance between ROS and antioxidants in a system.
The more positive the ORP, the higher the oxidant
activity or alternately, the lower the antioxidant activ-
ity. ORP is considered a new marker of ROS and has
previously been used clinically as a measure of oxida-
tive stress in blood of patients with traumatic brain
injury, stroke, sepsis, metabolic disorder and liver
toxicity [38–43]. We observed a significant increase
in oxidation reduction potential (ORP) in the
Alkbh8def lungs (Figure 3a). As a secondary measure
of increased oxidants, we also analysed isoprostane

Figure 2. Alkbh8def lungs have decreased levels of specific selenoproteins and transcriptionally reprogram stress response systems.
Representative (a) lungs from 12 week old WT and Alkbh8def mice and (b) H & E stained lung sections, showing bronchioles and
alveolar regions, from WT and Alkbh8def mice. (c) Alkbh8 transcript levels from WT and Alkbh8def lungs were quantified using qPCR
analysis (N = 3, P ≤ 0.0001). (d) GPX1, GPX3, SELS, TRXR1 and TRXR2 selenoprotein expression levels and non-selenoproteins TRX1
and TRX2 (blots only) from WT and Alkbh8def lungs were assessed using Wes Simple Western (N = 3, Def represents Alkbh8def). (e)
Targeted RNA sequencing was performed on 350 stress response genes and fold differences in number of sequence reads after
normalization to endogenous control (Ribosomal protein L13a, Rpl13a) was used to generate a heat map. Expression values are
Alkbh8def lungs relative to WT under basal conditions.

1128 A. LEONARDI ET AL.

https://www.ncbi.nlm.nih.gov/gds
https://www.ncbi.nlm.nih.gov/gds


levels. Isoprostanes are a family of eicosanoids pro-
duced by the random oxidation of tissue phospholi-
pids by ROS and provide one of the most reliable
measures of oxidative stress in vivo [44,45]. We
observed a modest increase in 8-isoprostane levels
(Figure 3b) in the lungs of Alkbh8def mice, but this
was just above the threshold to be significant. The
Alkbh8def mice also have significantly decreased
GSH/GSSG ratio under basal conditions (Figure 3c;
Supplemental Figure 1). Together, our ORP, 8-iso-
prostane and GSH/GSSG findings support the idea
that there is modest increase in ROS in the lungs of
Alkbh8def mice and that GSH levels are dysregulated,
relative to WT.

Alkbh8def mice show hypersensitivity to
naphthalene and have increased lung airway
inflammation after naphthalene exposure

Our data from Alkbh8def mice grown under normal
unstressed conditions supports the idea that the
lungs have adapted to the writer defect and have
minor signs of oxidative stress. We next asked
whether the Alkbh8def mice would be sensitive to
a challenge by the environmental toxicant naphtha-
lene. We treated WT, Alkbh8def, Cyp2abfgs-null, and
DM (double mutant Cyp2abfgs-null/Alkbh8def) mice
to a single 200 mg/kg dose of naphthalene. The
200 mg/kg dose via I.P. injection used in our study
is well established in the literature and the amount of
naphthalene delivered to the lung is relevant to
Occupational Safety and Health Administration
(OSHA) standard for naphthalene exposure in the
workplace (10 ppm, or 15 ppm short-term). Major

steps in naphthalene bioactivation and metabolism
are highlighted in Figure 4a. Alkbh8def mice have an
observable difference in appearance after naphtha-
lene exposure compared to WT or DM mice (data
not shown). They display more fluffed fur, which is
a classic marker of stress in mice. DM mice, despite
Alkbh8 deficiency, have a smooth coat of fur, sup-
porting previous studies that naphthalene bioactiva-
tion by Cyp2abfgs is required for toxicity [46,47].
Figure 4b shows representative lung airway images
of all four strains of mice, either untreated or treated
with corn oil or naphthalene (200 mg/kg) after 24 h.
The H & E stained lung sections were focused on the
bronchioles (round structures) and alveolar regions
(perimeter) as these are prime spots for naphthalene
damage due to the proximity of bioactivating
enzymes. Healthy lung airways were observed
under untreated and corn oil conditions in all 4
strains. After naphthalene exposure, the Cyp2abfgs-
null and DM mice are resistant to naphthalene-
induced pulmonary damage. WT mice show
a flattening and elongating of epithelial cells, an
event that occurs after early naphthalene-induced
necrosis of club cells [25]. Club cells participate in
the biotransformation of many harmful substances
introduced into the lung through inhalation, includ-
ing naphthalene, via CYP-mediated bioactivation.
The lung airway of Alkbh8def mice appear altered
relative to WT, as what appears to be necrotic cells
were observed in the airway epithelium. Lungs were
sectioned, H & E stained, and analysed by a board-
certified pathologist as described in the methods.
Pathologies associated with naphthalene-induced
lung damage include free floating necrotic cells in
the airway lumen, flattened and elongated club cells
in the airway epithelium, absent club cells in parts of
the airway, and increased presence of macrophages.
The pathologies were more extreme in Alkbh8def

mice, which was further increased at prolonged
exposure durations (discussed below). The single
dose of naphthalene (200 mg/kg) resulted in elon-
gated club cells, a classic response to naphthalene, in
most WT and Alkbh8def mice. However, the
Alkbh8def mice exhibit necrosis of epithelial cells in
more bronchioles. We next used bronchoalveolar
lavage to measure the number of cells in the recov-
ered fluid, so as to gauge inflammation in WT,
Alkbh8def and DM mice (Figure 4c). Alkbh8def mice
have a significantly increased number of cells in the

Figure 3. Markers of oxidative stress and increased DNA
damage response observed in Alkbh8def lungs.
(a) The oxidation reduction potential (ORP) was determined in
WT and Alkbh8def lungs and we observed a significant differ-
ence (N = 3, P ≤ 0.05). (b) 8-isoprostane levels (pg/gram lung
tissue) were increased in Alkbh8def lungs (N = 3, P < 0.056). (c)
GSH and GSSG were measured using LC-MS/MS and plotted as
a ratio, with Alkbh8def mice showing a decrease (N = 3,
P ≤ 0.01).
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bronchoalveolar lavage fluid (BALF) compared to
WT mice, under both corn oil and naphthalene
treated conditions.

Alkbh8def mice show an increase in molecular
markers of stress and fail to increase some
protein levels compared to WT mice under NA
challenge conditions

Next we investigated the redox and transcrip-
tional states of WT, Alkbh8def and DM mice

24 hours after a single naphthalene exposure.
ORP measures highlight a significant naphtha-
lene-induced increase in oxidants, or
a deficiency in antioxidants, in Alkbh8def mice
relative to treated WT mice (Figure 5a). We
observed an increase in 8-isoprostane levels in
both WT and Alkbh8def mice treated with
naphthalene, relative to the untreated sample
(Figure 5b). WT naphthalene-treated mice had
a significant increase (P ≤ 0.05) in 8-isoprostane
levels relative to the corn-oil treated WT group,
while naphthalene-treated Alkbh8def mice show
a more significant increase (P ≤ 0.001) relative
to corn oil-treated mice. We note significant
difference in the corn oil condition between
WT and Alkbh8def, supporting the idea of meta-
bolic differences between the mice. We mea-
sured the GSH and GSSG in corn oil and
200 mg/kg naphthalene-treated mouse lungs
after 24 hour exposure. While GSH depletion is
considered a critical step in naphthalene-induced
cytotoxicity occurring maximally between
1–3 hours after exposure and generally restored
by 24 hours [25,31], we predicted that seleno-
protein deficiency may cause extended disrup-
tion of the GSH system. We observe
a decreased GSH/GSSG ratio in Alkbh8def mice
under both conditions (Figure 5c).

We also measured protein levels to determine if
specific selenoproteins are upregulated in response to
naphthalene and whether this was corrupted in the
Alkbh8def lungs. WT mice upregulate the selenopro-
teins GPX1, TRXR1 and TRXR2, and non-
selenoprotein TRX2 in response to naphthalene stress
(Figure 5d-h). In contrast the Alkbh8def mice fail to
upregulate GPX1, TRXR1, TRXR2 and TRX2 (Figure
5d-h; Supplemental Figure 3). Together the data sup-
port a model in which there are increased ROS levels
and decreased ROS detoxifiers in the Alkbh8def lungs
after naphthalene treatment, relative to WT.

Alkbh8def mice are sensitized to naphthalene and
fail to develop tolerance

We next used daily 200 mg/kg naphthalene exposures
to determine whether there were differences in survi-
val between WT and Alkbh8def mice. The resulting
Kaplan-Meier plot (Figure 6a) provides evidence that
Alkbh8def mice have increased sensitivity to

Figure 4. Alkbh8def mice and lungs are more sensitive to
damage from naphthalene.
(a) Naphthalene is bioactivated by CYP enzymes into naphtha-
lene 1,2-oxide, a reactive epoxide metabolite, which undergoes
further metabolism. (b) H & E stained lung sections showing
bronchioles and alveolar regions from WT, Alkbh8def, Cyp2abfgs-
null, and Alkbh8def/Cyp2abfgs-null double mutant (DM) mice
under untreated (first row), 24 h corn oil carrier (second row),
and 24 h naphthalene 200 mg/kg (third row) conditions
(N = 3 per genotype & condition, representative images
shown). (c) The concentration of cells (cells/ml) in bronchoal-
veolar lavage fluid obtained after 24 h corn oil or naphthalene
treatment (200 mg/kg). (N = 3, * P ≤ 0.05, ** P ≤ 0.01, ***
P ≤ 0.001, **** P ≤ 0.0001).
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naphthalene, relative to WT. We observed that over
50% of the WT mice survive and start gaining weight
around day 3–4 with no deaths observed after day 5
(Figure 6a-b). In contrast, all Alkbh8def mice die
by day 7 and do not showmarked recovery in weight.
As the turnaround time forWTmice was around day
3, we analysed lung tissues after 3-days of exposure by
H & E (Supplemental Figure 4). While WT mice had
the early classic response of flattened and elongated
club cells and some necrosis, they begin to recover the
cuboidal structure of their airway epithelial cells
around day 3, a sign of tolerance. Meanwhile,
Alkbh8def lungs remain severely damaged with com-
plete absence of epithelial cells in many parts of the
bronchioles and injury and necrosis extending to
ciliated cells to a moderate degree. The Alkbh8def

mice also had blood clots in the alveoli suggesting
an accumulation of sloughed cells or possibly
a greater incidence of haemolytic anaemia, which
naphthalene is known to cause and which can con-
tribute to intravascular coagulation [20,48].

Based on these data WT mice appear to be
developing tolerance to naphthalene by day 3,
and we performed a dedicated tolerance study
to investigate. As a control (non-tolerant) experi-
ment we treated mice with 5 daily doses of corn
oil, followed by a naphthalene dose of 200 mg/kg
on day 6. Both WT and Alkbh8def mice lost sig-
nificant amounts of weight and show lung airway
damage 24 hours after naphthalene treatment
(Figure 6c,e), with WT and Alkbh8def lung air-
ways showing a similar response to a single 24-

Figure 5. Altered stress response to naphthalene observed in Alkbh8def lungs.
(a) ORP measurement in WT and Alkbh8def lungs 24 hour after 200 mg/kg naphthalene exposure. (b) 8-isoprostane levels (pg/g lung
tissue) are plotted as described in Figure 3b. (c) GSH and GSSG were measured using LC-MS/MS and plotted as a ratio, with Alkbh8def

mice showing a decreased ratio under both corn oil and naphthalene-treated conditions. (d) Protein levels of GPX1 (e) GPX3, (f) SELS,
(g) TRXR1 and TRX1 (blot only) and (h) TRXR2 and TRX2 (blot only) were determined using the Wes system. GAPDH loading control
was multiplexed with each antibody and within the same capillary and is shown at the bottom in each representative blot. For all
panels, N = 3, * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N = 3 mouse lungs per condition). Abbreviations: NA = naphthalene, CO = corn
oil (carrier), FC = fold change, Def = Alkbh8def.
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hour naphthalene treatment, as expected (Figure
4b). Next, we made the mice tolerant with 5 daily
doses of 50 mg/kg naphthalene, followed by
a high dose of 200 mg/kg on day 6 (Figure 6d).
As opposed to non-tolerant mice (5 days of corn
oil), naphthalene tolerant WT mice (5 days of
naphthalene treatment of 50 mg/kg) maintain
their weight after exposure to 200 mg/kg of
naphthalene on day 6. In contrast Alkbh8def

mice lost a similar amount of weight as in the
non-tolerant study. H & E stained lung sections
from the tolerant mice provide evidence that the
Alkbh8def mice have a marked increase in lung

airway damage compared to WT and Cyp2abfgs-
null mice after exposure to 200 mg/kg of
naphthalene, with continued necrosis and exfolia-
tion of epithelial cells to the airway lumen in
most bronchioles, as compared to WT mice (fig-
figure 6f).

Discussion

We have previously shown that under normal cell
culture growth conditions of 21% O2 mouse embryo-
nic fibroblasts deficient in the epitranscriptomic wri-
ter ALKBH8 have increased ROS and DNA damage

Figure 6. Alkbh8 deficient mice show increased mortality and fail to develop tolerance to naphthalene exposure.
(a) A Kaplan-Meier plot showing survival over 14 days after daily injection with 200 mg/kg naphthalene. The log-rank (Mentel-Cox)
test was used to generate a P-value. (N = 6–7 mice per genotype, P < 0.01). (b) Weight was recorded daily over the 14-day study
and plotted relative to starting weight. Any mice with 20% or greater weight loss relative to their starting weight were euthanized.
(c) Mice were tested for their ability to build tolerance to naphthalene. The non-adapted mice were treated with 5 doses of the
carrier control (corn oil) followed by a 200 mg/kg dose of naphthalene. The average weight was plotted relative to starting weight.
(d) Mice were adapted to naphthalene to build tolerance by subjecting them to 5 days of low-dose naphthalene (50 mg/kg)
exposure followed by a 6th day of high dose (200 mg/kg). The average weight was plotted relative to starting weight. Representative
H & E stained lungs shown for (e) non-tolerant and (f) naphthalene tolerant WT, Alkbh8def and DM mice. Representative images of
lung sections depicting bronchioles and alveolar regions (N = 3 for all genotypes and test conditions in panels c to f) are shown.
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but adapt to these stresses by molecular reprogram-
ming of stress-response transcript levels [2]. We have
also recently shown that the decreased selenoproteins
inAlkbh8def is linked to senescence andmitochondrial
dysfunction, with extensive reprogramming of asso-
ciated transcripts under conditions of high oxygen
[18]. Our current study supports the idea that adap-
tive gene expression reprogramming can be extended
to the lungs ofAlkbh8defmice, as they have adjusted to
the epitranscriptomic deficiency and corresponding
decrease in selenoprotein levels by upregulating the
expression of some inflammation, DNA repair and
protein stress-response transcripts and markers.
Molecular reprogramming of stress response systems
in response to an epitranscriptomic writer deficiency
has also been reported in lower organisms. For exam-
ple, deficiencies in wobble uridine modification sys-
tems in budding yeast have been linked to
upregulation of heat shock and unfolded protein
response pathways [49]. Molecular reprogramming
due to cellular stress, including oxidative stress, pro-
tein stress and DNA damage, is also a well-
documented response and has implications in devel-
opment, ageing and disease susceptibility. For exam-
ple, the nuclear factor erythroid 2-related factor 2
(NRF2) is a master regulator of cellular resistance to
oxidative stress [50,51]. In response to oxidative stress,
NRF2 dissociates from its negative regulator KEAP1,
translocates to the nucleus, and binds to specific anti-
oxidant response elements (AREs) in the promoter
region of antioxidant and cytoprotective protein
genes, including enzymes that catalyse glutathione
synthesis [50,52]. Knockout of Nrf2 in mice results
in increased sensitivity to oxidative stress-inducing
agents including environmental toxicants, cigarette
smoke, drugs and diseases [53–59], while boosting
NRF2 activity has a protective effect against oxidative
damage [60]. Nevertheless, mice lacking NRF2 have
been shown to compensate for the deficiency by
upregulating endothelial nitric oxide synthase
(eNOS), which mediates cardioprotection against
myocardia ischaemia in conditions of decreased anti-
oxidant capacity [61]. eNOS synthesizes nitric oxide,
which has potent antioxidant effects [61,62]. Despite
severely decreased glutathione levels and general anti-
oxidant capacity, Nrf2−/- mice were able to preserve
their redox status, vascular function, and resist myo-
cardial ischaemia/perfusion damage [61]. NRF2 defi-
ciency has also been shown to play a protective role

against cardiomyopathy with molecular reprogram-
ming of antioxidants at the transcript and protein
levels playing a contributing role, with a noted
increase in GPX1 in NRF2 deficient mice with cardi-
omyopathy [63]. NRF2 and selenoproteins have been
shown to work in conjunction to protect against
oxidative damage [64].

There are 25 Sec-containing proteins in
humans, and 24 in rodents, with many serving as
antioxidants in various thiol-dependent reactions
[65,66]. Mice deficient in the selenoproteins
TRXR1, Selenoprotein R (SELR), or
Selenoprotein P (SELP) have growth delays and
display markers of oxidative stress and metabolic
deficiencies [67-69]. There are strong links
between selenoprotein defects and inflammation.
For example, selenoprotein S is an important reg-
ulator of the inflammatory response [70,71], with
polymorphisms in the promoter region of SelS
linked to decreased SELS expression and increased
IL-6, IL-1β, and TNF-α levels [70]. A deficiency or
mutation in SELS is also associated with inflam-
mation-related disorders and has been linked to
gastric cancer [72] and inflammatory bowel dis-
ease [73]. In our study, we found a significant
difference in SELS protein levels between WT
and Alkbh8def naphthalene treated mice, which
may also explain the dramatic increase in IL-6
and other inflammatory markers at the transcript
level in the Alkbh8def lungs. The increase in
inflammation markers in writer deficient lungs
can be also linked to increased ROS and decreased
antioxidant enzymes in the form of specific seleno-
and other proteins. In support of this idea, we
observed deficiencies in selenoproteins TRXR1
and TRXR2 and non-selenoprotein TRX2 in
Alkbh8def mice under untreated conditions, and
associated increase in oxidative stress markers,
ORP and 8-isoprostanes. TRXs primarily reduce
oxidized protein cysteine residues to form reduced
disulfide bonds, with TRX2 localized to the mito-
chondria. TRXs are maintained in their reduced
and active state by TRXRs using NADPH as
a reducing equivalent, with TRXR1 located in the
cytoplasm and TRXR2 in the mitochondria. This
system is critical for signaling pathways involved
in the protection from oxidants [74]. TRXRs are
also required for development as complete knock-
out of TRXR1 and TRXR2 in mice result in severe
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growth abnormality and embryonic death at day
8.5 and 13, respectively [67,75,76].

GPX family members catalyze the reduction of
harmful peroxides by glutathione and play an essential
role in protecting cells against oxidative damage. GPX1
is the most abundant selenoprotein in mice, and its
importance in naphthalene stress response is demon-
strated by WT mice significantly upregulating SELS,
TRXR1, TRXR2, TRX2 and GPX1 protein levels after
naphthalene exposure, whereas Alkbh8def mice failed to
do so. Notably Alkbh8def mice have decreased GPX1
levels compared to their carrier-treated counterparts.
Previous studies have shown that glutathione (GSH)
protects cells against naphthalene metabolites (i.e.,
1,2-naphthoquinone). GSH is a key detoxification path-
way and its depletion is a major determinant of
naphthalene respiratory toxicity [25,31]. Many of the
selenoproteins linked to ALKBH8 use GSH, including
GPXs 1-6 in humans, and 1-5 in rodents, to transform
H2O2 to water and lipid peroxides to alcohols. While
the writer deficient lungs reprogram and upregulate
other stress response systems under normal growth
conditions, they are ill equipped to handle environmen-
tal challenge. These observations support the idea that
dysregulated epitranscriptomic systems sensitizes lungs
to naphthalene-induced injury.

In general, cells and tissues respond to environ-
mental stress by regulating stress response pathways.
Lungs respond to toxicant challenge via recruitment
of inflammatory cells and secretion of inflammatory
cytokines, as well oxidative modification of biomo-
lecules (in part due to high oxygen exposure in the
lung and high surface contact with the environ-
ment). Oxidatively modified compounds, as well as
bioactivated components of some environmental
toxicants, are able to enter the blood stream and
other organs and produce systemic oxidative stress
and inflammation [77,78]. Thus, inhaled environ-
mental toxicants often have an effect that exceeds
that of the lung.We have observed this phenomenon
in our Alkbh8defmice, as weight loss is increased and
animal survival decreased after naphthalene-
exposure, which is likely due to systemic issues.
Our study demonstrates that the epitranscriptomic
writer ALKBH8 is required to mitigate the effects of
naphthalene. It represents one of the first examples
of how a mammalian RNA modification system is
vital after environmental challenge. As there are over
twenty epitranscriptomic writers in mammals [79],

there are most likely other RNA modifications, wri-
ters and perhaps erasers essential to the response to
common environmental toxicants.

The highest occupational exposure to naphthalene
occurs in industries dealing with wood treatment, coal
tar production, mothball production and jet fuel indus-
tries. Naphthalene bioactivation by CYP enzymes is
a well-documented requirement of naphthalene toxicity
[20,35]. Bioactivation and now regulators of selenopro-
teins, in this case ALKBH8-dependent epitranscrip-
tomic control, should also be considered modifiers of
naphthalene exposure effects. Age-associated decline in
GSH synthesis and activity has been reported in mice
and rats [80–82]. Decreased ALKBH8 has been identi-
fied in aged fibroblasts, relative to young, with deficien-
cies also linked to early senescence [18]. Due to age
induced changes in transcription and epitranscriptomic
activity, naphthalene sensitivity may be amplified in
older people, but that is speculation that needs to be
further studied. In support though, age related
decreases have been established for drug and xenobiotic
metabolism capacity in ageing mice [83] and
humans [84].

Tolerance is defined as resistance to a high challen-
ging dose after repeated exposures. Upregulation of
glutathione synthesis has been reported as a tolerance
mechanism in lung airway epithelial club cells
[25,33,85]. Glutathione depletion is a hallmark of
naphthalene toxicity [31]. γ-GCS is the rate-limiting
enzyme in GSH synthesis, and treatment of mice with
buthionine sulfoximine, a γ-GCS inhibitor, eliminates
the tolerant phenotype in a majority of mice post-
naphthalene exposure [32,33]. Selenoprotein
H (SELH) has been shown to be an important tran-
scription factor promoting expression of genes involved
in GSH synthesis, including γ-GCS [86]. Decreased
SELH may explain our finding that ALKBH8-
deficient mice fail to develop tolerance to naphthalene,
but we were unable to identify suitable antibodies to
measure it. Our study highlights the importance of
ALKBH8 in promoting tolerance, most likely via trans-
lational regulation of selenoproteins and maintenance
of GSH levels. The molecular reprogramming that
occurs in response to the epitranscriptomic deficiency
may also prevent tolerance in the Alkbh8def mice. It is
notable though that tolerance to a high dose chemical
challenge has been demonstrated for a homolog of
ALKBH8, namely E. coli AlkB [87]. The adaptive
response to alkylating agents was characterized under
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conditions that mimic tolerance, as E.coli cells pre-
treated with a low dose of the alkylating agent
N-methyl-N’-nitro-nitrosoguanidine (MNNG) were
able to survive a high dose challenge, relative to naive
cells. The adaptive response includes up-regulation of
members of the Ada operon, the DNA glycosylase
AlkA and the demethylase AlkB. A major finding of
our study is the determination that the epitranscrip-
tomic writer ALKBH8 is a key driver of tolerance,
which highlights a novel role for tRNA modifications
and translational regulatory mechanisms in response to
environmental pollutants.

Conclusions

Our study supports a model (Figure 7) in which
ALKBH8-catalysed epitranscriptomic marks promote
the translation of selenoproteins important for handling
stress, preventing naphthalene toxicity and driving tol-
erance. Efforts to identify other epitranscriptomic wri-
ters and marks, and translational control systems that
mammals use to survive and tolerate naphthalene and
other exposures, are needed to further understand the
roles of RNA modifications in environmental exposure
induced pathobiological changes.
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