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Abstract

Nanomaterials are a relatively new class of materials that acquire novel properties based on their
reduced size. While these materials have widespread use in consumer products and industrial
applications, the potential health risks associated with exposure to them remain to be fully
characterized. Carbon nanotubes are among the most widely used nanomaterials and have high
potential for human exposure by inhalation. These nanomaterials are known to penetrate the cell
membrane and interact with intracellular molecules, resulting in a multitude of documented
effects, including oxidative stress, genotoxicity, impaired metabolism, and apoptosis. While the
capacity for carbon nanotubes to damage nuclear DNA has been established, the effect of exposure
on mitochondrial DNA (mtDNA) is relatively unexplored. In this study, we investigated the
potential of multi-walled carbon nanotubes (MWCNTS) to impair mitochondrial gene expression
and function in human bronchial epithelial cells (BECs). Primary BECs were exposed to sub-
cytotoxic doses (up to 3 pg/ml) of MWCNTS for 5 days and assessed for changes in expression of
all mitochondrial protein-coding genes, heteroplasmies, and insertion/deletion mutations (indels).
Exposed cells were also measured for cytotoxicity, metabolic function, mitochondrial abundance,
and mitophagy. We found that MWCNTS upregulated mitochondrial gene expression, while
significantly decreasing oxygen consumption rate and mitochondrial abundance. Confocal
microscopy revealed induction of mitophagy by 2 hours of exposure. Mitochondrial DNA
heteroplasmy and insertion/deletion mutations were not significantly affected by any treatment.
We conclude that carbon nanotubes cause mitochondrial dysfunction that leads to mitophagy in
exposed BECs via a mechanism unrelated to its reported genotoxicity.
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Introduction

Over the last 20 years, nanomaterials have emerged as one of the most promising advances
in material science. The unique properties particles acquire at the nano-scale (having at least
1 dimension less than 100 nm) have resulted in an explosion of new applications and
products, including construction materials®, medical advances?-3, industrial applications*->,
hydrophobic or absorbent textiles®, superblack or reflective surfaces’, and many others8-10.
Carbon nanotubes are already ubiquitous in consumer products, second only to antimicrobial
nanosilver in its prevalencell. Multi-walled carbon nanotubes (MWCNTS), which consist of
multiple layers of graphene rolled into a tube, possess the highest tensile-strength of any
other man-made materiall2, as well as semiconductivity and hydrophobicityl3-14 properties
which have made them valuable for use in concrete reinforcement, sporting goods, space
travel, electronics/sensors, stain-free fabrics, and even cancer treatments'>-16. Consequently,
the public’s exposure to MWCNTSs and risks of inhalation, both by consumers and as an
occupational hazard, are of great concern.

Despite the incorporation of these materials into the public domain, early studies into the
health risks associated with exposure to carbon nanotubes have discovered toxic effects
including oxidative stress1’-18, cytotoxicity/apoptosist®-21, genotoxicity?2-23, and impaired
cellular function and differentiation24-26. Clearance of nanotubes following inhalation
exposure is typically very slow, persisting in the lungs for several months afterwards2’. As a
fibrous material with a high aspect ratio, carbon nanotubes can cause frustrated
phagocytosis2? by resident macrophages, which can lead to chronic inflammation?8-29,
granulomas3?, and pulmonary fibrosis!?: 31, Nanoparticles are small enough to penetrate the
cell membrane32-33, and can enter the cytosol either passively33-34 or following
phagocytosis3®-36 by the cell. The ability of carbon nanotubes to passively penetrate the
plasma membrane, though potentially therapeutically useful as a drug-delivery vehicle34 37,
may also elevate the threat these particles pose to intracellular organelles, particularly at
shorter (<200nm) fiber lengths3®. Genotoxicity from nanotube exposure has also been
described?2-23, indicating that carbon nanotubes are capable of damaging DNA within the
nucleus following uptake by the cell.

In this study, we hypothesized that MWCNTS can also exert genotoxic effects on
mitochondrial (mt)DNA, which is less protected than nuclear DNA3%-40, thereby impairing
mitochondrial function in exposed cells. To test this hypothesis, primary bronchial epithelial
cells were obtained from healthy human volunteers via bronchoscopy and grown to
confluence for five (5) days in submerged culture containing non-cytotoxic doses of
MWCNTSs. Cellular DNA and RNA were harvested for mitogenomic endpoints including
changes in mtDNA heteroplasmy, insertion/deletion (indel) mutations, and expression of
mitochondrially-encoded genes by QPCR. Exposed cells were also assessed for oxygen
consumption rate using the Seahorse XF extracellular flux assay, as well as verification of
cytotoxicity by lactate dehydrogenase (LDH) release and ultrastructural imaging of
nanoparticles within the cells by transmission electron microscopy (TEM).
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Materials and Methods

Nanomaterial Characterization

The MWCNTS we used were sourced from Helix Nanomaterial Solutions, and were
characterized by an independent laboratory (Millennium Research Laboratories, Woburn,
MA\), in a previous publication®! to be >95% purity as measured by thermogravimetric
analysis (TGA) with <2% amorphous carbon. Inductively-coupled plasma Auger electron
spectroscopy (ICP-AES) performed by MRL determined the bulk sample to consist of 99%
carbon, 0.63% oxygen, 0.34% nickel, and 0.03% lanthanum. Particle agglomeration in the
dispersion medium used in these studies was measured and reported previously2® using
dynamic light scattering (DLS) analysis. Agglomerates have a Z-average of ~200 nm in
hydrodynamic diameter, with most of the mass of the agglomerates forming between 10-100
nm. Individual fibers were present and abundant in TEM imaging during this study, and
were usually found between 30-50 nm in diameter, and 100-1000 nm in fiber length.
Qualitatively, fiber morphology varied in apparent stiffness, with agglomerates of longer
fibers being tangled/bent and individual or shorter fibers appearing more rigid.

Cell Culture and Treatment

Bronchial epithelial primary cells (BECs) were obtained from bronchoscopy brushings of 8
“healthy” (non-smokers without current lung disease) human donors, aged 23-32 years
(donor demographics can be found in Table 1). Bronchoscopy of human donors and the use
of cells derived from this procedure was performed after review and approval by the
National Institute of Environmental Health Sciences Intramural Review Board (NIEHS-IRB,
clinicaltrials.gov identifier: ). Bronchoscopies were performed with the donors’ written
consent by a trained pulmonologist (S. Garantziotis) at the NIEHS Clinical Research Unit
(CRU) per the methods described in NIH protocol 11-E-0006. Following a saline lavage, 3
to 5 cytology brushings were conducted per donor to obtain 4 to 6 million surface mucosal
epithelial cells. After each brushing, the brush was removed and the recovered cells were
dislodged from the brush by stirring in a 15 mL conical vial containing Bronchial Epithelial
Growth Medium (BEGM, Lonza) supplemented with 2x amphotericin B. Cells from brushes
were seeded onto T-25 vented flasks in serum-free Lonza BEGM medium and frozen at
passage 1. For each experiment, cells were thawed in BEGM for expansion in T-75 flasks,
further subpassaged onto either 6-well or 96-well plates, and were exposed to nanomaterials
at passage 3 while the cultures reached confluence. Cultures received a media refresh every
2 days containing freshly-dispersed nanotubes, and were exposed again at days 1, 3, and 5
following seeding.

MWCNTSs were dispersed in BEGM culture medium supplemented with sterile 600 pug/ml
bovine serum albumin (BSA) and 10 ug/ml 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) surfactant. Pulmonary surfactant, while not secreted by bronchial epithelia in the
adult lung, does protect non-ciliated BECs /77 vivo in the bronchioles near alveoli*?, and its
use is consistent with recommendations by the Nano GO Consortium for optimal dispersion
of MWCNTSs*3. Control vehicle (CoV) exposures used the supplemented medium without
nanomaterials. Prior to exposure, stock solutions of MWCNT (2 mg/ml) were sonicated in a
cup horn for 15 minutes (5 pulses of 3 minutes each) at 100 amplitude to break up
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agglomerated materials, then diluted to treatment concentrations in dispersion vehicle at
0.7-12 ug/ml MWCNT. Some sedimentation of the MWCNTS did occur between treatments
upon visual examination, though precisely what percentage of the MWCNT mass
sedimented could not be conclusively determined. The 0.7, 3, and 12 pg/ml MWCNT doses
would equate to approximately 0.25, 1, and 4 ug/cm? if the nanomaterial sedimented out
completely between treatments, and approximately 0.75, 3, and 12 ug/cm? if the MWCNTS
were completely absorbed by the cells before each wash, placing these as upper bounds on
the potential MWCNT dose. While 3 ug/ml was the highest non-cytotoxic dose we
determined for these cells previously2>, we also verified cytotoxicity for this experiment by
lactate dehydrogenase (LDH) release assay and trypan blue exclusion.

LDH Release Cytotoxicity Assay

Supernatant from BECs exposed to nanomaterials or dispersion vehicle (24 hours following
the most recent media refresh at 24 hours and 5 days) was centrifuged and transferred to a
clear-bottom 96-well plate. Acellular treated wells were also included to account for
interference from the particles. LDH accumulated over 24 hours was assessed using the
CytoTox colormetric assay (Promega) and compared to dispersion vehicle controls to verify
that the nanomaterial exposures used in this study were not causing significant cytotoxicity.

Trypan Blue Exclusion Assay

BECs treated with MWCNTS for 24 hours and for 5 days were assessed for membrane
permeability by staining with trypan blue dye (Sigma Aldrich). Cell cultures were washed
3% with phosphate buffered saline (PBS) and lifted into suspension using 0.25% trypsin-
EDTA solution (Sigma Aldrich) at 37°C for 4 minutes. The reaction was terminated with 2
mg/ml soybean trypsin-inhibitor (SBTI) and cell suspensions were pelleted in a centrifuge at
1000 rcf for 5 minutes, then resuspended in a 1:1 solution of BEGM and trypan blue dye.
Counts of live and dead cells were performed manually using a hemocytometer at 20x
magnification.

Quantitative PCR

Following 5-day nanomaterial exposures in a 6-well plate, BECs were harvested for total
RNA using the RNeasy columns/reagents and QiaCube automated isolation/purification
device (Qiagen), according to manufacturer’s protocol. Total RNA was converted to cDNA
libraries using iScript reverse transcription kits (BioRad) containing oligo dT’s and
randomized hexamers. PCR Prime arrays (BioRad) pre-loaded with primer pairs (see
Supplement for amplicon context sequences) for all 13 mitochondrially-encoded protein-
coding genes, plus sequences for ubiquitin C (UBC), 18S, and 16S endogenous controls,
were used for gene expression analysis of the cDNA libraries by quantitative PCR (QPCR).
SSO Advanced SYBR Green master mix was used as a reporter dye in a StepOne real-time
sequencer (ABI Technologies). Assays were measured over 40 cycles, denaturing at 95°C
for 5 seconds and annealing at 60°C for 30 seconds.
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Amplification of mtDNA

Total DNA was harvested from BECs exposed to nanomaterials for 5 days in 6-well plates
using a cell scraper in 4°C phosphate buffered saline (PBS). Cell suspensions were lysed
with protease K and DNA extracted using DNeasy Blood and Tissue columns and QiaCube
automated isolation/purification device (Qiagen). Mitochondrial DNA (mtDNA) was
amplified from these samples using the SequalPrep Long PCR kits with dNTPs and the
following primer sequences, resulting in “short” (7626 bp) and “long” (9286 bp) mtDNA
fragments*4:

Long Fragment:

forward-AAC CAA ACC CCA AAG ACA CC
reverse-GCC AAT AAT GAC GTG AAG TCC
Short Fragment:

forward-TCC CAC TCC TAA ACA CAT CC
reverse-TTT ATG GGG TGA TGT GAG CC

Agarose (0.8%, SeaKemp) gel electrophoresis was used to verify the presence and size of
mtDNA fragments (see Supplemental Information). Removal of nuclear DNA, dNTPs,
polymerases, and other contaminants was performed using DNA Clean and Concentrator
columns (Zymo) according to manufacturer instructions to prepare the mtDNA for
sequencing.

Ultra-Deep Sequencing

Purified mtDNA from MWCNT-exposed BECs were sequenced for the appearance of
heteroplasmies and indel mutations compared to the sequences of vehicle-treated control
cultures. Tagmentation of mtDNA (combined short and long fragments) was carried out
using a Nextera DNA Library Prep kit (Illumina) according to the manufacturer’s
instructions. DNA samples were added to a 96-well thermal cycler plate with Amplicon
Tagment Mix and Tagment DNA buffer from the kit and heated at 55°C for 5 minutes.
Libraries were then amplified with indexed adapters and Nextera PCR Master Mix, first
denaturing at 72°C and then running 15 cycles of 95°C for 10 seconds, 55°C for 30 seconds,
and 72°C for 30 seconds. AMPure XP magnetic beads (Illumina) were used to purify the
resulting mtDNA libraries, according to manufacturer instructions. AMPure beads were
added to each sample and allowed to incubate at room temperature for 7 minutes on a
magnetic plate to pellet the DNA/beads. Supernatants were discarded and the bead pellets
were washed twice with 80% ethanol, then allowed to air dry completely (approximately 10
minutes). Purified DNA was resuspended in AMPure Resuspension Buffer and the DNA
concentration/quality was verified by QuBit High-Sensitivity Analysis (Thermo-Fisher) and
the Agilent Bioanalyzer.

Alignment and Variant Calling

Read pairs were aligned using bowtie2, version 2.0.0-beta7, to an index composed of the
human mitochondrial genome only, acquired from GenBank May 2015 (accession
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NC_012920). The alignments were performed in “--local” mode using the “--sensitive-
local” preset options to allow insertions and deletions relative to the reference, as well as
clipping of ends extending beyond the edges of the artificially linearized reference sequence.
Fragment lengths of up to 10kb were allowed, as well as a single mismatch per seed
alignment (=X 10000, —-N 1).

Variants were identified with a custom script, utilizing a method adapted from Hodgkinson,
et al.*>. For each sample, depth per allele, per strand was determined, allowing a minimum
base and alignment quality score of 20. Indels relative to the reference were counted only in
the case that both flanking bases’, and any inserted bases’ quality scores met or exceeded
this threshold. Additionally, the depth calculation for sites adjacent to or within
homopolymer runs considered only reads traversing the entire repeat. Sites with less than
2000x coverage were not considered, and variants were required to be observed at a
frequency of 1% or greater, with a plus to minus strand coverage ratio greater than 0.1 and
less than 0.9. The probability of observing each alternate allele by chance was calculated
using a Poisson distribution, with an expected error rate of 0.01 for SNPs (derived from the
quality score threshold), and 0.02 for indels, based on observations reported by Minoche, et
al*®. These p-values were adjusted for multiple testing using the Benjamini and Hochberg
FDR method, and a significance threshold of 0.05 was applied. Alternate amino acids were
identified for all SNPs based on annotations and protein sequences downloaded from
Ensembl, June 2015.

Extracellular Flux Assay (Seahorse XF)

An extracellular flux assay was used to determine changes in oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) in BECs exposed to nanomaterials.
Primary BECs were seeded onto a 96-well Seahorse XF96 microplate in BEGM. Cells were
allowed to reach confluence, with fresh changes of medium containing MWCNTS or vehicle
every 2 days, as described above (Cell Culture and Treatment). On the day of the assay, cells
were washed 3 times with PBS and fed 180 ul/well of pre-warmed (37°C) Seahorse XF
medium, consisting of XF Base medium with additional supplements of 1mM sodium
pyruvate, 11 mM D-glucose, and 2 mM L-glutamine, with the pH adjusted to 7.4 using
NaOH and HCI. The sensor cartridge (following an overnight incubation in XF calibrant
solution at 37°C and 0% carbon dioxide) was loaded with reagents from the Seahorse Mito
Stress Test: 2 uM oligomycin (20 ul of 20 uM per well), 2uM Carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP, at 22 ul of 20 uM per well), and 0.5 uM
rotenone/antimycin A (25 ul of 5 uM per well). The Seahorse XFe96 extracellular flux
instrument was programmed to take 3 measurements before and after the injection of each of
the 3 compounds, with each measurement having taken approximately 8.7 seconds. All
reagents used for Seahorse XF analysis were obtained from Agilent.

MitoTracker and Annexin V Staining

Live BECs from 4 “responding” donors (donors which exhibited a gene expression response
to the MWCNTS) were treated with MWCNTSs at 0, 0.7, and 3 ug/ml for 5 days, washed

with BEGM, then incubated in 6-well culture plates with 100uM MitoTracker Deep Red FM
dye (Thermo Fisher) for 45 minutes at 37°C. Wells were then washed with BEGM, passaged
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into 2 ml microcentrifuge tubes (using 0.25% trypsin/EDTA and 2 mg/ml SBTI), and
resuspended in 1x calcium binding buffer for annexin V staining (TACS Apoptosis
Detection kit, Trevigen). Cells were incubated in suspension with 15 ul of propidium iodide
and 1ul of FITC-conjugated annexin V per 100 ul of binding buffer for 15 minutes at room
temperature. Cells were then resuspended in 500 ul of ice-cold binding buffer for flow
cytometry. Flow cytometry was performed using a BD LSRFortessa instrument, with 10,000
events counted per sample.

Succinate Dehydrogenase Immunostaining

In addition to MitoTracker, mitochondrial abundance per cell was also determined by
immunostaining fixed cells for succinate dehydrogenase A (SDHA), a nuclear-encoded
subunit of mitochondrial complex Il. BECs from 4 donors were exposed to MWCNTs 0.7, 3,
and 12 pg/ml for 5 days, lifted from the 6-well plate with trypsin, fixed with 4%
paraformaldehyde, washed 3% with PBS, then resuspended in 1:1000 anti-SDHA FITC-
labeled primary antibody (Goat-derived, Abcam) and a DAPI counterstain. A FACSAria Il
flow cytometer was used to quantify FITC-labeled cells, with 2000 events counted per
sample.

Transmission Electron Microscopy (TEM)

For ultrastructural imaging of nanomaterials within the cell, BECs exposed to hanomaterials
for 24 hours were washed with PBS, removed from the 6-well plate with cell lifters,
centrifuged at 800 rcf, and resuspended in fixative (4 parts formaldehyde and 1 part
glutaraldehyde). Cells were then re-pelleted at 1000 rcf and embedded in 3% water agar.
Embedded samples were then processed using a Leica EM TP processor. Samples were
post-fixed in 1% osmium tetroxide, rinsed in water, then dehydrated in an ethanol series
culminating in acetone. Following dehydration, samples were infiltrated with Poly/Bed 812
epoxide resin. Blocks were trimmed and semi-thin (~ 0.5 um) sections were cut, mounted on
glass slides, and stained with 1% toluidine blue O in 1% sodium borate to visualize areas of
interest via light microscopy. Ultra-thin sections (80-90 nm thick) were cut from selected
blocks and placed onto 200 mesh copper grids. Digital images were captured with a Gatan
Orius SC1000/SC600 attached to a FEICO Tecnai T12 transmission electron microscope.

Confocal Imaging of Mitophagy

BECs from responding donors (BECs 2, 4, 6, and 8) were treated with 3 ug/ml MWCNTSs
for 2 hours to observe their early mitophagy response. Confluent cultures in 4-well glass
chamber slides were pre-treated with “Mtphagy” Mitophagy Detection Dye (Dojindo
Molecular Technologies, Inc., Washington, DC) at 1/1000 dilution in BEGM for 30 minutes
at 37°C. This dye locates to live mitochondria /n vitro and becomes fluorescent on exposure
to low pH, indicating interaction with lysosomes during mitophagy. Vehicle medium
containing 3 pg/ml MWCNTSs was applied to BECs following 3% wash with PBS. FCCP was
used at 5 UM as a positive control for mitophagy. Mitochondrial division inhibitor 1
(Mdivi-1) inhibits dynamin related proteinase 1 (drpl), thereby inhibiting mitophagy, and
was used to verify that MWCNTS were triggering mitophagy in the cells and not interacting
with the dye or otherwise confounding the assay. In these wells, 100 uM Mdivi-1 was added
to MWCNT-containing treatment medium. Following a 2-hour nanotube treatment, wells
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were again washed 3x with PBS and counterstained with the lysosome dye included in the
kit, at 1/1000 dilution in BEGM, for 30 minutes. Following a final wash step, the cultures
were mounted with coverslips using Prolong Gold antifade reagent (Thermo Fisher) and
imaged using a Zeiss 780 confocal microscope. Z-stacks of 10 um of cell monolayer were
collapsed into a summation image, with a threshold intensity of 40 applied to generate a
binary image of dye distribution. Pixel density analysis was performed using Image J
software and the ratio of mitophagic vesicles to lysosomes was calculated for each image.
Parameters such as gain, pinhole, laser intensity, z-planes per stack, and image post-
processing were kept consistent between treatments.

Unless noted otherwise, the statistical significance of differences found between treatments
was determined by one-way analysis of variance (ANOVA) on the means averaged from all
the donors tested, with Tukey’s post hoc test for multiple comparison correction. An
adjusted p-value of 0.05 or less was considered statistically significant. Analysis of
mitochondrial gene expression was performed using a 2-way ANOVA for each treatment,
making comparisons between donor reactions to nanomaterials for each of the 13
mitochondrial genes measured.

Nanomaterial doses were non-cytotoxic

No statistically-significant difference in trypan blue exclusion (Figures 1A and 1B) or
extracellular LDH (Figures 1C and 1D) was found at MWCNT doses of 3 pug/ml or less
compared to vehicle-treated controls. Results were similar for a 24-hour exposure and a 5-
day repeated exposure, though 12 pg/ml MWCNT doses were found to be cytotoxic by day
5. The 3 pg/ml treatments we used were therefore determined to be non-cytotoxic over the
time course and conditions used in this study, and the observed cellular and metabolic effects
of MWCNTS at this dose were therefore not a consequence of cell death.

Likewise, annexin/Pl staining of 5-day treated BECs revealed no significant increase in
apoptosis or necrotic cell death in MWCNT doses up to 3 pg/ml (Figure 2). This provides
further evidence that the mitochondrial effects observed in this study occur independently of
apoptosis and do not result in apoptosis within the 5-day time course of this study.

MWCNT exposure upregulated mitochondrial gene expression

Expression of all mitochondrially-encoded genes was measured by QPCR (Figure 3). Cycles
to reach threshold (Ct) values were normalized to expression of 18S ribosomal RNA using
ddCt analysis. BEC responses to 3 pg/ml MWCNT exposure varied between donors, with
upregulated expression of mitochondrially-encoded genes in some donors (BECs 2, 4, 6, and
8) by up to 2-3-fold vehicle-treated values (with a combined average of 1.4-fold overall
upregulation, p<0.0001, 2-way ANOVA, Tukey comparison correction). These donors were
considered “responders” and metabolic function assays performed later focused on these 4
donors. Expression of these genes in donor BECs 1, 3, 5, and 7 treated with MWCNTS were
not statistically different from vehicle-treated controls.

Nanotoxicology. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Snyder et al.

Page 9

No effect on heteroplasmy or mitochondrial mutations

The mitochondrial genomes of BECs treated with 0.7-12 pg/ml MWCNTSs were sequenced
and examined for heteroplasmy/SNP variants (Figure 4A) and insertion/deletion mutations
(Figure 4B) compared to the hg19 human reference sequence, both at 24 hours following
their first treatment and after 5 days. Across all doses, we found no differences in major
sequence variants compared to respective control groups. We found an average of
approximately 3 + 1 indels (with sizes ranging from 1-3 base pairs) in mtDNA compared to
hg19 (N = 8), and no treatment was statistically different from vehicle treatments.
Heteroplasmy of single-nucleotide polymorphisms (SNPs) in which 10% or more of the
mtDNA sequences contained the SNP compared to hg19 were averaged among the 8 donor
BECs. Vehicle-treated control BECs (CoV) averaged 8.58 + 2.18 heteroplasmies compared
to the hg19 reference sequence, and nanomaterial treatment did not cause heteroplasmy
counts that were statistically different from vehicle controls.

MWCNTs decreased intracellular mitochondrial abundance

Mitochondrial abundance per cell was determined by flow cytometry, using 1) a FITC-
labeled primary antibody against succinate dehydrogenase (SDHA), a nuclear-encoded
mitochondrial membrane protein, and 2) in a separate experiment, MitoTracker Deep Red
FM dye in live cells. Fluorescent intensity of FITC staining per cell/event was averaged for 4
donors (the highest gene expression responders, BEC2, 4, 6, and 8) and compared between
vehicle controls and 3 doses of MWCNTSs (0.7, 3, and 12 pg/ml) to determine whether the
changes in mitochondrial gene expression observed with MWCNT exposure correlated with
a change in mitochondrial abundance (Figure 5). A statistically significant decrease in
SDHA staining was found with increasing doses of MWCNTS (N = 4, paired t-test, p <
0.05). A similar pattern was found with MitoTracker (Figure 6), and a significant and dose-
dependent decrease in MitoTracker staining intensity per cell was found compared to
vehicle-treated controls (N = 4, paired t-test, p < 0.001).

Decreased oxygen consumption rate

Oxygen consumption rate (OCR) before and after addition of oligomycin, FCCP uncoupler,
and rotenone/antimycin was measured in a real-time extracellular flux assay in a 96-well
plate. OCR values were then normalized to the total protein content in each well, determined
by BCA assay, and averaged over 6 duplicate wells (Figure 7) of cells from responder BECs
2,4, 6, and 8. OCRs for MWCNT-treated cells were consistently and significantly reduced
compared to vehicle-treated control cultures (p < 0.025) at baseline and following FCCP
uncoupling.

MWCNTs found in cytoplasm and intracellular organelles

Transmission electron micrographs of BECs treated for 24 hours with 3 pg/ml MWCNTSs
enabled qualitative analysis of the intracellular distribution of these materials (Figure 8).
MWCNT fibers were found outside of endosomes/phagolysosomes within the cytoplasm
(Figure 8A), which suggested that these fibers were either capable of penetrating the plasma
membrane (as seen in previous studies33-34) or were capable of escaping phagosomes
following endocytosis by the cell3®. Particles were also found within double-membrane
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bound structures that were suggestive of mitochondria (Figure 8B). While these structures
were too damaged for positive identification as mitochondria, the presence of individual
MWCNT fibers within them provide non-quantitative evidence of MWCNT’s ability to
penetrate intracellular membranes.

Mitophagy response to MWCNT exposure

BECs exposed to 3 pg/ml MWCNTS for 2 hours were assessed for mitophagy using
confocal microscopy (Figure 9). An uncoupling agent, FCCP, was used as a positive control
of mitophagy. Activation of the mitophagy dye by mitochondria/lysosome mergers was
significant and widespread following MWCNT exposure compared to vehicle-treated
controls (p < 0.001, N = 4, ANOVA, Tukey post-hoc). This response was attenuated in BECs
that were co-treated with Mdivil, a drp1 and mitophagy inhibitor (p < 0.01).

Discussion

While genotoxicity resulting from exposure to nanomaterials has been previously
documented??, specific effects on the mitochondrial genome, and function of mitochondrial
organelles, have been relatively unexplored. In this study, we tested whether one of the most
widely-used nanomaterials, carbon nanotubes, could cause mitochondrial genotoxicity and
impaired oxidative phosphorylation in human BECs. BECs obtained from eight healthy
human donors (via bronchoscopy) were exposed in submerged culture to MWCNTS or a
dispersion vehicle control for five days, until they reached confluence. We found that while
MWCNT exposure did not induce significant mutations or heteroplasmy in primary BECs,
they did cause significant upregulation of mitochondrial genes with inter-individual variation
between donors. MWCNTS also decreased intracellular mitochondrial abundance and
oxygen consumption, and induced mitophagy in exposed cells.

We used a primary bronchial epithelial cell model for these studies to better replicate the
mitogenomic diversity found in the human population*’ than would a cell line. Epithelial
cells were an ideal model for this study as they would be expected to encounter the highest
concentrations of inhaled nanomaterials /77 vivo and can be grown in medium without serum
supplementation. MWCNTSs bind to serum proteins via hydrophobic interactions and could
potentially affect concentrations of serum components in the medium?8. We used an
exposure period of five days for this study to provide enough time for nanomaterials to cause
detectable mitogenomic effects. MWCNTS persist in the lungs of exposed mice for several
months?’, therefore, this exposure duration is realistic without being so long as to introduce
additional variables such as cellular differentiation and over-passaging. The doses used in
this study were intentionally high (short of cytotoxicity) in comparison to a typical
occupational exposure®®. One reason for this is because the purpose of this study was to
determine whether MWCNT exposure could have effects on the expression and function of
mitochondrial genes, and this question could best be answered initially with the highest
dosage that would not cause necrosis or apoptosis. The results we have reported with an
MWCNT exposure of 3 pg/ml over five days indicate a modest effect on mitogenomic
endpoints even in susceptible responder donors, while the more pronounced mitochondrial
function and mitophagy findings suggest that mitochondrial injury might be present at lower
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doses. Secondly, the use of bronchoscopy-derived BECs from volunteer donors inherently
limited the scope of experiments which could be performed, due to the small numbers of PO
cells (approximately 1-4 million) which could be obtained from each donor. Consequently,
performing this study with lower doses over longer timeframes was not possible. Finally,
comparing the dosimetry of inhaled MWCNT deposition into the human lung with that of a
submerged BEC culture is inherently imprecise. It would not be plausible to conclude that
our /n vitro nanotube exposure approximates a 6 month accumulated inhaled dose, for
example, as the kinetics of mucociliary clearance, macrophage uptake, agglomeration in
airway mucus, and many other factors would confound such an approximation. Therefore,
the doses and timepoints used in this study should be taken only as evidence that MWCNTS
can cause mitochondrial dysfunction in human bronchial epithelial cells in isolation.
Whether or not inhaled MWCNTS cause similar dysfunction in the lungs of those who
interact with or manufacture these materials over a typical chronic exposure is beyond the
scope of this study.

Carbon nanotubes are used in commercial applications in a variety of fiber lengths,
structures, purities, added functional groups, and other variables, and so the choice of which
nanotubes to use in this study was based primarily on whether they were found in products
which could realistically result in inhalation exposure by consumers. Unfunctionalized
MWCNTSs, such as the samples we sourced from Helix Material Solutions2®, are commonly
used in construction applications and textiles where a risk of inhalation exposure is present
to consumers and manufacturers®C. While it is possible that greater or lesser mitogenomic
effects could be obtained from testing nanotubes with other structural/chemical
characteristics, the MWCNTS chosen for the current investigation are representative of the
types affecting human health through inhalation exposure. We also chose to use a dispersion
medium supplemented with BSA during each MWCNT treatment. This results in a protein
corona around agglomerates in suspension which is known to increase active uptake of
nanotubes in cell culture and reduce cytotoxicity®-52. This method, which is recommended
for optimum dispersion of MWCNTS in cell culture medium in accordance with the findings
of the Nano GO consortium*3, is justified for use in our exposure model as inhalation of
MWCNTSs would result in contact with extracellular mucus /7 vivo, therefore, it is highly
likely that these nanoparticle aggregates would be surrounded in protein before encountering
the epithelium. MWCNTS absent a protein corona may conceivably have resulted in a lesser
effect (from increased agglomeration leading to decreased cellular uptake) or greater effect
(from a decreased proportion of MWCNT mass undergoing active transport leading to
greater passive entry), but we believe the addition of the BSA to our dispersion vehicle more
closely replicates /n vivo exposure.

Heteroplasmy, defined as the presence of intracellular variability in mitochondrial genome
sequences, is only recently gaining recognition®3-5% as a toxicological endpoint.
Mitochondrial DNA sequences are usually well-conserved, even between species®®, and so
sequence variants resulting from exogenous insult/mutation often elicit functional
detriments. As detection of heteroplasmy requires thousands of repeated sequencing reads at
each position of the mitochondrial genome®, it is only due to the recent advancements in
ultradeep DNA sequencing that a study measuring the effect of nanomaterials on shifting
heteroplasmy of allele variants could be conducted. Additionally, an increase in
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heteroplasmy, even at low levels, is linked to altered mitochondrial function®®, a parameter
which itself required recent advances in instrumentation (particularly the extracellular flux
assay) to measure. Following the 5-day exposure, heteroplasmy frequency was not changed
(above 10% variant allele frequency) for any of the MWCNT doses used, compared to the
same cells treated with dispersion vehicle (CoV). Further, no change in the occurrence of
indels was observed with MWCNT exposure. The lack of changes in heteroplasmy and
indels were unexpected findings, as genotoxicity in similar nanomaterials has been reported
in previous publications?2-23, but they indicate that either cellular defense mechanisms
protecting mtDNA from damage (primarily mitophagy) were more robust than anticipated,
or that the nanomaterials were not used in doses/timeframes sufficient to induce such
damage. Longer-term /n vitro exposures would be possible through repeated treatments over
multiple passages, though we have found donor-to-donor variability in the number of
passages that primary BECs tolerate, and so the effect of chronic, low-dose MWCNTS on
mtDNA may require use of a fully-differentiated air-liquid interface model or /in vivo
experiments. The value of increasing the dosage to obtain genotoxic effects in mitochondria
would be questionable, however, as the doses higher than those implemented in our study
were cytotoxic and would be an improbable acute human exposure even in an occupational
setting®®. Our results thus suggest that heteroplasmy and mutation in mtDNA are not
important adverse effects of acute MWCNT inhalation in humans.

However, MWCNTS did significantly affect mitochondrial gene transcription. We found
inter-individual variation in the responses between donors, with four of the donors having a
2-fold or higher upregulation of one or more mitochondrial genes in response to MWCNT
exposure, and the remaining four were relatively non-responsive. With no demographic
similarities or shared SNP/heteroplasmies to separate responders from non-responders, the
source of this susceptibility is not currently known, though the variation may be due to
differences in nuclear-encoded mitochondrial genes or increased susceptibility to redox
stress or particulate matter in general. The upregulation of mitochondrial genes in response
to MWCNT exposure contradicted our original expectations that transcription would be
impaired by induction of heteroplasmy. We hypothesize that this upregulation indicates
compensation by the cells to generate new mitochondrial subunits to replace those lost
through mitophagy®®-6° or direct damage from physical intrusion36 by the nanotubes. This
hypothesis would predict that MWCNT exposure depletes mitochondrial abundance per cell,
which we measured by immunostaining for SDHA (a nuclear-encoded mitochondrial
Complex Il subunit) and MitoTracker dye in flow cytometry experiments. We found a
statistically-significant and dose-dependent decrease in mitochondrial abundance with
MWCNT exposure. We also used extracellular flux assay to measure the changes in
metabolic function resulting from this loss of mitochondria and found that oxygen
consumption rate (per unit of total protein), both basally and following uncoupling by FCCP,
was significantly decreased by MWCNT exposure. These results suggest an overall
impairment of mitochondrial abundance and function in human BECs by MWCNT
exposure, despite the elevated transcription of mtDNA.

Another outcome predicted by our hypothesis is that mitochondria damaged by MWCNT
exposure would be recycled through mitophagy, thereby preventing the accumulation of
damaged mtDNA and consistent with the absence of heteroplasmy. We performed a
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fluorescent assay to measure formation of mitophagic vesicles in MWCNT-exposed BECs
and found that mitophagy was highly induced after 2 hours of exposure. This induction was
attenuated by Mdivi-1, which inhibits mitophagy through drpl1. Mitophagy in MWCNT-
exposed BECs was notably more pronounced than in the FCCP-treated positive controls.
This may be due to kinetic effects, wherein the chemical induction of mitophagy by FCCP
peaks earlier and is more resolved by 2 hours, while the MWCNTSs induce mitophagy later
due to their having to penetrate the cells. Electron micrographs following 5-day MWCNT
treatments demonstrate the capability of the MWCNTS used in this study to enter the
cytoplasm of exposed BECs, whether by escaping endosomes following active uptake35-36
or by passively penetrating the plasma membrane33-34, though whether the physical
presence of cytoplasmic MWCNTS is necessary for the induction of mitophagy is not yet
known. Future experiments to evaluate the kinetics of initiation and resolution of mitophagy
in MWCNT-exposed BECs are planned, but the current results present a plausible
mechanism that reconciles the upregulation of mtDNA genes with reduced mitochondrial
abundance and function.

Our study has a few inherent limitations related to its translation to human toxicology. The
study was performed Jin vitroto investigate whether, under the most ideal conditions,
nanomaterial exposure could cause alterations in the mitochondrial genome. While this
eliminates many potential variables, factors that could attenuate or exacerbate any direct
mitogenomic effects from the MWCNTS in an intact organism are beyond the scope of this
study. These factors include deposition8? of material in the lungs, other cells/tissues®? (e.g.,
resident macrophages), inflammatory responses®3 to the nanomaterials, and co-exposures
with other pollutants/chemicals/pathogens®. Another inherent limitation is the use of a
submerged epithelial culture model instead of an (arguably more physiologically-relevantt®)
air-liquid interface model. This was done to eliminate donor-to-donor variation in
mucociliary differentiation as a confounding factor in the study, as well as to allow
comparison of mitochondrial genomics data with our extracellular flux data (an assay that, at
present, cannot be performed using an air-liquid interface).

In summary, our findings suggest that mitochondrial turnover may be important for
protection of the lung epithelium’s mtDNA from nanoparticle exposure. Future studies are
necessary to determine whether inhibition of mitophagy would result in increased
mitogenomic effects from nanomaterials or whether the cell has other, undescribed
mechanisms for protecting its mtDNA. Additionally, the investigation of other forms of
genotoxic stress for mitogenomic endpoints could result in new therapeutic measures for this
relatively unexplored form of cellular damage.
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Figure 1.
Cytotoxicity in BECs at days 1 and 5 of MWCNT exposure, measured by trypan blue

exclusion (A-B) and extracellular LDH (C-D). Exposure to MWCNTS did not affect the
percentage of cells permeable to trypan blue at any study dose by day 1 (A), but sharply
increased cell death at the 12 pug/ml dose by day 5 (B). Extracellular LDH was similarly
unaffected by MWCNT treatments of 3 pg/ml or less, with a slight increase in LDH at day 1
with 12 pg/ml MWCNTSs (C) and a large increase at day 5 (D). MWCNT doses of 3 ug/ml or
less were determined to be non-cytotoxic for the purposes of this study. (N = 8, ANOVA,
Tukey post-hoc, *p < 0.05, **p < 0.01, ****p < 0.0001).
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Figure 2.
Apoptosis in MWCNT-exposed BECs was measured at day 5 by flow cytometry using
annexin V-FITC staining with a propidium iodide counterstain. MWCNT treatments of 3
pg/ml or less were not found to elevate annexin-positive cells or Pl-permeable cells,

indicating that apoptosis was not significantly induced by these treatments by day 5. (N = 4,
ANOVA, Tukey post-hoc)
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Figure 3.
Mitochondrial gene expression in BECs exposed to 3 pg/ml MWCNTS, as measured by

QPCR. Values are expressed as fold control (dispersion vehicle-treated) BECs, with each
symbol representing the mean of 3 experimental replicates of a different donor (A). Inter-
individual variation was found across the mitochondrial genes in response to MWCNT
exposure, while MTERF (a nuclear-encoded mitochondrial regulatory gene) transcription
was not significantly altered by treatment. Some donors were “responders” (such as BECs 2,
4, 6, and 8, identified by p < 0.05 on 2-way ANOVA) that consistently upregulated all or
most mitochondrial genes in response to MWCNTS, while others were not significantly
changed from controls. This donor variation is illustrated in Figure 3B, showing donor-
specific patterns of up/downregulation when all genes from a given donor are combined.
Dotted lines in Figure 3B indicate the standard deviation around the mean value for vehicle-
treated controls (*p < 0.05, **p < 0.02, ****p < 0.0001).
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Figure 4.

Frequency of heteroplasmy and insertion/deletion mutations (indels), as measured by ultra-
deep sequencing. Heteroplasmies with greater than 10% alternate allele frequency were
counted (A) for each donor following treatment with dispersion vehicle (CoV) and
MWCNTSs at 0.7, 3, or 12 pg/ml. Indels were also counted for each donor/treatment (B). No
statistically-significant differences were observed between vehicle controls and any
treatment, at either day 1 or day 5, including the cytotoxic 12 ug/ml dose. (N = 8, ANOVA,
Tukey post-hoc)
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Figure5.
Succinate Dehydrogenase A (SDHA\) staining per cell, as measured by flow cytometry.

Average intensity of cellular FITC-labeled SDHA was used to determine mitochondrial
abundance per cell, independent of metabolic activity. Values are expressed as fold control
FITC-staining intensity and show a dose-dependent decrease in mitochondrial abundance
with increasing concentrations of MWCNTSs from 0.7-12 pg/ml (MWO07, MW3, MW12).
Statistical significance determined by paired t-tests (N = 4, *p < 0.1, **p < 0.05)
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Figure 6.

MitoTracker staining per cell, as measured by flow cytometry. Similar to SDHA
immunostaining, the average fluorescent intensity of MitoTracker Deep Red FM dye taken
up by the cell was used to measure mitochondrial abundance. Results are expressed as mean
raw intensity for each donor and show a dose-dependent decrease in intracellular
mitochondrial mass in BECs treated with MWCNTSs for 5 days. (N = 4, t-test, *p < 0.05, **p
<0.01)
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Figure7.

Oxygen consumption rate (OCR) in donor primary BECs following overnight exposure to
MWCNTSs, measured by Seahorse Extracellular Flux assay. OCR measurements at all time
points were normalized to total well protein measured after the assay. Baseline OCR was
significantly reduced in MWCNT-treated cells compared to controls. ATP-coupled
respiration measured following the addition of oligomycin was not significantly altered by
MWCNT treatment, however, total reserve capacity of mitochondria uncoupled by FCCP
was reduced. No differences in non-mitochondrial respiration (following the addition of
rotenone) were found. (N = 4, ANOVA, Tukey post-hoc, *p < 0.05).
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Figure8.
Sample images of transmission electron microscopy (TEM) of BECs treated with 3 ug/ml

MWCNTSs for 24 hours. A) MWCNT fiber found within the cytoplasm, unbound by any
endosomal structure. B) MWCNT fiber found within a double-membrane bound organelle
structurally consistent with a depolarized/damaged mitochondrion.
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Figure9.
Confocal microscopy of mitophagic vesicles in BECs following a 2-hour exposure to

MWCNTSs. FCCP (5 uM), a mitochondrial uncoupling agent, was used as a positive control.
A) MWCNTSs induced a significant increase in mitophagic vesicles which was attenuated by
co-exposure with Mdivi-1, a mitophagy inhibitor. B) Pixel density analysis was used to
quantify staining of mitophagic vesicles and normalize it to lysosomal staining for each of
the 4 responding donors (BECs 2, 4, 6, and 8). (N = 4, ANOVA, Tukey post-hoc, *p < 0.1,
**p < 0.05)
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Demographical information for each donor (Bronchial Epithelial Cells BEC1-8). The study included a narrow
age range (between 23 and 32 years) of donors to control for age-related mitochondrial heteroplasmy. Donors

were a mix of races (black, non-hispanic white, and Asian) and included 5 females and 3 males.

BEC1
BEC2
BEC3
BEC4
BEC5
BEC6
BEC7
BEC8

Age
27
27
32
23
27
28
27
31

Gender
F

< nm £ m m <M

Race
Black
Black
Black
Black
Asian
White
White

Asian
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