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ARTICLE

Reactive oxygen species damage drives cardiac and mitochondrial
dysfunction following acute nano-titanium dioxide inhalation exposure

Cody E. Nicholsa,b, Danielle L. Shepherda,c, Quincy A. Hathawaya,c, Andrya J. Durra,c, Dharendra Thapaa,
Alaeddin Abukabdad, Jinghai Yid, Timothy R. Nurkiewiczc,d and John M. Hollandera,c

aDivision of Exercise Physiology, West Virginia University School of Medicine, Morgantown, WV, USA; bImmunity, Inflammation, and
Disease Laboratory, National Institute of Environmental Health Sciences, Research Triangle Park, Durham, NC, USA; cMitochondria,
Metabolism and Bioenergetics Working Group, West Virginia University School of Medicine, Morgantown, WV, USA; dDepartment of
Physiology and Pharmacology, West Virginia University School of Medicine, Morgantown, WV, USA

ABSTRACT
Nanotechnology offers innovation in products from cosmetics to drug delivery, leading to
increased engineered nanomaterial (ENM) exposure. Unfortunately, health impacts of ENM are
not fully realized. Titanium dioxide (TiO2) is among the most widely produced ENM due to its
use in numerous applications. Extrapulmonary effects following pulmonary exposure have
been identified and may involve reactive oxygen species (ROS). The goal of this study was to
determine the extent of ROS involvement on cardiac function and the mitochondrion following
nano-TiO2 exposure. To address this question, we utilized a transgenic mouse model with over-
expression of a novel mitochondrially-targeted antioxidant enzyme (phospholipid hydroperoxide
glutathione peroxidase; mPHGPx) which provides protection against oxidative stress to lipid
membranes. MPHGPx mice and littermate controls were exposed to nano-TiO2 aerosols (Evonik,
P25) to provide a calculated pulmonary deposition of 11mg/mouse. Twenty-four hours following
exposure, we observed diastolic dysfunction as evidenced by E/A ratios greater than 2 and
increased radial strain during diastole in wild-type mice (p< 0.05 for both), indicative of restrict-
ive filling. Overexpression of mPHGPx mitigated the contractile deficits resulting from nano-TiO2

exposure. To investigate the cellular mechanisms associated with the observed cardiac dysfunc-
tion, we focused our attention on the mitochondrion. We observed a significant increase in ROS
production (p< 0.05) and decreased mitochondrial respiratory function (p< 0.05) following
nano-TiO2 exposure which were attenuated in mPHGPx transgenic mice. In summary, nano-TiO2

inhalation exposure is associated with cardiac diastolic dysfunction and mitochondrial functional
alterations, which can be mitigated by the overexpression of mPHGPx, suggesting ROS contribu-
tion in the development of contractile and bioenergetic dysfunction.
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Introduction

A strong link between cardiovascular disease and
particulate matter exposure have been previously
highlighted, but the impact of nano-sized particles
on the heart is not well understood. Cardiovascular
endpoints such as decreased vascular reactivity in
rats (Nurkiewicz et al. 2009) and diminished cardiac
function in zebrafish (Duan et al. 2016) have been
suggested following nanomaterial exposure, but
murine studies have not fully realized cardiac func-
tional impacts of engineered nanomaterial (ENM)
exposure. With the increasing translational preva-
lence of ENM and the pervasiveness of inhalation

studies, understanding the effects of these materials
on the heart is crucial to the overall understanding
of the health impacts of nanomaterial exposure.

TiO2 is one of the most broadly applied ENM,
commonly used as a pigment and photocatalyst
additive of paint, food and sunscreen to enhance
the appearance of the product. The ratio of nano-
TiO2 to TiO2 continues to increase and predictions
estimate the market to be entirely within the nano-
scale by 2025 (Robichaud et al. 2009). Exposure to
TiO2 has been shown to induce negative cardiac
effects centered on the dysregulation of the oxida-
tive milieu (Sha et al. 2013; Sheng et al. 2013).
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Functionally, acute pulmonary nano-TiO2 exposure
induces diastolic dysfunction in rats (Kan et al.
2012), yet the direct role of oxidative stress on the
dysfunction is unknown. Long-term gastric exposure
to nano-TiO2 has been shown to increase reactive
oxygen species (ROS) concomitant with a decreased
antioxidant capacity within the heart (Chen et al.
2015). In vitro analyses have implicated mitochon-
drial ROS production as central to the pathways of
toxicity following nano-TiO2 exposure (Huerta-Garcia
et al. 2014). However, the role of the mitochondrion
in the cardiovascular response to acute nano-TiO2

exposure in vivo is not fully understood.
The mitochondrion has been implicated in the

etiology of many cardiovascular diseases due to the
crucial roles it plays within the cardiomyocyte.
Among the central roles for cardiac mitochondria is
the production of ATP requisite for contraction and
relaxation as well as its contribution to cellular oxi-
dative milieu. To aid in the protection, ROS within
the mitochondria are regulated by mitochondrial
antioxidant enzymes including mitochondrial
phospholipid hydroperoxide glutathione peroxidase
(mPHGPx) also known as GPx4 (Ji et al. 1998; Arai
et al. 1999). GPx4 primarily exists in two regionally
specific forms: the long form with a mitochondrial
targeting sequence that exists in the mitochondrion
(mPHGPx) and the short form which does not con-
tain a mitochondrial targeting sequence and is
found outside of the mitochondrion (Imai and
Nakagawa 2003). This mitochondrial antioxidant is
particularly interesting because it is a lipophilic
enzyme capable of reducing peroxidized acyl
groups in phospholipids (Ursini et al. 1985), fatty
acids hydroperoxides (Schnurr et al. 1996) and chol-
esterol peroxides (Thomas et al. 1990) in biological
membranes and is the primary antioxidant defense
against oxidation of mitochondrial biomembranes.

In the current study, we determined the impact
of acute ENM inhalation exposure (nano-TiO2) on
cardiac function and mitochondrial metabolism. We
hypothesized that nano-TiO2 exposure induces car-
diac dysfunction arising from disturbed mitochon-
drial function. To test the hypothesis, we utilized a
transgenic mouse model in which the mitochondrial
form of GPx4 (mPHGPx) was overexpressed, in an
effort to determine the specific contribution of
mitochondrially derived ROS. Our results indicate

that mitochondria-specific overexpression of GPx4
provides protection to both cardiac contractile and
mitochondrial function following acute nano-TiO2

inhalation exposure.

Materials and methods

Experimental animals

The animal experiments in this study were approved
by the West Virginia University Animal Care and Use
Committee and conformed to the most current
National Institutes of Health (NIH) Guidelines for the
Care and Use of Laboratory Animals manual. Male
FVB mice were housed in the West Virginia
University Health Sciences Center Animal Facility and
given access to a rodent diet and water ad libitum.
To verify genetic overexpression, DNA from 3-week-
old mice was isolated from tail clips and screened
using a real-time PCR (RT-PCR) approach as previ-
ously described (Dabkowski et al. 2008; Baseler et al.
2013). Briefly, we probed for GPx4 using a custom-
designed fluorometric probe (Applied Biosystems,
Foster City, CA) and RT-PCR on an Applied
Biosystems 7900HT Fast Real-Time PCR system
(Applied Biosystems, Foster City, CA). These animals
have been previously shown to have increased
PHGPx protein concentrations in the mitochondria
(Dabkowski et al. 2008). In addition to the increased
mitochondrial protein content, mPHGPx overexpress-
ing mice display increased phosphatidylcholine
hydroperoxide scavenging ability, which is a specific
substrate of GPx4 (Dabkowski et al. 2008).

Engineered nanomaterial inhalation exposure

Nano-TiO2 P25 powder was obtained from Evonik
(Aeroxide TiO2, Parsippany, NJ). Previously, this pow-
der was identified to be a mixture composed of
anatase (80%) and rutile (20%) TiO2, with a primary
particle size of 21 nm and a surface area of
48.08m2/g. Using a Zetasizer Nano Z (Malvern
Instruments, Worcestershire, UK), we determined the
Z-potential of these particles as �56.6mV. The
nano-TiO2 was prepared with care prior to aerosoli-
zation by drying, sieving and storing the powder.

The nanoparticle aerosol generator was devel-
oped, designed and tested specifically for rodent
nanoparticle inhalation exposures (US patent
#8,881,997) as previously described (Yi et al. 2013).
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The test atmospheres were monitored in real time
with an electrical low-pressure impactor (ELPI,
Dekati, Tampere, Finland) and data from the ELPI
indicated that the count median aerodynamic diam-
eter of the particles was 142.1 ± 10.5 nm (Figure
1(a); n¼ 4). The test atmospheres were adjusted
manually throughout the exposure duration to
assure a consistent and known exposure for each
animal group (Figure 1(b)).

Once a steady-state aerosol concentration was
achieved, exposure duration was adjusted to
achieve a calculated deposition of 11.58 ± 0.27 mg.
Calculated total deposition was based on mouse
methodology previously described and normalized
to minute ventilation using the following equation:
D¼ F�V�C�T, where F is the deposition fraction
(10%), V is the minute ventilation based on body
weight, C equals the mass concentration (mg/m3)
and T equals the exposure duration (minutes)
(Porter et al. 2013).

Echocardiography

Echocardiographic assessments were carried out
as previously described (Baseler et al. 2013;
Jagannathan et al. 2015; Shepherd et al. 2015;
Thapa et al. 2015). Briefly, each mouse was anesthe-
tized with inhalant isoflurane then maintained at
1% isoflurane or lower in order to sustain a physio-
logically relevant heart rate range for the duration
of the experiment, effectively minimizing the conse-
quences of anesthesia. Brightness and motion mode
imaging was accomplished via a 32–55MHz linear
array transducer using the highest possible frame
rate (233–401 frames/second) on a Vevo2100
Imaging System (Visual Sonics, Toronto, Canada). All
images were acquired by one individual blinded to
animal group.

Conventional echocardiographic assessment was
completed on grayscale M-mode parasternal short-
axis images at the mid-papillary level of the LV. All
M-mode image measurements were calculated over
three consecutive cardiac cycles and then averaged.
To assess diastolic function, LV filling was evaluated
using mitral valve Doppler echocardiography and
measured over three cardiac cycles.

Speckle-tracking-based strain assessments were
performed by tracing the walls of the endocardium
and epicardium on B-mode video loops and ana-
lyzed throughout the three cardiac cycles using
Visual Sonics VevoStrain software (Toronto, Canada)
employing a speckle-tracking algorithm. The soft-
ware then generated time-to-peak analysis for curvi-
linear data as output for strain and strain rate. The
same trained, blinded investigator using the
Vevo2100 Imaging analysis software (Visual Sonics,
Toronto, Canada) completed all analyses.

Tissue preparation and compartment isolation

After cardiac contractile measurements were per-
formed, mice were euthanized, hearts excised and
cardiac mitochondria isolated via differential centri-
fugation. Subsarcolemmal mitochondria (SSM) and
interfibrillar mitochondria (IFM) subpopulations
were isolated as previously described following the
methods of Palmer et al. (Palmer et al. 1977) with
minor modifications by our laboratory (Dabkowski
et al. 2010; Baseler et al. 2011, 2013; Croston et al.
2013; Thapa et al. 2015). Mitochondrial pellets were
resuspended in KME buffer (100mM KCl, 50mM

Figure 1. Nanomaterial inhalation characterization. (A)
Electrical low-pressure Impactor (ELPI) count median aero-
dynamic diameter Dp¼ 131.6 nm. (B) Titanium dioxide aerosol
mass concentration throughout the inhalation exposure meas-
ured with ELPI. Dashed black line is the average exposure
concentration.
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MOPS and 0.5mM EGTA pH 7.4) and utilized for all
analyses. Protein concentrations were determined
by the Bradford method using bovine serum albu-
min as a standard (Bradford 1976).

Mitochondrial respiration

State 3 and state 4 respiration rates were analyzed
in freshly isolated mitochondrial subpopulations as
previously described (Chance and Williams 1955,
1956) with modifications by our laboratory
(Dabkowski et al. 2008, 2010; Croston et al. 2014;
Thapa et al. 2015). Briefly, isolated mitochondrial
subpopulations were resuspended in KME buffer
and protein content was determined by the
Bradford method. Mitochondria protein was added
to respiration buffer (80mM KCl, 50mM MOPS,
1mmol/l EGTA, 5mmol/l KH2PO4 and 1mg/ml BSA)
and placed into a respiration chamber connected to
an oxygen probe (OX1LP-1mL Dissolved Oxygen
Package, Qubit System, Kingston, ON, Canada).
Maximal complex I-mediated respiration was initi-
ated by the addition of glutamate (5mM) and mal-
ate (5mM). Data for state 3 (250mM ADP) and state
4 (ADP-limited) respiration were expressed as nmol
of oxygen consumed/min/mg protein.

Mitochondrial hydrogen peroxide production

Cardiac mitochondrial hydrogen peroxide produc-
tion was analyzed following nano-TiO2 inhalation
exposure utilizing the fluorescent dye Amplex Red.
The Amplex Red reagent reacts with hydrogen
peroxide in a 1:1 stoichiometry to produce the red-
fluorescent oxidation product, resorufin. Experiments
were carried out following manufacturer’s instruc-
tions with minor modifications. Briefly, isolated mito-
chondria were incubated with reaction buffer and
Amplex Red dye was added before fueling mito-
chondria with glutamate, malate and ADP. Changes
in fluorescence over time were read on a Molecular
Devices Flex Station 3 fluorescent plate reader
(Molecular Devices, Sunnyvale, CA) and normalized
per milligram of protein.

Lipid peroxidation products

Lipid peroxidation was assessed in isolated mito-
chondrial subpopulation and cytosolic fractions

through the measurement of stable, oxidized end
products of polyunsaturated fatty acids and esters:
malondialdehyde (MDA) and 4-hydroxyalkenal
(4-HAE) as previously described (Dabkowski et al.
2008; Baseler et al. 2013). Briefly, one molecule of
either MDA or 4-HAE reacts with two molecules of N-
methyl-2-phenylindole (Oxford Biomedical Research
Company, Oxford, MI) to yield a stable chromophore
whose absorbance was measured on a Molecular
Devices Flex Station 3 spectrophotometric plate
reader (Molecular Devices, Sunnyvale, CA). As a sup-
plementary evaluation of cytosolic lipid peroxidation,
MDA was assessed using a classic thiobarbituric acid
reactive substances (TBARS) approach (Cayman
Chemical, Ann Arbor, MI). Protein content was
assessed by the Bradford method, as above, and val-
ues were normalized per milligram of protein.

iTRAQ labeling and mass spectrometry analyses

Pooled isolated mitochondrial subpopulations from
control and exposed mice both wild-type and
mPHGPx transgenic were prepared as previously
described (Dabkowski et al. 2010; Baseler et al. 2011,
2013). Pooled samples were labeled with iTRAQ
reagents per manufacturer’s protocol (Applied
Biosystems, Foster City, CA). Fractionated samples
were combined creating a protein digest sample
which was submitted for LS-MALDI TOF/TOF mass
spectral analysis for protein identification, character-
ization and differential expression analysis as previ-
ously described (Dabkowski et al. 2010; Baseler et al.
2011) with slight modifications. Briefly, a Q Exactive
MS (Thermo Scientific, San Jose, CA) was utilized
with Xcalibur 3.0 software. The resulting spectra
were analyzed using ABI ProteinPilot software 4.0
(Applied Biosystems, Foster City, CA).

Canonical pathways and molecular network
analysis

Proteomic outputs were input into Ingenuity
Pathway Analysis (IPA) software and run through
the core analysis (Qiagen, Hilden, Germany, www.
qiagen.com/ingenuity). Dysregulated proteins were
organized into their most representative biological
function. Changes in protein expression are pre-
sented as nano-TiO2 exposed compared to control
and mPHGPx nano-TiO2 exposed compared to con-
trol nano-TiO2 exposed for both SSM and IFM.
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All changes are depicted as increasing, decreasing
or sustained proteomic expression compared to
controls. Red color indicates significantly increased
expression while significantly decreased expression
is in green compared to control groups.

Staining and tracking TiO2 nanoparticles

TiO2 nanoparticles were isolated from mitochondrial
samples and stained using Alizarin Red S (Acros
Organics, Thermo Scientific, San Jose, CA).
Nanomaterial staining was conducted as previously
described (Thurn et al. 2009) with slight modifica-
tions. Standards were produced using pure TiO2,
and prepared concomitant with all samples.
Samples were dissolved in hot sulfuric acid then
diluted with molecular grade water. The solution
was dialyzed against a filtered 10mM sodium phos-
phate buffer solution (dibasic anhydrous Na2HPO4,
pH of 7.4) for 48 hours using Float-A-Lyzer G2 dialy-
sis cassettes (Thermo Fisher, Waltham, MA). A fresh,
filtered 0.9mM Alizarin Red S solution was mixed
with the dialyzed nanoparticle solution at a 7:3 sam-
ple to stain ratio. Samples were centrifuged and
sonicated then analyzed immediately to prevent
nanoparticle conjugate formation.

Nanoparticle tracking analyses were performed
using a NanoSight NS300 (Malvern, Worcestershire,
United Kingdom). All samples were analyzed using
the green 532 nm laser and 565 nm filter for fluores-
cence. Camera level and gain were adjusted for each
sample to obtain accurate tracking. Fluorescently
labeled particles were tracked using the highest cam-
era level, a gain of 1, and a threshold that allowed par-
ticle tracking excluding background measurements.

Statistics

Mean and standard error (SE) were calculated for all
data sets. A one-way analysis of variance (ANOVA)

was employed with a Bonferroni post hoc test to
analyze differences between treatment groups using
GraphPad Prism 5 (GraphPad Software, La Jolla, CA).
p< 0.05 was considered significant.

Results

Cardiac function following nano-TiO2 inhalation
exposure

While it has been shown that nano-TiO2 inhalation

induces cardiac arteriole dysfunction (LeBlanc et al.

2009, 2010), cardiac functional measures have been

limited. In this study we utilized conventional,

pulsed wave Doppler flow and speckle-tracking

based strain measures of echocardiography to thor-

oughly and sensitively measure cardiac function in

vivo following nano-TiO2 inhalation. Within our

study, diametric and spatial parameters identified

by M-Mode echocardiography were not significantly

changed with mPHGPx overexpression or following

nano-TiO2 inhalation when compared to control

(Table 1). These data suggest that no overt systolic

dysfunction is observed with acute nano-TiO2

exposure.
One common diastolic measure utilizes pulsed

wave Doppler flow through the mitral valve. In this
measure, the individual contribution of the passive
left ventricle suction during early diastole (E wave)
and the active contraction of the left atria during
late diastole (A Wave) in the refilling of the ventricle
can be identified to examine diastolic function
through the ratio of E to A. Following exposure to
nano-TiO2, there was a significant increase in the
velocity of the E wave (Figure 2(e)), yet no change
in the A wave velocity was observed (Figure 2(f)).
This change in E without an accompanying change
in A led to an increase in the E/A Ratio (Figure 2(g))

Table 1. M-Mode echocardiographic measurements.
Control Exposed mPHGPx mPHGPx Exposed

Average ± SEM Average ± SEM Average ± SEM Average ± SEM

Heart Rate BPM 505.43 ± 6.35 502.36 ± 24.21 480.57 ± 16.07 506.97 ± 14.63
Cardiac Output mL/min 12.63 ± 1.10 12.79 ± 1.39 14.53 ± 1.66 15.73 ± 0.77
LVIDd mm 2.86 ± 0.11 3.02 ± 0.21 3.16 ± 0.16 3.35 ± 0.11
LVIDs mm 1.54 ± 0.09 1.64 ± 0.15 1.83 ± 0.11 1.97 ± 0.08
Ejection Fraction % 79.13 ± 1.66 78.22 ± 2.69 74.65 ± 1.32 73.16 ± 1.03
Fractional Shortening % 46.39 ± 1.61 46.17 ± 2.64 42.35 ± 1.07 41.19 ± 0.83
Stroke volume uL 24.89 ± 2.06 28.93 ± 4.58 30.49 ± 3.60 33.77 ± 2.55
EDV uL 31.68 ± 3.07 37.47 ± 5.98 41.11 ± 5.06 46.29 ± 3.65
ESV uL 6.78 ± 1.11 8.54 ± 1.76 10.63 ± 1.55 12.52 ± 1.21

Values are means ± SE; n¼ 8 for each group
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over 2.0 following exposure to nano-TiO2 and is
indicative of restrictive filling of the left ventricle
during diastole. Deceleration of the mitral valve
following exposure was increased (Figure 2(h))
prompting investigation into the effects of nano-
TiO2 on the deceleration time of the mitral valve fill-
ing velocity. Deceleration time of early mitral flow, a
marker of stiffness routinely measured during the
quantitation of diastolic function, was shortened fol-
lowing exposure to nano-TiO2 further supporting

that the heart is stiffer following exposure to
nano-TiO2 (Figure 2(i)). To complete our analyses of
diastolic function following nano-TiO2 exposure, we
normalized deceleration time to the early filling vel-
ocity (E). In humans, this measure has been shown
to augment the prognostic power of mitral valve
tissue Doppler flow indices and predicts heart fail-
ure hospitalization (Mishra et al. 2011). Following
nano-TiO2 exposure, the normalization of deceler-
ation time to early filling velocity decreased

Figure 2. Mitral valve pulsed-wave Doppler flow. Representative images from pulsed-wave Doppler flow through the mitral valve
analyses in control (A), nano-TiO2 exposed (B), mPHGPx (C) and mPHGPx nano-TiO2 exposed (D). Summary data for early mitral
valve filling velocity (E wave) (E) and late mitral valve filling velocity (A wave) (F) in control, nano-TiO2 exposed, mPHGPx control
and mPHGPx nano-TiO2 exposed. Ratiometric analysis of E wave velocity to A Wave velocity in control, nano-TiO2 exposed,
mPHGPx control and mPHGPx nano-TiO2 exposed (G). Deceleration of early mitral valve–filling velocity (E wave) in control, nano-
TiO2 exposed, mPHGPx control and mPHGPx nano-TiO2 exposed (H). Deceleration time of early mitral valve filling velocity (E wave)
in control, nano-TiO2 exposed, mPHGPx control and mPHGPx nano-TiO2 exposed (I). Normalization of deceleration time of early
mitral valve filling velocity to the early filling velocity in control, nano-TiO2 exposed, mPHGPx control and mPHGPx nano-TiO2

exposed (J). Values are means ± SE; n¼ 8 for each group. �p< 0.05 vs. Control. #p< 0.05 vs Nano-TiO2 Exposed.
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supporting the conclusion that ENM exposure indu-
ces diastolic dysfunction (Figure 2(j)). The diastolic
dysfunction observed with nano-TiO2 exposure was
attenuated with overexpression of mPHGPx. The
increased E-wave velocity observed with exposure
was attenuated with mPHGPx and not significant
from either the wild-type control or exposed groups
(Figure 2(e)). This coupled with no change in the A
wave (Figure 2(f)) led to a decrease in the E/A ratio
as compared to the wild-type exposed animals but
no change compared to filtered air exposed animals
of either genotype (Figure 2(g)). Further, the rectifi-
cation of diastolic dysfunction with mPHGPx overex-
pression was supported by the decrease of mitral
valve deceleration (Figure 2(h)), an increase in mitral
valve deceleration time (Figure 2(i)) and increased
ratio of the deceleration time with E wave velocity
(Figure 2(j)) as compared to wild-type nano-TiO2

exposed. These values were not significantly differ-
ent than the wild-type control exposed animals.
Thus, the overexpression of mPHGPx attenuated the
diastolic dysfunction observed with acute nano-TiO2

exposure.
To complement the pulse wave Doppler flow

data, we investigated the strain on the heart dur-
ing diastole utilizing speckle-tracking echocardiog-
raphy. Following an acute inhalation exposure to
nano-TiO2, there was a significant increase in the
radial strain and strain rate throughout the wall of
the left ventricle (Figure 3(a,b)). The increased
strain and strain rate further suggest restrictive fill-
ing of the left ventricle throughout diastole.
Following work identified that the ratio of the E
wave velocity (E) to radial strain rate (SR) most
closely correlates noninvasive cardiac phenotyping
to human cardiac catheterization pressures during
diastolic dysfunction (Chen et al. 2014), we investi-
gated the index of E/SR following nano-TiO2 expos-
ure. The ratio of E/SR was significantly increased
following nano-TiO2 exposure (Figure 3(c)), comple-
menting our previous data. Overexpression of
mPHGPx attenuated the increased speckle-tracking
based strain measures following nano-TiO2 expos-
ure (Figure 3(a–c)). These data suggest that follow-
ing nano-TiO2 exposure, the heart has to work
harder during diastole to refill and maintain car-
diac systolic function; however, overexpression of
mPHGPx, we may be able to attenuate the dia-
stolic dysfunction.

Spatially distinct mitochondrial function

Diastole is an energy intensive process, and mito-
chondria provide energy necessary for both contrac-
tion and relaxation. Mitochondrial respiratory
capacity can be assessed by measuring the state 3
and state 4 respiratory rates. Within the cardiomyo-
cyte, there are two spatially and biochemically dis-
tinct subpopulations of mitochondria: the SSM
which are located below the sarcolemma and the
IFM which reside between the myofibrils. Following
nano-TiO2 exposure, there was no significant
change in either state 3 or state 4 respiratory rate
in the SSM (Figure 4(a)). In contrast, nano-TiO2

exposure decreased state 3 respiratory rates in IFM
suggesting decreased mitochondrial function

Figure 3. Diastolic speckle-tracking based strain analyses.
Diastolic radial strain was analyzed in control, nano-TiO2

exposed, mPHGPx, and mPHGPx nano-TiO2 exposed mice (A).
Diastolic radial strain rate analyzed in control, nano-TiO2

exposed, mPHGPx, and mPHGPx nano-TiO2 exposed mice (B).
Analysis of the ratio of early mitral valve-filling velocity (E) to
radial strain rate analyzed in control, nano-TiO2 exposed,
mPHGPx, and mPHGPx nano-TiO2-exposed mice (C). Values are
means ± SE; n¼ 8 for each group. �p< 0.05 versus Control.
#p< 0.05 versus Nano-TiO2 Exposed.
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(Figure 4(b)). MPHGPx overexpression attenuated
the decreased state 3 mitochondrial respiratory
rate of the IFM following nano-TiO2 exposure
(Figure 4(b)). These data suggest that decreased
mitochondrial function accompanies cardiac dia-
stolic dysfunction following nano-TiO2 exposure.
Also, these data demonstrate that the decreased
mitochondrial function observed following nano-
TiO2 exposure is localized to the IFM and treatment
with an antioxidant attenuates the damage.

Mitochondrial lipid peroxidation

ROS damage, including lipid peroxidation, can influ-
ence the macromolecular structure impacting
organelle function. We investigated the ROS dam-
age by-products malondialdehyde (MDA) and
4-hydroxyalkenal (4-HAE) to address the impact of
mitochondrial ROS. There was a significant increase
in lipid damage following nano-TiO2 inhalation in
the IFM, which was mitigated with overexpression
of mPHGPx (Figure 5(b)). However, there was no
change in lipid peroxidation within any of the

groups compared to the control in the SSM
(Figure 5(a)). Further, lipid peroxidation was
increased in the cytosol following exposure, yet
overexpression of mPHGPx did not attenuate cyto-
solic lipid peroxidation (Figure 5(c,d)). Taken
together, these findings suggest that ROS damage
within the IFM contributes to the observed mito-
chondrial dysfunction following nano-TiO2 exposure
and overexpression of a mitochondrially targeted
antioxidant diminished the damage.

Mitochondrial hydrogen peroxide production

SSM isolated from animals exposed to nano-TiO2

showed no increase in hydrogen peroxide produc-
tion (Figure 6(a,c)). In contrast, there was a signifi-
cant increase in hydrogen peroxide production in
IFM following exposure to nano-TiO2 (Figure 6(b,d)).
Overexpression of mPHGPx diminished hydrogen
peroxide production in the IFM following nano-TiO2

exposure (Figure 6(b,d)). These data suggest that
increased levels of hydrogen peroxide contribute to
the oxidative damage in the IFM following nano-
TiO2 exposure. The ability of the mPHGPx overex-
pression to attenuate hydrogen peroxide production
emphasizes the critical role of ROS in the mitochon-
drial dysfunction following nano-TiO2 exposure.

Mitochondrial proteomic dysregulation

By utilizing iTRAQ analyses coupled with IPA to
gather additional biological insight, we conducted a
functional network analysis and identified ROS pro-
duction, oxidative phosphorylation, and fatty acid
oxidation as the top dysregulated proteomic path-
ways. In the IFM, many proteins throughout the
electron transport chain displayed decreased
expression following exposure, as compared to con-
trol, which supports the suggestion of decreased
mitochondrial function (Figure 7(a), Supplemental
Table). Of the proteins that were increased within
the IFM, most were located within the TCA cycle
and ROS generation pathways (Figure 7(b),
Supplemental Table). With overexpression of
mPHGPx many of the proteins that were decreased
in the IFM following exposure to nano-TiO2 were
upregulated compared to exposed control. Changes
in the SSM proteome are represented in
Supplemental Table. Taken together, these data

Figure 4. Mitochondrial respiratory capacity. Summary analy-
ses of state 3 and state 4 respiration rates from trace measure-
ments of SSM (A) and IFM (B) in control, nano-TiO2 exposed,
mPHGPx and mPHGPx nano-TiO2 exposed. Values are
means ± SE; n¼ 6 for each group. �p< 0.05 versus. Control.
#p< 0.05 versus Nano-TiO2 Exposed. SSM: subsarcolemmal
mitochondria, IFM: interfibrillar mitochondria.
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Figure 5. Mitochondrial lipid peroxidation by-products. Oxidative damage to lipids was assessed in control, nano-TiO2 exposed,
mPHGPx control and mPHGPx nano-TiO2 exposed SSM (A) and IFM (B) subpopulations and cytosol (C) by measuring lipid peroxida-
tion by-products malondialdehyde (MDA) and 4-hydroxyalkenal (4-HAE). Results were compared against a standard curve of known
4-HAE and MDA concentrations. Cytosolic lipid peroxidation was also assessed using TBARS (D). Values are expressed as
means ± SE. n¼ 8 per each group. �p< 0.05 versus Control. #p< 0.05 versus Nano-TiO2 Exposed. $p< 0.05 versus mPHGPx. SSM:
subsarcolemmal mitochondria, IFM: interfibrillar mitochondria, Cyto: cytosolic fraction.

Figure 6. Mitochondrial reactive oxygen species production. Representative plot of hydrogen peroxide production over time in
SSM (A) and IFM (B). Solid lines represent control exposure and dashed lines represent nano-TiO2 exposure. Black lines represent
control mice, while gray lines represent mPHGPx mice. Summary data of hydrogen peroxide production expressed as change in
fluorescence min�1�mg protein�1 for SSM (C) and IFM (D). Values are expressed as means ± SE. n¼ 8 per each group. �p< 0.05
versus Control. #p< 0.05 versus Nano-TiO2 exposed. SSM: subsarcolemmal mitochondria, IFM: interfibrillar mitochondria.
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Figure 7. Mitochondrial protein networks. Ingenuity pathway analysis of mitochondrial proteomic networks influenced in the IFM
by nano-TiO2 exposure (A) and preserved in the IFM of mPHGPx nano-TiO2 exposed (B). Four networks, including reactive oxygen
species production, oxidative phosphorylation, citric acid cycle, and fatty acid oxidation were identified. Green indicates proteins
increased with nano-TiO2 exposure and red indicates proteins downregulated following nano-TiO2 exposure. Grey indicates pro-
teins unchanged by nano-TiO2 exposure but are part of their respective networks.
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support our previous findings that overexpression
of mPHGPx can attenuate mitochondrial proteome
disruption and mitochondrial dysfunction following
exposure to nano-TiO2.

Mitochondrial nanomaterial tracking

To gain insight into the mechanisms eliciting the
observed mitochondrial effects, we determined
whether nano-TiO2 was present within the mito-
chondria following exposure. We isolated nanoma-
terials from isolated mitochondria and utilized a
Malvern NanoSight NS300 to track fluorescently
labeled nano-TiO2. We observed a significant
increase in fluorescently labeled particles as a ratio
to nonlabeled particles following inhalation expos-
ure to TiO2 nanomaterials (Figure 8(e)). These data
suggest that following an inhalation exposure nano-
materials may translocate from the lungs and asso-
ciate with the mitochondria in the heart.

Discussion

The proliferation of nanomaterial applications con-
tinues to rise, but the impact of these materials on
human health is not fully understood. Inhalation of
nano-TiO2 has been shown to impact cardiovascular
function and ROS production within the heart, yet
the influence of the mitochondria on both cardio-
vascular function and ROS production following
acute inhalation exposure is unexplored. Utilizing
our nanomaterial inhalation exposure chamber and
a novel transgenic mouse line overexpressing the
mitochondrial antioxidant enzyme mPHGPx, we
examined the role of ROS damage in cardiac mito-
chondrial disruption and diastolic dysfunction with
acute nano-TiO2 exposure. Our data revealed that
acute nano-TiO2 inhalation induces diastolic dys-
function associated with increased mitochondrial
ROS production and metabolic dysfunction that can
be attenuated with overexpression of mPHGPx.

In this study, we observed diastolic dysfunction
following inhalation exposure to nano-TiO2. While
we are not the first to highlight that diastolic func-
tion is altered with exposure to nanomaterials, we
are the first to incorporate speckle tracking based
strain echocardiography to identify this adverse out-
come in an acute setting. Disruption of cardiac
diastolic function has been identified following

inhalation exposure to nano-TiO2 (Kan et al. 2014;
Hathaway et al. 2016). Thus, our data support a
growing pool of studies suggesting distinct cardiac
dysfunction occurs following exposure. However,
our novel analysis utilizes a noninvasive technique
for cardiac phenotyping, speckle-tracking based
strain echocardiography. Our laboratory and others
have described the benefit of this technique in the
early identification of cardiac functional defects that
precede overt systolic dysfunction in disease models
using both rodents and humans (Liang et al. 2006;
Bauer et al. 2011; Shepherd et al. 2015). Because
this tool is commonly used to identify early dysfunc-
tion, the functional changes identified in our acute
model may precede overt dysfunction that would
occur in a chronic exposure setting.

Diastolic dysfunction is clinically characterized by
a decreased rate of LV relaxation and commonly
precedes systolic dysfunction in many cardiac disor-
ders, such as heart failure. By comparing noninva-
sive speckle-tracking-based echocardiographic and
invasive cardiac catheterization indices in humans,
Chen et al. was able to isolate the combination of
noninvasive parameters that best correlate with dia-
stolic function (Chen et al. 2014). While they sug-
gested SR by itself was indicative of LV relaxation,
the authors continued that the use of the ratio of
E velocity to SR correlated well with left
ventricular end-diastolic pressure. Our data indicate
that following nano-TiO2 exposure, there was an
increase in both SR and the ratio of E/SR in the
exposed animals. These data further support the
use of noninvasive speckle-tracking based strain
echocardiography to identify diastolic dysfunction
and the validity of our data highlighting dysfunction
following nano-TiO2 exposure.

Within the cardiomyocyte, resetting of the cell
during diastole to prepare for contraction is an
energy intensive process. Mitochondrial dysfunction
has been shown to result in diastolic dysfunction in
a diabetic model (Flarsheim et al. 1996), but cardiac
mitochondrial dysfunction following acute nano-
TiO2 exposure has not been investigated. Cardiac
mitochondrial function following in vivo nanomate-
rial exposure has not been intensely investigated,
but studies describe decreased mitochondrial func-
tion following exposure without elucidating further
mechanisms contributing to the dysfunction
(Stapleton et al. 2015; Hathaway et al. 2016). In vitro
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Figure 8. Nanomaterial tracking within mitochondria. Analysis of fluorescently stained nanomaterials isolated from mitochondria
isolated from control and nano-TiO2 exposed animals. Representative images using both nonfluorescent and fluorescent settings.
Unexposed controls showing particle count and intensity (A). Unexposed controls showing total number of fluorescent particles
present over the course of three tracks (B). Nano-TiO2 exposed showing particle count and size (C). Nano-TiO2 exposed showing
total number of fluorescent particles. Summary graph (E). Values are expressed as means± SE. n¼ 5 per each group. �p< 0.05 for
Control vs. Nano-TiO2 (Exposed).
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analyzes in a variety of cell types suggest that
decreased mitochondrial function results from
exposure to engineered nanomaterials (Xia et al.
2004; Moschini et al. 2013). Thus, this manuscript
highlights that the mitochondria may be central in
the extrapulmonary impacts following nanomaterial
inhalation exposure.

Systemic effects following a pulmonary exposure
have been identified and linked to extrapulmonary
impacts. Yet these systemic effects can vary
between exposures and may include inflammation
(Elder et al. 2004) and particle translocation (Elder
and Oberdorster 2006). In this study, we did not
experimentally investigate the systemic stimuli lead-
ing to extrapulmonary effects, but it is important to
discuss the mechanisms leading to extrapulmonary
effects. The most investigated and supported mech-
anism to lead to these impacts is systemic inflam-
mation (Langrish et al. 2012; Miller et al. 2012).
In an acute setting, the quick response of inflamma-
tion to xenobiotic particulates suggests inflamma-
tion can play a role in the exposures observed.
Further, inflammatory responses may directly impact
mitochondrial function and biogenesis (Zell et al.
1997; Cherry and Piantadosi 2015). Other studies
have highlighted the role of particle translocation in
which inhaled and intratracheally instilled TiO2

nanoparticles can cross the pulmonary barrier and
directly affect the heart in rats (Savi et al. 2014;
Husain et al. 2015). Importantly, in this study they
also showed that administration of nanoparticles
produced cardiac lipid peroxidation (Savi et al.
2014). Further, the presence of these particles in
extrapulmonary tissues can regulate gene expres-
sion independent of inflammation (Husain et al.
2013).

We have begun to investigate the mechanisms
contributing to the observed mitochondrial dysfunc-
tion by investigating the presence of nanomaterials
within the mitochondrion following exposure. We
applied a novel approach by using isolated mito-
chondria and the Malvern Nanosight NS300, which
identifies nanosized particles by fluorescent tagging
that can specifically identify nano-TiO2, to investi-
gate if nanomaterials may directly interact with the
mitochondrion. In isolated, cardiac mitochondria, we
observed an increase in fluorescently tagged par-
ticles following pulmonary exposure to nano-TiO2. It
is important to note the background within this

assay, as the Nanosight will identify all nano-sized
particles; thus, the use of the fluorescent tag and
presenting the ratio between tagged and untagged
nanoparticles is essential in identifying differences
due to exposure. By utilizing this approach, we
observed an increase in fluorescently-tagged par-
ticles suggesting nano-TiO2 association with mito-
chondria following exposure. This data may support
the contention that nano-TiO2 not only translocates
from the lung to the heart but may interact with
subcellular organelles, and disrupt their function.

Previously, our laboratory identified cardiac mito-
chondrial dysfunction following exposure to a
regionally specific mountaintop mining particulate
matter (Nichols et al. 2015). Further, we identified
decreased mitochondrial respiratory rates of both
spatially distinct cardiac mitochondrial subpopula-
tions. These subpopulations are unique both spa-
tially and biochemically. SSM reside below the
sarcolemma and are larger and more variable in
size relative to IFM. In contrast, IFM reside between
the contractile apparatus, are smaller, more com-
pact and have a higher respiratory rate compared
to the SSM. The mountaintop mining particulate
previously investigated was non-uniform in size and
chemical composition. By comparing these two dif-
fering particles, we theorize that particle size may
differentially affect mitochondrial subpopulation
function. Thus, taken together these studies may
suggest that based on size alone, without consider-
ation of chemical composition, the nanomaterial or
ultrafine fraction of particulate matter may induce
pulmonary and extrapulmonary mechanisms that
lead to decreased IFM function, while larger particle
sizes induce SSM dysfunction. While this hypothesis
has not been thoroughly tested and would be an
interesting subcellular extension of current studies
highlighting extrapulmonary impacts of pulmonary
exposures, the theory arises from a body of litera-
ture suggesting particles of different sizes induce
differential effects following exposure (Ferin et al.
1992; Oberdorster et al. 1994; Donaldson et al.
2002). This hypothesis would be supported by dif-
ferentially impacted intermediate mediators follow-
ing exposure to the particles of different sizes.

In the mitochondria, mPHGPx exists within the
inner membrane space primarily at contact points
between the inner and outer mitochondrial mem-
branes. This is important to point out because it

44 C. E. NICHOLS ET AL.



suggests that this antioxidant is especially critical in
protecting the lipids and proteins within these mito-
chondrial membranes, such as the electron transport
chain complexes. Due to their short half-life and low
diffusion dynamics, ROS primarily impact the com-
partment in which they were produced. In the elec-
tron-rich environment near the inner mitochondrial
membrane, the probability of ROS formation is
increased. Thus, overexpression of a mitochondrial
antioxidant targeted to the inner mitochondrial
membrane is likely to prevent mitochondrial dys-
function at the respiratory complexes, as supported
by our current data. Overexpression of mPHGPx was
able to attenuate cardiac and mitochondrial dysfunc-
tion following nano-TiO2 exposure which is sup-
ported by the use of iTRAQ proteomics that
identified loss of electron transport chain complexes
following exposure to nano-TiO2 and restored with
the overexpression of mPHGPx. This manuscript is
the first to investigate mitochondrial proteomic dys-
regulation following nano-TiO2 exposure and helps
to identify potential complexes and pathways dysre-
gulated by this type of exposure. These data also fur-
ther suggest ROS as a central component to the
cardiac toxicity of nano-TiO2 inhalation.

With respect to the exposure, this dose is equiva-
lent to a worker in a production facility exposed to
the NIOSH recommended exposure limit of 300mg/
m3 for 40 h a week for 26 days. This dose has been
used with other animal models and shown to elicit
microvascular dysfunction and systemic oxidative
stress (Nurkiewicz et al. 2009). The utilization of our
novel inhalation facility creates a translationally rele-
vant exposure model, yet the confirmation of the
observed effects in a chronic model would be of
future value. Investigation into the effects of acute
exposure on cardiac tissue is not without merit due
to the tissues critical function. Acute inhalation
exposure has been shown to expeditiously induce
cardiac dysfunction and disrupt subcellular processes
such as oxidative milieu and mitochondrial function
(Fu et al. 2014; Sarkar et al. 2014). While most of
these effects have been identified in particulate mat-
ter exposures, the vast majority of literature suggests
that nanomaterials are more toxic than their larger
counterparts (Roduner 2006). Thus, the effects
observed in this manuscript add to our limited, cur-
rent understanding of cardiac mechanisms following
nanomaterial exposure. Finally, the exposure

concentration used in this study is most relevant to
an occupational setting, but due to the rise of nano-
material incorporation into consumer products and
limited pulmonary elimination of nano-TiO2

(Oberdorster et al. 2000), this exposure may become
relevant to a larger population.

The data presented in this manuscript show for
the first time that acute exposure to nano-TiO2

results in ROS production and damage which drives
mitochondrial dysfunction, leading to cardiac dys-
function. Overexpression of a mitochondrially tar-
geted antioxidant, mPHGPx, which attenuates
mitochondrial ROS damage, restores mitochondrial
and cardiac function, supporting a central role for
ROS as a mechanism of toxicity. Further, our study
suggests that there is a spatial component to the
mitochondrial dysfunction as shown by differential
effects to spatially-distinct mitochondrial subpopula-
tions. We suggest that this may indicate a spatial
component to the toxicological trigger. Though this
study is specific to nano-TiO2, the nature of this
metal oxide particle may enable extrapolation to
nanomaterial exposures, in general.

Conclusions

In conclustion, we have demonstrate the impact
of acute nano-TiO2 exposure on cardiac diastolic
function and the mitochondrial impacts that may
contribute to this dysfunction. Utilizing a novel
transgenic mouse model, overexpressing the mito-
chondrial-specific antioxidant enzyme, mPHGPx, we
reveal that the cardiac and mitochondrial dysfunc-
tion observed following nano-TiO2 exposure is due
to an increase in mitochondrial hydrogen peroxide
production and the subsequent oxidative damage
that occurs. Our data suggest that by enhancing
antioxidant capacity of the heart, we can reduce the
cardiac and mitochondrial dysfunction resulting
from nano-TiO2 exposure.
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