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Abstract

Due to the ongoing evolution of nanotechnology, there is a growing need to assess the
toxicological outcomes in under-studied populations in order to properly consider the potential of
engineered nanomaterials (ENM) and fully enhance their safety. Recently, we and others have
explored the vascular consequences associated with gestational nanomaterial exposure, reporting
microvascular dysfunction within the uterine circulation of pregnant dams and the tail artery of
fetal pups. It has been proposed (via work derived by the Barker Hypothesis) that mitochondrial
dysfunction and subsequent oxidative stress mechanisms as a possible link between a hostile
gestational environment and adult disease. Therefore, in this study, we exposed pregnant Sprague-
Dawley rats to nanosized titanium dioxide aerosols after implantation (gestational day 6). Pups
were delivered, and the progeny grew into adulthood. Microvascular reactivity, mitochondrial
respiration and hydrogen peroxide production of the coronary and uterine circulations of the
female offspring were evaluated. While there were no significant differences within the maternal
or litter characteristics, endothelium-dependent dilation and active mechanotransduction in both
coronary and uterine arterioles were significantly impaired. In addition, there was a significant
reduction in maximal mitochondrial respiration (state 3) in the left ventricle and uterus. These
studies demonstrate microvascular dysfunction and coincide with mitochondrial inefficiencies in
both the cardiac and uterine tissues, which may represent initial evidence that prenatal ENM
exposure produces microvascular impairments that persist throughout multiple developmental
stages.
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Introduction

Maternal health status and lifestyle during pregnancy have been hypothesized as the fetal
basis of adult disease (Capra et al., 2013) and is commonly termed the *“Barker Hypothesis’’
(Fall et al., 1995; Hales & Barker, 1992). A fundamental mechanism proposed by the Barker
Hypothesis is fetal development within a hostile gestational environment may lead to
metabolic or physiologic adaptations, which foster adult disease (Simmons, 2012).
However, the mechanistic connections between the prenatal intrauterine milieu and
susceptibility to adult disease are poorly understood (Rogers & Velten, 2011). Recently,
models representing fetal programming through the Barker Hypothesis mechanistically link
the presentation of adult disease, with mitochondrial abnormalities (mitochondrial
dysfunction and development of reactive oxygen species (ROS)) that stem from fetal
development in a hostile gestational environment (Andreux et al., 2013). Mitochondrial
dysfunction and inefficiencies leading to ROS production and subsequent nitric oxide (NO)
quenching has been hypothesized as a major disrupter of normal microvascular reactivity
(Mann et al., 2012; Nurkiewicz et al., 2009; Stapleton et al., 2012Db).

Given the ever advancing and constantly expanding field of nanotechnology, there is an
increasing demand to assess the nanotoxicological outcomes in non-traditional populations
in order to fully consider the potential and enhance the safety of engineered nanomaterials
(ENM). Recently, the National Institute of Environmental Health and Safety announced an
initiative to evaluate fetal toxicity, teratology and the genetic basis of adult disease (National
Institute of Environmental Health Sciences, 2012). This has lead to a handful of initial
studies to address this call (Hougaard et al., 2010, 2013; Jo et al., 2013; Stapleton et al.,
2013; Yamashita et al., 2011). In our previous study, we reported maternal ENM exposure
early in gestation impairs litter size and fetal growth while simultaneously interrupting
conservation of mass (Stapleton et al., 2013). Therefore, we focus our current studies on
exposure after a sufficient time has been allowed for embryonic implantation.

In this regard, gamete toxicology has been a primary avenue of study for many years with
the evaluation of male (Braydich-Stolle et al., 2005) and female germline mutations (Boisen
et al., 2012), sperm production (Kyjovska et al., 2013; Mathias et al., 2014; Yoshida et al.,
2010) and female fertility (Hougaard et al., 2013). ENM have also been investigated as
endocrine disrupters (lavicoli et al., 2013) in the primary and subsequent F1 generations
after ENM exposure. These endocrine disruptions may have profound effects on the
functionality of the cardiovascular system and associated vascular reactivity of the
reproductive system (Ruehlmann et al., 1998). While therapeutic applications of
nanomaterials on the uterus are under investigation (Ali et al., 2013), there are currently no
studies that have evaluated the toxicokinetics of ENM exposure on uterine microvascular
function.
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Nearly every pathologic condition has a microvascular origin and/or consequence; therefore,
we and others have explored the vascular effects associated with nanomaterial exposure
during pregnancy. These studies have reported reduced vascular smooth muscle (VSM)
relaxation (dilation) and increased VSM contractility (Stapleton et al., 2013;
Vidanapathirana et al., 2014) in the maternal uterine microcirculation and umbilical vein.
Dysfunction at this critical stage of growth is capable of influencing uterine blood flow and
this contribution to the development of a hostile gestational environment. It has also been
established that maternal ENM exposure during gestation is capable of impairing fetal
growth, development and maturation within this adverse intrauterine milieu (Stapleton et al.,
2013; Vidanapathirana et al., 2014). Furthermore, we have reported that gestational ENM
exposure leads to fetal vascular dysfunction within the tail artery (Stapleton et al., 2013).
While maternal and fetal studies are ongoing, studies of the adult progeny outcomes
stemming from in utero ENM exposure remain sparse, and it is unclear if this fetal
microvascular dysfunction persists into adulthood.

Overall, the adult cardiovascular outcomes and mechanisms associated with development in
an adverse uterine environment due to maternal ENM exposure have yet to be fully
determined, much less applied to unique nanomaterial exposures and/or specific material
characteristics. Our previous work with nanosized titanium dioxide (nano-TiO5) inhalation
over the past 10 years initially stem from use as a surrogate for ultrafine particulate matter
and ultimately evolved into studies of direct occupational ENM exposures (LeBlanc et al.,
2009; Nurkiewicz et al., 2004, 2011; Stapleton et al., 2014). In this study we chose to study
the coronary microcirculation, as dysfunction in this cardiac tissue is most immediately
associated with myocardial ischemia and infarction, whereas the uterine microcirculation as
very few studies have directly assessed microvascular pathology specifically germane to the
female reproductive system. Therefore, the purpose of this study was to establish the long-
term health consequences suffered by the F1 generation after prenatal exposure to nano-
TiO,, with respect to the coronary and uterine microvasculature, and mitochondrial health.
Our hypothesis was that in utero exposure to nano-TiO» leads to systemic microvascular
dysfunction associated with mitochondrial inefficiencies, which contribute to an increase in
oxidative stress production.

Animal model

Sprague-Dawley rats (250-275 g female; 300-325 g male) were purchased from Hilltop
Laboratories (Scottsdale, PA). Rats were housed at West Virginia University with food and
water provided ad libitum and acclimated for at least 72-hours before mating, as previously
described (Stapleton et al., 2013). To increase the likelihood of viable progeny, pregnant rats
were placed within the inhalation facility on or after implantation (gestational day 6) as
indications of inhalation exposure prior results in near to total loss of implantation (data not
shown). Weights of the pregnant dams were recorded weekly. Dams delivered in-house and
progeny grew to adulthood. Mothers were sacrificed after weaning, and the uterus was
removed to visualize implantation sites by staining the uterus with 10% ammonium sulfate
(Parker, 2006). The number of implantation sites were compared with the number of fully
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developed pups within each litter to assess pup loss. Weights of the progeny were recorded
weekly after weaning to monitor growth. The microvascular and mitochondrial studies were
completed with female progeny between 11 and 16 weeks of age; however, some female
littermates grew to 20 weeks of age and were included in the weights listed in Table 1. All
procedures were approved by the Institutional Animal Care and Use Committee of the West
Virginia University. The experimental design is depicted in Supplemental Figure 1.

Engineered nanomaterial

Nano-TiO, P25 powder was obtained from Evonik (Aeroxide TiO,, Parsippany, NJ). This
powder has previously been shown to be a mixture composed primarily of anatase (80%)
and rutile (20%) TiO5, with a primary particle size of 21 nm and a surface area of 48.08
m2/g (Nurkiewicz et al., 2008; Sager & Castranova, 2009; Sager et al., 2008). The nano-
TiO, was prepared with care prior to aerosolization by drying, sieving and storing the
powder (Knuckles et al., 2011; Nurkiewicz et al., 2008).

Inhalation exposure

The nanoparticle aerosol generator was developed, designed and tested specifically for
rodent nanoparticle inhalation exposures (US patent application # US13/317,472) (Yi et al.,
2013). It consists of a vibrating fluidized bed cylinder with a baffle, a vibrating Venturi
disperser and a cyclone separator. Nano-TiO, aerosols generated from the bulk dry powder
were diluted and delivered to the animal inhalation exposure chamber at 90 LPM. The test
atmospheres were monitored in real time with the ELPI (Dekati, Tampere, Finland) and
adjusted manually to assure a consistent and known exposure for each experimental animal
group. During the inhalation exposure, the actual concentrations were measured using
gravimetric methods, three to four measurements were taken for calculating inhaled dose.
The particles were collected on 47 mm PTFE membrane filters. A XP2U microbalance
(Mettler Toledo, Kiisnacht, Switzerland) was used to weigh the fillers.

Once a steady-state aerosol concentration was achieved, exposure duration was adjusted to
achieve a daily calculated deposition of 43.8 + 1.2 ug. Pregnant animals were placed within
the inhalation chamber and exposed for five hours per day for an average of 6.8 £ 0.5 days
at a final mass concentration of 10.6 + 0.3 mg/m?3 or to filtered air (0 mg/m3, control).
Tremendous care was taken to achieve the same final mass concentration for each
consecutive day of exposure. Our ability to reliably and repeatably characterize the aerosols
in real time using ELPI and SMPS (TSI Inc., St. Paul, MN) enables us to achieve this day-
to-day consistency (Yi et al., 2013). All animals received their final inhalation exposure
within at least 24-hours of litter delivery.

Calculated total deposition was calculated based on mouse methodology previously
described and normalized based on rat weight and to pregnant rat minute ventilation
(Leavens et al., 2006; Porter et al., 2012; Stapleton et al., 2012a) using the following
equation: D =F x V x C x 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) (Nurkiewicz et al., 2008). The aerosol characterization can be
found in Supplemental Figure 2.

Nanotoxicology. Author manuscript; available in PMC 2016 February 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stapleton et al.

Page 5

Tissue preparation

Microvessel

Female progeny were anesthetized with isoflurane (5% induction, 2% maintenance) and
placed on a heating pad to maintain 37 °C rectal temperature. The carotid artery and trachea
were carefully intubated for the acquisition of mean arterial pressure and heart rate, as
previously described (LeBlanc et al., 2009, 2010; Minarchick et al., 2013; Stapleton et al.,
2012a). These measurements were recorded by PowerLab830 (AD Instruments, Colorado
Springs, CO). The uterus and heart were removed, respectively, flushed of excess blood and
placed in individual dishes of dish of chilled (4 °C) physiological salt solution [PSS (in
mmol/L): 129.8 NaCl, 5.4 KCI, 0.5 NaH,POy4, 0.83 MgSOy4, 19 NaHCO3, 1.8 CaCl, and 5.5
glucose]. Rats were euthanized upon removal of the heart.

isolation

Microvascular heterogeneity—Heterogeneity can be considered characterized by
branching patterns, pressure profiles, volume flow, vasoactive influences and/or receptor
distributions/sensitivities within a microvascular bed (Tuma et al., 2008). As no two beds
are identical, microvascular networks are considered considerable heterogenetic. Therefore,
due to this heterogeneity, we consider these microvascular beds and the arterioles within
these networks to be considered independent observations; where meaningful differences
can be missed if the responses of multiple vessels from a single animal (or multiple) are
pooled.

Coronary—Within the epicardium, arterioles (5150 mm maximum diameter) 3—4 branch
orders down from the left anterior descending (LAD) artery were isolated and transferred to
a vessel chamber (Living Systems Instrumentation, Burlington, VT), cannulated with glass
pipettes, secured using nylon suture (11-0 ophthalmic, Alcon, Surrey, UK), and superfused
with warmed (37 °C) oxygenated (21% O, — 5% CO, — 74% N5) PSS at a rate of 10 mL/
min. These arterioles were extended to their in situ length and pressurized to 45 mm Hg with
PSS and allowed to develop spontaneous tone (Chilian et al., 1986; Stapleton et al., 2012a).

Uterine—As previously stated (Stapleton et al., 2013), we consider premyometrial radial
uterine arteries to be representative of the uterine microcirculation due to their anatomic
position within the tissue, passive diameter and functional resistance. Therefore, the uterus
was pinned to visualize the vasculature, and a distal segment of the radial artery was
isolated, removed, transferred, cannulated and extended as described above. These radial
arterioles were pressurized to 60 mm Hg due to their anatomical location and allowed to
develop spontaneous tone as previously described (Barron et al., 2010; Stapleton et al.,
2013).

All vessel diameters were measured using video calipers (Colorado Video, Boulder, CO).
Following equilibration, arteriolar reactivity was randomly evaluated to ensure that
responses were neither interactive nor time-dependent in response to: (1) luminal pressure
changes to elicit a myogenic response (i.e. reductions and increases in pressure from 0 to 90
mm Hg (coronary) or 0 to 120 mm Hg (uterine) at 15 mm Hg increments); (2) endothelium-
dependent dilator (acetylcholine (ACh) (1079-10~% M)); (3) endothelium-independent
dilator (spermine NONOate (SPR) (1079-10~% M)); (4) vasoconstrictor (serotonin (5-HT)

Nanotoxicology. Author manuscript; available in PMC 2016 February 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stapleton et al.

Page 6

(1079-10~* M); and (5) blood flow-induced dilation (endothelial mechanotransduction to
elicit a shear stress response by changes to luminal blood flow [reductions and increases in
blood flow from 0 mL/min to 30 mL/min at 5 mL/min increments]). Following assessments
of arteriolar reactivity, the superfusate was replaced with Ca2*-free PSS until passive
diameter could be established. Each vessel was exposed to 2-5 reactivity assessments in
addition to spontaneous tone and passive diameter measurements; however, to prevent an
ordering effect, vessels were exposed to a randomized order of agonists or mechanical
conditions.

Reactivity assessment—Spontaneous tone was calculated by the equation:
[(Dpm=Dy)/Dp] x 100, where Dy, is the maximal diameter recorded at 45 mm Hg for the
coronary and 60 mmHg for the uterine arterioles under Ca2*-free PSS as described above,
and D; is the initial steady-state diameter achieved prior to experimental period. Vessels
were included for study if spontaneous tone = 20% was achieved.

The responses to ACh, 5-HT and SPR are presented as percent relaxation from spontaneous
baseline diameter: [(Dss—Dcon)/(Dm—Dcon)] * 100, where Dgg remains the steady-state
diameter achieved after each chemical bolus, and D¢y is the control diameter measured
immediately prior to the dose-response experiment. All experimental periods were at least
two minutes, and all steady-state diameters were collected for at least one minute. Therefore,
we are able to normalize responses for potential differences in baseline diameters before
each dose-response curve.

The myogenic index (M) is a functional indicator of the slope of the active pressure—
diameter relationship for an arteriole at a given pressure (Davis, 1993). This measurement
was determined using the following equation: MI = 100 x [(r{—r;)/r;]/(Ps—P;), where r¢ is the
final radius, rj is the initial radius, Ps is the final intraluminal pressure and P; is initial
intraluminal pressure. This type of evaluation allows for a quantitative assessment between
groups. Overall, the greater the myogenic responsiveness within the raw data to a provided
intraluminal pressure (not shown), the more negative the calculated Ml value.

Shear stress was calculated according to the equation: t = 4nQ/nr3, where n represents
viscosity (0.8 centipoise (cP)), Q represents volumetric flow rate (measured with a
calibrated flow indicator, Living Systems Instrumentation) and r equals the vessel radius.

Mitochondrial isolation

Using the tissue harvested for the microvascular assessments, in combination with an
additional subset of litters (three litters in the control and two in the exposed), the
mitochondria were isolated from the left ventricle of the heart as previously described
(Palmer et al., 1977) with modifications by our laboratory (Dabkowski et al., 2009). Briefly,
these tissues were excised, minced and homogenized in cold Chappell-Perry buffer
[containing (in mmol/l) 100 KCI, 40 Tris:-HCI, 10 Tris base, 5 MgCl,, 1 ATP and 1 EDTA,
pH 7.4], supernatants were then extracted and centrifuged to isolate mitochondria and
maximize mitochondrial yield (Dabkowski et al., 2009). Mitochondrial pellets were
resuspended in KME buffer (100 mM KCI, 50 mM MOPS and 0.5 mM EDTA) for
mitochondrial respiration and ROS production measurements on freshly isolated samples.
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Uterine mitochondria were isolated following similar procedures, excluding protease
treatment. Mitochondrial pellets were resuspended in KME buffer (100 mM KCI, 50 mM
MOPS and 0.5 mM EDTA) for mitochondrial respiration and ROS production
measurements. Protein content was determined by the Bradford method using bovine serum
albumin as a standard (Bradford, 1976).

There are two populations of mitochondria within the left ventricle of the heart. The
interfibrillar (IFM) are located between the myofibrils of the cardiomyocyte are more
compact and have a higher respiration (Hollander et al., 2014), whereas the subsarcolemmal
(SSM) population are located beneath the cardiomyocyte membrane. Using this
methodology where the entirety of the left ventricle is homogenized, the internal IFM
population is purely cardiomyocyte derived; however, as the SSM population is more
superficial, it may also include a small number of mitochondrial derived from other cells
within the left ventricle (e.g. neural, VSM and endothelial cells). This tissue of the uterus is
not known to have these differing populations. Due to this, we will refer to the mitochondria
as either cardiac- or uterine-derived.

Mitochondrial respiration

State 3 and 4 respiration rates were assessed in isolated mitochondrial subpopulations as
previously described (Chance & Williams, 1955, 1956; Hofhaus et al., 1996) with slight
modifications (Dabkowski et al., 2009). After the mitochondrial isolation, equal amounts of
protein were resuspended in respiration buffer containing 80 mmol/l KCI, 50 mmol/l MOPS,
1 mmol/l EGTA, 5 mmol/l KH,PO,4 and 1 mg/ml BSA, which were then loaded into a Qubit
OX1LP-1 mL dissolved oxygen chamber (Qubit System, Kingston, ON, Canada) attached to
a Qubit biological oxygen monitor and Vernier LabPro system (Vernier Software and
Technology, Beaverton, OR). The substrates glutamate (5 mM) + malate (5 mM) were used
to initiate maximal respiration, and measurements of state 3 (1 MM ADP) and state 4 (ADP-
limited) respiration were made as previously described (Chance & Williams, 1955).

Hydrogen peroxide production

Hydrogen peroxide production was assayed using fresh samples acquired from either the left
ventricle or uterus and a fluorogenic indicator, Amplex red (10-acetyl-3,7-
dihydroxyphenoxazine), in the presence of horseradish peroxidase as described (\VVotyakova
& Reynolds, 2001; Zhou et al., 1997).

Statistical analysis

Data are expressed as mean + standard error, where “n” represents the number of rats
studied and “n” represents the number of arterioles evaluated as previously described
(Boegehold, 1998; Nurkiewicz et al., 2008; Stapleton et al., 2013). In this study, the
experimental unit was the arteriole, with one to three microvessels studied per rat for the
uterine and/or coronary studies, or in combination. Therefore, these arterioles are considered
to be independent observations due to the considerable heterogeneity within the
microvascular bed.

Nanotoxicology. Author manuscript; available in PMC 2016 February 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stapleton et al.

Results

Page 8

Student’s t-test was used to detect significance between sham and prenatally exposed animal
and vessel characteristics in addition to the mitochondrial and hydrogen peroxide data
(p<0.05), except with respect to the categorical data (e.g. sex of the pups) where a Pearson’s
Chi-square test was used. Concentration-diameter (ACh, 5-HT and SPR) and
mechanotransduction (flow-diameter and MI) curves were assessed by a two-way analysis
of variance. In all cases, Student-Newman-Keuls post hoc test was used when appropriate,
and p<0.05 was taken to reflect statistical significance. Equations of first-order regression
lines were developed to assess line slope relationships (SigmaPlot 11.0, Systat Software, San
Jose, CA) and a Student’s t-test was used to determine significance (p<0.05).

To allow for implantation, pregnant dams were placed into the inhalation chamber after
gestational day 6, where they were exposed to nano-TiO, aerosols or filtered air. After
normal delivery, female rats were used for the purpose of this study. There were no
significant differences in the sexes within the sham (46% female) and/or control (48%
female) litters. It is important to reiterate when referencing the findings in this manuscript,
we are referring to the female adult F1 generation of rats after in utero ENM exposure.

Supplemental Figure 2 is a graphical representation of nano-TiO5 characterization. The
primary particle diameter is 21 nm; however, as these particles tend to agglomerate during
aerosolization, the average aerodynamic diameter of 149.1 nmz+ 3.7, is consistent with other
experiments within our research program (Knuckles et al., 2011; Stapleton et al., 2013; Yi et
al., 2013). The calculated total deposition and calculated deposition after clearance are
presented in Supplemental Figure 2C.

There were no significant differences between the litters with respect to maternal weight,
implantation sites, litter size, sex of pups or female progeny weight gain, or progeny age at
the time of study (Table 1). The progeny were between 11 and 16 weeks of age at the time
of study (Table 1). This age range is considered sexually mature and has not demonstrated
any vascular differences associated with growth during young adulthood (Linderman &
Boegehold, 1999).

There were no significant differences in spontaneous active diameter, passive diameter or
vascular tone with respect to coronary arterioles between the sham and prenatal exposure
groups (Table 2). However, there were significant differences within the uterine radial artery
active diameter and spontaneous vessel tone between exposure groups, but not the passive
maximal diameters. These differences indicate prenatal ENM exposure may induce a
compensatory stimulus that leads to a larger active arteriolar diameter and decreased uterine
vascular tone compared with control.

Coronary (Figure 1A) and uterine (Figure 1B) endothelium-dependent arteriolar dilation in
the adult F1 generation is abolished after prenatal ENM exposure, a condition indicative of
severe endothelial dysfunction. This dysfunction may be attributed to altered NO signaling,
due to decreased NO bioavailability commonly associated with oxidative NO scavenging.
Alternatively, this dysfunction, most notably the robust vasoconstriction observed within the
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coronary arterioles at [Ach]>10~6 may be the result of endothelial production of contractile
factors.

Epicardial arteriolar endothelium-independent dilation was blunted after pre-natal
nanomaterial exposure at physiologically relevant concentrations (Figure 1C). The response
within the gestational exposure group paralleled control levels at high doses. However, the
biological relevance of this response remains unclear. Uterine arteriolar responsiveness to
increased NO bioavailability remains unchanged, indicative of a functional NO signaling
cascade and appropriate smooth muscle relaxation (Figure 1D). While using a point-by-
point analysis may yield significance at the 107 M dosage, the physiological relevance of
this type of analysis is unclear.

5-HT is a potent vasoconstrictor in the heart and uterus and was used to evaluate VCM
contractile responses. There are no significant differences between the vasoconstrictive
responses to 5-HT in either tissue (Supplemental Figure 3). This suggests that agonists
stimulated VSM contractility is not altered in either tissue of the prenatally exposed adult F1
generation.

There were no significant differences with respect to myogenic responsiveness within the
coronary microvessels (Figure 2A). However, there were significant differences within the
uterine groups at physiologically relevant pressures (30, 60, 90 and 120 mm Hg) indicating a
reduced myogenic responsiveness within the radial arterioles of the prenatally exposed
animals (Figure 2B).

Both coronary (Supplemental Figure 4A) and uterine (Supplemental Figure 4B) arterioles
derived from prenatally exposed animals, demonstrate a dysfunctional vasoconstriction to
increases in intraluminal flow (5-30 pL/min). Overall, the development of shear stress is a
function of vessel diameter. Therefore shear stress calculations for coronary (Supplemental
Figure 4C) and uterine (Supplemental Figure 4D) microvessels were plotted against
increases in intraluminal flow and illustrating an increased shear stress generation within
both of the prenatally exposed tissues. Finally, when relaxation is plotted as a function of
shear stress, it is clear that the in utero exposure has a profound effect within the coronary
(Figure 2C) and uterine (Figure 2D) microvasculature, leading to the development of
abnormal shear stress generation (due to a lack of dilation). These differences are primarily
due to a flow-induced constriction compared to the flow-induced dilation in control tissues.

Mitochondria isolated from the left ventricle of the heart indicate a significant decline in
maximal (State 3) respiration of both the SSM and IFM mitochondrial subpopulations of the
progeny exposed to ENM in utero (Figure 3A). In addition, this difference was evident in
resting (State 4) respiration of the IFM.

To our knowledge, this is the first report to isolate and measure state 3/4 respiration of
uterine mitochondria. These studies demonstrate a significant reduction in maximal (state 3)
respiration in uterine derived mitochondria (Figure 3B). While not of concern during normal
resting conditions, this metabolic inadequacy may be insufficient to support normal fetal
development upon implantation. With respect to Amplex Red analysis, there were no
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significant differences in the hydrogen peroxide production within any of the gross tissues
(Figure 3C).

Discussion

To our knowledge, this is the first study to illustrate the direct applicability of the Barker
Hypothesis to ENM exposure in terms of the long-term microvascular consequences
associated with prenatal ENM exposure and offspring development. This dysfunction has
been demonstrated in the heart and uterine arterioles of the F1 generation of rats exposed to
nano-TiO, during gestation. Finally, we have provided mechanistic evidence that this
dysfunction may be due to mitochondrial inefficiencies after such exposures.

The representative coronary arterioles isolated within this study are a downstream branch of
the LAD artery, responsible for perfusion of the left ventricle. Ischemia or the inability of
the vasculature to meet the demands of this highly metabolic tissue may lead to devastating
consequences associated with left ventricular function, cardiac output, systemic blood flow
and maintenance of blood pressure. Endothelial cell dysfunction has been identified as an
initial symptom of cardiovascular disease (Schwartz, 1980; Stapleton et al., 2008). These
outcomes may not be symptomatic at rest; however, when metabolic demand is increased
(as with exercise or moderate activity), the system may not be able to meet said demand,
leading to a condition of coronary ischemia. If the system is additionally stressed with the
development of a range of cofactors (e.g. diabetes, hypercholesterolemia, obesity and
pregnancy), the inability of the coronary vasculature to meet the demands of the heart may
be fatal. While we and others have described coronary vascular dysfunction (LeBlanc et al.,
2009; Stapleton et al., 2012a; Thompson et al., 2014) and cardiovascular responses (Roberts
et al., 2013; Thompson et al., 2014) after primary or direct exposure, this is the first study to
demonstrate coronary endothelial dysfunction after prenatal ENM exposure. This
predisposition toward cardiovascular dysfunction could represent a risk factor to be further
studied in future translational research.

It should be fully appreciated that alterations in endothelium-dependent dilation do not
implicitly produce changes in arterial pressure, due to the fact that endothelium-dependent
dilation does not singularly regulate basal tone, but is only a contributing factor. Neural,
endocrine, metabolic and physical factors also play significant roles in in vivo net basal
activity.

Within the uterine circulation, decreased basal tone, in combination with agonist (ACh) and
mechanical (flow) endothelial cell dysfunction demonstrates evidence of a possible
alteration in peripheral resistance in vivo. Considering these results, an inability to meet the
metabolic demands of an implantation and/or developing fetus may jeopardize the health
and support of F2 or future generations. Few groups have explored the vascular adaptations
of the uterus associated with normal function (Osol & Moore, 2014) let alone after prenatal
ENM exposure; however, the implications of disturbed uterine vascular reactivity in
combination with coronary arteriolar dysfunction on future conception, implantation and
successful gestation are all unknown. Uterine vascular remodeling during pregnancy,
specifically of the uterine artery, is initiated in part, from downstream factors (Osol &
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Moore, 2014); however, if these signals do not elicit the appropriate microvascular response,
fetal metabolic demand may not be met. In this case, the development of a hostile
gestational environment or intrauterine growth restriction impairing the maturity of the F2
generation is plausible. It is cautioned that reproductive and developmental studies are
limited and therefore, at this time in vivo studies of well-characterized ENM are needed and
warranted (Ema et al., 2010).

This is also the first study to report mitochondrial alterations associated with prenatal ENM
exposure, as well as the first to report uterine mitochondrial data. The inefficiencies
associated with gestational exposure were illustrated in the SSM and IFM populations of the
left ventricle, along with the uterine tissue. State 3 and 4 respiratory measures are theoretical
descriptors of mitochondrial function and describe maximal (state 3) and passive (state 4)
mitochondrial state. Mitochondrial state 3 respiration is measured as ADP-stimulated
oxygen consumption in the presence of excess substrates to identify the potential maximum
respiratory rate of ATP production. In contrast, mitochondrial state 4 respiration is measured
as ADP-limited mitochondrial respiration in which all other substrates are present but
availability of ADP is limited; in vivo, mitochondrial respiration lies somewhere between
these two states. A decrease in either respiratory capacity suggests mitochondrial
inefficiencies leading to reduced ATP production. Considering the high-oxidative
metabolism of the heart and the potential within the non-pregnant uterus, these inefficiencies
may have a profound impact on bioenergetics and performance. While this finding did not
alter the comparison between the control and exposed group, it is interesting to note that
there was a significant difference within all the control mitochondrial groups (uterine, SSM
and IFM) with respect to age (data not shown). However, alterations in developmental
mitochondrial bioenergetics are outside the scope of this study and should be fully
considered in future work.

With respect to the null results associated with oxidative stress analysis, this finding is based
on tissue analysis and may not be fully representative of the ROS content in vivo within the
vasculature of the tissues. Therefore, microvascular wall ROS measurements are needed to
verify this possibility. In addition, these results do not eliminate ROS as a potential
mechanism; at this point, they indicate that the hydrogen peroxide may not be the primary
reactive species of interest. Future analyses may include direct measurements of superoxide,
alternative byproducts (peroxynitrite) and/or enzymatic activities (myeloperoxidase/
catalase).

With respect to the maternal exposure, we have previously reported that the human
pulmonary exposure equivalent would be similar to a woman working eight hours per day at
the National Institute for Occupational Safety and Health current recommended exposure
limit for nano-TiO, (0.3 mg/m3) for approximately two weeks (Stapleton et al., 2013). In
terms of the doses, our calculated daily pulmonary depositions were no more than ~100
micrograms nano-TiO»/rat for the entirety of gestation (Stapleton et al., 2013). However,
even if we assume zero pulmonary clearance over our multiple day of exposure, the highest
net calculated pulmonary deposition would be ~400 micrograms nano-TiO,, a value well
below typical overload thresholds in the high milligram range (International Life Sciences
Institute Risk Science Institute, 2000; Warheit et al., 2009). If this maximum maternal
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deposition is considered to estimate biodistribution at the end of exposure/gestation (~300
mg nano-TiO,, Supplemental Figure 2) and clearance is ignored, it has been estimated that
an approximate dose in the range of 30-300 ng nano-TiO, would translocate to the maternal
liver (Hougaard et al., 2010). Again, if one considers this translocated mass to then evenly
distribute between the dam and the litter (presuming no translocation resistance from the
placental barrier), it is unlikely at this time to detect any nano-TiO, in the F1 rats. This
“worst” possible case speculation does not definitively establish that nano-TiO, does not
translocate to the F1 generation, and indeed nominal amounts of nano-TiO, may be all that
is necessary to alter fetal development in critical organs such as the brain, heart and/or liver
that lead to long-lasting biological effects (neurological, cardiovascular and/or
inflammatory). As such, future studies must focus directly on all periods of gestational
development, with novel approaches and increased resolution.

The Barker Hypothesis is reemerging as a prominent theory to describe findings and
outcomes associated with fetal programming during gestation. There is growing evidence of
alterations to fetal “omics” (proteomics (Langley et al., 2013), epigenomics (Paneni et al.,
2013), metabolomics (Fanos et al., 2013) and functional genomics (Ganesh et al., 2013))
playing an active role in the adult development of disease. In analyses using a
“toxicogenomic approach”, female offspring have been shown to be more sensitive to
maternal exposure with respect to hepatic gene expression (Jackson et al., 2012). Due to
recent technological developments, epigenetic evaluation of the progeny is warranted.
Interestingly, as these mechanistic “omics” theories are not independent, future directions
may also consider interrogations of the mitochondrial genome (Wallace, 2009).

Our findings in this study echo other maternal conditions or exposures, which are associated
with the development of cardiovascular disease later in life including, but not limited to the
following: preeclampsia (Giguere et al., 2012; Makikallio et al., 2012; Vedernikov et al.,
1999), fetal growth restriction (Barker, 2006; Makikallio et al., 2012; Rogers & Velten,
2011), malnutrition (Gonzalez-Bulnes et al., 2013; Wu et al., 2004), chemical (nonylphenol)
exposure (Chang et al., 2012) and air pollution (Backes et al., 2013; Ebisu & Bell, 2012; van
den Hooven et al., 2012). As in this study, others have also linked the development of adult
disease to an increase in oxidative stress generation from dysfunctional mitochondria
(Simmons, 2012). However, while these correlative studies highlight dysfunctional
physiology leading to the development of cardiovascular disease, they fail to examine the
severity, onset or the mechanisms of dysfunction associated with the disease of the F1
generation.

The use of female models has been commonly avoided in biomedical research to reduce
variability associated with reproductive hormones, creating an unmistakable disparity in the
understanding of female implications associated with nanotoxicology. As the domestic and
biomedical uses of these materials continue to evolve, so must our assessments. A past study
from our group (Prisby et al., 2008) provides evidence of a protective mechanism in young
females rats against cardiovascular consequences associated with direct diesel exhaust
(phenanthraquinone) toxicant exposure. Therefore, future studies should consider a
comparison of male/female outcomes in addition to the female estrous status within the
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experimental design, while it was not in this study, leading to increased variation within
each group, the overall significant differences between groups remain.

With respect to the litter characteristics, it is important to note that these exposures were
limited to ensure successful gestation in effort to produce progeny for study. Preliminary
exposures, prior to GD 6 and greater than seven days of exposure during gestation had led to
severe impacts on litter health and fetal weights on gestational day 20 (Stapleton et al.,
2013). Overall, we theorized these high exposures (both in dosage and time during
gestation) would reduce the likelihood of implantation and thus restricting our acquisition of
viable pups for this study. As maternal exposures can and do occur during any period of
gestation, additional studies evaluating toxicokinetics during the entire pregnancy are
recommended.

The novelty of the experimental design and the consideration of the F1 generation after
ENM exposure lead to the possibility of numerous future studies. These include, but are not
limited to, five major areas. First, generational models of exposure sensitization, wherein
generations of prenatally exposed animals are returned to inhalation exposures in adulthood
or through biomedical application (e.g. injection). Second, particle translocation during
pregnancy/gestation leading to embryonic and/or placental targeting, shunted growth due to
placental damage (YYamashita et al., 2011), developmental interference due to direct organ
specific particle-tissue interaction and residual direct particle—tissue interactions into
adulthood must be evaluated. Translocation may account for an increased hostile gestational
environment due to physical (ENM deposition) and/or local oxidative and inflammatory
signaling. While these local outcomes may seem minor with respect to maternal outcomes,
they may have devastating consequences for a single developing fetus. Therefore, at this
time, we cannot distinguish if these effects are a result of direct fetal targeting or
development of a hostile gestational environment. Third, exploration of the inflammatory
hypothesis as an influence of microvascular reactivity (Stapleton et al., 2012b) at each step
of development (maternal gestation, fetal and adult) would lend invaluable data regarding
the development of systemic inflammation after nanomaterial exposure and the propensity to
carry a heightened inflammatory state through generations. In addition, alterations in
behavior should be analyzed. Given the plausibility of ENM translocation to the developing
fetus during gestational exposure (Jo et al., 2013) and the “immaturity” of the blood brain
barrier during fetal development, it is conceivable that ENM could deposit within the brain
during gestation. Considering the brain’s dependence on constant blood flow oxidative
metabolism, subtle mitochondrial impairments may lead to significant behavioral alterations.
At this time, only one study has reported the behavioral alterations are associated with
prenatal exposure (Hougaard et al., 2010). Finally, the mitochondrial bioenergetics of these
exposures must be thoroughly analyzed at each life stage (maternal, fetal and adult) to
identify acute and chronic mitochondrial inefficiencies. These alterations may play a role in
the development of a hostile gestational environment, in addition to contributing to the
development of cardiovascular disease described in adulthood.
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Conclusions

Our findings are consistent with previous reports describing fetal microvascular dysfunction
after in utero ENM exposure (Stapleton et al., 2013), indicating that the Barker hypothesis is
applicable after gestational EMN exposure. The mitochondrial dysfunction that results in the
offspring of maternally exposed dams may have widespread cardiovascular impacts, most
notably at the microvascular level studied herein. The persistence of this fetal microvascular
dysfunction into adulthood may create the foundation for disease susceptibility, acceleration
of pathologies and/or toxicant sensitization.
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(B) Uterine Acetylcholine
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Chemical agonists of arteriolar dilation. Endothelium-dependent dilation via an
acetylcholine dose response curve for (A) coronary (N =7 (sham) and 12 (gestationally
exposed) rats; n = 11(sham) and 16 (gestationally exposed) vessels) and (B) uterine (N =7
(sham) and 12 (gestationally exposed) rats; n = 12 (sham) and 19 (gestationally exposed)
vessels) arterioles. Endothelium-independent dilation via a spermine-NONOate dose
response curve for (C) coronary (N =7 (sham) and 13 (exposed in utero) rats; n = 11 (sham)
and 15 (exposed in utero) vessels) and (D) uterine (N = 6 (sham) and 11 (exposed in utero)
rats; n=11 (sham) and 19 (exposed in utero) vessels) arterioles. Values are means + SE. *p
< 0.05 sham regression line vs. exposed regression line.
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Mechanical initiators arteriolar responsiveness. Myogenic index calculations for (A)
coronary (N = 8 (sham) and 13 (prenatally exposed) rats; n= 11 (sham) and 15 (prenatally
exposed) vessels) and (B) uterine (N = 7 (sham) and 10 (prenatally exposed) rats; n =8
(sham) and 11 (prenatally exposed) vessels) arterioles. Values are means + SE. *p < 0.05
two-way ANOVA, arteriolar dilation as a function of shear stress of the (C) coronary (N =7
(sham) and 8 (exposed in utero) rats; n = 11 (sham) and 15 (exposed in utero) vessels) and
(D) uterine (N =7 (sham) and 11 (exposed in utero) rats; n=11 (sham) and 11 (exposed in
utero) vessels) arterioles. *p < 0.05 sham regression line vs. gestational exposure regression

line for both the coronary and uterine arterioles.
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(A) Coronary Mitochondrial Dysfunction
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Figure 3.
Mitochondrial dysfunction and reactive oxygen species production. (A) Cardiac

subsarcolemmal (SSM) and intramyofibril (IFM) mitochondrial populations and (B) uterine
mitochondrial dysfunction of state 3 and/or state 4 respiration. (C) Hydrogen peroxide
production within the SSM, IFM and uterine tissues of female progeny after gestational
ENM exposure (N = 11-16 rats from 8 to 10 differing litters per group). *Data were
analyzed using Student’s t-test with p<0.05.
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Table 2
Vascular characteristics (all).

Gestational N (adult n (isolated Active vessel
Vascular bed  treatment  progeny) 11 arterioles) 18 Active diameter (pom)  Passive diameter (um) tone (%)
Coronary Sham 11 18 113.8+4.6 138.8+4.3 33.3+5.9

Exposed 15 24 108.9 +4.9 135.9+3.4 28.3+2.6
Uterine Sham 9 16 46 £5.0 89.6 +4.2 54.2 #4.0

Exposed 14 21 57.1+4.62 851459  3go4p7a

“N” represents the number of rats studied and “n” represents the total number of coronary-uterine arterioles evaluated per group. One to three
arterioles were studied per animal. Values are means+SE.

ap < 0.05 sham vs. exposed.
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