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Abstract

Objective—The continued development and use of engineered nanomaterials (ENM) has given
rise to concerns over the potential for human health effects. While the understanding of
cardiovascular ENM toxicity is improving, one of the most complex and acutely demanding
“special” circulations is the enhanced maternal system to support fetal development. The “Barker
Hypothesis” proposes that fetal development within a hostile gestational environment may
predispose/program future sensitivity. Therefore, the objective of this study was two-fold: 1) to
determine if maternal ENM exposure alters uterine and/or fetal microvascular function and 2) test
the Barker Hypothesis at the microvascular level.
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Study Desigh—Pregnant (gestation day 10) Sprague-Dawley rats were exposed to nano-
titanium dioxide aerosols (11.3+0.039 (mg/m3)*hour, 5 hours/day, 8.2+0.85 days) to evaluate the
maternal and fetal microvascular consequences of maternal exposure. Microvascular tissue
isolation (gestation day 20) and arteriolar reactivity studies (<150m passive diameter) of the
uterine premyometrial and fetal tail arteries were conducted.

Results—ENM exposures led to significant maternal and fetal microvascular dysfunction which
presented as robustly compromised endothelium-dependent and -independent reactivity to
pharmacologic and mechanical stimuli. Isolated maternal uterine arteriolar reactivity was
consistent with a metabolically impaired profile and hostile gestational environment, impacting
fetal weight. The fetal microvessels isolated from exposed dams demonstrate significant
impairments to signals of vasodilation specific to mechanistic signaling and shear stress.

Conclusion—To our knowledge, this is the first report providing evidence that maternal ENM
inhalation is capable of influencing fetal health, thereby supporting that the Barker Hypothesis is
applicable at the microvascular level.
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INTRODUCTION

Anthropogenic engineered nanomaterials (ENM) are specifically manufactured for their
unique properties at the nanometer scale (<100 nm in one dimension).1:2 While their
applicability may appear infinite, significant resources have been committed to focus ENM
development on engineering and biomedical applications.3 ENM have already impacted
public health through diverse daily uses (e.g. surface coatings, cosmetics, food, drug
delivery systems, and implantable medical devices). In many of these applications adult
toxicities have been observed; however, the fetal consequences of maternal exposure to
ENM are essentially unknown.

Fetal toxicity and the genetic basis of adult disease is an initiative within the National
Institute of Environmental Health and Safety (NIEHS).* The general understanding of adult
cardiovascular ENM toxicity is modest to good®; yet, the maternal and fetal consequences of
maternal ENM exposures during gestation are unknown. The “Barker Hypothesis” proposes
that the association between retarded growth and cardiovascular disease is due to chronic
physiologic and metabolic effects imposed upon a fetus by a hostile gestational
environment.57 Limited animal and /7 vitro studies suggest that maternal ENM exposure
has direct consequences on the uterus, placenta, and fetus.8-19 Injected ENM have been
shown to easily reach the uterus and stimulate uterine atrophy.1! Similarly, intravenous
maternal ENM exposure also compromises gestation by causing placental vascular lesions
and stimulating ROS production.8 The most striking observations are structural and
functional fetal abnormalities after maternal ENM exposure: impaired implanted fetal
resorption (principally in the late gestation), reduction in the number of live fetuses
delivered12, impaired postnatal growth and weight gain®10 and generalized neurophysical
deficits or neurobehavioral alterations in their offspring.11:13:14 While these proof-of-
principle studies have shed light on an extremely important issue, injecting high ENM doses
to produce significant repeatable results. Furthermore, these studies have not focused on the
most likely route of ENM exposure, inhalation. Lastly, the functional microvascular
ramifications from the maternal or fetal perspective have never been studied in these
regards.
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The microcirculation is the principal level of the vasculature for a host of physiological
parameters including: growth, metabolism, peripheral resistance, tissue perfusion, nutrient/
waste exchange, permeability, and leukocyte trafficking. Virtually every pathologic
development has a microvascular origin and/or consequence. Our research program has
advanced a generally good understanding of the systemic consequences of inhaled ENM in
the coronary and skeletal muscle microcirculations®15:16; however, no work has been done
in regards to pregnancy. For example, it has only recently been shown that environmental
particulate matter (PM; air pollution) inhalation is associated with maternal blood pressure
disturbances and low birth weights.17-19 ENM differ significantly from PM due to their
homozygous composition, unique properties associated with their small size, and potential
toxicities associated with intentional exposures.

Functionally, the microcirculation acts to regulate blood flow distribution while protecting
downstream tissues from high arterial pressures and flow rates, roles which are crucial for
fetal health and survival of a pregnancy. Precise maintenance of blood flow, within an
environment of profound remodeling and growth, is paramount for maternal health and fetal
development. ENM exposure has been shown to impair normal microvascular reactivity and
function?C in a range of vascular beds, including heart!®16 and skeletal muscle.21:22 It is
reasonable to speculate that maternal ENM exposure may also influence normal uterine
function, leading to a hostile gestational environment, which is capable of impairing fetal
microvascular reactivity. Therefore, the purpose of this study was to test the Barker
Hypothesis from a microvascular prospective.

MATERIALS AND METHODS

Animal Model

ENM

Sprague Dawley rats (250-275g female; 300-325g male) were purchased from Hilltop
Laboratories (Scottsdale, PA). Rats were housed at West Virginia University with food and
water provided ad /ibitum and acclimated for at least 72-hours before use or mating.
Females were monitored prior to breeding to ensure estrus, at which time each female was
placed with an individual male. Female rats were then smeared every 12-hours to verify
breeding via the presence of sperm. To ensure that all methods were performed humanely
and with regard to alleviation of suffering, all procedures were approved by the Institutional
Animal Care and Use Committee of the West Virginia University.

Nano-titanium dioxide (TiO5) powder was obtained from Evonik (Aeroxide TiOo,
Parsippany, NJ). This ENM is a mixture composed of anatase (80%) and rutile (20%) TiOo,
with a primary particle size of 21 nm, and a surface area of 48.08 m2/g.22-24 The nano-TiO,
was prepared for aerosolization by drying, sieving, and storing the powder.21:22

Inhalation Exposure

We have previously reported and described the nano-aerosol generator and exposure system
used for the current experiments (U.S. Patent #13/317,472).21:22:25:26 Briefly, the system
was developed specifically for rodent particle inhalation exposures. The apparatus was
developed with a vibrating fluidized bed, a Venturi vacuum pump, cyclone separator,
impactor and mixing device, an animal housing chamber, and real-time monitoring devices
with feedback control. Aerosols were generated by allowing a high velocity air stream to
pass through the vibrating fluidized bed and into the Venturi vacuum pump; drawing air and
the nano-TiO, as it passes. Aerosols enter the cyclone separator, which is gated to removed
agglomerates >400 nm at an input flow rate of 60 I/min of clean dry air before entering the
exposure chamber.
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Size distribution, mean aerodynamic diameter, and relative mass concentration of the
aerosols were monitored in real time (Electrical Low Pressure Impactor (ELPI), Dekati,
Tempere, Finland) while the particle size distribution was also measured in real-time with a
Scanning Mobility Particle Sizer device (SMPS; TSI Inc., St. Paul, MN). Once the steady-
state aerosol concentration was achieved, exposure duration was adjusted to achieve a daily
calculated deposition of 45+2 j.g. Animals were exposed for 5 hours per day for an average
of 8.2+0.85 days at a final mass concentration of 11 mg/m3 or to filtered air (0 mg/m?,
control). Calculated total deposition was calculated based on mouse methodology previously
described and normalized to rat weight and to pregnant rat minute ventilation1%:27:28 ysing
the equation: D=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).22

Tissue Preparation

Pregnant rats were anesthetized with isoflurane (5% induction, 2% maintenance) on day 20,
24-hours after the last exposure.1%:16:29 Rats were euthanized by exsanguination, after which
the uterus was removed, flushed of excess blood, and placed in a dish of chilled (4° C)
physiological salt solution (PSS). The uterus was visually inspected for evidence of partial
resorption, while fetal tissue was removed and weighed.

Microvessel Isolation

Maternal—Despite their label, premyometrial radial uterine arteries are considered
representative of the uterine microcirculation based on passive diameter (~150 wm)30,
anatomic position within the parenchyma, representing the 3 to 4! order branching pattern,
and functional vascular resistance (systemic pressure decreases of approximately 100
mmHg31) . The uterus was pinned to visualize the vasculature and a distal segment of the
radial artery was isolated, removed, transferred to a vessel chamber (Living Systems
Instrumentation, Burlington, VT) containing fresh oxygenated PSS, cannulated with glass
pipettes, and secured using nylon suture (11-0 ophthalmic, Alcon, U.K.). Arterioles were
extended to their /n situ length, pressurized to 60 mmHg with physiological salt solution
(PSS), superfused with warmed (37° C) oxygenated (21% O,-5% CO,-74% N,) PSS at a
rate of 10 mL/min, and allowed to develop spontaneous tone.18:39:32 |nternal and external
arteriolar diameters were measured digitally with video calipers (Colorado Video, Boulder,
CO) and recorded.

Fetal—Pups were pinned supine within a chilled (4° C) dissecting chamber filled with PSS.
The tail artery was isolated, excised, and transferred to the vessel chamber described above.
The tail artery was selected for study because: (1) it is primarily responsible for thermal
homeostasis and is fully functional at birth,33 (2) provides a significant pressure gradient
from the proximal to the distal end of the tail, creating resistance, a representative
characteristic of the microcirculation,3* and (3) other vascular beds within the pup were
considered too short to successfully cannulate, due to the excessive branching associated
with tissue growth and development. To maintain consistency between experiments, fetal
arteries were pressurized to 60 mmHg.

Arteriolar Reactivity

Following equilibration, arteriolar reactivity was evaluated in random order to ensure
responses were neither interactive nor time-dependent over the course of the experiment in
response to: 1) luminal flow changes to elicit a shear stress response (reductions and
increases in flow from O pL/min to 30 pL/min at 5 pL/min increments); 2) acetylcholine
(ACh) (10°-10"4 M): 3) spermine NONOate (SPR) (10°-104 M); and 4) phenylephrine
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(PE) (109-10-* M). Following assessments of arteriolar reactivity, the superfusate was
replaced with Ca2*-free PSS until passive tone could be established (<150 pm maximum
diameter).

Statistics and Formulae

RESULTS

Data are expressed as means = SE. Spontaneous tone was calculated by the equation: [(Dy -
D,)/Dpm]*100, where Dy is the maximal diameter recorded at 60 mmHg under Ca?*-free
PSS as described above, and D; is the initial steady-state diameter achieved prior to
experimental period. Vessels were used for experiments only if spontaneous tone >20% was
achieved.

The experimental responses to ACh, SPR, and PE are presented as percent relaxation from
baseline diameter: [(Dss-Dcon)/(Dm-Deon)1*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 2
minutes, and all steady-state diameters were collected for at least one minute. Representing
the responses in this manner allowed us to normalize for potential differences in baseline
diameters before each dose-response curve.

Shear stress was calculated from volumetric flow (Q) according to the equation: t=4nQ/mr3,
where m represents viscosity (0.8 centipoise, (cP)), Q represents volumetric flow rate
(measured with a calibrated flow indicator, Living Systems Instrumentation, Burlington,
VT), and r equals the vessel radius.

Student's t-tests were used to compare sham and exposed animal and vessel characteristics.
The t-test was also used to evaluate differences between animals exposed for <7 days with
those exposed for >7 days. Concentration-diameter (ACh, PE, and SPR) and flow-diameter
curves were assessed by two-way repeated measures ANOVA to detect differences between
and within groups. Pairwise comparisons post-hoc analysis comparisons (Bonferroni) were
made if significance (P<0.05) was reached (SigmaPlot 11.0, Systat Software Inc., San Jose,
CA). Equations of 15t-order regression lines were developed to assess line slope
relationships (GraphPad Software, Prism).

ENM exposure and uterine health

There were expected significant differences between the pregnant sham and exposed rats
with respect to days of exposure, concentration, calculated total exposure, and calculated
total deposition by experimental design (Table 1). These differences did not affect litter size,
litter weight, or the average pup weight. However, when the exposed rats were broken down
based on days of exposure, there was a significant difference in litter weight (Table 1).
These results indicate a longer duration of exposure during gestation, greater exposure
concentration, or exposure earlier in a pregnancy has a greater impact on fetal development.

Overall, shorter exposures (<7 days) were favored to increase experimental success, because
with longer exposures (>7 days) whole litters were lost to fetal death or varying stages of
fetal resorption. Therefore, for the remainder of the studies, analysis will remain exposed
verses sham groups.

Microvascular characteristics

There were no significant differences between the pregnant rats with respect to age, weight,
or passive uterine radial artery diameter (Table 2A). However, there were significant
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differences between sham and exposed uterine radial artery active diameter and spontaneous
vessel tone prior to interventions. These results provide evidence that indicate ENM
exposure leads to increased uterine vascular tone and smaller active diameter. If this were to
persist in vivo, this increase in peripheral resistance may reduce uterine blood flow or alter
the distribution of blood flow within or between uterine horns due to bidirectional flow.
Unlike humans, within a rodent model of pregnancy, the arcading network of blood flow
supplies a constant perfusion within the uterus allowing for multiple pup litters3>

With respect to the fetal tail arteries, there were no significant differences in age,
spontaneous active diameter, passive diameter, or vascular tone (Table 2B). Unintentionally,
the fetal tissue studied from exposed dams was significantly larger than the sham group
(Table 2B).

Aerosolized ENM distribution

Figures 1 is a graphical representation of the nanoparticle diameter distribution. The primary
diameter of nano-TiO5 is 21 nm; however these particles tend to agglomerate, leading to an
aerodynamic diameter of 149 nm * 3.9, consistent with other experiments within our
research program?L: 25, Therefore, when aerosolized it is important to monitor particle
characteristics in real-time to maintain a consistent aerosol distribution within and between
experiments.

Endothelium-Dependent Vasodilation

Maternal endothelium-dependent arteriolar dilation is significantly attenuated after ENM
exposure (Figure 2A). Reduced endothelium-dependent dilation through ACh stimulation
may be attributed to an alteration to NO signaling; however, ACh also leads to signaling
through pathways of arachidonic acid metabolism (prostacyclin, lipoxygenase). Therefore,
while NO signaling may be significantly perturbed, residual endothelium-dependent dilation
may be due to alternate signaling pathways.

Fetal endothelium-dependent reactivity of fetal vessels after maternal exposure was
abolished compared to control (Figure 2B). This impairment may also be due to a decrease
in NO bioavailability, decreased NO production, inhibition of soluble guanylyl cyclase
(sGC), or an increase in oxidative NO scavenging, in combination with a shift in arachidonic
acid-cyclooxygenase signaling toward thromboxane A2 generation. Overall, ENM exposure
during pregnancy significantly alters fetal endothelium-dependent dilation.

Endothelium-Independent Vasodilation

Uterine endothelium-independent dilation was also blunted after nanomaterial exposure
(Figure 3A). This impairment indicates smooth muscle NO sensitivity is altered and may
account for the smaller active diameter and increased vessel tone (Table 2A). Perhaps the
most striking result is that endothelium-independent reactivity was abolished in the fetal
vasculature (Figure 3B). This lack of NO reactivity in conjunction with the endothelium-
dependent impairments highlighted in Figure 2 indicates a tremendous compromise of
normal microvascular dilation within the fetal vasculature. In adulthood, this dysfunction
may predispose those exposed to ENM during gestation to cardiovascular disease (i.e.
hypertension or peripheral vascular disease).

Smooth Muscle Contractility

PE was used to evaluate vascular smooth muscle a-adrenergic sensitivity. Uterine smooth
muscle sensitivity to a-adrenergic stimulation is augmented after nanomaterial exposure
(Figure 4A). This sensitivity was not altered in fetal tail arteries (Figure 4B), indicating a
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

STAPLETON et al.

Page 7

propensity toward increased tone and vasodilation in uterine arterioles, and leading to an
overall reduction in tissue perfusion.

Active Mechanotransduction

Uterine arterioles from pregnant ENM exposed rats, display a reduced dilation in response
to increases in intraluminal flow rate (10-30 pL/min) (Figure 5A). The vascular endothelium
is exposed to a large variation in shear stress that is fundamentally a function of vessel
radius; therefore shear stress was plotted against increases in volumetric flow (Figure 5B).
These data provide evidence that shear stress increased with intraluminal flow. In ENM
exposed rats uterine vessels inappropriately constrict in response to increasing intraluminal
flow. This causes significant increases in shear stress compared to the control. A failure of
the vasculature to dilate in this capacity results in elevated shear forces exerted on the
vascular wall. In Figure 5C, evidence of this is provided where uterine radial artery dilation
is presented as a function of shear stress.

Similarly, progeny of exposed dams displayed a reduced vasodilation in response to
increasing intraluminal flow (5-30 pL/min) (Figure 6A). The linear relationship between
calculated shear stress and stepwise increases in intraluminal flow in fetal tail arteries shows
positive relationships between volumetric flow and shear stress (Figure 6B). In Figure 7C,
fetal tail artery vasodilation is presented as a function of shear stress.

With respect to shear stress, uterine arterioles from pregnant rats exposed to ENM and the
progeny of those rats are either unable to effectively sense this stimulus, properly respond,
or both. Failure to respond appropriately (or dilate) to mechanical stimuli can lead to
increases in tissue damage, organ pathology, and severity of disease (i.e. hypertension).

COMMENT

We have demonstrated for the first time that: (1) maternal ENM exposure severely impairs
uterine microvascular reactivity and (2) ENM exposure during pregnancy can severely
impact fetal vascular reactivity.

Gestation necessitates rapid microvascular growth and functionalization to maintain a
healthy pregnancy. The uterine microcirculation has a substantial NO dependence during
pregnancy38 through augmented response to ACh37 and an increase in endothelial nitric
oxide synthase regulation.3® This increased NO dependence not only improve vasodilation,
but also offset vasoconstrictive influences. Our results provide evidence that maternal ENM
exposure impairs endothelium-dependent and endothelium-independent dilation (Figure 2A
and 3A). Additionally, maternal adrenergic sensitivity is augmented (Figure 4A). These
results are consistent with investigations describing enhanced myogenic tone as a result of
NO impairment due to maternal nutritional status.3%:40

It has been theorized that different levels of the vasculature are regulated by distinctive
mechanisms; specifically that small downstream arterioles are more sensitive to metabolic
mediators, while larger upstream vessels are more responsive to mechanical signaling (i.e.
alterations to intraluminal flow)*L. In this model, signaling at the microvascular level, for
example NO, would lead to dilation resulting in an upstream decrease in pressure and
subsequent upstream dilation resulting in a net increase in blood flow, fulfilling metabolic
demand. Failure to dilate normally to these signals results in an increase in tangential forces
on the arterial wall, an inability to appropriately distribute blood flow, and an increase of
tissue damage due to ischemia or localized hypertension. Taken together, Figures 2A-4A
and Figure 5, provide evidence of a failure within the uterine microcirculation to respond
properly to normal metabolic and mechanotransduction signals, leading to the possibility of
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further endothelial cell damage, due to the significantly high shear stress. Collectively, these
signaling patterns may create a hostile gestational environment for the developing offspring.

Fetal programming after maternal ENM exposure may have effects lasting well into
adulthood. Tail arteries isolated from these pups displayed an impaired vasodilation that was
similar to that observed in the uterine arterioles after maternal nano-TiO, inhalation;
however, the intensity of the fetal impairments to NO stimulated dilation were significantly
more severe (Figure 2A vs. 2B and 3A vs. 3B). This may indicate prenatal alterations to NO
signaling mechanisms (sGC inhibition) or due to the development of differing vascular beds.
It is concerning that these pups display difficulty reacting to increased shear stress, although
not to significance (Figure 6C) at this young age. Early stage endothelial cell dysfunction*2
is a hallmark of many cardiovascular diseases is, a condition rarely identified in models so
young. These outcomes provide further evidence not only supporting the Barker Hypothesis
from a microvascular perspective.

While it appears that ENM inhalation did not affect litter size or pup weight, it should be
noted that maternal exposures from 5-13 days. In longer maternal exposures (earlier in the
pregnancy) 2-4 pups/litter were very ischemic and were either poorly reabsorbed or would
not have survived (images not shown). Additionally, these longer exposures led to
significantly smaller litters overall, with a decreased pup number, decreased overall litter
weight, and decreased average weight per pup (Table 1). Therefore, it seems likely that there
may be a temporal effect of ENM exposure where early to mid-gestation exposures may
result in far more dire consequences for the offspring.

To our knowledge, this is the first report that maternal ENM inhalation creates a hostile
gestational environment capable of impacting fetal health. Therefore, future directions
should include a more thorough investigation into the mechanisms supporting these
alterations, including a comprehensive interrogation of pressure regulation, as regulation is
crucial to maternal health and fetal development. Additional studies stemming from
maternal ENM exposure include transcriptic, epigenetic, and proteomic studies of the
progeny, determining the temporal association of maternal exposure (timing of exposure
during gestation and length of exposure) during pregnancy, and exploring the long-term
consequences suffered by the progeny.

In summary, these results provide strong evidence that indicates while vascular function
may appear under basal conditions when challenged to react to normal physiological stimuli,
the uterine radial arteries of pregnant females exposed to ENM and the vasculature of the
progeny of these dams display robust dysfunctional responses. These outcomes are
consistent with the foundation of a hostile gestational environment. Taken as whole, this
ENM exposure study is consistent with the Barker Hypothesis from a microvascular
perspective.
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Figure 1.

Page 14

ENM aerosol generation and characterization. Aerosol size distribution and characterization
is determined and confirmed using two methods: A) ELPI, which characterizes the mass-
based aerodynamic diameter, with a mean of 149 nm % 3.9.and B) SMPS, which describes
the particle geometric size distribution, with a median of 167 nm. C) A representative image
of the daily concentration distribution over the 5-hour exposure, portraying a maintained

plateau at 11.2 mg/m3 + 0.05 for the exposure on Jan 23, 2012.
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Figure 2.

Acetylcholine dose response curve for A) uterine arterioles (n=9-16 vessels). Values are
mean + S.E. * P< 0.05 sham vs. exposed repeated measures ANOVA. B) fetal tail arteries
(n=7-11 vessels) after maternal engineered nanomaterial exposure. * P< 0.05 sham
regression line vs. exposed regression line. ENM exposure during pregnancy impairs
endothelium-dependent dilation of the uterus and fetus.
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Figure 3.

Spermine NONOate [log M]

Spermine-NONOate dose response curve for A) uterine arterioles (n=9-16 vessels) B) fetal
tail arteries (n=7-12 vessels) after maternal engineered nanomaterial exposure. Values are
mean + S.E. * P< 0.05 sham regression line vs. exposed regression line. Maternal ENM
inhalation impairs maternal and fetal microvascular reactivity to smooth muscle NO

signaling.
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Figure 4.

Phenylephrine dose response curve for A) uterine arterioles (n=8-16 vessels) B) fetal tail
arteries (n=6-10 vessels) after maternal engineered nanomaterial exposure. Values are mean
+ S.E. * P< 0.05 sham regression line vs. exposed regression line. a-Adrenergic
responsiveness was enhanced in uterine vessels, but unchanged in fetal arteries after
maternal ENM inhalation.
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Figure 5.

Uterine arteriolar responsiveness to flow and shear stress after maternal engineered
nanomaterial exposure. A) increased intraluminal flow (5-30 pwL/min) (4-7 vessels). B) shear
stress as a function of flow. C) increased relaxation as a function of increased shear. Values
are mean + S.E. * P< 0.05 sham regression line vs. exposed regression line. Uterine
responsiveness to alterations in flow and shear stress is impaired.
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Figure 6.

Fetal tail artery responsiveness to flow and shear stress after maternal engineered
nanomaterial exposure. A) increased intraluminal flow (5-30 pwL/min) (3-7 vessels). B) shear
stress as a function of flow. C) increased relaxation as a function of increased shear.
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