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Abstract 

Microvascular Consequences of Toxicant Inhalation Exposure and Subsequent 

Reproductive Outcomes 

Krista L. Garner 

Nano-titanium dioxide (nano-TiO2) is a commonly utilized engineered nanomaterial found 

ubiquitously in consumer products. While benefits of ENM utilization in are undeniable, 

nanoparticle inhalation has been linked to cardiovascular consequences and altered 

microvascular responses. Given these outcomes, it is important to explore vulnerable 

timepoints, such as gestation, as robust vascular adaptations are essential for 

maternofetal health.  

The first aim of this dissertation was to assess myogenic responsiveness following 

maternal nano-TiO2 inhalation. Fetal aortic responses were evaluated on gestational day 

(GD) 20 to assess how exposure may impact the F1 generation. Myogenic 

responsiveness within the uterine radial arteries were unaffected. Endothelium-

dependent relaxation was found to be reduced within the fetal aortas of the exposure 

group.  

The second aim was to evaluate the window of gestation that is most susceptible to 

maternal exposure. Exposure groups were divided into early (EE), mid (ME) and late (LE) 

and uterine radial artery responses were assessed on GD 20. The EE group showed 

increased sensitivity to Ang II and exhibited decreased protein level of angiotensin II type 

2 receptor. EE resulted in reduced pup mass and placental efficiency, suggesting Ang II 

vasoconstriction may play a role in poor perfusion, resulting in reduced pup size.  

The third aim was to further evaluate the susceptible time-point of gestational exposure 

by assessing placental physiology. Placental hemodynamics were not influenced by 

exposure, nor were Ang II receptor protein level, suggesting that the reduced pup mass 

within the EE group may be dependent upon uterine vascular function and not placental 

hemodynamics.  
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I. Literature Review 

 

Engineered nanomaterials (ENM) have no doubt advanced society through their impact 

on human health. Due to their unique physicochemical properties, ENM are found 

ubiquitously in day-to-day life as they are used to improve material robustness, enable 

more efficient drug delivery, and provide antimicrobial properties [1]. While ENM have 

improved many aspects of human life, it is important to consider that exposure to these 

advanced materials may have untoward consequences. Due to their impressive chemical 

and physical properties, exposure through routes such as inhalation may lead to negative 

downstream health outcomes not originally intended. In 1993 a link between air pollution 

inhalation and mortality, especially due to cardiovascular events, was first reported [2]. 

Since then, our lab and others have explored such consequences and have linked 

nanoparticle inhalation exposure to negative cardiovascular events such as acute 

hypertension [3, 4]  and arrhythmia [4]. Further, microvascular dysfunction has been 

observed following ENM inhalation exposure within various vascular beds [5, 6], including 

the uterine microcirculation during gestation as well as umbilical vasculature [7-10]. Due 

to these findings, it is crucial to explore potential negative outcomes from inhalation 

exposure during pregnancy, in which unmatched microvascular growth and 

cardiovascular adaptation take place. Unique adaptions to pregnancy can be clearly 

witnessed when examining maternal uterine microvascular growth and placental 

development during gestation [11]. If perturbations were to occur during these sensitive 

windows of development, adverse consequences to the mother as well as the fetus may 

occur, leading to gestational complications and poor health outcomes.  
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While many adaptations to pregnancy occur, components of the renin-angiotensin-

aldosterone system (RAAS) are crucial during gestation for increasing blood volume to 

support the fetus as well as vascular growth and have been shown to be altered following 

inhalation exposure to ENM such as nano-titanium dioxide (nano-TiO2) [9]. Given the 

important roles of RAAS throughout gestation, as well as its implications for preeclampsia 

[12], it is important to determine how exposure during key periods of pregnancy may affect 

microvascular responses within the maternal uterus as well as the placenta. Additionally, 

it is important to pinpoint when during gestation exposure causes the most detrimental 

impacts, as gestational ENM exposure in an occupational setting is likely to occur in early 

and mid-gestation.  

A. ENM Utilization and Advanced Materials 

A.1. ENM Properties. Engineered nanomaterials (ENM) are anthropogenic particles that 

are ≤ 100 nm in size in at least one dimension.  ENM can be used to produce advanced 

materials that are utilized for biomedical applications, nanomedicine [1], and every day-

use consumer products [13]. These advanced materials are the result of nanotechnology 

innovations that are improving the medical field and consumer products. ENM have 

special properties that allow for these innovational uses, such as their size and size 

distribution, shape and morphology, charge, high surface area-mass ratio, and chemical 

composition. However, these properties may also increase the potential toxicity of these 

materials. The risk of ENM exposure also increases when considering the lifecycle of 

these advanced materials. Not only is there exposure risk during production and use of 

these products, but also during their destruction and recycling. ENM exposure has been 

linked to cardiovascular morbidity and mortality, and this may be due to mechanisms such 
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as endothelial dysfunction, thrombosis, and systemic inflammation [14, 15]. To better 

understand these negative consequences associated with advanced materials, it is 

important to understand their properties that contribute to their possible toxicities and the 

applications through which humans are exposed.  

A.1.1. Carbonaceous Nanoparticles 

Carbonaceous nanoparticles are utilized in a diverse set of applications due to their 

exceptional structural characteristics. Carbon nanomaterials exist in a wide variety of 

allotropic forms and are utilized due to their high tensile strength [16]. Due to this, they 

are found in a multitude of consumer products as discussed below. Additionally, they are 

utilized in medical applications due their electrical conductivity and are used for 

biomedical imaging [17]. There are a multitude of structural forms of carbon-based 

nanoparticles, but here, the two most commonly utilized examples are discussed.  

A.1.1.1. Graphene 

Graphene consists of a two-dimensional sheet of carbon atoms. These particles have 

physiochemical properties that allow for applications where high surface area, electrical 

conductivity, and lightweight, but strong mechanical strength are advantageous. Due to 

the light weight and exceptional strength of graphene it has been incorporated into sports 

equipment and aerospace parts. Additionally, graphene and graphene composites have 

been utilized for several other applications such as energy battery storage [18, 19] and 

filtration since they possess a capacity for absorbing organic contaminants. Graphene 

layers have been utilized in carbon air filters for the removal of volatile organic compounds 

[20] as well as absorption of pesticides [21]. These applications reflect the versatility of 
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these nanomaterials and how consumer markets can beneficially harness their physical 

and chemical properties.  

A.1.1.2. Carbon Nanotubes 

Carbon nanotubes (CNTs) can be formed into either single walled carbon nanotubes 

(SWCNTs) or multi-walled carbon nanotubes (MWCNTs) and are utilized in a wide variety 

of materials and applications. There are several properties that can be altered in CNTs 

that can change their physicochemical capabilities, such as aspect ratio and length, which 

have also been shown to correlate with toxicity [22]. CNTs are utilized to enhance textiles, 

such as their incorporation into cotton fabrics, which are inherently water absorbent and 

flammable. After doing so, these CNT encased cotton fibers become increasingly water 

resistant, UV resistant, flame retardant and mechanically stronger. This hybrid material 

improves the resiliency of the cotton threads and allows for the possibility of cotton to 

meet military specifications [23]. SWCNTs have also found a use in biological imaging. In 

2004 it was shown that SWCNT’s intrinsic near-infrared fluorescence can be utilized to 

monitor macrophage-like cells after phagocytosis of the particles [24]. Near-infrared 

florescence allows for higher resolution and greater penetration depth for imaging [25]. 

MWNTs can be found in a variety of composite materials. The inherent strength of the 

structure increases the load bearing ability of resins mixed with CNTs and polymers. 

Additionally, when mixed in paints CNTs can aid in anticorrosion coatings as well as 

reduce biofouling [26]. Thus, due to the intrinsic properties of these ENM, the addition of 

CNTs to various products can significantly enhance and improve their functionality. 

A.1.2. Organic Nanoparticles 
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Organic nanoparticles are another subsection of nanoparticles that can be utilized due to 

their unique properties. These particles of are particular interest within the material 

sciences as they are fashioned after organic molecules and are found to have increased 

biocompatibility. In addition to having high biocompatibility, they are of particular interest 

in the biomedical field due to their low cost of production and low cytotoxicity [27]. Two of 

the more highly utilized organic nanoparticles are discussed below. 

A.1.2.1. Liposomes 

Liposomes are formed from water insoluble polar lipids with a polar head and nonpolar 

tail. They can be created from cholesterol or other natural phospholipids that form a 

bilayer vesicle with an outer hydrophobic region of nonpolar tails and a hydrophilic region 

within the center of the vesicle [28]. These artificial vesicles are ideal for drug delivery 

due to their small size and duel hydrophobic and hydrophilic nature. As they are 

composed of basic components of the cell wall, liposomes are biocompatible, allowing 

them to easily be transferred within the body to the desired target through the addition of 

site-specific modifications [29]. Additionally, they protect drugs from potential 

immunological break down, leading to enhancement of the therapeutic agents and 

increasing drug half-life. Currently, several liposomal drugs are on the market. One such 

drug is Doxil®, a chemotherapy drug that when given as a free drug bolus to cancer 

patients showed high cytotoxicity and a resultant cardiomyopathy. Doxil® is cell-cycle 

specific and works by inducing cell cycle arrest via increased Fas expression. This  leads 

to enhanced caspase activation resulting in intracellular apoptotic signaling [30].  By 

liposomally encapsulating the drug, not only was toxicity reduced, but half-life and drug 

retention improved. This was due to a reduction of liposome detection by the immune 
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system, allowing for the drug to get closer to the tumor and exhibit cytotoxicity most 

specifically to tumor cells [31].   

A.1.2.2. Polymers 

Polymer nanospheres or nanocapsules, similar to liposomes, can be used to carry 

biologically active molecules such as drugs and fluorescent or nucleic material. Polymer 

nanoparticles can either be naturally produced and extracted or be synthetic polymers, 

depending on the desired function. For drug delivery, natural polymers such as 

polyethylene glycol (PEG) may be derived and added to drugs for delivery.  PEGylation 

is a process that has been used to improve immune responses to these nanoparticles. 

Not only does PEG have relatively low toxicity [32], it exhibits reduced phagocytosis from 

macrophages [33]. These organic nanomaterials can be utilized to overcome 

immunological destruction and active drug toxicity, thereby improving pharmacological 

outcomes.  

A.1.3. Inorganic Nanoparticles 

Inorganic nanoparticles are biocompatible components utilized for several medical 

applications, including the conjugation of ligands, imaging techniques for various 

diagnoses, improving antioxidant activity, and enhancing drug delivery [17]. These 

nanomaterials can also be incorporated into consumer products due to their unique 

photocatalytic and antibacterial properties. For example, metal oxides and silver 

nanoparticles can be added to fabrics to kill bacteria, reduce odors within clothing and 

increase durability [34]. Given the versatility of these ENM, it is not surprising that 
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nanoparticle technology use in these particular consumer markets has grown 

exponentially.  

A.1.3.1. Quantum Dots 

Quantum dots (QDs) are zero dimensional crystalline inorganic solids that exhibit a range 

in size of just a few nanometers and act as semiconductors due to their high surface-to-

volume ratio. QDs are used for photonics and photoluminescent dyes [35] and can be 

highly useful in imaging and diagnostic applications within the medical field as they allow 

for brighter imaging as well as decreased degradation of signal, resulting in a higher 

resolution. Fluorescent QDs have been utilized to visualize capillaries within live murine 

brains, demonstrating an application for in vivo angiography [36]. QDs can even be 

utilized to track metastatic cancer cells using antibodies. In a 2004 study, researchers 

were able to track tumor cells labeled with quantum dots following injection into mice, 

allowing them to assess the extravasation of cells throughout the body [37]. Development 

of these and future uses for QDs will undoubtedly improve applications for assessing and 

treating human health issues.  

A.1.3.2. Metallic Nanoparticles 

Examples of metal nanoparticles include gold, silver and iron oxide. Gold nanoparticles 

(AuNPs) have been utilized in diagnostic imagining techniques due to their 

biocompatibility and nontoxic properties as well as for their negative charge which can be 

useful for creation of gold nanoconjugates [38]. The size of nanomaterials has been 

shown to impact the rate at which they are absorbed into the body as well as the 

biodistribution of particles. Nanoparticles have the ability to transport through cell barriers, 
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leading to translocation of particles into the blood stream and into target tissues. 

Additionally, the size and composition of the particles can contribute to their persistence 

within the body, as size can influence uptake by macrophages. Opsonization, the tagging 

of foreign material to be eliminated via phagocytes, and which can occur through blood 

protein corona formation once the particles have entered the blood stream, has been 

shown to be reduced for particles less than 100 nm compared to larger particles greater 

than 100 nm [33]. Consistent with that thought, AuNPs were shown to have a size 

dependent rate of macrophage uptake when cultured with J774A.1 murine macrophages. 

AuNPs of 90 nm in size were shown to be more readily taken up by these cells compared 

to the smaller 15 nm particles [39]. If macrophages are unable to recognize the particles 

as foreign, then presence of the foreign material will persist in the body for a longer period 

of time. 

A.1.3.3. Metal Oxides 

Metal oxide nanoparticles have antioxidant and catalytic properties making them well 

suited for diverse biomedical applications. Cerium dioxide (CeO2) has been shown to 

have anti-inflammatory properties and significant redox capabilities. This is primarily due 

to a lattice structure that allows oxygen mobility and numerous active spots within the 

structure for redox reactions and scavenging [40]. The antibacterial capabilities of metal 

oxides such as magnesium oxide (MgO) nanoparticles have also been explored. For 

example, dental restorative cement enhanced with MgO nanoparticles shows resistance 

to streptococcus mutans and streptococcus sobrinus when mixed with commonly utilized 

glass ionomer cement [41]. Other metal oxides such as zinc oxide (ZnO) have been 

explored for drug delivery and anticancer drugs. ZnO nanoparticles were shown to cause 
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histone modification in bladder cancer cells, resulting in reduced cancer cell proliferation 

and migration via an epigenetic mechanism [42]. These inorganic nanoparticles have 

become a valuable material within the health care and consumer industries due to their 

intrinsic properties and versatility.  

A.2. Nano-Titanium Dioxide. The primary nanomaterial of focus in this dissertation is 

nano-TiO2. TiO2 has a white pigment with a high refractive index and is used in many 

paints, inks, cosmetics and even toothpastes. Nano-TiO2 is found in many cosmetics and 

sunscreens due to its ability to protect against UV radiation through light scattering and 

absorption, resulting in decreased risk for skin cancer [43].  Additionally, nano-TiO2 has 

been utilized for its photocatalytic and antibacterial properties. The catalytic properties of 

these nanomaterials allow them to be used in water treatment [44] as well as to be 

embedded into textiles for self-cleaning capabilities [45]. Nano-TiO2 has also been utilized 

in many medical implant devices, including those used in hip and knee replacements [46]. 

Given its versatility and stability, it is of no surprise that humans are at an increased risk 

of coming into contact with these nanoparticles and while the benefits of these materials 

are apparent, little is known about the potentially harmful consequences of exposure. 

Currently, titanium dioxide is classified as a group 2B carcinogen by the International 

Agency for Research on Cancer (IARC), identifying the compound as a possible 

carcinogen to humans [47]. Given this, it is of particular importance to examine the 

consequences of exposure.   

A.3. Lifecycle of advanced materials. Advanced materials incorporate nanoparticles to 

improve specific features of a product. With the increase in use of these products comes 

the increased probability of human contact and the potential to experience adverse 
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reactions. The simplified lifecycle of ENM has four steps to consider when assessing 

exposure and contact: the collection/processing of the raw materials, the manufacturing 

of the advanced material, the use of the advanced material, and the destruction, recycling 

or disposal of the advanced material/ENM [48]. At each step, differing exposure levels 

and routes of exposure need to be taken into consideration when assessing risk.  

Occupational exposures are of great concern during the first two steps of the advanced 

material lifecycle, including the creation of ENM and the manufacturing of the advanced 

material. The research in this dissertation focuses on these steps of the advanced 

material timeline. Routes of exposure to personnel include inhalation, dermal, and 

inadvertent ingestion due to surface transfer, airborne particles and lung clearance [49]. 

Inhalation remains the primary route of ENM exposure [50]. Given the size and 

aerodynamic properties of nanoparticles, inhalational exposure in particular is of  great 

concern, as particle within the nano size range have the ability to deposit within the entire 

respiratory tract as well have a higher deposition fraction within the terminal alveoli 

compared to fine particulate matter [51]. This allows particles to embed deep within the 

lung where gas exchange occurs.  

Concerns over consumer exposure should also be taken into consideration with the 

finished product. This is of particular concern when products are being used for drug 

delivery, biological imaging, or medical implants—as exposure to the body is due to direct 

injection, ingestion, topical application, or inhalation. Accidental exposure may also take 

place with products such as surface coatings, plastics or textiles impregnated with these 

nanomaterials and should also be considered when assessing risk.  
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Finally, given the potential biopersistence of these particles, the inevitable breakdown of 

the product should be of concern to consumers, as well as to the occupational workers 

who may destroy/recycle these products. When considering the impact that these 

advanced materials and ENM have as a whole it becomes apparent that there may not 

only be beneficial outcomes, but also the potential for unintended harmful side effects as 

toxicity is determined by exposure and dose of the toxin. With increased exposure comes 

the distinct possibility of an increase in toxicologic effects that need to be explored, 

especially as the field of nanotechnology continues to evolve and diversify. 

B. Pregnancy and Toxicology 

B.1. Critical development during pregnancy in humans and rats. Pregnancy in humans is 

divided into trimesters, which represent distinct time-periods of anatomical change and 

fetal development. In humans, gestation lasts 10 months, encompassing the time from 

conception and implantation to parturition. In rats, gestation only lasts 21-23 days [52], 

but the similarities to humans during fetal and placental development make rats a useful 

model for assessing toxicant exposure. When assessing consequences of exposure 

during distinct periods of development, rat gestation can be broken into early, mid and 

late time points of pregnancy, akin to human trimesters and representing embryonic 

growth, fetal development and fetal growth, respectively [53]. The information from this 

section is graphically displayed within Fig. 1.   

B.1.1. First Trimester  

The first trimester in humans lasts from 0 to 13 weeks. During this time a myriad of critical 

developments take place. By day 5 post-fertilization blastocyst formation has occurred 
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followed by implantation within the endometrium on gestational day (GD) 7. The yolk sac 

undergoes its formation from GD 7 through GD 16 [54] and helps to support 

embryogenesis before placental development. The primary yolk sac forms prior to 

blastocyst implantation and then is replaced by the secondary yolk sac. The secondary 

yolk sac is the first site of hematopoiesis and blood island formation [55]. Additionally, the 

yolk sac supplies nutrients and supports gas exchange to the embryo through maternal 

gland secretions until the formation of the placenta [56], which begins to develop around 

week 4. The embryo is supported by the yolk sac until the end of the first trimester, after 

which it disappears and the definitive placenta is fully formed [57]. Additionally, maternal 

spiral artery remodeling occurs within the uterus during the first 22 weeks of pregnancy. 

The uterine tissue prepares for trophoblast invasion with the formation of the decidua and 

initiation of spiral artery remodeling by uterine natural killer cells (uNK). uNK aid in spiral 

artery remodeling through the secretion of angiogenic factors such as interferon gamma 

(IFN-ɣ), vascular endothelial growth factor (VEGF), angiopoietin (ang)-1 and ang-2 [58]. 

By week 8 extravillous trophoblast cells begin to invade into the spiral arteries causing 

vascular enlargement [59] as well as endothelial cell loss and fibrinoid necrosis, which 

decreases vasoconstrictor responses as well as decreases basal vascular resistance [60, 

61]. Collectively, this permits for an increase in blood flow to the developing placenta and 

fetus. By about week 8 the embryo is considered a fetus, with major organ systems now 

formed, but still immature. In rats, implantation occurs on GD 5 and, similarly to humans, 

the formation of the visceral yolk sac allows for hematopoiesis. Blood islands, structures 

around the embryo that eventually form the circulatory system, begin to form and give 

rise to angioblasts, with vasculogenesis beginning by GD 10 [62, 63]. The visceral yolk 
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sac continues to grow and provides metabolic, endocrine and hematopoietic functions to 

the placenta proper until just prior to parturition [64]. Uterine spiral artery remodeling 

begins for rats on GD 6.5-9.5, and is similarly driven by the action of natural killer cells 

and followed by endovascular invasive trophoblast cells, causing alterations within the 

spiral arteries at GD 11.5 that persists into late pregnancy [65].  

B.1.2. Second Trimester 

The second trimester in humans occurs between weeks 14-26 of gestation. As mentioned 

above, all the organ systems are present, but are immature or not currently depended 

upon. By week 20-24 the ability to secrete surfactant is gained, allowing for inflation of 

the lungs [66]. Hippocampal formation also begins early in the second trimester and is 

essential for memory and cognition [67]. By weeks 18-20 the placenta is fully formed but 

continues to grow during gestation. The human placenta is discoid in shape and classified 

as chorioallantoic. This placenta is formed from the trophectoderm of the embryo, which 

differentiate into trophoblast giant cells and spongiotrophoblasts. This placenta is 

additionally classified as hemochorial, where the maternal blood is in direct contract with 

the fetal chorionic villi [68]. The human and rodent placenta are very similar in their 

classification. Rat placenta is completely developed by GD 11.5 [69] and is also discoid 

and hemochorial.  

The structure of human and rat placentas are somewhat different, but generally 

analogous with one another. The first layer of the placenta is the decidua, which is 

considered to be the maternal compartment. This membrane is important as a nutrient 

source (glycogen and lipid storage) as well as the production of prolactin and 

prostaglandins [70] and insulin-like growth factor protein in humans [71]. The decidua is 
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also critical for protection against heavy metal toxicity and oxidative stress as it has 

metallothioneins which are present beginning at GD 9 in rodents [57, 72]. Metallothioneins 

can bind heavy metals intracellularly as well as harmful oxidant radicals through their 

cysteine residues [73]. The subsequent layer is the basal plate in humans and the 

junctional zone (or basal zone) in rats. This zone is comprised of trophoblast giant cells, 

glycogen cells (for glycogen storage, which begin to appear around GD 12 in rodents) 

and spongiotrophoblast cells. This section of the placenta plays a critical role in the 

production and secretion of steroid hormones such as progesterone (P4) and 

testosterone. Spongiotrophoblast cells are also believed to secrete hormones important 

for placental development and maintenance, such as insulin-like growth factor [74]. The 

third layer of the placenta is the fetal-placental interface. In humans, this is called the 

placental villi and in rats, the labyrinth zone. This is the section of the placenta that is 

directly attached to the umbilical cord, contains fetal capillaries, and is the location where 

materno-fetal nutrient and waste exchange occurs. In rats, the labyrinth zone reaches 

peak proliferation by GD 13 and slowly decreases in cellular proliferation towards the end 

of pregnancy [57].  

A key difference between the human and rat placenta is the steroid hormone biosynthetic 

capabilities of these organs.  Human placentas contain P450scc and 3β-HSD and can 

synthesize P4 and pregnenolone from cholesterol. However, they lack cytochrome 

p450c17 (CYP17) and, as a result, are unable to synthesize dehydroepiandrosterone 

(DHEA). The fetal adrenal gland contains CYP17, so this tissue can synthesize DHEA, 

which is subsequently converted by the placenta to estriol (E3). During human gestation, 

the placenta is the primary source of E3 production. In contrast, CYP17 is present within 
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the rat placenta, allowing for the direct production of androgen by the placenta. However, 

it lacks the aromatase enzyme [75] and, thus, estradiol (E2) is not produced from the rat 

placenta. Instead, the main source of E2 during gestation in the rat is the ovaries [76].  

B.1.3. Third Trimester 

The third trimester in humans occurs between gestational weeks 27-40 and is when the 

most rapid fetal growth occurs. All of the foundational systems and organs have been 

developed and are now increasing in size. The placenta will continue to grow until 

parturition in humans and in rats. The junctional zone reaches full maturity within rat 

placentas at GD 15, and then begins to decrease in size [57], which correlates with 

decreased levels of P4 towards the end of pregnancy. Alternatively, the labyrinth zone 

continues to grow and becomes the largest component of the fetal placenta [57].  

B.2. Toxicant exposure during pregnancy. Given the variety and number of crucial events 

that must take place within each trimester of pregnancy, it is not surprising that toxicant 

exposure during specific key windows of gestation may result in varied fetal outcomes. 

Depending on the toxicant, toxicant dose, and exposure route, maternal and fetal 

consequences may arise from exposure during specific critical windows of development. 

The first trimester encompasses embryonic development while the second and third 

trimester contains fetal development and growth. Development encompasses a process 

in which cellular organisms become more complex and organs become functional 

whereas growth means size and mass will increase overtime [77]. Determination of such 

critical windows for various toxicants is of utmost importance for risk assessments in 

regard to pregnant women and their offspring.  
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B.2.1. Early Stage 

The first trimester in humans can be the most crucial for fetal survival and health, as this 

is when 80% of miscarriages occur [78]. This is an important time period as the fetus 

begins to develop organs and lays the foundation for systems critical for survival. Maternal 

toxicant exposure within early gestation has been shown to cause detrimental effects to 

placental function, fetal health and even motor and cognition of offspring, as detailed in 

the following paragraphs.  

Implantation, an initial and crucial step for embryonic survival, has been shown to be 

affected by early gestational exposure to toxicants [79-81]. Arecoline alkaloid, an 

addictive substance found in areca nuts and utilized in Eastern countries, was shown to 

alter reproductive outcomes in mice following ingestion over 3 days starting day 4.5 post-

coitus. Blastocysts were collected on post-coitus day 4.5 and were cultured to assess 

growth with various doses of arecoline at 24, 48 and 72 hours after culture. The authors 

reported significant decreases in blastocyst size and trophoblast outgrowth at all time-

points [79].  Additionally, pregnant mice in that study were fed arecoline and embryo 

attachment was assessed at 7.5 days post-coitus. The number of implanted embryos was 

significantly decreased in the highest dose group (2.40 ± 5.37 embryos ) compared to 

controls (11.25 ± 0.96 embryos) [79]. The mechanism of action is undetermined at this 

time, but is believed to be related to inducing the phosphorylation of ATM kinase, thereby 

leading to p53 phosphorylation and cell cycle arrest [82]. Another example of how 

toxicants can negatively impact implantation and uterine receptivity are endocrine 

disruptors (ED) [80]. Bisphenol A (BPA), an industrial chemical used to manufacture 

plastics since the 1950’s, is one such ED that has received extensive study. In one such 
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study, pregnancy mice were injected subcutaneously once per day with BPA from GD 0.5 

to 3.5 and blastocyst implantation was assessed on GD 5.5. The authors reported that 

exposure resulted in significantly reduced implantation site growth and size [81].  

Exposure to heavy metals, such as nickel, during early gestation has also been shown to 

negatively impact reproduction. Nickel is an industrial pollutant that has been shown to 

cause embryotoxicity. In a study from 1981, female mice were injected with a single 

intraperitoneal injection of NiCl2 at GD 1, 2, 3, 4, 5 or 6 and were euthanized at GD 19 for 

assessment. The number of implantation sites were significantly lower in the GD 1 group 

with 10.8 ± 0.51 pups per litter compared to 12.0 ± 0.42 in the controls [83]. While litter 

size was only minimally reduced, the GD 1 group showed the largest number of abnormal 

fetuses with conditions such as hematomas, exencephaly, anemic phenotype and 

hypodevelopment, suggesting that GD 1 exposure is a sensitive period for nickel 

exposure [83]. NiCl2 has been shown to have accumulate in embryos during early 

gestational exposure, suggesting a direct effect of the heavy metal on the embryos 

themselves [84].  

Zinc oxide nanoparticles (ZnO NPs) are an example of a commonly utilized advanced 

material for which humans are at an increased risk of exposure. In a study from 2021, 

mice were administered various doses of ZnO NPs by oral gavage from GD 3.5 to 9.5 

and were euthanized for assessment of reproductive endpoints on GD 10.5 [85]. The 

nanoparticles translocated to the uterus and uterine atrophy was noted during 

histopathological examination. The authors suggest that translocation of these 

nanoparticles resulted in increased reactive oxygen species (ROS) production, leading to 

oxidative stress and induction of apoptosis. Additionally, an increased abortion rate 
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(66.67%) was reported as well as decreased fetal weight within the highest dose group 

(0.039 ± 0.002 g/pup) compared to the control fetuses (0.051 ± 0.004 g/pup) [85]. AuNPs 

also caused similar results in pregnant mice injected for 3 days during early pregnancy 

(starting at embryonic day 5.5) compared to late pregnancy exposure (starting at 

embryonic day 11.5). Early exposure groups showed a 53.5% abortion rate with evidence 

of AuNPs reaching the fetal tissues, raising the possibility of a direct effect. The authors 

reported that these nanoparticles tend to form aggregates and due to the fewer number 

of cells present within the embryo during early gestation compared to late gestation, the 

nanoparticle aggregates may have a more serious impact on the earlier embryo than what 

would be seen in more mature fetuses [86]. Nano-TiO2 has also been shown to alter fetal 

umbilical vascular responses, even with only a single day exposure on GD 4 in rats. 

Umbilical veins were shown to have a reduced response to endothelium-dependent and 

independent vasodilation at GD 20 [10].  Inhalation exposure to nano-TiO2 has been 

shown to cause immunological responses arising from the lungs that may contribute to 

this dysfunction [6], but there may also be direct effects, as nano-TiO2 is capable of 

translocating to the placenta [87]. This reflects how a toxicological insult in early 

pregnancy could translate to lasting consequences throughout gestation.    

One toxicant shown to have effects post-partum following early gestational exposure is 

phthalate. Phthalate is an unstable plasticizing agent which can easily transfer to food 

and has been used as an additive in advanced materials [88, 89]. Phthalates are known 

to be linked to endocrine disruption and neurodevelopmental disorders, but not until 2020 

were the in-utero effects of exposure occurring specifically during early gestation 

assessed. The authors examined neurodevelopmental function in children at 4 years of 



19 
 

age following gestational exposure and found that motor and cognition scores were 

significantly decreased in offspring exposed to phthalates early in pregnancy compared 

to the control group. One potential mechanism of action is believed to be neuronal 

degeneration due to hypoactivity of sodium/potassium-ATPase, which has been shown 

to effect structures such as the hippocampus. This is due to the region’s rapid changes 

in structure and plasticity during development [90].  Additionally, males were more 

adversely affected than females, underscoring the sex-dependent effects of some 

toxicants following exposure [91].  

B.2.2. Mid Stage 

Exposures during mid gestation also yield reproductive consequences as maternal 

vascular and placental dysfunction have been reported after exposure during this period. 

In 2021 it was demonstrated that pregnant rats inhaling ozone (O3) on GD 10 showed 

increased uterine artery resistance as assessed by echocardiographic measurements 

[92]. Normally, resistance within the uterine artery decreases from GD 8 to GD 20, and 

this is reflected in their data. This decrease though is significantly ameliorated with 

exposure on GD 10, as indicated by the reduced decrease in the uterine artery resistance 

index, which could lead to decreased blood flow to the fetus [92]. Additionally, expression 

of several placental mRNA were altered in a manner similar to that seen in preeclamptic 

patients. MMP10 was significantly decreased while Cd36 and Fzd1 were increased, 

suggesting not only negative impact on uterine vasculature, but potentially the placenta 

as well [92]. The alterations seen in this study show how exposure may lead to issues 

like preeclampsia, which have a genesis earlier in pregnancy, but do not become 

pronounced until late pregnancy.  
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Effects on placental development and function are also important to consider following 

exposure due to its critical role in pregnancy. The labyrinth zone is a major part of mid 

gestational function and an often examined toxicological target site [57]. Diethylstilbestrol 

(DES) is a synthetic estrogen that was once prescribed to aid in preventing miscarriages. 

Kagawa et al. examined how pregnant mice orally exposed to DES from early- to mid-

gestation (GD 4-8) exhibited altered placentogenesis and fetal survival [93]. Exposure 

resulted in a 70.8% mortality rate compared to 1.9% in the control group and DES 

significantly decreased embryo size as well. Additionally, the placenta showed a 

significantly thinner labyrinth zone and therefore a decrease in glucose transport protein-

1 (GLUT-1), expression of which is typically highly upregulated during early pregnancy. 

Not surprisingly then, further evidence suggested that this affected glucose transport, as 

fetal blood glucose levels were significantly decreased [93]. The authors suggested that 

exposure during mid-gestation may alter placental anatomy and thereby physiology, 

resulting in poor nutrient delivery and lower fetal survival.  

 Exposure during mid-gestation also results in detrimental effects on offspring postnatally, 

such as in their neuronal development. Wang et al. investigated how sevoflurane, a 

commonly used maternal anesthetic during the second trimester, may affect postnatal 

cognitive function and critical fetal hippocampal development during this gestational 

window. At GD 14, pregnant rats were placed under a low or high level of sevoflurane 

anesthesia for 2 hours. At post-natal day 28, behavioral analyses were conducted using 

the Morris Water Maze, a navigation test and a spatial navigation test. The high dose 

group showed an increase in path length and escape latency time during the navigation 

test as well as a decrease in spatial exploration [94]. The high level of anesthesia led to 
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offspring with significant learning and memory impairments following only a single 

exposure within the second trimester. Alterations in rat behavior and cognition due to 

nano-TiO2 inhalation has also been reported for male offspring of mid- to late- 

gestationally exposed dams. Male offspring were subjected to behavioral tests once 

adulthood was reached (20 ± 1 weeks) and displayed impairment of short-term memory 

compared to the control group. Latency time to finding a visible platform was also 

increased through the first three trials, but not the fourth trial, which indicated that 

locomotor or visual differences were not present, but instead that motivation differences 

between groups were the more likely explanation [95]. Nano-TiO2 gestational exposure 

has been shown to result in cerebral cortex damage within offspring [96], which could be 

due to the ability for these particles to translocate to the fetal brain [87]. These studies 

reflect how exposure during mid-gestation can lead to altered behavioral outcomes in 

adulthood, highlighting the importance of mid-gestational development as a critical period 

in which toxicant exposure can have negative health outcomes. 

B.2.3. Late Stage 

Late gestational toxicant exposure can also lead to detrimental fetal and reproductive 

effects. The ED, cadmium, is a bio persistent environmental pollutant that has been 

shown to disrupt endocrine steroidogenesis. In a study from 2020 pregnant mice were 

exposed to cadmium containing drinking water at either early (GD 0-6), mid (GD 7-12) or 

late gestation (GD 13-17). Fetal mass, length, and % rate of fetal growth restriction was 

significantly affected within the late exposure group, leading to smaller pups and an 

increased rate of fetal growth restriction. Liver, lung, and brain development were also 

shown to only be impaired, when assessed relative to body weight, within the late 
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exposure group. The low passage of cadmium (<0.1%) from maternal circulation to the 

fetus suggest that growth restriction cannot be fully related to direct effects on the fetus 

[97]. Placental structure and P4 synthesis were also assessed and placentas exposed in 

late gestation showed a decrease in blood sinusoid and blood vessel area within the 

labyrinth zone as well as a decrease in placental P4 and proteins/enzymes involved in 

the P4 biosynthetic pathway [98]. This highlights the possibility that exposure, even within 

the final stages of pregnancy, can cause reproductive effects such altered placental 

biosynthesis of P4, which is critical for placental development and fetal survival. This may 

then lead to poor placental vascularization, and therefore fetal growth restriction.  

Another ED previously discussed, BPA, was examined during early (GD 5.5-12.5) and 

late (GD 11.5-18.5) gestation in mice [99]. Mice were exposed daily through oral gavage 

and then anxiety-like behavior was assessed in the offspring through an elevated plus 

maze test on postnatal week 10. Female offspring from the late-exposed BPA group, but 

not the early-exposed group, showed a decrease in total distance moved, time spent in 

open arms of the maze, and number of entries made into open arms of the maze, 

reflecting heighted anxiogenic behavior [99]. These data reflect how late gestational 

exposure during a critical window of development may influence progeny behavior into 

adulthood.  

C. The Virgin and Pregnant Microcirculation  

C.1. The importance of the microcirculation. The microcirculation is composed of a 

network of microvessels that allows for the delivery of nutrients and waste exchange at 

target tissues, controls blood flow within the circulation and plays an important role in the 

immune response. The microvascular network begins with arterioles that branch from 
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resistance arteries within the vascular bed. Arterioles are small reactive vessels that 

respond to metabolic demands of the terminal tissue and hemodynamic influences of the 

cardiovascular system. The arterioles then lead into the capillary bed where the nutrient 

and oxygen exchange occur. Lymphatics, which originate at the capillary level, are also 

part of the microcirculation wherein extravascular fluid is carried to the venous system. 

Finally, after the capillaries, venules lead to larger veins carrying deoxygenated blood 

back to the heart. Additionally, venules play an important role in host responses [100]. 

The cardiovascular system is entirely lined with endothelial cells, which come into direct 

contact with blood. The arterioles also contain a layer of smooth muscle cells, which allow 

for resistance control and optimized nutrient/waste exchange.  

The microcirculation is also crucial for an immune response.  Post capillary venules are 

the site at which leukocyte rolling takes place, as the endothelial cells within this portion 

of the microcirculation have a higher expression of adhesion molecules, and there is slow 

fluid velocity and increased permeability. Endothelial cells will upregulate adhesion 

proteins to allow for leukocyte attachments at sites of inflammation [100]. Before 

leukocyte attachment, endothelial cells must become activated. Cytokines indicating 

inflammation or damage (TNF-α, IL-1β), ROS or LPS are some examples of signals that 

will result in endothelial activation and the presentation of adhesion molecules. 

Chemokines within the circulation can cause endothelial cell contraction, resulting in 

increased vascular permeability. With inflammatory stimulation the endothelial cells will 

begin to express adhesion molecules such as P-selectin and E-selectin, resulting in 

leukocyte capture and rolling along the endothelial surface. ICAM-1 and VCAM-1 allow 

for further slow rolling and arrest followed by firm adhesion of the leukocytes [100, 101]. 
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The process then leads to transendothelial migration into the tissue [101]. This ability of 

the endothelial cells to cause leukocyte adhesion allows for transmigration of the 

leukocytes into the tissue at the sight of damage.  

Microvascular endothelial cells respond to mediators of arteriolar tone by responding to 

shear stress within the microcirculation. Shear stress is the force exerted on blood vessel 

walls due to the flow of blood, which can be estimated using Poiseulle’s law, where 

increased blood viscosity and flow rate can cause an increase in shear stress [102]. An 

increase in radius of the blood vessel, on the other hand, will cause a decrease in shear 

stress. Therefore, through mechanotransduction, an increase in shear stress stimulates 

the endothelial cells to respond by opening non-specific cation channels, resulting in 

increasing intracellular calcium, leading to production of nitric oxide (NO) and prostacyclin 

(PGI2) that will cause smooth muscle vasodilation and increase the radius of the arterioles 

[103]. Additionally, the arterioles may respond to increased pressure within the vessel. 

The arterioles are the site whereby the body controls vascular peripheral resistance. Once 

the blood enters the arterioles, blood pressure drops, thus protecting downstream 

terminal tissues and allowing for proper nutrient exchange to occur in the capillaries.  One 

example of autoregulation within the arterioles to respond to their environment is called 

the myogenic response. Transmural pressure within the blood vessels is the differences 

between intra- and extraluminal pressure. When there is an increase in transluminal 

pressure, vessel wall tension will increase and vascular smooth muscle cells will 

experience stretch. This mechanical stimulation will lead to depolarization of the smooth 

muscle cells and activate voltage gated calcium channels, initiating vasoconstriction 

[104]. As another level of control, the microcirculation also responds to metabolic 
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demands (oxygen and pH) as well as circulatory factors (ACh, bradykinin, norepinephrine, 

etc.). These circulating factors have the ability to compete with the autoregulatory tone 

that resides within the arterioles [105]. In doing so, and through autoregulation via 

myogenic responses and shear stress, the vessel will become smaller and will decrease 

downstream blood pressure, regulating blood flow to downstream organs.  

C.2. The Uterine Microcirculation. Pregnancy is a period of time in which cardiovascular 

alterations, specifically microvascular growth and adaption, are unmatched. Over a time 

period of 9 months in humans, or 21 days in rats, incredible developments and 

adjustments must take place to allow for both maternal and fetal survival. If the 

microcirculation is unable to adjust if dysfunction occurs, then the results could lead to 

health complications or even death. The primary site of microvascular adaptation occurs 

within the uterine circulation to allow for proper delivery of nutrients to the placenta and 

growing fetus. To understand the alterations during pregnancy within this vascular bed, 

we must first consider the virgin uterine microcirculation.  

C.2.1. Virgin Uterus 

The rat reproductive system consists of two ovaries and two uterine horns that receive 

blood flow from the branching of the left and right internal iliac arteries into the respective 

uterine arteries. Additionally, blood flow also is received from the ovarian arteries that 

branch from the abdominal aorta; this results in bidirectional blood flow through the 

uterine arteries [106, 107]. Branching from the uterine arteries is a network of arteries and 

arterioles that decrease in size and arcuate arteries that form an arcading network within 

the myometrium. These further branch into radial arteries and then basal and spiral 

arterioles that infiltrate deep into the endometrium. Here, the capillaries exchange 
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nutrients and waste within the uterus and blood is carried into venules and veins that 

match flow with the arterial network. The uterine and ovarian veins then carry 

deoxygenated blood to the inferior vena cava and back to the heart [106]. This vascular 

network supports the virgin uterus, but once conception occurs, there are many 

adaptations that must occur to ensure optimal maternal and fetal health.  

C.2.2. Pregnant Uterus 

During pregnancy, blood volume increases by approximately 45% with cardiac output and 

heart rate increasing throughout pregnancy [108]. Given this, one may expect blood 

pressure to increase. While this does occur in pathological conditions, such as 

preeclampsia or gestational hypertension, that is not the case in a healthy pregnancy. 

During normal gestation, blood pressure in the first and second trimester are lower than 

nonpregnant blood pressure measurements and will then increase to nonpregnant levels 

during the final trimester [108]. This is due to a decrease in systemic vascular resistance, 

including the microcirculation, as well as physiological remodeling within the maternal 

circulation. While arteriolar tone decreases during pregnancy, venous tone via 

sympathetic outflow will increase, resulting in distribution of blood within the systemic 

circuit and into the placenta [109]. These adaptations are essential to allow for increased 

blood volume and blood flow to the uterus, placenta, and fetus.  

Pressor responsiveness in pregnant rats was shown to be markedly decreased to 

angiotensin II (Ang II), norepinephrine (NE) and vasopressin compared to nonpregnant 

rats  [110].  If the sensitivity to the Ang II pressor response is not reduced during 

pregnancy, gestational hypertension may occur [111].  This highlights the importance of 

a decrease in sensitivity to Ang II during pregnancy. Through this decrease in pressor 
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response the body is able to adequately handle the increased blood volume and cardiac 

output, which is essential for proper perfusion of the uterus.  

In addition to the changes described above, anatomical adaptations such as 

angiogenesis, the growth of existing vessels, and neovascularization (the growth of new 

vessels), take place to achieve decreased uterine vascular resistance. Passive diameter 

of blood vessels within the uterine circulation approximately doubles in size during 

pregnancy in both humans and rats and experiences outward hypertrophic growth, with 

little wall growth into the lumen [107]. Both arteries and veins experience this outward 

growth, and this change seems to initiate in smaller vessels before expanding to the 

uterine artery and vein. Elongation of the blood vessels is also reported with arcuate 

arteries in rats increasing in length by approximately 20% [112]. Spiral arterioles within 

the uterus will also begin to widen in diameter and lose contractile functionality as 

endovascular trophoblasts invade the vessels and destroy vascular smooth muscle [61, 

113]. Along with elongation and outward hypertrophic growth, branching and 

neovascularization can also occur. By increasing the branching complexity of the vascular 

bed, peripheral resistance decreases, thereby increasing blood flow and perfusion of the 

uterus, placenta and fetus.  

There are several factors that encourage the growth and adaptation of the vascular 

network including hormones, NO, shear stress, vascular mediators, and the renin-

angiotensin-aldosterone system (RAAS), which will be covered in detail in the following 

section. Studies have shown that E2 can enhance the vascular endothelial growth factor 

(VEGF) vasodilatory response and secretion of NO [114]. VEGF is a major angiogenic 

factor responsible for endothelial proliferation and vasodilation that is directly stimulated 
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by E2 [115]. E2 has also been implicated in the process of endovascular trophoblast 

invasion [116]. Shear stress is another plausible mechanism for inducing alterations in 

the vasculature. Placentation and spiral artery widening should cause a decrease in 

downstream resistance, causing an increase in shear stress and flow velocity in upstream 

vessels [117]. The subsequent outward growth of these upstream vessels would then 

result in normalization of the shear stress. Through a multitude of mediators, vascular 

growth and adaptation occur to support the increased blood volume and increased blood 

flow necessary for fetal survival and maternal health.  

D. The Renin-Angiotensin-Aldosterone System 

D.1. Overview. The renin-angiotensin-aldosterone system (RAAS) is a multi-organ 

signaling cascade mainly known for its important role in renal regulation of blood pressure 

and electrolyte/fluid balance. The first enzyme released in the cascade is renin from the 

kidney. This is released from the juxtaglomerular cells when the macula densa within the 

kidney sense a decrease in flow rate or a decrease in sodium chloride (NaCl), which may 

be due to a drop in blood pressure and/or loss of blood volume. Renin then cleaves the 

peptide angiotensinogen, which is released from the liver, into angiotensin I (Ang I). Ang 

I can then be converted by angiotensin converting enzyme (ACE) into angiotensin II (Ang 

II) [118]. ACE is canonically found within the lungs and renal endothelium [119], but is 

also found locally in blood vessel endothelium [120] as well as within placental tissue 

[121].  Ang II is the main bioactive peptide hormone and is known to have many roles in 

the regulation of blood pressure and blood flow. Ang II causes an increase in peripheral 

resistance through arteriolar vasoconstriction, stimulates an increase in sodium and water 

retention in the kidneys, as well as promotes sympathetic outflow, all of which result in 
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increased blood volume, resistance and blood pressure. Furthermore, Ang II stimulates 

the release of aldosterone from the adrenal gland, further causing sodium and water 

reabsorption and potassium excretion through the insertion of additional sodium-

potassium ATPase exchangers and sodium channels in the kidneys [118] . Ang II also 

causes the release of anti-diuretic hormone (ADH) from the posterior pituitary gland. This 

hormone stimulates water reabsorption within the kidneys via upregulating aquaporin 

channels within the collecting duct as well as increasing thirst. Once water and electrolyte 

retention effectively increase, causing an increase in circulating blood volume, then 

juxtaglomerular apparatus perfusion in the kidney will increase, and renin release from 

the kidneys will decrease.  

D.2. Angiotensin receptors and function. Ang II mainly exerts its vasoconstrictive effects 

through angiotensin type I receptor (AT1R). Within vascular smooth muscle, Ang II binds 

to AT1R and intracellular signaling is linked to both G protein-dependent and -independent 

pathways. Activation of AT1R coupled to Gαq results in phospholipase C (PLC) activation 

leading to inositol triphosphate (IP3) and diacylglycerol (DAG) formation. IP3 can then 

bind to its receptor on the sarcoplasmic reticulum and induce intracellular calcium release 

that then activates myosin light chain kinase (MLCK), resulting in smooth muscle 

contraction. DAG can lead to the activation of protein kinase C (PKC), producing a 

substrate that can directly inhibit myosin light chain phosphatase (MLCP). Similarly, the 

RhoA/Rho-kinase pathway is also stimulated through the activation of AT1R leading to 

inhibition of MLCP activity. AT1R activation may also lead to transactivation of EGF 

receptors via release of soluble EGF by matrix metalloproteinases induced through PLC 

activation. This indirectly activates the mitogen-activated protein kinase (MAPK) pathway, 
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resulting in proliferation and hypertrophy of vascular smooth muscle cells [122]. AT1R is 

also present on endothelial cells as well as vascular smooth muscle. AT1R has been 

shown to reduce NO activity through an increase in ROS production and asymmetric 

dimethylarginine (ADMA) generation, which leads to eNOS inactivation. AT1R has also 

been linked to endothelin-1 (ET-1) production, resulting in vasoconstriction and ACE 

activation as well as increased production of cyclooxygenase (COX) products such as 

thromboxane [123]. Therefore, stimulation of AT1R-induced signaling results in a 

vasoconstrictive and proinflammatory phenotype mediated by actions within both 

endothelial cells and vascular smooth muscle.   

Vascular dysfunction, fibrosis, and hypertension can also be exaggerated when Ang II 

activates NADPH oxidases via the AT1R receptor, causing an increase in ROS production 

which can lead to an increase in oxidative stress and inflammatory mediators [124]. This 

pathway may also play a role in atherogenesis as it induces aortic smooth muscle cell 

migration and IL-6 release that leads to MMP-9 promotion, as ROS production via Ang II 

was shown to activate NF-kB [125]. Enhancement of superoxide production and other 

ROS production through this pathway can also lead to apoptosis by decreasing 

antioxidants as well as by upregulating LOX-1, which can cause a decrease in expression 

of anti-apoptotic proteins such as bcl-2 and NOS [126, 127]. Further, they have been 

shown to play a role in leukocyte capture and rolling [128]. Additionally, eNOS can be 

bound and inactivated within endothelial cells by endothelin-1 ETB receptor or AT1R, 

thereby decreasing NO levels. Interestingly, AT1R has been linked to both apoptotic and 

antiapoptotic effects, which may be related to the state of cellular growth or vascular bed 

phenotype. Through activating the PI3K/AKT pathway, survivin protein and mRNA 
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expression was increased, resulting in antiapoptotic effects in retinal vascular endothelial 

cells [129]. Due to the physiological importance of the AT1R receptor and diversity of Ang 

II activity, it has become a useful and highly marketed drug target.  

Ang II may also act through the angiotensin type II receptor (AT2R).  AT2R is a G protein-

coupled receptor that is Gαi/Gαs. Actions through Gαi protein will result in mitogen-

activated protein kinase phosphatase 1 (MKP-1) activation leading to bcl-2 inhibition 

inducing apoptosis [130]. Activation through the Gαs protein causes an increase in SHP-

1. SHP-1 can act by inhibiting the ERK1/2 pathway, resulting in reduction of proliferation 

and migration [130]. While AT1R is found extensively through the adult body, AT2R is 

transiently upregulated within fetal tissue and then reduced to lower levels than AT1R in 

adults [131]. Although found at lower levels in adult tissue, it does have an important role 

in opposing AT1R effects and is upregulated following cardiovascular or neurological 

injuries, such as during myocardial infarction (MI) [132] or brain ischemia [133]. The 

importance of this is highlighted by the effects of AT2R expression on infarct size and 

progression. AT2R knockout mice recovering from an MI had a significantly reduced 

survival rate as well as greater left ventricle dilation, which may lead to congestive heart 

failure [134]. Additionally, AT2R stimulation has neuroprotective effects and improves 

motor function following stroke induction in rats [135]. These protective effects are related 

to increased perfusion within blood vessels in the area of the infarct following injury. 

Vasodilation following AT2R activation is due to an increase in Na-H ion exchanger 

expression, resulting in an acidic intracellular environment that triggers kininogenase 

activity, resulting in bradykinin production [127]. Bradykinin can then bind to bradykinin 

B2 receptors (B2R) on endothelial cells, resulting in eNOS induction and increased NO 
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release [127]. Additionally, bradykinin can affect both the endothelial and vascular smooth 

muscle cells by inducing extracellular or intracellular superoxide dismutase (SOD), 

resulting in a reduction in superoxide and therefore increasing bioavailability of NO [127].  

While Ang II is the main bioactive peptide hormone within this system, it is important to 

discuss the breakdown of Ang II into other functional peptides. Ang II may be cleaved by 

angiotensin converting enzyme 2 (ACE2) to form angiotensin (1-7) or from converting 

angiotensin I to angiotensin (1-9) by ACE2 and then to angiotensin (1-7) by ACE. 

Angiotensin (1-7) is an agonist for the Mas receptor (MasR) which opposes the canonical 

pathway of Ang II and AT1R, as does the activation of AT2R. This arm of the RAAS axis 

is believed to be protective, offering vasodilatory, antifibrotic and antihypertensive effects 

[136, 137]. MasR is a G protein-coupled receptor that acts through the 

phosphatidylinositol 3-kinase (PI3K)/Akt pathway to activate eNOS release of NO. MasR 

activation can also suppress Ang II-induced production of aldosterone by inhibiting the 

phosphorylation of JAK/STAT proteins within adrenal cells [138]. MasR activation via 

administration of recombinant hACE2 inhibits the activation of NADPH oxidase induced 

by Ang II, reducing super oxide production [139]. Due to these combined effects, it has 

been investigated as a potential therapeutic pathway to attenuate hypertension. 

Finally, Ang II can be converted into angiotensin III (2-8) via aminopeptidase A and 

subsequently angiotensin IV (3-8) via aminopeptidase N. Angiotensin IV can bind to 

angiotensin receptor type IV (AT4R), also known as insulin-regulated membrane 

aminopeptidase (IRAP). These receptors are found in a wide variety of tissues, including 

the brain, lung, heart, kidney, adrenal glands, and vasculature. Work examining AT4R 

binding has focused on the role of the receptor in memory retention and improved learning 
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[140]. For example, angiotensin IV is a potential target for treating Alzheimer’s disease. 

It has been implicated in mediating cognition, memory and the anti-inflammatory effects 

of Losartan, a commonly administered AT1R antagonist for hypertension treatment that 

has shown promise for delaying Alzheimer’s disease progression [141]. Given that IRAP 

is an enzyme known to break down peptide hormones such as vasopressin, oxytocin and 

somatostatin, a potential role of Angiotensin IV may be to bind to and inhibit IRAP and 

allow for increased half-life of these peptides within the circulation [142]. Vasopressin, 

oxytocin and somatostatin have all been implicated in improving cognition, and thus may 

represent the mechanism by which Angiotensin IV has its effects [143]. When it comes to 

roles of Angiotensin IV in the microcirculation, AT4R activation has been linked to an 

increase in intracellular calcium release and increased eNOS activity in endothelial cells 

[144], but has also been shown to be a weak AT1R agonist, resulting in vasoconstriction 

in some vascular beds [145].  

D.3. Angiotensin II and Pregnancy 

As mentioned above, blood volume must increase during pregnancy to support the 

increased need for nutrient and oxygen in the uterus and placenta, which would mean a 

requisite induction of RAAS. Simultaneously though, peripheral resistance must decrease 

to allow for proper perfusion of the placenta. As Ang II is a robust vasoconstrictor, this 

would seemingly contradict the imposition of reduced peripheral resistance, but during a 

healthy pregnancy, adaptations take place to alter sensitivity to Ang II. In a normotensive 

pregnancy, almost all components of RAAS are increased to support an increase in blood 

volume, with the exception of ACE expression. Additionally, Ang II activity and AT1R 

sensitivity is decreased and ACE2 activity and Angiotensin (1-7) circulating levels are 
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increased [146, 147]. Sensitivity of AT1R is thought to be decreased in part due to 

inactivation by ROS, which would be increased in normal or pathological pregnancy. 

Abdalla et. al demonstrated that during a normal pregnancy AT1R tends to exist in 

monomeric states and hydrogen peroxide tends to cause an aggregation of these 

receptors that leads to deactivation [148]. Additionally, the Angiotensin (1-7) component 

is thought to further counterbalance Ang II through its antiangiogenic, antimitotic and 

vasodilatory properties. The importance of RAAS is underscored by the fact that local 

components of this system are found within the uterus as well as the placenta.  

Along with the direct contributions of angiotensin (1-7) to decrease peripheral resistance, 

it has also been shown to increase vasodilation by inducing prostacyclin release through 

the COX pathway present within the endothelium  [149]. In the endothelium, arachidonic 

acid is converted to prostaglandin H2 via COX-1 and then to prostacyclin via prostacyclin 

synthase. Prostacyclin will then increase cAMP via adenylate cyclase, which inhibits 

myosin light chain kinase within smooth muscle, resulting in vasodilation [150]. 

Additionally, increased P4 levels, which occur throughout pregnancy, have been shown 

to inhibit adrenergic agonist-induced vasoconstriction [146, 151]. While not directly 

affecting RAAS, this would reduce overall maternal peripheral resistance. Additionally, 

estradiol, which also increases during pregnancy, has been shown to contribute to 

increased expression of AT2R. Mishra et. al demonstrated that estradiol affects protein 

levels of AT2R, but not AT1R, which results in decreased vasoconstriction within the 

uterine arteries of pregnant rats [152]. This demonstrates that hormones such as P4 and 

estradiol may significantly influence RAAS and maternal hemodynamics as a whole. 

RAAS is a complicated and intricate system that must be altered appropriately during 
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pregnancy. If these adaptations do not occur, then this may lead to a gestational 

complications and even maternal and fetal morbidity or mortality.  

D.4. Angiotensin II and Preeclampsia 

Preeclampsia affects 4.6% pregnancies per year and is a major cause of maternal and 

fetal morbidity and mortality [153]. While the exact mechanism underlying preeclampsia 

remains poorly understood, the diagnosis is determined by the presence of hypertension 

and proteinuria after 20 weeks of pregnancy. In a preeclamptic pregnancy, many 

components of the RAAS system are improperly altered. Angiotensinogen and renin 

activity is decreased, meaning blood volume levels will be decreased compared to a 

healthy pregnancy. Furthermore, while circulating levels of Ang II are decreased, the 

sensitivity of the AT1R is actually increased [146]. To further support vasoconstriction, 

ACE2 activity is decreased, therefore reducing circulating Angiotensin (1-7) [146], which 

normally would promote vasodilation. These changes thereby result in an even greater 

reduction in blood flow, which contributes to a hostile gestational environment.  

One mechanism that contributes to increased sensitivity to AT1R-mediated 

vasoconstriction may be influenced by receptor dimerization. As mentioned earlier, in a 

healthy pregnancy monomeric AT1R are inactivated via ROS, but during preeclampsia 

there is an increase in AT1R forming heterodimers with B2R. Abdalla et. al demonstrated 

that these heterodimers not only show resistance to hydrogen peroxide deactivation, but 

exhibit enhanced Ang II-mediated signaling, which could contribute to the heightened 

AT1R sensitivity seen in preeclamptic patients [148]. Placental chorionic villi from 

pathological pregnancies show an increase in Ang II/AT1R expression, but a decrease in 

the angiotensin (1-7)/MasR arm of the RAAS system, which may further contribute to the 
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pathology of preeclampsia [154]. Additionally, decreased circulating levels of estradiol 

have been reported in preeclamptic pregnancies [155]. If estradiol affects AT2R density, 

this may lead to a decrease in vasodilatory Ang II receptors within the uterine circulation.  

Furthermore, estradiol was shown to have a direct effect on VEGF gene transcription 

within the endometrium [156]. Given the decrease in circulating levels of estradiol that 

occur during preeclampsia, the resultant decrease in circulating VEGF would be expected 

to impair angiogenesis and result in decreased perfusion. 

Another mechanism that is believed to play a role in the pathology of preeclampsia is 

reduced trophoblast invasion and spiral artery remodeling. For example, the presence of 

active AT1R has been shown to play a key role in regulating genes essential for a healthy 

pregnancy. Placental trophoblast cells express an abundance of AT1R that have been 

linked to regulation of genes responsible for angiogenesis and invasion including soluble 

fms-like tyrosine receptor-1 (sFLT-1) and plasminogen activator inhibitor-1 (PAI-1) [157]. 

PAI-1 is an inhibitor of plasminogen activator that is mainly responsible for the 

suppression of the fibrinolytic system during pregnancy. PAI-1 has a direct effect on 

endovascular trophoblast cells by limiting trophoblast invasion and decreasing 

extracellular matrix degradation [158]. sFLT-1 is a circulating antagonist to VEGF and 

placental growth factor, which reduces angiogenesis. Zhou et. al demonstrated that sFLT-

1 levels increase in a dose dependent manner to Ang II within trophoblast cells in vitro. 

This resulted in poor cell migration and tube formation, suggesting that AT1R activation 

influences angiogenesis in preeclampsia [159]. Inhibiting angiogenesis, remodeling and 

trophoblast invasion leads to poor placental perfusion, which further contributes to 

hypertension and poor maternal and fetal health outcomes.  



37 
 

A role for AT1R autoantibodies (AT1-AA) has also been suggested in preeclampsia. These 

autoantibodies circulate at higher levels in preeclamptic pregnancies and activate AT1R 

[160]. Furthermore, hypoxic conditions, such as that seen in preeclampsia, will stimulate 

the secretion of AT1-AA [161] and AT1-AA can subsequently increase oxidative stress by 

binding to trophoblast cells and activating NADPH-oxidase [162]. Furthermore, AT1R 

activation will cause an increase in sFLT-1 and PAI-1, as described above. While the 

underlying mechanism(s) that cause preeclampsia has/have not been fully elucidated, it 

is clear that RAAS, and specifically Ang II and its receptors, play a large role in its 

pathology. Further exploration of their roles clearly needs to be undertaken.  

E. Microvascular Dysfunction Associated with Nano-TiO2 Exposure 

Nano-TiO2 inhalation exposure has been linked to microvascular dysfunction [5, 6, 8]. 

Pregnancy is a vulnerable period in which vascular adaptation and growth is paramount 

to maternal and fetal survival. Additionally, given that women may be unaware they are 

pregnant at the beginning of gestation and given that they remain in the work force usually 

until their third trimester, exposure during the manufacturing of products that use nano-

TiO2 is of great concern. Currently, the literature focusing on the consequences of 

maternal exposure to these nanoparticles is limited. The evaluation of the outcomes on 

maternal, fetal and multi-generational health needs to be fully explored to fully understand 

the potential impact of these exposures.  

E.1.Maternal microvascular dysfunction. 

Microvascular dysfunction following maternal inhalation exposure to nano-TiO2 has been 

reported within the uterine circulation [8, 10, 163]. This is of great importance as uterine 
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adaptation to pregnancy is critical to support increased blood flow to, and decreased 

resistance within, the placentofetal unit [152]. Bowdridge et. al and Fournier et al. 

demonstrated how inhalation exposure affects uterine artery responses to vasoactive 

agonists [8, 10]. A single inhalation exposure to nano-TiO2 during GD 4 or GD 12 resulted 

in decreased uterine artery relaxation to an endothelium-dependent vasodilatory agent 

ACh, as well as reduced adrenergic α1 tension generation with exposure on GD 4, 12 or 

17 [10]. Bowdridge et. al also demonstrated that the uterine artery exhibited increased 

sensitivity to kisspeptin, resulting in increased vasoconstriction following maternal 

exposure for 6 days starting mid-gestation [8]. It was also found that repeated maternal 

inhalation exposure to nano-TiO2 from mid to late gestation resulted in anatomical 

alterations to the uterine artery with a significant decrease in internal vessel diameter [8]. 

Given how outward hypertrophic growth is critical to support increased blood flow to the 

uterus [11], this is of great concern. Taken together, these data supports the finding that 

inhalation exposure to nano-TiO2 during pregnancy may alter vasoactive adaptations and 

blood flow during pregnancy and consequently lead to aberrant uterine hemodynamics. 

A mechanism by which these alterations occur could be via the reduced circulating levels 

of estradiol that are observed following maternal inhalation exposure [8]. Estradiol has 

been shown to alter leukocyte trafficking following nano-TiO2 inhalation exposure. 

Leukocyte trafficking was shown to decrease during proestrus in rats but was significantly 

increased following inhalation exposure to nano-TiO2 [163]. Proestrus represents a 

preparatory stage of reproduction. If inflammatory responses are induced during this time 

period, then the uterine environment may not be receptive for implantation following 

ovulation. Further, plasma estradiol levels on GD 20 were shown to be significantly 
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decreased following a 6 day mid- to late-gestation nano-TiO2 inhalation exposure [8]. As 

estradiol has been shown to be important for vascular growth and vasodilation [114, 115] 

as well as for RAAS adaptation during pregnancy [152], estradiol disruption can have 

devastating consequences for health outcomes during pregnancy, such as the 

development of preeclampsia.  

E.2. Placental dysfunction following maternal exposure. 

The placenta is an important organ during pregnancy that must be functional for proper 

growth and survival of the fetus. Maternal exposure of mice to nano-TiO2 during the first 

13 days of gestation decreased the area of labyrinth zones, that are critical for nutrient 

and waste exchange, reduced vascularization, and decreased uNK cells that are critical 

for placentation and vascular remodeling [164]. Placental mRNA expression for genes 

required for labyrinth development and trophoblast differentiation were significantly 

reduced and proteins associated with apoptosis significantly increased within placental 

tissue following exposure [164]. If placental growth and attachment is impaired, then 

hemodynamics will be altered resulting in poor perfusion.  

Vascular function of the umbilical artery and vein have also been examined following 

inhalation exposure to nano-TiO2. The fetal perfusion of the placenta allows the delivery 

of waste and the return of nutrients from the placenta, contrary to maternal perfusion. 

Umbilical veins examined on GD 20 following a single maternal exposure on GD 4 

showed an increased response to endothelium-dependent and -independent relaxation 

[10], suggesting altered vascular tone following exposure. Alternatively, maternal 

inhalation exposure for 6 days from mid- to late-gestation decreased the vasodilatory 

response in uterine veins to acetylcholine (ACh) and increased passive inner diameter 
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[9]. The umbilical artery was also shown to have decreased responsiveness to 

endothelium-dependent and -independent vasodilation as well as an increased sensitivity 

to adrenergic vasoconstriction [9]. These alterations could increase tension within the 

umbilical vessels resulting in increased vascular resistance and poor fetal perfusion.  

Placental efficiency is defined as the mass of the pup divided by the mass of the placenta, 

where a larger pup supported by a smaller placenta would represent high placental 

efficiency [165]. A decrease in placental efficiency has been reported following maternal 

inhalation exposure to nano-TiO2, as smaller pup sizes have been associated with larger 

placentas [8]. This may be related to altered placental hemodynamics that occur after 

maternal inhalation exposure. An increase in placental vascular resistance was observed 

following ex-vivo incubation in normal superfusates as well as calcium-free perfusion 

solution [9]. Additionally, outflow pressure was significantly decreased compared to 

controls during treatment with endothelium-dependent vasodilation agents and Ang II 

treatment, suggesting increased vasoconstriction within the placental microvascular 

networks [9]. Increased placental resistance will lead to decreased blood flow, resulting 

in poor nutrient and waste exchange and subsequently negative fetal health 

consequences. 

E.3. Fetal Consequences and developmental origins of health and disease (DOHaD). 

While maternal consequences from direct exposure can occur, fetal consequences have 

also been reported. Fetal mass has been shown to be significantly decreased following 

maternal toxicant inhalation exposure [8], which may be ascribed to poor perfusion during 

gestation. Not only was maternal and placental vascular dysfunction reported following 

exposure, but fetal vascular responses were also altered. On GD 20 fetal aortic isometric 
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tension generation was tested via wire myography and showed increased contraction to 

adrenergic stimulation [10], which could alter fetal hemodynamics within the fetus and 

may have lasting effects following birth.  

Changes in gene expression or epigenetic modification may also play a role in laying the 

foundation for future disease within the offspring of maternal exposure. Originally coined 

by epidemiologist David Barker, the Barker hypothesis, which is now referred to the 

developmental origins of health and disease (DOHaD), states that a hostile gestational 

environment may lead to poor adult health outcomes later in life, such as increased 

susceptibility to disease [166-168]. This connection between the gestational environment 

and alterations of the fetal transcriptome have been shown in past studies. Stapleton et 

al. exposed pregnant dams to nano-TiO2 aerosols and collected fetal hearts at the end of 

gestation on GD 20 [169]. RNA sequencing and transcriptomic analysis was performed 

to assess which pathways were altered by nano-TiO2 exposure. With the results showing 

most of the effects residing within the kidney and liver. This included pathways involved 

in renal necrosis, liver hyperplasia/hyperproliferation, renal damage and autophagy. 

Additionally, the authors reported an increased propensity for infection due to alterations 

in pathways involving infectious disease [169]. This study demonstrated how fetal 

transcriptomes can be altered by maternal inhalation exposure to ENM and how this may 

predispose offspring to future disease. Further research has shown not only epigenetic 

remodeling following maternal exposure, but also cardiac dysfunction in young adult 

offspring [170, 171]. Nano-TiO2 inhalation exposure during gestation also resulted in adult 

offspring with modified cognition. Engler-Chiurazzi et. al found that male adult offspring 

presented with significant working memory impairments compared to control offspring, as 
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well as decreases in motivation, suggesting behavioral alterations [95]. These results 

suggest that exposure in utero may lead to psychological deficits that manifest or persist 

into adulthood. With physiological and behavioral alterations apparent in offspring from 

maternally exposed dams, it is of great importance to tease out potential mechanisms 

and to further identify the dangers of these exposures. Furthermore, it is crucial to 

examine when during gestation exposure results in the most devastation to maternal and 

fetal health. Slight differences resulting within early gestation due to exposure may lay 

the foundation for devastating consequences later in life. 

F. Conclusion 

The benefits of diverse ENM applications and advanced materials in human endeavors 

are undeniable and, with the growth of this technology, the exposure potential to these 

products continues to rise. The importance of investigating the effects of maternal 

inhalation exposure to such toxicants is two-fold: 1) Women are exposed to ENM in 

industrial settings well into their third trimester. This is of great importance as different 

time-points of exposure may result in various degrees or types of reproductive impacts 

and fetal consequences. Determining what gestational windows are susceptible to these 

insults is crucial to better understand the real-world ramifications of exposures, 2) ENM 

exposure has been linked to cardiovascular consequences and microvascular 

dysfunction. Given how paramount microvascular adaptation and growth is to pregnancy, 

this would likely be a very vulnerable time period for ENM exposure and could have 

devastating effects to fetal and maternal health. We must be able to identify what adverse 

health outcomes are related to exposure and when the greatest detriment occurs to be 
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able to protect future generations as well as to better treat these consequences in the 

future.   

Furthermore, investigation into consequences for offspring is of importance. ENM 

exposure has been linked to cardiac and behavioral deficits and evidence exists to show 

that the impact of exposures can persist well into adulthood. Future research into 

maternal, fetal and offspring consequences are necessary to comprehensively 

understand the effect of ENM inhalation exposure during gestation.  

Purpose of Dissertation 

Given the increased utilization of ENM containing products and advanced materials, it is 

of importance to fully identify the microvascular and reproductive consequences 

associated with exposure. To do so, the following studies were designed to assess how 

exposure can affect microvascular function as well as how that dysfunction may play a 

role in resultant reproductive consequences. Therefore, the central hypothesis of my 

dissertation was that maternal inhalation exposure to nano-TiO2 will result in maternal 

microvascular dysfunction and fetal vascular consequences. Additionally, I believed that 

the gestational period in which exposure occurs will result in differing maternal and 

placental microvascular consequences contributing to poor fetal outcomes. Given that 

early gestation lays the foundation for fetal development, I believed that this time period 

would be the post sensitive to maternal inhalation exposure to nano-TiO2.  The specific 

aims of the studies are listed below.   

Study 1:  
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This study aimed to assess how maternal inhalation exposure may affect autoregulation 

within the uterine microcirculation and fetal vascular function. To do so, pregnant dams 

were exposed to nano-TiO2 aerosols and myogenic responsiveness was assessed via 

pressure myography. Fetal aortic tension was also assessed to investigate fetal vascular 

alterations following gestational exposure.  

Study 2: 

The aim of this study was to determine the critical time-point of gestational exposure most 

harmful to uterine microvascular function and fetal outcomes. Pregnant dams were 

exposed to nano-TiO2 aerosols either during early, mid or late gestation. Placental 

efficiency was calculated and uterine radial artery response to endothelium-dependent 

and -independent agents as well as to the adrenergic response and angiotensin II 

vasoconstriction were assessed. The role that Ang II may play was also explored by 

assessing receptor protein levels within the uterine artery.  

Study 3: 

The aim of this study was to develop a novel technique to assess placental 

hemodynamics. As such, this study is a technical report that provides users with the 

means to assess pressure and flow within placental units. This allows researchers an 

improved approach for assessing placental microvascular function and resistance 

following toxicant exposure. 

Study 4: 

The aim of this study was to determine which critical window of gestational exposure most 

affects placental function. Pregnant dams were exposed to nano-TiO2 aerosols either 
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during early, mid or late gestation and placental hemodynamics were assessed with and 

without the presences of dilatory and constrictive agonists, including Ang II. Further, Ang 

II receptor protein levels were assessed within the placenta and placental zones were 

measured to determine if anatomical changes were apparent following exposure. This 

studied aimed to identify anatomical and physiological consequences to the placenta 

during distinct windows of exposure.  

Study 5: 

The aim of this study was to investigate the consequences of mixed exposures to 3D 

printer emissions, which contain both particulate matter and gas. This aim was developed 

to explore ENM exposure during the “use” period of acrylonitrile butadiene styrene (ABS) 

filaments.  This study was performed in tandem with another study to assess 

microvascular dysfunction within the mesenteric circulation following inhalation exposure.  
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Figure Legends 

Fig. 1 Critical gestational timepoints in human and rat pregnancies. The first, second 

and third trimesters are graphically represented within human pregnancy as well as a 

similarly segmented within the rat pregnancy timeline. GD = gestational day  
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Abstract 

Maternal inhalation exposure to nano-titanium dioxide (nano-TiO2), ubiquitously used in 

a variety of advanced materials, has been linked to microvascular dysfunction within the 

maternal circulation and poor reproductive outcomes. While studies are beginning to 

examine these consequences more research is required to fully understand the extent of 

this exposure. This study evaluated maternal myogenic response and fetal aortic 

responses following maternal inhalation exposure. Pregnant dams were exposed to nano-

TiO2 aerosols for 6 days at a concentration of 11.7± 1.0 mg/m3. On GD 20, blood pressure 

measurements were taken and uterine radial arteries were excised from the dams for 

myogenic responsiveness evaluations via pressure myography. Additionally, fetal aortas 

were dissected and tension generation was assessed via wire myography. Maternal blood 

pressure and heart rate was not altered, nor was the uterine radial artery myogenic 

response with or without adrenergic stimulation. Fetal aortic relaxation to endothelium 

dependent stimulation was significantly reduced in the exposure group compared to the 

control, suggesting maternal exposure can lead to vascular dysfunction within the fetal 

circulation. Surprisingly, fetal dry mass was significantly increased in the exposure group 

(0.62 ± 0.02 g) compared to the control (0.55 ± 0.01 g). Additionally, litter size between 

the exposure group (13 ± 1) and control group (10 ± 1) was significantly different. While 

these results were surprising, it is concerning that fetal circulation was altered following 

maternal exposure, suggesting that gestational exposure can have further effects on fetal 

health. These consequences may persist into adulthood and could predispose future 

generations to adverse cardiovascular events. 
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Introduction 

Nano-titanium dioxide (nano-TiO2) is a prominent engineered nanomaterial (ENM) used 

in a wide variety of applications. These advanced materials, while beneficial in many 

applications such as nanomedicine and water treatment [1, 2], need to be fully examined 

to completely grasp the toxicological effects of exposure. Due to the prominence of these 

materials, the chances of exposure are incredibly high and therefore the risks associated 

with exposure are of the utmost importance. Inhalation exposure to these nanomaterials 

have been linked to cardiovascular consequences [3, 4] and poor reproductive outcomes 

in a maternal model of exposure [5-8]. Given that gestation is a time period of rapid 

cardiovascular adaptations that are imperative to maternofetal health, a gestational model 

of inhalation exposure is critical to evaluate nano-TiO2 consequences.  

Arterioles within the microcirculation are responsible for vascular resistance and 

controlling blood flow into downstream organs. Without the proper responsiveness within 

these networks, the appropriate blood flow may not be delivered accordingly. Local 

mechanisms responsible for these responses include metabolic factors such as 

oxygen/pH, adenosine, osmolarity and reactive oxygen species (ROS) as well as direct 

adjustments due to sheer stress and pressure [9]. Myogenic response is the response of 

vascular smooth muscle to contract when there is an increase in transmural pressure or 

dilate when there is a decrease in transmural pressure within the circulation [9]. By doing 

so, the arterioles can keep blood flow consistent and protect downstream tissues. 

Myogenic responsiveness alters wall tension to regulate flow and is an important 

protective mechanism within the microcirculation. Myogenic tone has been shown to 

decrease in late pregnant mouse mesenteric arterioles and within the uterine artery 
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compared to nonpregnant responses [10] which is critical to allow for increased blood 

flow without increasing blood pressure during pregnancy. Myogenic tone is a resting level 

of contractility. This allows the vessel to respond to transmural pressure via constriction 

or dilation. The first experiments within this study assessed if myogenic response within 

the uterine microcirculation was altered following maternal inhalation exposure to nano-

TiO2. We hypothesized that since poor fetal outcomes had been observed in past 

gestational studies in rats [7] as well as reduced response to sheer stress [11], that 

myogenic response would be increased in the exposure group, resulting in inability to 

maintain blood flow consistently to the uterus and essentially the fetoplacental unit.  

Further, we wanted to assess how fetal vascular responsiveness on gestational day (GD) 

20 would be affected following maternal exposure. To do so, aortic response to 

vasoagonists were examined via wire myography. Given the microvascular dysfunction 

reported within the maternal circulation, our hypothesis was that these effects would also 

be found within the fetal circulation and that aortic dysfunction would be present within 

the exposed group pups. This examination is critical to assess how maternal inhalation 

exposure to these abundantly found ENM may result in maternal and fetal consequences, 

allowing for a more in-depth toxicological assessment.  

Materials and Methods 

Animal Characteristics 

Female Sprague-Dawley rats were purchased from Hilltop Laboratories (Scottdale, PA) 

and housed in an AAALAC approved facility at West Virginia University (WVU). Rats were 

housed under a regulated temperature of 20-26 ̊ C, relative humidity of 30-70% and 12:12 

h light-dark cycle. Rats were assigned randomly to control or exposure groups. Rats had 
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ad libitum access to food and water and were acclimated for 48-72 h prior to mating. 

Gestational day (GD) 0 was identified by the presence of sperm following vaginal swab. 

Dams were euthanized on GD 20. All procedures were approved by the WVU Institutional 

Animal Care and Use Committee.  

Engineered Nanomaterial 

Nano-TiO2 was purchased from Evonik (Aeroxide P25, Parsippany, New Jersey). Powder 

is  composed of anatase (80%) and rutile (20%) TiO2 and has been shown to have a 

primary particle size of 21 nm, a surface area of 48.08 m2/g [12], and a Zeta potential of 

-56.6 mV [13].  

Aerosol Generation 

A high-pressure acoustical generator (HPAG, IEStechno, Morgantown, West Virginia) 

was utilized for nano-TiO2 aerosol generation. The output of the generator was fed into a 

Venturi pump (JS-60M, Vaccon, Medway, Massachusetts), further deagglomeration of 

the particles. The nano-TiO2 aerosol/air mix then entered the whole-body exposure 

chamber. A personal DataRAM (pDR-1500; Thermo Environmental Instruments Inc., 

Franklin, Massachusetts) was utilized for sampling the exposure chamber air to determine 

the real-time aerosol mass concentration. The software utilized feed-back loops to 

automatically adjust the acoustic energy to maintain the targeted, stable mass 

concentration during the exposure. Gravimetric measurements were conducted on Teflon 

filters simultaneously with the DataRAM measurements to obtain a calibration factor. The 

gravimetric measurements were conducted during each exposure to assess mass 

concentration measurements reported in this study. Water saturated bedding material 
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was used in the exposure chamber to maintain comfortable humidity (30%-70%). Control 

animal chambers were held at similar temperature and humidity conditions but were 

exposed to HEPA-filtered air only.  

Aerosol Characterization 

Size distribution and mass concentration assessment of the exposure paradigm occurred 

through various measurements during the exposure runs. Measurements of the Aerosol 

size distributions within the exposure chamber were obtained while maintaining a mass 

concentration of 12 mg/m3 with: a high-resolution electrical low-pressure impactor (ELPI+, 

Dekati, Tampere, Finland), a scanning mobility particle sizer (SMPS 3938, TSI Inc., St. 

Paul, Minnesota), and an aerodynamic particle sizer (APS 3321, TSI Inc., St. Paul, 

Minnesota). 

Exposure Paradigm 

Exposure group was exposed to nano-TiO2 aerosols in a whole-body chamber at a 

concentration of 12 mg/m3 for 6 days, 6 h/day. All control groups were exposed to filtered 

air at 25 ml/min for 5-7 days, 6 h/day. Exposures began after GD 7. Estimation of lung 

deposition (D) with nano-TiO2 [14] was determined using the equation: D=F●V●C●T, in 

which F is the deposition fraction (10%), V is the minute ventilation (208.3 cc), C is the 

mass concentration (mg/m3), and T is the exposure duration (minutes) [15]. This exposure 

paradigm produced an estimated cumulative lung deposition of 539 ± 10 µg. These 

calculations represent cumulative lung deposition and do not account for clearance 

(MPPD Software v 2.11, Arlington, Virginia). 

Euthanasia and Tissue Harvest 
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On GD 20, dams were anesthetized with 5% isoflurane and maintained during surgery 

under 2.5% isoflurane. Dams were placed on a heating pad to maintain a 37 ˚C body 

temperature. The trachea was intubated to ensure a patent airway and the right carotid 

artery was cannulated for blood collection. Mean arterial pressure (MAP) was acquired 

through PowerLab830 (AD Instruments).  

Both uterine horns were surgically excised, and 1-3 pups were removed and placed in 

physiological salt solution (PSS, in mmol/L: 119 nM NaCl, 4.7 mM KCl, 1.18 mM KH2PO4, 

1.17 mM MgSO4, 2.5 mM CaCl2, 25 mM NaHCO3, 0.027 mM EDTA, 5.5 mM glucose) 

and the remaining pups and placenta were removed and weighed. The aortas were 

dissected from the pups and tension generation was assessed as detailed in the Wire 

Myography section.  The uterus was placed in a dissection dish containing 4 ˚C PSS (in 

mmol/L: 129.8 NaCl, 5.4 KCl, 0.5 NaH2PO4, 0.83 MgSO4, 19.0 NaHCO3, 1.8 CaCl2, 5.5 

glucose) and was utilized for vascular assessments as detailed in the Pressure 

Myography section.  

Fetal Aorta Tension Assessment: Wire Myography 

Wire myography was utilized to assess tension generation within fetal aortas. 2-3 mm 

segments were cut and placed in a wire myography chamber (AD Instruments, DMT 

620M) with 5 mL PSS and bubbled with 95% O2 / 5% CO2 at 37 ˚C. Vessels were 

incubated for 30 minutes and then max contractile response was determined by utilizing 

high-potassium PSS (K+PSS, in mmol/L: 123.7 nM KCl, 1.18 mM KH2PO4, 1.17 mM 

MgSO4, 2.5 mM CaCl2, 25 mM NaHCO3, 0.027 mM EDTA, 5.5 mM glucose. Vessels were 

then relaxed by washing out K+PSS with PSS washes until baseline tension was reached. 

Contractile response was assessed via cumulative doses of U46619 (10-14 - 10 -7 M). 
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Relaxation responses were assessed via cumulative doses of endothelium-dependent 

vasodilator acetylcholine (ACh, 10-9 - 10 -4 M) and endothelium-independent vasodilator 

S-nitroso-N-acetyl-DL-penicillamine (SNAP, 10-10 - 10 -3 M). 

Wire Myography Calculations 

Tension developed by the vessels with K+PSS is the maximum tension. Tension 

generated from treatment with agonists (PE, ACh, or SNAP) was recorded and the 

percentage of maximum tension generation was calculated using the following formula: 

𝑷𝒆𝒓𝒄𝒆𝒏𝒕 𝑴𝒂𝒙𝒊𝒎𝒖𝒎 𝑻𝒆𝒏𝒔𝒊𝒐𝒏 (%) =  (
𝑻𝒆𝒏𝒔𝒊𝒐𝒏 𝒘𝒊𝒕𝒉 𝑨𝒈𝒐𝒏𝒊𝒔𝒕𝒔 𝒊𝒏 𝒎𝑵

𝑴𝒂𝒙𝒊𝒎𝒖𝒎 𝑻𝒆𝒏𝒔𝒊𝒐𝒏 𝒊𝒏 𝒎𝑵
) × 𝟏𝟎𝟎% 

Pressure Myography 

Uterine vascular myogenic responses were assessed to elucidate alterations in reactivity 

following inhalation exposure. Radial arteries were dissected and transferred to an 

isolated vessel chamber (Living Systems Instrumentation, Burlington, Vermont) 

containing PSS. The arteries were cannulated on glass pipette tips (Living Systems 

Instrumentation, Burlington, Vermont), secured with 6-0 silk suture (AD Surgical, 

Sunnyvale, California), pressurized to 60 mm Hg, and superfused (rate of 10 ml/min) with 

PSS warmed to 37 ̊ C and oxygenated (21% O2/5% CO2). Inner and outer vessel diameter 

was measured with video calipers (Colorado Video, Boulder, Colorado). The vessels were 

allowed to develop spontaneous tone before vascular reactivity was assessed. The 

degree of constriction by a blood vessel relative to its maximally dilated states is 

spontaneous tone. Vascular tone ranges from 0% (complete relaxation, maximum 

dilation) to 100% (complete lumen closure, maximum constriction).  
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Radial arteries were measured with increasing pressure from 0-120 mm Hg in 15 mm Hg 

increments. The steady state diameter was recorded following the increase of pressure. 

Vessels were then incubated with propranolol (3 x 10-6 M) for 10 minutes to block β 

adrenergic receptors and were then treated with norepinephrine (NE, 1 x 10-8 - -5 M). 

Adrenergic influence on the myogenic response was assessed by measuring vessel 

diameter from 0-120 mm Hg in 15 mm Hg increments. Following the final curve, the vessel 

was carefully washed with fresh, warmed, and oxygenated PSS until the agonist was 

removed. The PSS was removed and replaced with Ca2+ -free PSS for 30 minutes to 

allow maximum passive diameter to be determined. 

Pressure Myography Calculations 

Spontaneous tone was calculated through the following equation:  

𝑺𝒑𝒐𝒏𝒕𝒂𝒏𝒆𝒐𝒖𝒔 𝑻𝒐𝒏𝒆 (%) = [
(𝑫𝒎 − 𝑫𝒊)

(𝑫𝒊)
]  × 𝟏𝟎𝟎% 

Dm is the maximal diameter and Di is the initial steady-state diameter prior to the 

experimental treatments. The vasoactive responses were normalized to the maximal 

diameter using the equation: normalized diameter= Dss/Dm. Dss is steady state diameter 

at each pressure change. The vasoactive response to NE were calculated using the 

following equation: 

𝑫𝒊𝒂𝒎𝒆𝒕𝒆𝒓 (% 𝑪𝒐𝒏𝒔𝒕𝒓𝒊𝒄𝒕𝒊𝒐𝒏) =  − [
(𝑫𝒄𝒐𝒏 − 𝑫𝒔𝒔)

(𝑫𝒄𝒐𝒏)
] × 𝟏𝟎𝟎% 

Dcon is the diameter prior to starting the treatment and Dss is the steady-state diameter 

following the addition of each treatment dose.  
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WT is the wall thickness of the vessel. This is calculated by measuring both the inner (ID) 

and outer (OD) passive diameters at the end of the Ca2+ free wash using the following 

equation: 

𝑾𝑻 =
(𝑶𝑫 − 𝑰𝑫)

𝟐
 

Wall-to-lumen ratio (WLR) was calculated using the following equation: 

𝑾𝑳𝑹 =
𝑾𝑻

𝑰𝑫
 

Statistics 

Animal and vessel characteristics were assessed via unpaired student t test. Two-way 

repeated measures analysis of variance (ANOVA) was utilized to evaluate point-by-point 

differences in dose response curves for ACh, SNAP and myogenic response data. 

Šídák’s post hoc analysis was performed when significance was found. When equal 

variance was not met, the Greenhouse-Geiger correction was utilized. U46619 dose 

response was evaluated using a mixed-effects model utilizing the Greenhouse-Geiger 

correction. Šídák’s post hoc analysis was performed when significance was found. 

Statistical analyses were calculated via GraphPad Prism 9 (San Diego, California). N 

represents the number of animals whereas n represents vessel number. That data in this 

study is reported as the mean ± standard error (SE). Significance was set at p ≤ 0.05.  

Results 

Nano-TiO2 Aerosol Characterization 

The average real-time aerosol mass concentration during exposures had a target of 12 

mg/m3 (Fig. 1a). Mass concentration was 11.7± 1.0 mg/m3.  The aerosol aerodynamic 
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diameter (assessed via the ELPI) had a count median diameter (CMD) of 167 nm with a 

standard deviation of 1.92 (Fig. 1b). Aerosol diameter was also assessed via the SMPS 

and APS and had a combined CMD of 118 nm with a standard deviation of 2.09 (Fig. 1c). 

We have extensively characterized morphology of the agglomerates via electron 

microscopy [6, 7].  

Animal Characteristics 

Exposed and control dams were similar in age, weight, heart rate and mean arterial 

pressure (Table 1). Litter size was different between the groups with exposed dams 

having larger litters (13±1) compared to the control (10±1) (Table 2). Wet pup mass and 

wet placental mass were not different, but dried pup mass was significantly increased in 

the exposed group (0.62±0.02) compared to the control (0.55±0.01) (Table 2).  

Uterine Radial Artery Characteristics 

Isolated uterine radial arteries had similar inner diameter, passive inner diameter, and 

passive outer diameter (Table 3). Wall thickness, wall to lumen ratio (WLR) and wall 

tension were not different between the groups (Table 3).  

Uterine Radial Artery Vascular Reactivity: Pressure Myography 

Control and exposed isolated uterine radial artery response to increasing doses of NE 

was not different (Fig. 2). Myogenic response was assessed with and without adrenergic 

stimulation with NE. Control myogenic response compared to control myogenic response 

with adrenergic stimulation was similar (Fig. 3a) as well as exposed myogenic response 

compared to exposed myogenic response with adrenergic stimulation (Fig. 3b). Control 

response without NE compared to exposed response without NE was also not different 
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(Fig. 4a), nor was control response with NE compared to exposed response with NE (Fig. 

4b). 

Fetal Aorta Tension Assessment: Wire Myography 

 

Fetal aortic tension generation was assessed following pre-tension generation with 

U46619. Response to ACh was blunted in the exposure group vessels (Fig. 5a) showing 

endothelial dependent dysfunction. To assess the smooth muscle response to nitric oxide 

(NO), the vessels were pretreated with U46619 and treated with increasing doses of 

SNAP. This showed no impairment in response in the exposure group compared to the 

control (Fig. 5b), suggesting a functional smooth muscle layer and an intact endothelial 

independent mechanism. The response to U46619 was also altered at two doses. This 

data showed that exposed vessels were less responsive to U46619 than the control at 

the 1x10-13 and 1x10-11 doses (Fig. 6).  

Discussion  

Microvascular adaptation is critical to support a healthy pregnancy, especially within the 

uterine circulation [16]. One such adaptation is a decrease in myogenic response during 

late pregnancy [10]. This decrease in myogenic response has been linked to decreased 

actin polymerization within vascular smooth muscle of uterine arteries. Further, this has 

been found to be driven by both estrogen and progesterone, which increased during 

pregnancy [17]. Given that our lab has demonstrated that estrogen is decreased following 

maternal inhalation exposure to nano-TiO2 [7], it would be possible that actin 

polymerization may not be reduced, resulting in no reduction in myogenic response. This 

study found that myogenic response within the uterine radial arteries was not altered 
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following maternal inhalation exposure. Myogenic response was not shown to be altered 

in either group due to adrenergic influence (Fig. 3) nor when comparing control versus 

exposed group (Fig. 4). This suggests that myogenic responsiveness does not play a role 

in the vascular dysfunction within the gestational model that leads to poor fetal outcomes 

[6, 7, 18].  

Fetal aortic response was shown to be significantly altered compared to control when 

evaluating constriction to U46619 at two doses (1x10-13 and 1x10-11). The exposure group 

had reduced response to U46619 compared to control but was not significantly different 

at all other concentrations (Fig. 6). Most concern is the reduced vascular response to 

endothelial dependent vasodilator ACh. While relaxation was significantly blunted within 

the exposure group to ACh, there was no difference in relaxation with the endothelial 

independent vasodilator (Fig. 5). This indicates that the endothelial cells are not 

responding properly while the vascular smooth muscle is capable of responding to nitric 

oxide (NO), suggesting the dysfunction is stemming from the endothelial cells or 

bioavailability of NO is decreased. A surprising result within our study was the increase 

in pup mass following maternal inhalation exposure. This is surprising because all of our 

data to this point has suggested microvascular dysfunction and poor perfusion to the 

uterus and fetoplacental unit results in poor nutrient exchange and therefore reduced pup 

size. It should be noted though that increased pup weight has been reported elsewhere 

where a group with a single dose of nano-TiO2 inhalation exposure on GD 12 resulted in 

larger pups compared to the control group [19]. Moving forward, pup mass should 

continue to be recorded to assess if the mass is altered with exposure.  
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A limitation to this study would be the size of the uterine radial arteries assessed. Smaller 

vessels would have been better to evaluate as vascular resistance is increased in these 

vessels allowing for minor alterations in response to be identified. Moving forward, smaller 

resistance vessels should be utilized to fully examine the myogenic response. This is 

critical as myogenic response should decrease during pregnancy [10] and if not, could 

lead to increased risk for cardiovascular consequences and reduced fetal weight [20]. 

Future studies should also examine cardiovascular consequences of offspring into 

adulthood. While we have evidence of fetal aortic dysfunction, we do not know the 

ramifications of this dysfunction and if it will persist into adulthood. This would allow us to 

gain a more complete understanding of the toxicological effects of maternal inhalation 

exposure to this nano material.  

In conclusion, myogenic response does not appear to be altered from inhalation exposure 

to nano-TiO2 during gestation. While this was not impaired, fetal aortic response was 

shown to be altered within the exposure group, suggesting endothelial dysfunction 

following maternal exposure. This study provides further evidence that toxicological 

assessment is necessary to advance understand of the toxicological ramifications of 

exposure as well as to begin to elucidate mechanisms by which these consequences are 

occurring.  
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Figure Legends 

Fig. 1 Nano-TiO2 aerosol characterization. Aerosol characterizations were verified and 

monitored during exposure. Red lines on the size distribution curves represent a log 

normal fit of the size data. (a) Software controlled aerosol mass concentration over the 6 

h exposure paradigm. A feedback system held the mass concentration near the desired 

12 mg/m3 target (red line). (b) Aerosol aerodynamic diameter was assessed using the 

high-resolution Electrical Low-Pressure Impactor (ELPI) showing a CMD of 167 nm with 

a geometric standard deviation of 1.92.  (c) The diameter was also evaluated using a 

Scanning Mobility Particle Sizer (SMPS, light gray) and an Aerodynamic Particle Sizer 

(APS, dark gray) presented a CMD of 118 nm and a geometric standard deviation of 2.09.  

Fig. 2 Adrenergic stimulation of radial uterine arteries following maternal inhalation 

exposure. Increasing doses of NE were added to isolated radial uterine artery 

preparations to assess adrenergic response. Data are mean ± SE 

Fig. 3 Radial uterine artery myogenic responsiveness with and without adrenergic 

stimulation. Normalized diameter of radial uterine myogenic response and effect of 

adrenergic stimulation. (a) the effect of adrenergic stimulation on control maternal uterine 

radial arteries. (b) the effect of adrenergic stimulation on exposed maternal uterine radial 

arteries. Data are mean ± SE 

Fig. 4 Myogenic response with adrenergic stimulation following maternal inhalation 

exposure. Normalized diameter of radial uterine myogenic response and effect of 

adrenergic stimulation and exposure. (a) myogenic responsiveness of control and 

exposed uterine radial arteries. (b) myogenic responsiveness with adrenergic influence 

of control exposed uterine radial arteries. Data are mean ± SE 
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Fig. 5 Fetal aortic rings endothelial dependent and independent relaxation. (a).  

percent maximum tension generation of aortic rings with increasing doses of Ach. This 

represented endothelial dependent relaxation. (b) percent maximum tension generation 

of aortic rings with increasing doses of SNAP. This represented endothelial independent 

relaxation. Data are mean ± SE. *, P ≤ 0.05 vs control 

Fig. 6 Fetal aortic rings tension generation with U46619. Percent maximum tension 

generation of aortic rings with increasing doses of U46619. Data are mean ± SE. *, P ≤ 

0.05 vs control 
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Table 1. Dam physical characteristics on GD 20. N represents number of animals. Data 

are mean ± SE.  

 N Age (d) Weight (g) Heart Rate 
(BPM) 

Mean Arterial Pressure 
(MAP) 

Control 
 

29 96±3 374±9 412±12 70±7 

Exposed 
 

21 104±3 390±8 398±8 66±4 
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Table 2. Pup and placental physical characteristics from GD 20. N represents number of 

animals. Data are mean ± SE.  *, P ≤ vs control 

 Litter Size Wet Pup 
Mass (g) 

Wet Placental 
Mass (g) 

Dry Pup 
Mass (g) 

Dry Placental 
Mass (g) 

Control 
 

10±1 4.51±0.05 0.75±0.02 0.55±0.01 0.11±0.01 

Exposed 
 

13±1* 4.59±0.06 0.77±0.02 0.62±0.02* 0.11±0.01 
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Table 3. Isolated microvascular characteristics from GD 20. n represents number of a. 

Data are mean ± SE.  *, P ≤ vs control 

 n Inner 
Diameter 

(µm) 

Passive 
Inner 

Diameter 
(µm) 

Passive 
Outer 

Diameter 
(µm) 

Wall 
Thickness 

(µm) 

Wall to 
Lumen 
Ratio 

(WLR) 

Wall 
Tension 
(N/m) 

Tone 
(%) 

Control 
 

6 243±28 296±30 367±19 34±6 0.13±0.04 1.58±0.16 18±4 

Exposed 
 

6 211±22 287±24 308±29 33±3 0.12±0.02 1.41±0.14 19±5 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Abstract 
 
Maternal inhalation exposure to engineered nanomaterials (ENM) has been associated 

with microvascular dysfunction and adverse cardiovascular responses. Pregnancy 

requires coordinated vascular adaptation and growth is imperative for survival. Key 

events in pregnancy hallmark distinct periods of gestation such as implantation, spiral 

artery remodeling, placentation and trophoblast invasion. Angiotensin II (Ang II) is a 

critical vasoactive mediator responsible for adaptations and is implicated in the pathology 

of preeclampsia. If perturbations occur during gestation, such as those caused by ENM 

inhalation exposure, then maternal-fetal health consequences may occur. Our study 

aimed to identify the period of gestation in which maternal microvascular functional and 

fetal health are most vulnerable. Additionally, we wanted to determine if Ang II sensitivity 

and receptor density is altered due to exposure.  Dams were exposed to ENM aerosols 

(nano-titanium dioxide) during three gestational windows: early (EE, gestational day (GD) 

2-6), mid (ME, GD 8-12) or late (LE, GD 15-19). Within the EE group dry pup mass 

decreased by 16.3% and uterine radial artery wall to lumen ratio (WLR) increased by 

25.9%. Uterine radial artery response to Ang II sensitivity increased by 40.5% in the EE 

group. Ang II receptor density was altered in the EE and LE group with decreased levels 

of AT2R. We conclude that early gestational maternal inhalation exposures resulted in 

altered vascular anatomy and physiology. Exposure during this time-period results in 

altered vascular reactivity and changes to uterine radial artery WLR, leading to decreased 

perfusion to the fetus and resulting in lower pup mass.   
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Introduction 

Inhalation exposure to engineered nanomaterial (ENM) aerosols, such as nano-titanium 

dioxide (nano-TiO2) results in adverse cardiovascular responses and microvascular 

dysfunction [1-3]. Our lab and others have reported that maternal inhalation exposure to 

nano-TiO2 during gestation leads to maternal and fetal microvascular dysfunction and 

poor fetal health outcomes [4-7]. A successful pregnancy is the result of numerous 

physiological adjustments that support placental development and fetal growth. Proper 

cardiovascular adjustments are perhaps the most critical elements of healthy gestation 

because of their quintessential role in nutrient and waste delivery and end exchange. 

These are largely characterized by rapid vascular growth, wall remodeling, increased 

microvascular density, and decreased arteriolar resistance-- all of which concomitantly 

increase placental blood flow and increasingly match blood flow with fetal growth 

throughout gestation [8-10]. Various circulating factors and vasoactive mediators signal 

these elements, such as vascular endothelial growth factor (VEGF), nitric oxide, 

prostacyclin, endothelin-1 and angiotensin II (Ang II) [11]. Ang II  is part of many important 

processes involved with gestational modifications including placentation [12], spiral artery 

remodeling [13], trophoblast invasion [13, 14], and maternal blood pressure regulation 

[15, 16]. Additionally, the actions of Ang II have been implicated in various pathologies of 

pregnancy including hypertension [15, 17], and fetal growth restriction [18]. If 

perturbations occur during pregnancy, whether it be hormonal, mediator imbalance, 

nutrient deficiency, or toxicant exposure, maternal-fetal health consequences may occur, 

either during pregnancy or later in life [19-24]. While we and others have reported that 

maternal nanomaterial inhalation exposure during gestation adversely influences uterine 



 

95 
 

microvascular reactivity and fetal outcomes, our understanding of the critical, or most 

impactful time-period of exposure on fetal health needs to be further explored [5, 24]. 

In humans, pregnancy is divided into three trimesters that represent early, mid and late 

gestation based upon critical periods of growth and development. For Sprague-Dawley 

rats, gestation spans 21-23 days [25]. For this study we segmented rat gestation into 

three time periods: early gestation spanning gestational days (GD) 1-7, mid gestation 

spanning GD 8-13, and late gestation spanning GD 14-21 (Fig. 1). The first week marks 

the period of implantation and embryonic development [25, 26]. During these early 

gestational days, rat embryo implantation will begin on GD 5 and the blastocyst will 

increase in size. The first wave of uterine spiral artery remodeling will occur GD 6.5- 9.5 

[27]. This remodeling is essential for proper nutrient delivery and is essential for a healthy 

pregnancy. During mid gestation, continued embryonic growth occurs and discoid 

placenta formation is complete by ~GD 11 [28]. Organogenesis continues from GD 5-15 

in rats and somite formation begins on GD 9-10 [25, 29]. Late in pregnancy, marks a time-

period of rapid fetal growth and trophoblast invasion. This is the second wave of maternal 

spiral artery remodeling and will occur between GD 15-18 [30, 31]. Gestational windows 

mark distinct periods of growth and development. Others have reported that the time-

period that exposure occurs during pregnancy can lead to varying reproductive and fetal 

toxicities [32-35] for the rationale for this study. The goal of our study was to determine 

the critical window of gestation in which maternal microvascular function and fetal health 

are most vulnerable. Mechanistically we explored if Ang II reactivity was altered by 

maternal inhalation exposure. We hypothesized that maternal exposure during the first 

week of gestation would be the most vulnerable period as this is when complex, 
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foundational events, such as embryonic attachment and initial stimulation of 

microvascular growth occur. We further hypothesized that because Ang II is ubiquitously 

involved in microvascular function as well as gestation, that some aspects of this signaling 

cascade may be affected by maternal nanomaterial inhalation.  

Materials and Methods 

Animal Characteristics 

Female Sprague-Dawley rats were purchased from Hilltop Laboratories (Scottdale, PA) 

and housed in an AAALAC approved facility at West Virginia University (WVU). Rats were 

housed under a regulated temperature of 20-26 ̊ C, relative humidity of 30-70% and 12:12 

h light-dark cycle. Rats were randomly assigned to early exposed (EE), mid exposed 

(ME), late exposed (LE), early control (EC), mid control (EC), late control (LE) or naive 

groups. The purpose of the naïve group was to demonstrate that there was no artifact of 

inhalation exposure to filtered air.  Rats had ad libitum access to food and water and were 

acclimated for 48-72 h prior to mating. GD 0 was identified by the presence of sperm 

following vaginal swab. Dams were euthanized on GD 20. All procedures were approved 

by the WVU Institutional Animal Care and Use Committee.  

Engineered Nanomaterial 

Nano-TiO2 was purchased from Evonik (Aeroxide P25, Parsippany, New Jersey). This 

powder is  composed of anatase (80%) and rutile (20%) TiO2 and has been shown to 

have a primary particle size of 21 nm, a surface area of 48.08 m2/g [36], and a Zeta 

potential of -56.6 mV [37].  

Aerosol Generation 
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A high-pressure acoustical generator (HPAG, IEStechno, Morgantown, West Virginia) 

was utilized to generate nano-TiO2 aerosols. The output of the generator was fed into a 

Venturi pump (JS-60M, Vaccon, Medway, Massachusetts), causing further de-

agglomeration of the particles. The nano-TiO2 aerosol/air mix then entered the whole-

body exposure chamber. A personal DataRAM (pDR-1500; Thermo Environmental 

Instruments Inc., Franklin, Massachusetts) was used for sampling the exposure chamber 

air to determine the real-time aerosol mass concentration. The software utilized feed-back 

loops to automatically adjust the acoustic energy to maintain the targeted, stable mass 

concentration during the exposure. Exposure chamber air was sampled onto PTFE filters 

and gravimetric measurements were conducted simultaneously with the DataRAM to 

obtain a calibration factor for the real-time measurements. The gravimetric mass 

concentration measurements were reported in this study. Water saturated bedding 

material was used in the exposure chamber to maintain comfortable humidity (30%-70%). 

Control animal chambers were held at similar temperature and humidity conditions but 

were exposed to HEPA-filtered air only.  

Aerosol Characterization 

To assess the size distribution and mass concentration of the exposure paradigm, various 

measurements were obtained during the exposure runs. Measurements of the Aerosol 

size distributions within the exposure chamber were obtained while maintaining a mass 

concentration target of around 12 mg/m3 with: a high-resolution electrical low-pressure 

impactor (ELPI+, Dekati, Tampere, Finland), a scanning mobility particle sizer (SMPS 

3938, TSI Inc., St. Paul, Minnesota), an aerodynamic particle sizer (APS 3321, TSI Inc., 
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St. Paul, Minnesota) and a Micro-Orifice Uniform Deposit Impactor (MOUDI 115R, MSP 

Corp, Shoreview, MN). 

Exposure Paradigm 

All exposure groups were exposed to nano-TiO2 aerosols in a whole-body chamber at a 

concentration of 12 mg/m3 for 3 days, 6 h/day. All control groups were exposed to filtered 

air at 25 ml/min for 3 days, 6 h/day. Early gestational groups (EE or EC) were exposed 

on GD 2,4, and 6, mid gestational groups were exposed on GD 8, 10 and 12, and late 

gestational groups were exposed on GD 15, 17 and 19. While the target mass 

concentration of the exposure was 12 mg/m3 variability is expected. Actual mass 

concentration for EE was 13 ± 1 mg/m3, for ME was 12 ± 1 mg/m3 and for LE was 13 ± 1 

mg/m3. Additionally, estimation of lung deposition (D) with nano-TiO2 [38] was determined 

using the equation: D=F●V●C●T, in which F is the deposition fraction (10%), V is the 

minute ventilation (208.3 cc), C is the mass concentration (mg/m3), and T is the exposure 

duration (minutes) [39]. This exposure paradigm produced an estimated cumulative lung 

deposition of 313 ± 19 µg for EE, 291 ± 6 µg for ME and 311 ± 8 µg for LE. These 

calculations represent cumulative lung deposition and do not account for clearance.   

Euthanasia and Tissue Harvest 

On GD 20, dams were anesthetized with 5% isoflurane and maintained during surgery 

under 2.5% isoflurane. Dams were placed on a heating pad to maintain a 37 ˚C body 

temperature. The trachea was intubated to ensure a patent airway and the right carotid 

artery was canulated for blood collection.  Both uterine horns were surgically excised, and 

pups and placenta were removed and weighed. The uterus was placed in a dissection 
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dish containing 4 ˚C physiological salt solution (PSS, in mmol/L: 129.8 NaCl, 5.4 KCl, 0.5 

NaH2PO4, 0.83 MgSO4, 19.0 NaHCO3, 1.8 CaCl2, 5.5 glucose) and was utilized for 

vascular assessments as detailed in the Vascular Reactivity section. Uterine arteries were 

cleared of fat and connective tissue, perfused to remove blood, flash frozen in liquid 

nitrogen and stored at -80 ˚C until western blot analyses were performed.  

Pup/Placental Mass, Placental Efficiency and Sex Determination 

To assess reproductive consequences of maternal nano-TiO2 inhalation exposure, a 

subset of dams (N = 6-16) were utilized to assess pup mass, placental mass and placental 

efficiency. Pup and placental wet weights were obtained immediately after dissection. 

Fetal sex was determined on GD 20 by identifying the uterus or testicles of the pups. 

Pups and placentas were then dried and weighed again. Placental efficiency was 

calculated by dividing pup mass by the placental mass. 

Vascular Reactivity 

Uterine vascular responses were assessed to elucidate alterations in reactivity following 

inhalation exposure, as blood flow during gestation is paramount for maternal and fetal 

health. Radial arteries were dissected and transferred to an isolated vessel chamber 

(Living Systems Instrumentation, Burlington, Vermont) containing PSS. The arteries were 

cannulated on glass pipette tips (Living Systems Instrumentation, Burlington, Vermont), 

secured with 6-0 silk suture (AD Surgical, Sunnyvale, California), pressurized to 60 mm 

Hg, and superfused (rate of 10 ml/min) with PSS warmed to 37 ˚C and oxygenated (21% 

O2/5% CO2). Inner and outer vessel diameter was measured with video calipers 

(Colorado Video, Boulder, Colorado). The vessels were allowed to develop spontaneous 
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tone before vascular reactivity was assessed. The degree of constriction by a blood 

vessel relative to its maximally dilated states is spontaneous tone. Vascular tone ranges 

from 0% (complete relaxation, maximum dilation) to 100% (complete lumen closure, 

maximum constriction). Vessels that developed tone ≥20% than initial tone were included 

in this study.  

Radial arteries were treated with increasing doses of endothelium-dependent vasodilator 

acetylcholine (ACh, 10-9 - 10 -4 M), endothelium-independent vasodilator S-nitroso-N-

acetyl-DL-penicillamine (SNAP, 10-9 - 10 -4 M), α1 adrenergic agonist phenylephrine (PE, 

10-9 - 10 -4 M), and Ang II (10-13 - 10 -4 M). The steady state diameter was recorded following 

the addition of each of these concentrations. Following each dose curve, the vessel was 

carefully washed with fresh, warmed and oxygenated PSS until the agonist was removed. 

Once all dose curves were completed, the PSS was removed and replaced with Ca2+ -

free PSS for 30 minutes to allow maximum passive diameter to be determined. 

Pressure Myography Calculations 

Spontaneous tone was calculated through the following equation:  

𝑺𝒑𝒐𝒏𝒕𝒂𝒏𝒆𝒐𝒖𝒔 𝑻𝒐𝒏𝒆 (%) = [
(𝑫𝒎 − 𝑫𝒊)

(𝑫𝒊)
]  × 𝟏𝟎𝟎% 

Dm is the maximal diameter and Di is the initial steady-state diameter prior to the 

experimental treatments. The vasoactive response to ACh and SNAP were calculated 

using the following equation: 

𝑫𝒊𝒂𝒎𝒆𝒕𝒆𝒓 (% 𝑫𝒊𝒍𝒂𝒕𝒊𝒐𝒏) = [ 
(𝑫𝒔𝒔 − 𝑫𝒄𝒐𝒏)

(𝑫𝒎 − 𝑫𝒄𝒐𝒏)
] × 𝟏𝟎𝟎% 
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Dcon is the diameter prior to starting the treatment and Dss is the steady-state diameter 

following the addition of each treatment dose. The vasoactive response of PE and Ang II 

were calculated using the following equation:  

𝑫𝒊𝒂𝒎𝒆𝒕𝒆𝒓 (% 𝑪𝒐𝒏𝒔𝒕𝒓𝒊𝒄𝒕𝒊𝒐𝒏) =  − [
(𝑫𝒄𝒐𝒏 − 𝑫𝒔𝒔)

(𝑫𝒄𝒐𝒏)
] × 𝟏𝟎𝟎% 

WT is the wall thickness of the vessel. This is calculated by measuring both the inner (ID) 

and outer (OD) passive diameters at the end of the Ca2+ free wash using the following 

equation: 

𝑾𝑻 =
(𝑶𝑫 − 𝑰𝑫)

𝟐
 

Wall-to-lumen ratio (WLR) was calculated using the following equation: 

𝑾𝑳𝑹 =
𝑾𝑻

𝑰𝑫
 

Circulating Levels of Estradiol  

On GD 20 blood was collected from the carotid artery and plasma samples (N= 6-8) were 

flash frozen and stored at -80 ˚C. An estradiol ELISA was then performed via the 

manufacturer’s instructions (CalBiotech, Spring Valley, CA).  

  

Uterine Artery AT1R and AT2R Western Blot  

Relative Ang II receptor protein levels were determined via near-infrared western blot (N= 

3-6).  Uterine artery tissue was homogenized using a bead mill homogenizer and 1.6 mm 

stainless steel beads (Next Advance, Troy, New York) in RIPA containing 0.1 mM 

protease and phosphatase inhibitors (Roche, Indianapolis, Indiana).  Samples were 
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prepared with 4x laemeli sample buffer containing β-mercaptoethanol and boiled at 95 

˚C. 30 µg of samples were resolved by SDS-PAGE and transferred to 0.2 µm 

nitrocellulose membrane. Membranes were blocked with LiCOR Odyssey blocking buffer 

and probed with primary antibodies against Ang II type 1 receptor (anti-AT1R, sc-515884, 

Santa Cruz Biotechnology, Inc. Dallas, Texas), Ang II type 2 receptor (anti-AT2R, 

ab92445, Abcam, Cambridge, Massachusetts) and β-actin (sc-47778, Santa Cruz 

Biotechnology, Inc. Dallas, Texas).  Membranes were then probed with LiCOR near-

infrared secondary antibodies and imaged using the LiCOR Odyssey. Secondary 

antibodies included: goat anti-rabbit (925-68070, LI-COR Biosciences, Lincoln, 

Nebraska) and goat anti-mouse (925-68071, LI-COR Bioscience, Lincoln, Nebraska). 

ImageJ software was utilized for optical density, normalized β-actin control and 

represented as fold change from control group.  

Statistics 

Two-way repeated measures analysis of variance (ANOVA) was utilized to evaluate 

point-by-point differences in dose response curves with the Geisser-Greenhouse 

correction followed by Dunnett’s post hoc analysis when significance was found. Dam 

characteristics were assessed via one-way ANOVA utilizing a Tukey post hoc analysis.  

EC, MC, LC and naïve pup characteristics, vessel characteristics, maximal response, 

estradiol concentrations and relative Ang II receptor protein levels were first assessed via 

one-way ANOVA and a Tukey post hoc analysis. Because no statistical significance was 

identified, naïve and control groups were combined and then compared to exposure 

groups using a one-way ANOVA and a Dunnett’s post hoc analysis. When equal variance 

was not met through the Brown-Forsythe test the Welch’s ANOVA was utilized and the 
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Dunnett’s T3 post hoc analysis was performed. The combination of naïve, EC, MC and 

LC groups were denoted as the final “control group.” Statistical analyses were calculated 

via GraphPad Prism 9 (San Diego, California). N represents the number of dams whereas 

n represents vessel number. The data in this study is reported as the mean ± standard 

error (SE). Significance was set at p ≤ 0.05. All p-values are reported after multiple-

comparison adjustments. 

Results 

Nano-TiO2 Aerosol Characterization 

The average real-time aerosol mass concentration during exposures had a target of 12 

mg/m3 (Fig. 2a). Mass concentration for EE was 13 ± 1 mg/m3, for ME was 12 ± 1 mg/m3 

and for LE was 13 ± 1 mg/m3.  The aerosol aerodynamic diameter (assessed via the ELPI) 

had a count median diameter (CMD) of 157 nm with a standard deviation of 1.73 (Fig. 

2b). Aerosol diameter was also assessed via the SMPS and APS and had a combined 

CMD of 118 nm with a standard deviation of 2.11 (Fig. 2c). The size distribution (assessed 

via the MOUDI) had a mass median aerodynamic diameter (MMAD) of 1.03 µm with a 

geometric standard deviation of 2.57 (Fig. 2d). We have extensively characterized 

morphology of the agglomerates via electron microscopy [4, 5].  

 

Animal Characteristics 

Dams in all groups showed no significant difference in age or GD 20 weight (Table 1). 

EC, MC, LC and naïve pup and placental masses were not statistically different and can 

be found within Online Resource Table 1. ME and LE were not statistically different from 

the control group. EE wet pup weight (3.87 ± 0.14 g), dry pup weight (0.44 ± 0.02 g), wet 
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placental efficiency (4.68 ± 0.30), and dry placental efficiency (3.63 ± 0.27) were all 

significantly decreased compared to the control group (wet pup weight: 4.21 ± 0.07 g; dry 

pup weight: 0.53 ± 0.01 g; wet placental efficiency: 5.86 ± 0.20; dry placental efficiency: 

5.15 ± 0.26). However, EE placental weights were not significantly different from the 

control (Fig. 3a-f). Sex ratio of the pups were not significantly different between the naïve 

and control groups (Online Resource Table 2) or between the control group and the 

exposure groups (Table 2). This data indicates that maternal exposure during the first 

trimester resulted in decreased pup size and lower placental efficiency which may 

suggest poor nutrient delivery to the pups and therefore resulting in smaller offspring. 

 

Uterine Radial Artery Characteristics 

Uterine radial arteries from the naïve and control groups displayed similar diameter, wall 

thickness, wall to lumen ratio (WLR), wall tension and % tone (Online Resource Table 3). 

All radial artery characteristics were similar when comparing the control verses exposure 

groups, except WLR. The EE radial arteries had significantly increased WLR (0.12 ± 0.01) 

compared to the control (0.10 ± 0.01), which could result from a thicker vascular wall or 

smaller luminal space (Table 3). This suggests that vascular growth is altered in the EE 

group and could contribute to poor blood perfusion through the radial arteries and 

therefore decreased nutrient delivery.   

 

Vascular Reactivity 

Uterine radial artery reactivity between all control groups and the naïve group to ACh, 

SNAP, PE or Ang II was not different (Fig. 4a-h). Due to this, the naïve, EC, MC, and LC 
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groups were combined and were denoted as the “control group” for comparison to the 

exposure groups. Endothelium-dependent vasodilation (ACh) was significantly 

decreased in all exposure groups (Fig. 5a). The maximal response to ACh across all 

concentrations was also significantly decreased in all exposure groups (control: 54 ± 3 

%; EE: 29 ± 5 %; ME: 23 ± 5 %; LE: 31 ± 6%) (Fig. 5b). Endothelium-independent 

vasodilation (SNAP) was not significantly altered between the groups (Fig. 5c-d) nor was 

adrenergic vasoconstriction (Fig. 5e-f). The point-by-point response to Ang II was not 

different among the groups (Fig. 5g), but when assessing the maximal Ang II response, 

EE reactivity was augmented (control: -46 ± 3 %; EE: -64 ± 6 %) (Fig. 5h).  These findings 

suggest that endothelium-dependent vasodilation is altered within the uterine 

microcirculation, independent of gestational period of maternal nano-TiO2 inhalation 

exposure. In contrast, Ang II reactivity is only altered during early gestation, showing an 

increased maximal response. Exposure at any point during gestation results in decreased 

response to vasodilation and if exposed during early pregnancy, may additionally result 

in increased sensitivity to Ang II, which could collectively contribute to poor perfusion and 

nutrient delivery. 

 

Uterine Vascular AT1R/AT2R Protein Concentration 

To determine if the altered Ang II reactivity in the EE group maybe due to receptor subtype 

density, Ang II receptor type protein levels (AT1R and AT2R) were assessed in uterine 

vasculature by Western blot analysis. There were no differences between the EC, MC, or 

LC groups (data not shown), therefore representative controls from these groups were 

run with the exposure groups. Relative AT1R protein levels, which stimulate 



 

106 
 

vasoconstriction were not significantly altered in the exposure groups compared to the 

control (Fig. 6a). Relative AT2R protein levels, which stimulate vasodilation, were 

significantly reduced in both EE and LE groups (Fig. 6b). These findings support the 

augmented vascular reactivity results in the EE group to Ang II.  

 

Circulating Levels of Estradiol on GD 20 

Estradiol (E2) has been shown to upregulate uterine artery AT2R during pregnancy [16]. 

Additionally, our lab has shown that nano-TiO2 exposure during pregnancy can result in 

decreased circulating levels of E2 [5]. Based on these finding we assessed if the 

decreased presence of AT2R within the uterine vasculature of the EE and LE groups could 

be the result of decreased circulating E2. E2 concentration between all control groups was 

not significantly different (Fig. 7a) and were combined. E2 concentrations between the 

combined control and the exposure groups were found to not be statistically different (Fig. 

7b). These results suggest that either E2 is not altered under this exposure paradigm or 

alterations that occur due to exposure during early or mid-gestation may return to normal 

following time without exposure prior to assessment of E2 on GD 20.  

 

Discussion  

This novel study demonstrates that maternal nano-TiO2 inhalation exposure during the 

early period of gestation resulted in lower pup mass, decreased placental efficiency, and 

increased Ang II-induced vasoconstriction within the radial uterine arteries which may be 

due to the observed Ang II receptor imbalance. While the uterine radial arteries in all 

exposure groups showed decreased endothelium-dependent vasodilation compared to 
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control, only the EE group showed augmented vasoconstriction to Ang II. Ang II receptor 

protein levels were found to be altered within the uterine arteries of early and late exposed 

dams with a decrease in AT2R protein levels (Fig. 6b), which are responsible for 

vasodilation via Ang II signaling. Additionally, we found that the WLR of the EE radial 

arteries was significantly increased compared to control, suggestive of inappropriate 

anatomic adaptation to pregnancy (Table 3).   

Endothelium-dependent vasodilation was significantly decreased in all exposure groups 

(Fig. 5a-b) independent of time-period of exposure. This is consistent with endothelial 

dysfunction that has been reported after maternal nano-TiO2 inhalation exposure [4, 5]. 

In contrast, EE group was the only time-period to show a functional change in response 

to Ang II (Fig. 5h). Ang II is a key hormone involved in pregnancy, a potent 

vasoconstrictor, with most of its action due to binding of AT1R, that must decrease in 

sensitivity during pregnancy to allow for proper fetal perfusion and to accommodate 

increased blood volume [40].  The EE group shares similarities with preeclampsia, as Ang 

II sensitivity is heightened and vascular resistance is increased, which may result in 

smaller fetal weight [15, 41-43]. Decreased fetal weight can result when nutrient 

availability or delivery is impaired and may account for the poor fetal outcomes observed 

in this study and others from our lab (Fig. 3) [5] and could potentially lead to health 

complications later in life [44]. Additionally, the increased WLR could indicate inward 

eutrophic growth or inward hypertrophic growth, which is associated with hypertension 

and a decrease in blood flow (Table 3)  [8, 45]. Together, the augmented Ang II response, 

diminished endothelium-dependent dilation and increased WLR suggests nano-TiO2 

exposure early in gestation impairs uterine perfusion. Through this mechanism the 



 

108 
 

placenta and fetus would not receive adequate blood flow, reducing the delivery of 

nutrients resulting in the observed lower pup mass.  

To further explore this mechanism, Ang II receptor densities were assessed to see if the 

increased Ang II response was due to alterations in uterine artery AT1R and AT2R relative 

protein levels. AT1R activation is associated with vasoconstriction, cellular growth and 

migration, and inflammation whereas AT2R is associated with vasodilation, cellular 

differentiation and anti-inflammatory effects [46, 47]. Decreased AT1R sensitivity to Ang 

II is associated with a healthy pregnancy and pathologies such as preeclampsia have 

been tied to increased sensitivity to Ang II vasoconstriction during pregnancy [47]. AT2R 

was decreased in the maternal uterine arteries on GD 20 in EE and LE groups (Fig. 6b). 

This may explain the increased maximum vasoconstrictive response to Ang II in the EE 

group. AT2R is expected to increase during pregnancy, which would aid in decreased 

vascular resistance and increased fetal blood flow [16]. If the AT2R is decreased, then an 

increased sensitivity to allow for vasoconstriction may occur leading to decreased 

placental and fetal perfusion. 

A relationship between E2 and AT2R has been established in research within the kidney 

[48] as well as uterine arteries during pregnancy [16] where E2 can induce increased 

levels of AT2R. Additionally, our lab has shown that maternal inhalation exposure to nano-

TiO2 may result in decreased circulating levels of E2 [5]. To assess if E2 may be 

responsible for the decrease in AT2R in the EE and LE groups E2 levels were assessed 

at GD 20. Our results showed no significant differences in E2 (Fig. 7). While this could 

indicate that Ang II sensitivity is altered by a different mechanism, it is important to note 
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the possibility of E2 levels recovering post exposure. Further research needs to assess 

E2 levels across gestation and not only at GD 20 when E2 levels naturally begin to fall.  

Limitations with this study include that the Ang II receptor density was assessed within 

uterine arteries and not radial uterine arteries, which was the site where vascular reactivity 

was assessed. This was due to the inadequate mass of the radial arteries for western blot 

analysis. Reactivity within vascular beds can vary widely depending on the artery/arteriole 

level and therefore receptor protein levels may be different in the larger uterine arteries 

versus the smaller, resistant radial arteries. Another limitation of this study, as stated 

earlier, was we only assessed E2 levels at GD 20 of pregnancy, where levels of E2 begin 

to fall prior to parturition. E2 levels may have fallen following the maternal exposure during 

the early or mid-period of exposure but may have recovered by GD 20 and would not be 

reflected in this study. Additionally, we assumed assumptions of ANOVA/linear regression 

including normality, equal variances, linearity and independence.  

Once hormone levels across gestation are fully identified, further understanding of the 

effects of maternal inhalation exposure, during various periods of growth and 

development, can be achieved. Additionally, due to Ang II’s role in placentation and 

vascular growth further studies on the alteration of Ang II response specifically within the 

placenta are of interest. Past studies have shown that maternal nano-TiO2 inhalation 

exposure across gestation results in increased vascular resistance within placental units 

as well as increased Ang II sensitivity [4]. Additionally, Ang II has been linked to regulating 

placental vascular tone in the pathology of preeclampsia [49]. 

We conclude that maternal nano-TiO2 inhalation exposure is strongly associated with 

alterations in vascular reactivity, decreased fetal weight and decreased placental 
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efficiency that are dependent on the gestational time-period in which the exposure occurs. 

Our findings strongly suggest that inhalation exposure during early gestation robustly 

alters vascular response during a critical time period normally hallmarked by decreased 

vascular resistance and increased blood flow. These adjustments are imperative to 

nutrient delivery and waste exchange. When reactivity is altered, endothelium-dependent 

vasodilation is impaired and increased vasoconstrictor sensitivity to Ang II occurs. 

Vascular resistance is subsequently increased, and blood flow is compromised. This 

impaired blood flow, nutrient delivery and vascularization may lead to poor fetal health 

outcomes, such as the poor placental efficiency and decreased pup size. EE, 

representing exposure during embryonic development, and LE, representing exposure 

during fetal development, both showed decreased uterine artery AT2R density and altered 

endothelial dependent response, but only EE showed altered Ang II response and poor 

fetoplacental characteristics. It is therefore entirely possible that these deficits may be 

due to different underlying mechanisms dependent upon the period of gestation in which 

they were exposed. Future studies should focus on developing further understanding of 

these mechanisms.  
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Figure Legends 

Fig. 1 Gestational exposure paradigm. Experimental design depicting the three 

exposure groups and the representation of the gestational periods.  

Fig. 2 Nano-TiO2 aerosol real-time characterizations. Aerosol characterizations were 

monitored and verified during exposure. Red lines on the size distribution curves 

represent a log normal fit of the size data. (a) Software controlled aerosol mass 

concentration over the 6 h exposure paradigm. A feedback system held the mass 

concentration near the desired 12 mg/m3 target (red line). (b) Aerosol aerodynamic 

diameter was assessed using the high-resolution Electrical Low-Pressure Impactor 

(ELPI) showing a CMD of 157 nm with a geometric standard deviation of 1.73.  (c) The 

diameter was also evaluated using a Scanning Mobility Particle Sizer (SMPS, light gray) 

and an Aerodynamic Particle Sizer (APS, dark gray) revealing a CMD of 118 nm with a 

geometric standard deviation of 2.11. (d) A Nano Micro-Orifice Uniform Deposit Impactor 

(MOUDI) indicated a MMAD of 1.03 µm with a geometric standard deviation of 2.57 

Fig. 3 Pup and placental mass and placental efficiency. Combined control weights 

and placental efficiency versus exposure groups on GD 20 pups. (a) Wet pup mass. (b) 

Wet placental mass. (c) Wet placental efficiency. (d) Dry pup mass. (e) Dry placental 

mass. (f) Dry placental efficiency. EE = Early Exposed, ME = Mid Exposed, LE = Late 

Exposed. *, P ≤ 0.05 vs control 

Fig. 4 Vascular reactivity of naïve and sham-control uterine radial arteries. Dose 

response curves were generated to assess if vascular reactivity of uterine radial arteries 

was altered between naïve and control groups. (a) Vascular reactivity following increasing 
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doses of ACh. (b) Maximum response to ACh across the dose response curve. (c) 

Vascular reactivity following increasing doses of SNAP. (d) Maximum response to SNAP 

across the dose response curve. (e) Vascular response following increasing doses of PE. 

(f) Maximum response to PE across the dose response curve. (g) Vascular response 

following increasing doses of Ang II. (h) Maximum response to Ang II across the dose 

response curve. EC = Early Control, MC = Mid Control, LC = Late Control 

Fig. 5 Alteration of vascular reactivity following various time-periods of exposure. 

Dose response curves were generated to assess if vascular reactivity of uterine radial 

arteries was altered. (a) Vascular reactivity following increasing doses of ACh. (b) 

Maximum response to ACh across the dose response curve. (c) Vascular reactivity 

following increasing doses of SNAP. (d) Maximum response to SNAP across the dose 

response curve. (e) Vascular response following increasing doses of PE. (f) Maximum 

response to PE across the dose response curve. (g) Vascular response following 

increasing doses of Ang II. (h) Maximum response to Ang II across the dose response 

curve. EE = Early Exposed, ME = Mid Exposed, LE = Late Exposed. a, P ≤ 0.05  EE vs 

control; b, P ≤ 0.05  ME vs control; c, P ≤ 0.05 LE vs control; *, P ≤ 0.05 vs control 

Fig. 6 AT1R and AT2R protein concentration in uterine vasculature following nano-

TiO2 inhalation exposure. (a) Representative image of Western blot for protein 

concentration of AT1R in control, early exposed (EE), mid exposed (ME), late exposed 

(LE) uterine vascular tissue and the average relative protein density of AT1R protein 

among exposed groups. (b) Representative image of Western blot protein concentration 

of AT2R in control, EE, ME, LE uterine vascular tissue and the average relative protein 

density of AT2R protein among exposed groups 
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Fig. 7 Circulating estradiol (E2) plasma concentration. Circulating levels of E2 in pg/ml. 

(a) E2 concentration in control groups. (b) E2 concentration in combined control group and 

exposure groups. EC = Early Control, MC = Mid Control, LC = Late Control. EE = Early 

Exposed, ME = Mid Exposed, LE = Late Exposed 
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Table 1. Dam physical characteristics on GD 20. EC = Early Control, EE = Early Exposed, MC = Mid Control, ME = Mid 
Exposed, LC = Late Control, LE = Late Exposed. N represents number of animals. Data are mean ± SE  

 N Age (d) Weight (g) 

Naïve 
 

14 88±9 363±11 

EC 
 

17 105±7 369±7 

EE 
 

19 94±8 343±8  

MC 
 

16 79±5 363±8 

ME 
 

19 85±6 365±7 

LC 
 

17 83±9 372±9 

LE 
 

17 74±6 353±6 
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Table 2. Pup sex distribution assessed on GD 20. EE= Early Exposed, ME = Mid Exposed, LE = Late Exposed. Data are 
mean ± SE 

 Litter Size % Female % Male 

Control 11±1 54±2 46±2 

EE 9±1 59±5 41±5 

ME 13±1 59±5 41±5 

LE 11±1 51±4 49±4 
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Table 3. Uterine radial artery characteristics on GD 20.  EE = Early Exposed, ME = Mid Exposed, LE = Late Exposed. n 

represents number of vessels assessed. Data are mean ± SE. *, P ≤ 0.05 vs control 

 n Inner Diameter 
(µm) 

Passive Inner 
Diameter (µm) 

Passive 
Outer 

Diameter 
(µm) 

Wall 
Thickness 

(WT)  

Wall to 
Lumen 

Ratio (WLR)  

Wall Tension 
(N/m) 

Tone (%) 

Control 
 

70 106±7 149±9 177±11 14±1 0.10±0.01 0.80±0.05 31±2 

EE 
 

13 90±12 133±15  135±18 16±3 0.12±0.01* 0.72±0.10 33±3 

ME 
 

17 102±12 151±15  179±18 14±1 0.10±0.01 0.80±0.08 35±3 

LE 
 

18 109±18 166±24 197±28 15±2 0.09±0.01 1.02±0.13 38±5 

         



 

125 
 

Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Supplemental Table 1 Pup and placental physical characteristics from GD 20 collection for all control and naïve groups. 

EC = Early Control, MC = Mid Control, LC= Late Control. Data are mean ± SE 

 Wet Pup Weight 
(g) 

Wet Placental 
Weight (g) 

Placental 
Efficiency (grams 

fetus/grams 
placenta) 

Dry Pup Weight (g) Dry Placental 
Weight (g) 

Placental Efficiency 
(grams fetus/grams 

placenta) 

Naïve 
 

4.27±0.23 0.77±0.04 6.88±0.13 0.48±0.04 0.114±0.005 4.30±0.33 

EC 4.02±0.09 0.78±0.04 5.32±0.26 0.52±0.01 0.108±0.008 5.25±0.58 

MC 
 

4.26±0.08 0.78±0.04 5.74±0.43 0.57±0.03 0.121±0.009 5.01±0.46 

LC 
 

4.26±0.15 0.78±0.13 6.23±0.63 0.54±0.02 0.116±0.011 5.45±0.59 
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Supplemental Table 2 Pup sex distribution assessed on GD 20 for all control and naïve groups. EC = Early Control, MC = 
Mid Control, LC= Late Control. Data are mean ± SE  

 Litter Size % Female % Male 

Naïve 12±1 54±3 46±3 

EC 10±1 54±6 46±6 

MC 
 

11±1 52±3 48±3 

LC 
 

12±1 52±3 48±3 
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Supplemental Table 3 Uterine radial artery characteristics on GD 20 for all control and naïve groups. EC = Early Control, 

MC = Mid Control, LC= Late Control. n represents number of vessels assessed. Data are mean ± SE 

 n Inner Diameter 
(µm) 

Passive Inner 
Diameter (µm) 

Passive 
Outer 

Diameter 
(µm) 

Wall 
Thickness 

(WT)  

Wall to 
Lumen 

Ratio (WLR)  

Wall Tension 
(N/m) 

Tone (%) 

Naïve 
 

20 110±14 153±18 180±20 14±1 0.10±0.01 0.98±0.09 30±2 

EC 
 

15 109±15 146±19 171±22 12±2 0.10±0.01 0.78±0.10 28±4 

MC 
 

17 109±14 150±17  180±21 15±2 0.10±0.01 0.89±0.09 29±3 

LC 
 

18 98±15 147±20 174±24 14±2 0.09±0.01 0.86±0.11 34±3 
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Abstract 

Placental health is critical to fetal growth and maternal health during gestation. However, 

investigating placental flow in an ex-vivo isolated system where inflow is independently 

controlled has yet to be developed in the rat. Here, we describe a novel technique, 

isolated perfused placenta technique that allows for analysis of placental pressure outflow 

pressure, placental flow in rats at gestational day 20. Using this method, we successfully 

perfused placentas from dams and were able to observe increases in outflow pressure 

and flow as the inflow pressure to the placenta was increased in a step wise fashion. This 

method will help to advance the functional analysis of placental flow and therefore 

placental resistance and efficiency. 
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Introduction 

The rat has been long established as an ideal animal model to study both pregnancy and 

the fetoplacental interface due to its similarities with the human. Despite the fact that 

some differences exist between the two species, the function of the discoid placenta and 

the lineage of the cells comprising the maternal-fetal interface are overwhelmingly 

comparable [1]. Additionally, the rat and human both have a hemochorial placenta in 

which only two fetal cell layers are crossed in the exchange of molecules between the 

dam and fetus [1]. However, it should be noted that the rat has one layer of 

cytotrophoblast compared to two layers of syncytiotrophblast cells, whereas the human 

placenta has one only layer of each trophoblast cells type separating the maternal and 

fetal blood systems [2]. Given the similarities between the species, this model provides 

scientists with the opportunity to study physiological processes and challenges to 

homeostasis that would otherwise be ethically impossible in humans. 

Fetal and placental weights at or near birth are positively correlated and are often used 

as an indicator of the ability of the placenta to provide the appropriate amount of nutrients 

to the fetus [3]. Placental efficiency (gram of pup per gram of placenta [4]), is often used 

as a metric of pregnancy health. Placental efficiency ranges from 5 g/g in humans to 20 

g/g in horses [3]. Decreased placental efficiency is usually an indicator of poor placental 

vascularization that has occurred during gestation and/or insufficient maternal blood flow 

to the placenta. Conversely, deprivation of caloric or protein intake reduces oxidation 

substrates and may contribute to increased placental efficiency. Ultimately, a decrease in 

maternal blood flow or improper placental vascularization, lead to decreased placental 
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transport of nutrients and oxygen exchange through flow-limited passive diffuse 

processes [5]. This may potentially contribute to smaller fetuses at term. 

Environmental factors may also lead to decreased efficiency within the placenta, one of 

which being toxicant exposure during critical windows of gestational development. 

Considering the growing number of toxicants humans are exposed to throughout our 

lifetime, safety assessment of these known toxicants, the doses and discovery of new 

toxicants, is critical to improving fetal and maternal health. Therefore, a need exists to be 

able to discreetly study placental physiology under tightly controlled conditions. We have 

developed a rat model of gestational toxicant exposure, through which placental flow can 

be assessed. This model is unique in regard to assessment of hemodynamics within the 

placenta proper and does so without the involvement of any maternal vascular inputs. 

Other groups have successfully used an ex vivo placental perfusion model to study the 

transfer of chemical compounds from dam to fetus in rats [6] and in humans [7]. Placental 

flow and pressure are assessed by manipulating input pressure over the physiological 

range via the umbilical artery and measuring the output flow pressure delivered to the 

umbilical vein. Dissipation of pressure and flow rate across this circuit is a function of 

vascular resistance, which has active (umbilical artery and vein tone) and passive 

elements (anatomical structure within the placenta, vessel bifurcation). Both these 

elements can be assessed with this model. Using a modified pressure myography 

chamber, inflow pressure to the placental unit is independently controlled, and outflow 

pressure and placental flow are recorded. Further, this model allows for assessment of 

multiple placentas from the same dam and characterization of placental hemodynamics 

as determined by sex of the fetus, placement within the uterine horn, and many other 
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factors. We present data herein that demonstrate our ability to modify this chamber, and 

reliability and successfully measure placental flow in rats. 

Materials and Equipment 

Equipment- Isolated vessel chamber (CH-1; Living Systems; St. Albans, VT), pressure 

servo pump (PS-200-P; Living Systems; St. Albans, VT), pressure monitor (PS-200-S; 

Living Systems; St. Albans, VT), peristaltic pump (Masterflex L/S 77200-60; Living 

Systems Instrumentation, St. Albans, VT), size matched glass pipettes (~300 µm; Living 

Systems; St. Albans, VT), dissecting dish, forceps, scissors, silk braided suture (9-0; Unify 

#S-S918R13), LabChart software (AD Instruments, Colorado Springs, CO). Livings 

Systems chambers were selected as this is a complete integrated system that can be 

easily adapted to the isolated placenta. CH-1 chambers were selected because the entire 

chamber can be enclosed and pressurized, and temperature controlled. LabChart 

Software was chosen because it has the ability to record the digital data output from the 

Living Systems equipment (pressure, flow, vessel diameter). 

Solutions- Physiological salt solution (PSS, in mmol/L: 129.8 NaCl, 5.4 KCl, 0.5 

NaH2PO4, 0.83 MgSO4, 19.0 NaHCO3, 1.8 CaCl2, 5.5 glucose), Calcium free-PSS (Ca2+ 

-free).  

Methods 

Pregnant Sprague Dawley rats (Hilltop, Scottdale, PA) at gestational day (GD) 20 are 

anesthetized under general anesthesia (isoflurane gas, 5% induction, and 2% 

maintenance) and placed on a heating pad to maintain at 37 ºC rectal temperature. The 

uterus is harvested and placed in Ca2+ -free PSS (4 ºC) in a chilled circulation dish 
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(Preparatory Tissue Bath, #158401; Radonti; Covina, CA) and maintained at this 

temperature with a circulating chiller (IsoTemp 3016D; Fisher Scientific). The left and right 

uterine horns are pinned out. A tissue section containing the fetus, placenta, uterine wall 

and supplying vasculature are surgically excised and transferred to a clean dissection 

dish. The uterine wall is cut longitudinally, and the umbilical cord is cut as close to the 

fetus as possible immediately prior to mounting the placenta in the chamber. All uterine 

vascular conduits are ligated with 9-0 silk suture to contain perfusate flow exclusively to 

the fetal side of the placenta and maintain intervillous volume/pressure (Fig. 1a-c). 

Ligating all the maternal vascular inputs is one unique aspect of this placenta flow model 

and assures that any changes in flow that are observed are due to hemodynamic 

alterations within the placenta. The vitelline artery is removed, and the umbilical cord is 

opened to reveal the paired umbilical artery and vein. The umbilical artery and vein are 

gently dissected away from one another from the umbilical stalk of the fetus (Fig. 1a) up 

to the insertion point of the vessels into the placenta (Fig. 1c). A magnified view of the 

distinction between the umbilical artery and vein compared to the vitelline artery and 

chorionic vessels can be seen in Fig. 2. Connective tissue is gently dissected/cleaned, 

and the artery is mounted on a size-matched pipette (~300 µm). The umbilical artery is 

placed onto the inflow pipette and securely tied with 9-0 silk braided suture (Fig. 3). The 

umbilical vein is left unmounted so that residual blood within the placenta can be gently 

flushed under low pressure prior to starting the experiment (Fig. 4a). This step is critical 

to obtain accurate flow readings throughout the experiment. Once the blood has been 

removed from the placenta the umbilical vein is securely tied to the outflow pipette (Fig 

4b). The tissue preparation is now ready for study using the Living Systems chambers 
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(St. Albans, VT) and measurement of inflow and outflow pressure as well as placental 

flow using LabChart software (Colorado Springs, CO). The completed preparation is 

presented in Fig. 4c. The chamber is maintained at 37 ºC, and the perfusate and 

superfusate are continuously bubbled with 21% O2 - 5% CO2. To begin the experiment, 

inflow pressure within the umbilical artery is increased in a stepwise fashion by 5 mm Hg, 

starting at 0 mm Hg, until maximum pressure is reached (~40-60 mm Hg). At each 

incremental increase in pressure a steady state outflow pressure is reached 

(approximately 2 minutes) prior to the subsequent increase in pressure. We typically 

experience resistance across the placenta where outflow pressure is approximately half 

of inflow pressure under normal superfusate conditions in control placentas. Any 

treatment administered to the dam prior to tissue harvest, or pharmacological treatment 

within the bath can affect this resistance. Once the initial pressure with PSS has been 

established as the baseline the bath is washed and treatment of the placenta with 

pharmacological agents of interest can be added and the incremental increase in inflow 

pressure repeated. The successfully prepared placental unit once dissected is viable for 

up to 4 hours when kept on ice from the time of tissue removal from the dam. Viability is 

assessed as the ability to cannulate the umbilical artery and vein without tissue 

degradation as well as pressurize the placenta with resultant outflow measurements. 

Because maternal/fetal placental integrity begins to drop at the time of tissue harvest it is 

imperative to verify pressurization is being held in the preparation throughout the duration 

of the experiment. Observing an inability to maintain this indicates the experiment should 

be ended and the placenta is no longer viable. This has been repeatedly measured in our 

laboratory over the last 4 years when we began using this fetoplacental preparation in a 
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variety of treatment groups at GD 20, and 4 hours has been shown to be the maximum 

viability time to start an experiment from the time of euthanasia of the dam and removal 

of tissue. From the time of tissue removal to the end of an experiment, an experienced 

technician would be able to complete this procedure in 1.5-2 hours. Therefore, the 

examination of multiple placentas from the same dam is possible once the technique is 

mastered allowing for more biological repetition and repeatability. Importantly, 

endothelium-dependent, endothelium-independent relaxation, and vascular smooth 

muscle contractility as well as mechanotransduction (flow/shear stress and transmural 

pressure/myogenic responsiveness) are all able to be assessed within this isolated 

placenta system. Additionally, the influence of local metabolic factors may be assessed 

by altering [O2], [CO2] and/or temperature. 

Results 

Analysis Techniques and Preliminary Studies with Isolated Perfused Placenta: In Fig. 5, 

raw data tracings are provided that establish our proficiency with this novel approach. 

Perfusate flow (placental input pressure) is manipulated with servo pumps in a stepwise 

fashion as mentioned above, umbilical artery and vein diameter can be measured 

simultaneously. Note that changes in pressure and flow can occur independently or in 

tandem. The critical functional measurements are vascular diameters, perfusate flow, and 

umbilical vein pressure. Umbilical vein pressure is of greatest interest as it represents 

placental resistance, post-placental hemodynamic conditions, and blood flow rate 

returning to the fetus. The placental pressure drop (pressure delta between Fig. 5a-b) is 

an index of vascular resistance, and therefore placental health. The potential also exists 

to measure permeability and many fluorescently labeled biomarkers in the vascular wall, 
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placental unit, effluent, and eluate. Increasing inflow pressure in the setup increases both 

outflow pressure (Fig. 6a) and flow (Fig. 6b) through the placenta. Additionally, we have 

previously shown that a pressure drop is observed in nano-TiO2 placentas (n = 8) 

compared to controls (n = 10) when placed in Ca2+ -free PSS. This reflects increased 

resistance from an anatomical perspective (altered passive elements/structural changes) 

due to maternal inhalation exposure during gestation [8]. This is important to note 

because increased placental resistance is inversely correlated with placental efficiency 

due to a decrease in vascular density and/or length within the placental circulation. 

Additionally, we showed decreased outflow pressure in nano-TiO2 placentas with normal 

superfusate, acetylcholine and angiotensin II treatment. Overall, we were able to 

conclude that maternal nano-TiO2 exposure during gestation impairs fetoplacental 

hemodynamics. 

Discussion 

The data presented here reflect our ability to develop a unique, reliable and efficient 

system to assess placental physiology within the isolated rat placenta. The content of this 

protocol was presented to demonstrate the utilitarian nature of isolated vessel chambers 

and repeated three times herein. We have also demonstrated the reliability of this model 

in previous publications [8]. Placental health is inextricably linked to maternal and fetal 

health throughout gestation. Perturbations in placental development and/or blood flow 

throughout gestation leads to poor health outcomes for both the dam and the fetus such 

as preeclampsia [9], intrauterine growth restriction [5] and gestational diabetes [10]. 

Examining and understanding how disturbances in adaptations during critical windows of 

gestation affect fetal and maternal health is essential to improving pre- and postnatal care. 
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The maintenance of hemodynamic resistance is fundamental in all tissues for the healthy 

exchange of nutrients and wastes, and preservation of homeostasis. The fetal-placental 

unit is no exception. We hypothesize that toxicant exposure during gestation disturbs 

mechanisms of placental vascular resistance and reactivity. Specifically, impairment of 

endothelium-dependent reactivity would lead to an increased placental resistance, which 

would appear as lower post placental pressure and flow rate. The health interpretation of 

this outcome would be that the fetal-placental unit is unable to efficiently remove wastes 

and gain nutrients leading to placental insufficiency and a smaller pup. It is equally 

plausible that toxicant exposure during gestation abolishes placental resistance. In that 

case, uterine artery and vein pressures would closely match, and again, the effective 

exchange of nutrients and wastes would be impaired, leading to the similar outcome of 

decreased pup size due to placental insufficiency. Further, the maintenance of 

extravascular nutrient gradients would be disturbed in the placental interstitium. Utilizing 

the isolated placenta as a tool to assess fetal and placental health is incredibly valuable 

because measuring these endpoints after specific gestational insults would advance our 

understanding, independent of the outcome, of the materno-fetal consequences that 

follow. 

We anticipate two potential challenge areas. First, because the placenta is not fully 

developed after GD 7, the necessary umbilical vasculature for cannulation may not be 

present, and in our experience, it is not be possible to perfuse the placenta prior to GD 

15 due to fragility and underdevelopment of the umbilical artery and vein. Second, 

because the placenta begins to slough cells and deteriorate rapidly after delivery, great 

effort must be made to prevent or slow this process. The placenta is viable for the 
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experimental protocol for 1.5-2 hours from when it is mounted in the chamber and 

therefore this technique must be performed rapidly. This is in comparison to the four hours 

mentioned earlier, which refers to the maximum amount of time after tissue collection that 

a placenta can be mounted in the chamber for experimentation. The single most important 

variable in doing this is to avoid a hypoxic environment that stimulates glycolysis. This 

can be achieved by rapid dissection, temporary placement/preparation in Ca2+- free PSS 

(4 ºC); and constant bubbling with 21% O2 - 5% CO2. In the event that this is insufficient 

for all the measurements proposed, the individual components can easily be separated. 

Additionally, these measurements could also be made in a murine model, as the model 

has already been established [11]. Independent of animal model, multiple placentas are 

present per animal, histology and fluorescence measurements, and effluent and eluate 

collections can be made or prepared rapidly in individual units. Lastly, caution should be 

taken when directly extrapolating data from this rodent model to human health given the 

difference in trophoblast cells at the fetal-maternal interface between the rat and human. 

The isolated placenta holds the potential to examine multiple mechanisms that impair 

placental efficiency during gestation. Fetal size, sex, placement within the uterus, 

gestational age, toxicant exposure, blood flow restriction, and treatment of the placenta 

with circulating gestational or other factors are future areas of research that hold 

tremendous potential. Our data validate that this model enables the assessment of 

multiple endpoints within the same placenta. Additionally, by optimizing this technique we 

report that multiple placentas within the same dam can be utilized for experimentation. 
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Figure Legends 

Fig. 1 Dissection of umbilical artery and vein. (a) isolated fetoplacental unit with the 

umbilical artery and vein completely intact. (b) dissection of the umbilical artery (white 

vessel located on the left) and vein (red vessel on the right) beginning at the insertion int 

the fetus. (c) umbilical artery and vein completely separated from the fetus to the 

placenta and ready for transfer to the chamber 

Fig. 2 Dissection of placental and chorionic vessels. (a) from left to right: umbilical 

vein; umbilical artery; vitelline artery and other chorionic vessels. Amnionic membranes 

can also be seen surrounding the vessels prior to removal. Black arrow indicated the 

umbilical artery and vein pair while the white arrow shows the vitelline artery and 

chorionic vessels. (b) placental unit with membranes removed and umbilical artery and 

vein isolated. Note the chorionic vessels with the white arrow at the top of the figure 

indicating how closely these two are prior to dissection. Vessel insertion and branching 

into the placenta can also be seen 

Fig. 3 Chamber set up for isolated placenta perfusion. The placental unite with 

separated umbilical artery and view is placed into the Living Systems chamber with 

PSS. The umbilical artery is cannulated onto the inflow glass pipette while the umbilical 

vein is cannulated onto the outflow pipette and tied with braided silk suture. Red arrows 

indicated the inflow (left, 1) and outflow (right, 2) pipettes 

Fig. 4 Preparation of the placental unit prior to starting an experiment. (a) the 

umbilical artery is cannulated onto the inflow pressure cannula while the umbilical vein 

is left untied in order to clear the blood from the placenta. Note the pooling blood in the 
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bottom of the chamber as PSS is flowing through the placenta. (b) both umbilical artery 

and vein are placed onto and tied to the inflow and outflow cannulas, respectively. No 

pressure is being applied to the system. (c) the placental is fully pressurized. Note the 

increase in size and volume of the vessels within the chamber. Again, red arrows 

indicated inflow (left, 1) and outflow (right, 2) pipettes 

Fig. 5 Representative trace of placental flow. (a) input (umbilical artery) perfusion 

pressure is increased in a stepwise fashion to measure placental resistance. (b) output 

pressure is measured and a drop in pressure across the placenta is expected and 

indicative of placental health. (c) alterations in placenta flow (μl/min) can be seen 

concomitantly with the change in inflow and outflow pressure, indicating placental 

resistance 

Fig. 6 Outflow pressure and flow rate across the inflow pressures. (a) as inflow 

pressure is increased in a stepwise fashion outflow pressure increases with normal 

superfusate. (b) alternatively, flow rate can be measured as the result of increasing 

inflow pressure. (n=3 placentas) 

Fig. 7 Graphical representation of the isolated rat placenta model and perfusion 

pathways. Numbering in the figure represent the following: 1- input pressure pipette; 2- 

umbilical artery; 3- arteriolar waste delivery network; 4- venular nutrient network return; 

5- umbilical vein; 6- output pressure pipette. Arrows show direction of perfusate flow  
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Abstract 

Advanced materials consisting of engineered nanomaterials (ENM) are found 

ubiquitously throughout our day to day lives, yet cardiovascular and reproductive 

consequences associated with exposure have not been thoroughly examined. The 

placenta, a critical organ to support fetal health and fetal nutrient demands, is a 

toxicological target that affects fetal health outcomes.  This study assessed placental 

hemodynamics and structural consequences associated with maternal inhalation 

exposure during distinct gestational time-points. Dams were exposed to ENM aerosols 

(nano-titanium dioxide) during three gestational time-points: early (EE, gestational day 

(GD) 2-6), mid (ME, GD 8-12) or late (LE, GD 15-19). Dry pup mass (0.39 ± 0.03 g) was 

significantly decreased in the EE group compared to controls (0.51 ± 0.01 g). There were 

no differences found in placental hemodynamics, umbilical artery function, placental 

angiotensin II receptor density, or placental zone surface area. We conclude that while 

early gestational exposure results in poor fetal outcomes, placental dysfunction that 

persists into GD 20 does not play a significant role in these findings.  
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Introduction 

Pregnancy is a complex process that requires anatomical and physiological adaptation to 

support both maternal and fetal health. When perturbations occur during these adaptive 

processes this can lead to poor fetal health outcomes, and even death. One such critical 

adaptive component of pregnancy is the formation of the placenta. Abnormal placentation 

and placental development have been implicated in many gestational complications 

including preeclampsia, intrauterine growth restriction and miscarriage  [1-4]. Various 

environmental exposures have been known to play a role in altering placental function 

and development. Engineered nanomaterials (ENM) are one such environmental 

exposure that is understudied and may play a role in uterine microvascular, placental and 

reproductive maternal and fetal consequences.  Our lab and others have shown how 

maternal inhalation exposure to nano-titanium dioxide (nano-TiO2) may affect maternal 

microvascular response and lead to fetal consequences [5-9], but few studies have 

assessed placental consequences associated with this exposure [10, 11]. Additionally, 

few studies have focused on the consequences of maternal nano-TiO2 exposure in regard 

to the specific gestational time-points, which was shown to alter maternal vascular 

consequences in pregnant dams [8, 9]. Therefore, this study aimed to identify if placental 

dysfunction played a role in the fetal consequence observed in our previous study, Garner 

et al., 2022 [9]. Additionally, we examined if the period of gestational exposure resulted 

in varying degrees of placental vascular dysfunction as previously reported in uterine 

radial arteries [9].  

Based on the length of gestation in the rat, which spans approximately 21-23 gestational 

days (GD), our study was broken down into three time-points: early exposure (EE), mid 
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exposure (ME) and late exposure (LE) [12]. EE represented GD 1-7, ME GD 8-13 and LE 

GD 14-21. These time-points represent implantation, attachment, spiral artery remodeling 

and embryonic development within the EE group. In the ME group embryonic growth will 

continue and discoid placental formation will be complete by approximately GD 11 [13]. 

In the LE group fetal growth is rapid and must occur for the fetus to survive after 

parturition. Many vasoactive components play a critical role during gestation for proper 

adaptation, including angiotensin II (Ang II), which plays a role in blood pressure 

regulations, maternal vascular remodeling, and placentation [14-17]. Ang II is also known 

to play a negative role in pregnancy when unregulated and may contribute to the 

pathology of preeclampsia [18, 19]. We have also shown in past studies that Ang II uterine 

radial artery, umbilical artery and placental reactivity may be altered following maternal 

exposure [9, 10]. Due to this, we hypothesized that maternal inhalation exposure during 

the early time-point of gestation would cause the most detriment to placental 

development, which would contribute to the decreased pup size reported in past studies. 

Additionally, we believed that Ang II sensitivity would be significantly increased and 

contribute to an increased placental resistance and an alteration in nutrient delivery to the 

pup.  

Toxicant exposure during gestation has been implicated in alterations to critical zones of 

the placenta [20]. Exposure with known endocrine disruptors, such as bisphenol A and S, 

arsenic [21, 22] and cancer drugs have been shown to alter the labyrinth zone and even 

the junctional zone of murine placentas [23, 24]. The labyrinth zone in murine placentas, 

or the placental villi in humans, acts as the placental barrier. This is where the exchange 

of nutrients and waste take place between mother and fetus. If this zone decreases in 
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size, resistance could increase and decreased nutrient exchange may occur, leading to 

decreased fetal size or fatality. Therefore, we wanted to assess if placentas underwent 

anatomical changes due to our exposure paradigm ultimately leading to decreased 

function. Given that our lab has seen a decrease in pup size with nano-TiO2 exposure [5, 

9], as well as decreased estradiol production [5, 7], we believed that the labyrinth zone 

may be altered, specifically in the early exposure group.  

Materials and Methods 

Animal Characteristics 

Female Sprague-Dawley rats were purchased from Hilltop Laboratories (Scottdale, PA) 

and housed in an AAALAC approved facility at West Virginia University (WVU). Rats were 

housed under a regulated temperature of 20-26 ̊ C, relative humidity of 30-70% and 12:12 

h light-dark cycle. Rats were assigned randomly to early exposed (EE), mid exposed 

(ME), late exposed (LE), early control (EC), mid control (EC), or late control (LE). Rats 

had ad libitum access to food and water and were acclimated for 48-72 h prior to mating. 

GD 0 was identified by the presence of sperm following vaginal swab. Dams were 

euthanized on GD 20. All procedures were approved by the WVU Institutional Animal 

Care and Use Committee.  

Engineered Nanomaterial 

Nano-TiO2 was purchased from Evonik (Aeroxide P25, Parsippany, New Jersey). The 

powder is composed of anatase (80%) and rutile (20%) TiO2 with a primary particle size 

of 21 nm, a surface area of 48.08 m2/g [7], and a Zeta potential of -56.6 mV [25].  

Aerosol Generation 
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A high-pressure acoustical generator (HPAG, IEStechno, Morgantown, West Virginia) 

was utilized to generate nano-TiO2 aerosols. Output of the generator was fed into a 

Venturi pump (JS-60M, Vaccon, Medway, Massachusetts), causing further de-

agglomeration of the particles. The nano-TiO2 aerosol/air mix then entered the whole-

body exposure chamber. A personal DataRAM (pDR-1500; Thermo Environmental 

Instruments Inc., Franklin, Massachusetts) was used for sampling the exposure chamber 

air to determine the real-time aerosol mass concentration. The software utilized feed-back 

loops to automatically adjust the acoustic energy to maintain the targeted, stable mass 

concentration during the exposure. Exposure chamber air was sampled onto PTFE filters 

and gravimetric measurements were conducted simultaneously with the DataRAM to 

obtain a calibration factor for the real-time measurements. The gravimetric mass 

concentration measurements were reported in this study. Water saturated bedding 

material was used in the exposure chamber to maintain comfortable humidity (30%-70%). 

Control animal chambers were held at similar temperature and humidity conditions but 

were exposed to HEPA-filtered air only.  

Aerosol Characterization 

Size distribution and mass concentration of the exposure paradigm were assessed 

through various measurements obtained during the exposure runs. Aerosol size 

distributions within the exposure chamber were obtained while maintaining a mass 

concentration target of around 12 mg/m3 with: a high-resolution electrical low-pressure 

impactor (ELPI+, Dekati, Tampere, Finland), a scanning mobility particle sizer (SMPS 

3938, TSI Inc., St. Paul, Minnesota), an aerodynamic particle sizer (APS 3321, TSI Inc., 
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St. Paul, Minnesota) and a Micro-Orifice Uniform Deposit Impactor (MOUDI 115R, MSP 

Corp, Shoreview, MN). 

Exposure Paradigm 

All exposure groups were exposed to nano-TiO2 aerosols in a whole-body chamber at a 

concentration of 12 mg/m3 for 3 days, 6 h/day. All control groups were exposed to filtered 

air at 25 ml/min for 3 days, 6 h/day. Early gestational groups (EE or EC) were exposed 

during GD 2-6, mid gestational groups were exposed on GD 8-12, and late gestational 

groups were exposed on GD 15-19. Estimation of lung deposition (D) with nano-TiO2 [26] 

was determined using the equation: D=F●V●C●T, in which F is the deposition fraction 

(10%), V is the minute ventilation (208.3 cc), C is the mass concentration (mg/m3), and T 

is the exposure duration (minutes) [27]. This exposure paradigm produced an estimated 

cumulative lung deposition of 268± 11µg for EE, 286± 12 µg for ME and 296± 19 µg for 

LE. These calculations represent cumulative lung deposition and do not account for 

clearance.   

Euthanasia and Tissue Harvest 

On GD 20, dams were anesthetized with 5% isoflurane and maintained during surgery 

under 2.5% isoflurane. Dams were placed on a heating pad to maintain a 37 ˚C body 

temperature. The trachea was intubated to ensure a patent airway and the right carotid 

artery was canulated for blood collection.  Both uterine horns were surgically excised, and 

pups and placenta were removed. The placental/pup units were placed in a dissection 

dish containing 4 ˚C physiological salt solution (PSS, in mmol/L: 129.8 NaCl, 5.4 KCl, 0.5 

NaH2PO4, 0.83 MgSO4, 19.0 NaHCO3, 1.8 CaCl2, 5.5 glucose) and was utilized for 
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placental hemodynamic assessment [28]. An additional placental/pup unit was used for 

umbilical artery assessment via wire myography. Additional placentas were perfused to 

remove blood, flash frozen in liquid nitrogen and stored at -80 ˚C until western blot 

analyses were performed or were used for placental histology.   

Pup/Placental Mass, Placental Efficiency and Sex Determination 

To assess reproductive consequences of maternal nano-TiO2 inhalation exposure pup 

mass, placental mass and placental efficiency were assessed. Pup and placental wet 

weights were obtained immediately after dissection. Fetal sex was determined on GD 20 

by identifying the uterus or testicles of the pups. Pups and placentas were then dried and 

weighed again. Placental efficiency was calculated by dividing pup mass by the placental 

mass. 

Placental Histology 

On GD 20 placentas were perfused and drop fixed with 4 % paraformaldehyde at 4 ˚C 

overnight. Placental tissue was then transferred to phosphate buffer solution (PBS) 

overnight. Tissue was then flash frozen and stored at -80 ˚C. Using a cryostat at -24 ˚C, 

placentas were sectioned at 10 µm thickness at the center of the placenta. Sections were 

placed on slides and stained with hematoxylin and eosin (H&E) following protocol 

instructions (Vector Laboratories, Burlingame, California). Tissue sections were 

incubated with hematoxylin for 3 minutes and eosin for 4 minutes. Slide were imaged at 

10x objective and were analyzed using ImageJ. Total placental area and percent total 

area of the junctional and labyrinth zones were determined.   

Placental AT1R and AT2R Western Blot 
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Using near-infrared western blot, relative Ang II receptor protein levels were assessed. 

Placentas were homogenized using 1.6 mm stainless steel beads (Next Advance, Troy, 

New York) in RIPA containing 0.1 mM protease and phosphatase inhibitors (Roche, 

Indianapolis, Indiana). Samples were prepared with 4x laemeli sample buffer containing 

β-mercaptoethanol and boiled at 95 ˚C. 30 µg of samples were resolved by SDS-PAGE 

and transferred to 0.2 µm nitrocellulose membrane. Membranes were blocked with LiCOR 

Odyssey blocking buffer and probed with primary antibodies against Ang II type 1 receptor 

(anti-AT1R, sc-515884, Santa Cruz Biotechnology, Inc. Dallas, Texas), Ang II type 2 

receptor (anti-AT2R, ab92445, Abcam, Cambridge, Massachusetts) and β-actin (sc-

47778, Santa Cruz Biotechnology, Inc. Dallas, Texas). Membranes were then probed with 

LiCOR near-infrared secondary antibodies and imaged using the LiCOR Odyssey. 

Secondary antibodies included: goat anti-rabbit (925-68070, LI-COR Biosciences, 

Lincoln, Nebraska) and goat anti-mouse (925-68071, LI-COR Bioscience, Lincoln, 

Nebraska). ImageJ software was utilized for optical density, normalized β-actin control 

and represented as fold change from control. 

Placental Hemodynamics 

Placenta and pup were removed, still connected, from the uterus and placed in a 

dissecting dish containing 4 ˚C PSS. The umbilical cord was opened, and the umbilical 

artery and vein were separated. Once cleaned of the amniotic sac, the umbilical vessels 

were severed as close to the pup as possible, and the placenta was transferred to an 

isolated vessel chamber (Living Systems Instrumentation, Burlington, Vermont) 

containing oxygenated (21% O2/5% CO2) 37 ˚C PSS. The umbilical artery and vein were 

cannulated on glass pipette tips and secured with 6-0 silk suture (AD Surgical, Sunnyvale, 
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California). This protocol is presented in the technical manuscript Garner and Bowdridge 

et. al 2022 [28]. The placenta was pressurized from 0-20 mm Hg in 5 mm Hg increments. 

Outflow pressure and flow were assessed following the addition of vasoactive drugs to 

assess vascular hemodynamics. Acetylcholine (ACh, 1x10-2 M), used to assess 

endothelium-dependent response, S-nitroso-N-acetyl-DL-penicillamine (SNAP, 1x10-2 

M), used to assess endothelium-independent response, and Ang II (1x10-2 M) were added 

to the bath individually to assess outflow pressure. Washes were performed between 

each drug. Once all drug responses were assessed PSS was removed and replaced with 

Ca2+ - free PSS. 

Uterine Artery Tension Generation 

The umbilical artery was dissected and isolated as described above. 2-3 mm sections 

were then mounted on wire myography pins. The wire myography chamber (AD 

Instruments- DMT 620 M) contained 5 mL of PSS (119 mM NaCl, 4.7 mM KCl, 1.18 mM 

KH2PO4, 1.17 mM MgSO4, 2.5 mM, CaCl2, 25 mM NaHCO3, 0.027 mM EDTA, and 5.5 

mM glucose) bubbled with 95% O2/ 5% CO2 at 37 ˚C. Vessels were equilibrated for 30 

minutes at 2.0 mN and then maximum tension generation was determined using high-

potassium PSS (K+PSS, 123.7 mM KCl, 1.18 mM KH2PO4, 1.17 mM MgSO4, 2.5 mM, 

CaCl2, 25 mM NaHCO3, 0.027 mM EDTA, and 5.5 mM glucose). Vessels were washed 

with PSS until baseline relaxion was achieved. Contractile responses were then assessed 

via cumulative doses of Ang II (1x10-9 -1x10-4 M) and α1 adrenergic agonist phenylephrine 

(PE, 1x10-9 -1x10-4 M), washing between each drug. Relaxation responses were 

determined via cumulative doses of ACh (1x10-9 -1x10-4 M) or SNAP (1x10-9 -1x10-4 M), 

following pretreatment of thromboxane memetic U46619 (1x10-7 M).  
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Wire Myography Calculations 

The tension developed by the vessels with K+PSS represent maximum tension. Tension 

with agonists were recorded and the percent of maximum tension generation was 

calculated using the formula below:  

𝑷𝒆𝒓𝒄𝒆𝒏𝒕 𝑴𝒂𝒙𝒊𝒎𝒖𝒎 𝑻𝒆𝒏𝒔𝒊𝒐𝒏 (%) = (
𝑻𝒆𝒏𝒔𝒊𝒐𝒏 𝒘𝒊𝒕𝒉 𝒂𝒈𝒐𝒏𝒊𝒔𝒕 (𝒎𝑵)

𝑴𝒂𝒙𝒊𝒎𝒖𝒎 𝒕𝒆𝒏𝒔𝒊𝒐𝒏 (𝒎𝑵)
) 𝒙 𝟏𝟎𝟎% 

Statistics 

Dam characteristics were assessed by one-way analysis of variance (ANOVA) utilizing a 

Tukey post hoc analysis when statistical significance was found. EC, MC and LC 

pup/placental characteristics, relative Ang II receptor protein levels, and % total area of 

placental zones were first assessed via one-way ANOVA with a Tukey post hoc analysis 

when significance was found. If no statistical significance was identified control groups 

were combined into one group and then compared to the exposure groups utilizing a one-

way ANOVA and a Dunnett’s post hoc analysis when significance was found. If equal 

variance was not met the Welch’s ANOVA was utilized and the Dunnett’s T3 post hoc 

analysis was utilized. A t test was utilized to assess differences among sexes within their 

own experimental group. Two-way repeated measures ANOVA was utilized to assess 

point-by-point differences in dose response curves and mixed effects model was utilized 

to assess differences between groups with increasing pressure curves. A Tukey post hoc 

test was utilized when differences were indicated between controls, if no differences were 

identified these values were combined. A Dunnett’s post hoc analysis was then utilized 

when significance was found between the combined control group and treatment groups. 

All data is reported as mean ± SE. Significance was set as p ≤ 0.05.  
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Results  

Nano-TiO2 Aerosol Characterization 

The average real-time aerosol mass concentration during exposures had a target of 12 

mg/m3 (Fig. 1a). While the target mass concentration of the exposure was 12 mg/m3 

variability is expected. Actual mass concentration for EE was 11.45± 0.45 mg/m3, for ME 

was 12.23± mg/m3 and for LE was 12.67± mg/m3. The aerosol aerodynamic diameter 

(assessed via the ELPI) had a count median diameter (CMD) of 162 nm with a standard 

deviation of 1.88 (Fig. 1b). Aerosol diameter was also assessed via the SMPS and APS 

and had a combined CMD of 119 nm with a standard deviation of 2.09 (Fig. 1c). The 

characterization of agglomerate morphology has been extensively characterized via 

electron microscopy [5, 10].  

Animal Characteristics 

The age and mass of dams at GD 20 were not statistically different between any of the 

groups (Table 1). The litter size and sex distribution between the control groups (EC, MC 

and LC) were statistically similar (Table 2) and therefore were combined into one control 

group. The exposure groups were then compared to the combined control. Table 3 shows 

that there were no differences between exposure groups and the control group in litter 

size or sex distributions.  

Pup/Placental Characteristics and Sex Differences 

When assessing wet and dry pup and placental mass and placental efficiency it was found 

that the control groups were not statistically different from each other, because of this the 

groups were combined to form one control group (Table 4). When compared to the 

exposure groups, dry pup mass was significantly decreased within the EE group; with EE 
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pups weighing 0.39 ± 0.03 g and control 0.51 ± 0.01 g. Additionally, the placental 

efficiency was trending towards significance (p-value = 0.0699) within the EE group (3.72 

± 0.17) compared to the control (4.62 ± 0.20), suggesting EE caused a decreased 

placental efficiency (Fig. 2). This decreased placental efficiency could suggest placental 

vascular dysfunction, which may lead to the smaller pup mass. 

Due to evidence of altered male-to-female sex ratios in various toxicological exposures 

[29-31] assessment of pup characteristics between sexes were examined. Pup and 

placental mass and placental efficiency between males and females in the control groups 

were not statistically different (Table 5), therefore they were combined into the male 

control or female control group. Male and female comparisons were assessed within each 

group. There were no significant differences except between the control male versus 

female dry pup mass, with females (0.47 ± 0.01 g) being significantly smaller than males 

(0.52 ± 0.01 g). Male and female controls were then compared to the same sex exposure 

groups. Female control (0.47 ± 0.01 g) and EE (0.39 ± 0.01 g) dry pup mass was 

significantly different as was placental efficiency between the female control group (4.87 

± 0.23) and late exposure group (5.28 ± 0.10) (Fig. 3). 

Placental Hemodynamics 

The outflow pressure of the placental units was measured to assess resistance of the 

tissue. The assessment of outflow pressure was performed on the control groups with 

PSS, ACh, SNAP, Ang II and Ca2+-free PSS (Fig. 4a-e) and no differences were found 

within these groups. Due to this, the groups were combined into one control group and 

compared to the exposure treatment groups. Outflow pressure at various inflow pressures 

where not statistically different from the control when incubated in PSS, ACh, SNAP, Ang 
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II or Ca2+-free PSS (Fig. 4f-j). This suggests that placental function was not altered with 

exposure and did not contribute to the altered fetal outcomes within the EE group as 

shown in Fig. 2d.  

Umbilical Artery Vascular Reactivity 

To further assess the potential role of the placenta in poor fetal outcomes due to 

exposure, the vascular response of the umbilical arteries was assessed via wire 

myography. Firstly, the control groups were compared with treatments of increasing 

doses of ACh, SNAP, PE and Ang II. There was no statistical difference identified 

between these control groups (Fig. 5a-d), therefore there were combined into one control 

group and compared to the exposure groups. Statistical differences were identified 

between EE vs control and ME vs control with the endothelial independent agonist SNAP 

at the 1 x 10-7 M dose, with a decrease in tension in these exposure groups compared to 

control (Fig.5e-h). No other statistical differences were identified between the groups.  

Placental AT1R and AT2R Western Blot 

An increased expression of AT1R within the EE group was trending towards significance 

compared to the control (p=0.059), but no groups were shown to be significantly altered 

compared to the control (Fig. 6a). AT2R was not shown to be significantly altered in any 

of the exposure groups compared to the control (Fig. 6b).  

Placental Histology 

Placental histology was utilized to assess if placental anatomy was altered due to 

exposure, which could contribute to decreased placental efficiency and pup size in the 

EE group (Fig. 2). Fig. 7a is a representative image of a placental unit. Percent total area 
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for the junctional and labyrinth zone were not statistically different between the control 

groups (Fig. 7b-c) and were combined into a single control group. Exposures did not alter 

the junctional or labyrinth zone size as compared to control placentas (Fig. 7d-e).  

Discussion 

Our novel study assessed how maternal inhalation exposure to nano-TiO2 during distinct 

gestation periods may affect placental function and thus fetal health outcomes. From this 

study we determined that exposure did not alter litter size, reabsorption site occurrence 

or pup sex ratio (Table 3). We also determine that the EE group exposure treatment 

resulted in smaller pup mass and decreased placental efficiency compared to controls 

(Fig. 2). This data was further supported by our past gestation study, which found the EE 

group most susceptible to poor fetal outcomes from exposure [9]. To assess if one sex 

was more susceptible to exposure than the other, female and male placental mass and 

efficiency were compared between exposure groups. We found that male and female dry 

pup mass was significantly different from one and another, however exposure did not 

affect mass between sexes. Additionally, the EE females were significantly smaller than 

control females, but this difference was not observed in males (Fig. 3). This could indicate 

that the decrease in female weights may be driving the reduced pup size reported, 

suggesting females may be more significantly impacted by exposure.  

Placental hemodynamics were assessed through our novel isolated placental method to 

examine placental resistance [28]. There were no differences found between the control 

group or any exposure groups (Fig. 4). Additionally, there were no differences observed 

in umbilical artery vascular function except for a single concentration of endothelium 

independent agonist SNAP (1 x 10-7 M) between EE and control and ME and control (Fig. 
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5). EE and ME showed decreased tension generation compared to the control, 

suggesting increased sensitivity to SNAP at that dose. This could show how exposure 

during early and mid-gestation may alter umbilical artery response to nitric oxide that may 

lead to vasodilation and increased blood flow to the placenta. With this being altered one 

could hypothesis that umbilical artery and vein pressures would be too close, resulting in 

overperfusion and perturbations to nutrient and waste exchange which may results in fetal 

consequences. 

Although Ang II responses were not altered by exposure, we wanted to examine the 

relative receptor concentrations for AT1R and AT2R, as receptor density naturally changes 

throughout gestation due to estrogen levels [17] and receptor density can affect vascular 

function [9]. We found that neither AT1R nor AT2R density was altered following exposure 

(Fig. 6) which supports the vascular results of this study. Interestingly though, AT1R levels 

within the EE were shown to be trending towards significance with a p value of 0.059. An 

increase in vasoconstrictive AT1R without alteration to placental hemodynamics or AT2R 

could suggest that additionally RAS components, such as the MAS receptor (MASR) may 

be altered, which is also known to balance out the effects of AT1R [32]. If MASR levels 

were simultaneously increased, then the effects of AT1R may have been balanced out. 

Future research should investigate additional arms of RAS following exposure. It is also 

important to highlight the effects of overactivation of AT1R in trophoblast cells. If AT1R 

were upregulating early in pregnancy AT1R activation results in increased anti-angiogenic 

factors, such as soluble fms-like tyrosine kinase-1 (sFLT-1) [33], which can bind 

proangiogenic factors such as vascular endothelial growth factor (VEGF) and placental 

growth factor (PlGF). The decrease in VEGF and PlGF will result in poor trophoblast 
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invasion and reduced spiral artery remodeling which will reduce placental perfusion from 

the maternal tissue [34]. This will result in an increasingly hypoxic environment, further 

reinforcing a negative loop with increase AT1R, as prolonged hypoxia has been shown to 

enhance angiotensin II receptor expression as well as inhibit PlGF expression in 

trophoblast cells [35]. The EE group may have experienced reduced spiral artery 

remodeling and invasions which could explain the reduced pup size. Previously we have 

shown that AT2R density is altered as well as uterine microvascular Ang II sensitivity 

within our EE group [9], but perhaps due to the placenta development not being 

completed within GD 2-6 these alterations were not observed within the placenta.  

Finally, because correct anatomical formation of the placental zones is imperative for 

healthy physiology and derivation from this has been reported in toxicant exposure [20], 

we wanted to assess the junctional and labyrinth zone areas of placentas. Regardless of 

exposure paradigm, there was no effect on either placental zone area between treatment 

groups (Fig. 7). These data indicate that the outcomes observed in EE pup size and 

placental efficiency are not due to placental dysfunction but seem to be linked to maternal 

vascular dysfunction associated with exposure [9].  

This exposure paradigm yielded fetal outcomes consistent with past experiments [9], 

further supporting that the EE group is most sensitive to maternal nano-TiO2 inhalation 

exposure. This new data, though, does suggest that placental dysfunction does not play 

a role in these fetal outcomes. This does not fit with past studies were maternal exposure 

caused alterations of placental hemodynamics, leading to an increase in placental 

resistance and increased sensitivity to Ang II [10]. It is important to consider that this 

study’s exposure paradigm is considerably shorter, which may result in the discrepancies 
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seen with these results. If exposure, starting from early gestation, lasted 6 days instead 

of 3, we may have seen placental consequences and perhaps even greater alterations to 

fetal health. Given that women typically remain in the workforce well into pregnancy, it 

would be of importance to assess vascular and fetal consequences of exposure starting 

in early gestation continuing into late.  

One limitation to the study may have been that the N was rather low and some of the 

differences may not have been pronounced between the groups. This may be seen in the 

EE with PE and Ang II umbilical artery response compared to the control (Fig. 5g-h). While 

the tension generation appeared to be slightly increasing, the variability between groups 

prevented this from reaching statistical significance. Additionally, issues occurred with 

increasing the placental pressure beyond 20 mm Hg. Due to this some of the physiological 

range of the placenta is missing from the evaluation and this is another consequence of 

a smaller N. Future studies will want to increase this N as well as assess consequences 

of longer exposures as stated above.  

Our group has demonstrated that exposure during early gestation may lead to 

significantly smaller pups, which also lead to decreased placental efficiency. Furthermore, 

our data does not suggest that placental dysfunction, due to anatomical or physiological 

alterations, plays a role in fetal health outcomes, regardless of the window of gestational 

exposure.   
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Figure Legends 

Fig. 1 Real-time characterizations of nano-TiO2. Verification of aerosol 

characterization during exposure. (a) 6 h exposure paradigm was monitored with 

feedback system controlling aerosol mass concentration. Mass concentration was held 

near desired 12 mg/m3 target. (b) High-resolution Electrical Low-Pressure Impactor 

(ELPI) assessed aerosol aerodynamic diameter showing a CMD of ___ nm with a 

geometric standard deviation of 1.73. (c) The Scanning Mobility Particle Sizer (SMPS) 

and Aerodynamic Particle Sizer (APS) assessed aerosol mobility diameter revealing a 

CMD of 119 nm with a geometric standard deviation of 2.09 

Fig. 2 Pup and placental characteristics. Pup and placental mass and placental 

efficiency assessed on GD 20 between combined control group and exposure groups. (a) 

Wet pup mass. (b) Wet placental mass. (c) Wet placental efficiency. (d) Dry pup mass. 

(e) Dry placental mass. (d) Dry placental efficiency. EE = Early Exposed, ME = Mid 

Exposed, LE = Late Exposed. Data are mean ± SE. *, P ≤ 0.05 vs control; #, P ≤ 0.07 vs 

control 

Fig. 3 Sex-based pup and placental characteristics. Pup and placental mass and 

placental efficiency assessed on GD 20 between combined control group and exposure 

groups. Analysis performed assessed difference within each sex. (a) Wet pup mass. (b) 

Wet placental mass. (c) Wet placental efficiency. (d) Dry pup mass. (e) Dry placental 

mass. (d) Dry placental efficiency. EE = Early Exposed, ME = Mid Exposed, LE = Late 

Exposed. Data are mean ± SE. *, P ≤ 0.05 vs male control/female control; a, P ≤ 0.05 vs 

male/female characteristics within the same experimental group 
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Fig. 4 Placental hemodynamics following maternal inhalation exposure. Outflow 

pressure readings with increasing pressure input. (a) Outflow pressure with PSS between 

control groups. (b) Outflow pressure with ACh between control groups. (c) Outflow 

pressure with SNAP between control groups. (d) Outflow pressure with Ang II between 

control groups. (e) Outflow pressure with Ca2+-free between control groups. (f) Outflow 

pressure with PSS between combine control and exposure groups. (g) Outflow pressure 

with ACh between combine control and exposure groups. (h) Outflow pressure with SNAP 

between combine control and exposure groups. (i) Outflow pressure with Ang II between 

combine control and exposure groups. (j) Outflow pressure with Ca2+-free between 

combine control and exposure groups. EC = Early Control, MC = Mid Control, LC = Late 

Control. EE = Early Exposed, ME = Mid Exposed, LE = Late Exposed. Data are mean ± 

SE 

Fig. 5 Umbilical artery vascular reactivity following maternal inhalation exposure. 

Dose response curves to assess umbilical artery vascular function. (a) % maximum 

tension of increasing doses of ACh between control groups. (b) % maximum tension of 

increasing doses of SNAP between control groups. (c) % maximum tension of increasing 

doses of PE between control groups. (d) % maximum tension of increasing doses of Ang 

II between control groups. (e) % maximum tension of increasing doses of ACh between 

combined control group and exposure treatment groups. (f) % maximum tension of 

increasing doses of SNAP between combined control group and exposure treatment 

groups. (g) % maximum tension of increasing doses of PE between combined control 

group and exposure treatment groups. (h) % maximum tension of increasing doses of 

Ang II between combined control group and exposure treatment groups. EC = Early 
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Control, MC = Mid Control, LC = Late Control. EE = Early Exposed, ME = Mid Exposed, 

LE = Late Exposed. Data are mean ± SE. a, P ≤ 0.05 comparing EE to control; b ≤ 0.05 

comparing ME to control 

Fig. 6 AT1R and AT2R protein concentration in placental tissue. (a) Western blot 

representative image for protein concentration of AT1R in control, early exposed (EE), 

mid exposed (ME), late exposed (LE) placental tissue and the average relative protein 

density of AT1R protein among exposed groups. (b) Representative image of Western 

blot protein concentration of AT2R in control, EE, ME, LE placental tissue and the average 

relative protein density of AT2R protein among exposed groups. EC = Early Control, MC 

= Mid Control, LC = Late Control. EE = Early Exposed, ME = Mid Exposed, LE = Late 

Exposed. Data are mean ± SE. #, P ≤ 0.07 vs control 

Fig. 7 Placental histology of GD 20 Pups. Quantification of placental zones within GD 

20 placenta. (a) Hematoxylin and eosin staining of placental tissue at 10x. Scale bar 

represents 1 mm. The yellow arrow indicates myometrial tissue. Black arrow shows 

decidua. Red arrow indicates junctional zone of the placenta. Blue arrow indicates the 

labyrinth zone. Purple arrow shows remanence of the yolk sac. Asterisk shows umbilical 

cord location. (b) Junctional zone as % of total area of the placenta for control groups. (c) 

Labyrinth zone as % total area of placenta for control groups. (d) Junctional zone as % 

total area of placenta for control vs exposure groups. (e) Labyrinth zone as % total area 

of placenta for control vs exposure groups. EC = Early Control, MC = Mid Control, LC = 

Late Control. EE = Early Exposed, ME = Mid Exposed, LE = Late Exposed.  
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Table 1. Dam physical characteristics on GD 20. EC = Early Control, MC = Mid Control, 

LC = Late Control, EE = Early Exposed, ME = Mid Exposed, LE = Late Exposed. N 

represents number of animals. Data are mean ± SE 

 N Age (d) Mass (g) 

EC 3 98±4 362±26 

MC 3 80±4 342±21 

LC 3 85±6 364±5 

EE 5 92±4 339±18 

ME 4 115±8 328±10 

LE 3 87±10 389±36 
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Table 2. Litter characteristics assessed on GD 20 between control groups. EC = Early 

Control, MC = Mid Control, LC = Late Control. Data are mean ± SE 

 Litter Size Reabsorption 
Sites 

% Female % Male 

EC 13±1 0.7±0.3 43±11 57±11 

MC 10±1 0.3±0.3 48±2 52±2 

LC 13±1 1.3±0.3 50±7 50±7 
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Table 3. Litter characteristics assessed on GD 20 between combined control group and 

exposure groups. EE = Early Exposed, ME = Mid Exposed, LE = Late Exposed. Data 

are mean ± SE 

 Litter Size Reabsorption 
Sites 

% Female % Male 

Control 12±1 0.8±0.2 47±4 53±4 

EE 9±3 1.2±0.4 51±9 49±9 

ME 8±2 0.8±0.3 58±15 42±15 

LE 10±4 0.3±0.3 31±16 69±16 
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Table 4. Pup and placental mass and placental efficiency of control groups on GD 20. 

EC = Early Control, MC = Mid Control, LC = Late Control. Data are mean ± SE 

 Wet Pup 
Mass (g) 

Wet 
Placental 
Mass (g) 

Wet 
Placental 
Efficiency 

Dry Pup 
Mass (g) 

Dry 
Placental 
Mass (g) 

Dry 
Placental 
Efficiency  

EC 4.03±0.11 0.75±0.11 5.65±0.63 0.52±0.04 0.11±0.01 4.80±0.32 

MC 3.38±.45 0.94±0.01 4.16±0.35 0.51±0.01 0.12±0.01 4.14±0.11 

LC 3.54±0.34 0.78±0.12 4.94±1.11 0.50±0.02 0.11±0.02 4.75±0.42 
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Table 5. Pup and placental mass and placental efficiency assessed on GD 20 between 

combined control groups assessing differences within each sex.  EC = Early Control, 

MC = Mid Control, LC = Late Control. M and F denote Male and Female, respectively. 

Data are mean ± SE 

 Wet Pup 
Mass (g) 

Wet 
Placental 
Mass (g) 

Wet 
Placental 
Efficiency 

Dry Pup 
Mass (g) 

Dry 
Placental 
Mass (g) 

Dry 
Placental 
Efficiency  

EC-M 4.13±0.10 0.76±0.14 5.75±0.81 0.51±0.03 0.11±0.01 4.52±0.14 

EC-F 3.91±0.10 0.73±0.08 5.52±0.49 0.49±0.03 0.11±0.01 4.72±0.39 

MC-M 3.48±0.55 0.94±0.02 4.38±0.12 0.54±0.01 0.12±0.01 4.47±0.28 

MC-F 3.23±0.36 0.95±0.01 3.84±0.28 0.47±0.03 0.13±0.01 3.74±0.26 

LC-M 3.72±0.38 0.78±0.13 5.18±1.24 0.52±0.01 0.10±0.01 5.05±0.47 

LC-F 3.31±0.27 0.78±0.11 4.51±0.82 0.47±0.02 0.11±0.01 4.31±0.28 
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Fig. 1 

 

 

 

 

 

 

 

 

  



 

191 
 

Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6  
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Fig. 7 
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Abstract 

3 dimensional printers (3D printers) are found extensively in commercial and household 

environments. During 3D printer use, volatile organic compounds (VOCs) and particulate 

matter, including ultrafine matter, are released into the air. While the benefits of the 

utilization of this technology are clear, little is known about the consequences of 3D printer 

emissions (3DPE) exposure. To identify the microvascular consequences associated with 

exposure, 5 different exposure groups were utilized to assess the effects of varying 

exposure lengths. Whole-body exposure was completed for 4 hours per day for either 1, 

4, 8, 15, or 30 days. Mesenteric arteries were excised and microvascular responses were 

assessed including endothelial-dependent, -independent, and adrenergic responses. 

Artery wall thickness was shown to be increased on exposure groups 1-, 4- and 30-day. 

Wall tension was also shown to be significantly increased within the 15- and 30-day 

groups compared to the control. Endothelial-dependent response was shown to be 

altered within the 8-day group compared to the control and no differences were observed 

between any of the groups when assessing endothelial-independent vasodilation. When 

assessing adrenergic responses, the 1-, 4- and 30-day groups showed decrease 

response to phenylephrine compared to the control. This research showed that 

regardless of the length of the exposure, microvascular dysfunction was detected within 

each of the groups. Intriguingly, when assessing endothelial-dependent vasodilation, it 

appears that following 8 days of exposure the ability to respond to acetylcholine was 

improved, suggesting there may be a compensatory mechanism.  

 

 



 

199 
 

Introduction 

The use of 3 dimensional (3D) printers has become commonplace throughout 

occupational and commercial environments as well as in domestic households. While the 

utilization of this technology has no doubt been beneficial for production, the 

consequences of exposure to these systems have yet to be fully elucidated. 3D printer 

emissions (3DPE) have been shown to be a complex mixture of particulate matter and 

volatile organic compounds (VOCs) [1, 2]. VOCs identified within these emissions include 

acetaldehyde, ethanol, acetone, isopropyl alcohol styrene and ethylbenzene [1]. 

Additionally, particulates were found well within the ultra-fine particle range during the use 

of the 3D printer [3]. This is of importance as VOCs may adsorb onto ultrafine particulates 

allowing them to further infiltrate the pulmonary system and reach deep within the terminal 

alveoli when inhaled [4]. Ultrafine particles may result in more toxic effects than other 

larger particulate matter due to the ability of ultrafine particles to embed not only 

throughout the pulmonary system, but because they have a greater deposition fraction 

within the terminal lung [5].  

Inhalation of ultrafine particles has been linked to inflammatory effects as well as 

cardiovascular dysfunction [6-8]. Further, VOCs have been shown to cause irritation when 

inhaled as well as even may be linked to cancer [9]. Styrene has been labeled as Group 

2A probably carcinogenic to humans by the International Agency for Research on Cancer 

(IARC) and ethylbenzene has been categorized as Group 2B possible carcinogenic to 

humans [10, 11]. Given the toxic concerns of VOCs as well as ultrafine particulate matter, 

it is of great concern to fully identify the risks of exposure to 3DPE.  

 



 

200 
 

Given the indoor use of this technology as well as the continued off-gas of VOCs from the 

object after printing [2], it is important to fully understand the ramifications of inhalation 

exposure to 3DPE. 3DPE has been linked to cardiovascular dysfunction, such as acute 

hypertension, as well as microvascular dysfunction [12]. Currently, the examination of 

these cardiovascular effects following continued use has not been investigated. In this 

study, five different exposure durations were examined over the course of either 1-, 4-, 8-

, 15- or 30-day exposures to elucidate microvascular consequences associated with 

exposure. 

Methods 

Animal Characteristics 

Male Sprague-Dawley rats were purchased from Hilltop Laboratories (Scottdale, PA) and 

housed as detailed in Farcas et al. 2020 [13]. All procedures were approved by the CDC-

Morgantown Institutional Animal Care and Use Committee; accredited by the AAALAC 

International.  

3D Printer ABS Filament Emissions Inhalation Exposure 

A whole-body exposure chamber system was designed and utilized to conduct FFF 3D 

printer emissions exposures. Mass flow controller (MCRW-50-DS; Alicat Scientific, 

Tucson, Arizona) controlled flow rate during the exposures and was held at 30 L/min. A 

Differential pressure transducer (Model 264; Setra Systems, Inc. Boxborough, 

Massachusetts) assessed exposure chamber pressure during exposure. Temperature 

and relative humidity were monitored during the exposure. Three 3D printers were utilized 

to run using blue ABS filament currently commercially available. Rats were exposed to 

emissions for 4 h/day, with a single concentration of ~240 µg/m3 ABS particle mass 
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concentration. There were 5 exposure groups exposed to either 1 day, 4 days, 8 days, 

15 days or 30 days of 3D printer emissions.  The exposure system is extensively detailed 

in Farcas et al. 2020 [13].   

3D Printer ABS Emissions Characterization 

Data RAM (DR-40000; Thermo Electron Co., Waltham, Massachusetts) was utilized to 

assess real-time aerosol mass concentration. Fast mobility particle sizer (FMPS, Model 

3091; TSI Inc., Shoreview, Minnesota) was utilized as well as a field emission scanning 

electron microscope to assess physical characterization of particles (Hitachi S-4800, 

Tokyo, Japan). Volatile organic compounds (VOCs) were sampled by utilizing evacuated 

canisters (Entech Instruments Inc., Simi Valley, California) and analyzed as detailed in 

Farcas, et al. 2020 [13].  

Euthanasia and Tissue Harvest 

Rats were euthanized as detailed in Farcas, et al. 2020 [13]. The mesentery was 

dissected from the body and placed in a petri dish containing 4 ˚C physiological salt 

solutions (PSS, in mmol/L: 129.8 NaCl, 5.4 KCl, 0.5 NaH2PO4, 0.83 MgSO4, 19.0 

NaHCO3, 1.8 CaCl2, 5.5 glucose) and transferred immediately on ice. The mesentery was 

transferred to a dissection dish and A2 arterioles were cleaned and isolated.  

Microvascular Reactivity 

Mesenteric arteriole responses were evaluated following inhalation exposure for various 

time period lengths. Arterioles were isolated and transferred to isolated vessel chambers 

(Living Systems Instrumentation, Burlington, Vermont) containing PSS. Arterioles were 

cannulated and pressurized using glass pipette tips (Living Systems Instrumentation, 
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Burlington, Vermont) and were secured with 6-0 suture (AD Surgical, Sunnyvale, 

California). Arterioles were pressurized to 60 mm Hg and superfused (10 ml/min) with 37 

˚C PSS bubbled with 21% O2/ 5% CO2. Inner and outer diameter was measured with 

video calipers (Colorado Video, Boulder, Colorado). Vessels developed spontaneous 

tone before reactivity was assessed. The degree of constriction by a blood vessel relative 

to its maximally dilated states is spontaneous tone. Vascular tone ranges from 0% 

(complete relaxation, maximum dilation) to 100% (complete lumen closure, maximum 

constriction). Only vessels that developed tone ≥20% than initial tone were included in 

this study. 

Mesenteric arterioles were treated with increasing cumulative doses of endothelium-

dependent vasodilator acetylcholine (ACh, 10-9 - 10 -4 M), endothelium-independent 

vasodilator S-nitroso-N-acetyl-DL-penicillamine (SNAP, 10-9 - 10 -4 M) and α1 adrenergic 

agonist phenylephrine (PE, 10-9 - 10 -4 M). Steady state diameter was recorded following 

the addition of each dose.  Following each dose response curve, the vessel was washed 

with fresh PSS until agonist was removed. Once all dose response curves were 

completed, PSS was removed and replaced with Ca2- free PSS for 30 minutes for 

maximum passive diameter to be identified.  

Pressure Myography Calculations 

Spontaneous tone was determined using the following equations: 

𝑺𝒑𝒐𝒏𝒕𝒂𝒏𝒆𝒐𝒖𝒔 𝑻𝒐𝒏𝒆 (%) = [
(𝑫𝒎 − 𝑫𝒊)

(𝑫𝒊)
]  × 𝟏𝟎𝟎% 
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Dm represents the maximal diameter and Di is the initial steady-state diameter before 

experimental treatment. The vascular response to ACh and SNAP was calculated using 

the following equation: 

𝑫𝒊𝒂𝒎𝒆𝒕𝒆𝒓 (% 𝑫𝒊𝒍𝒂𝒕𝒊𝒐𝒏) = [ 
(𝑫𝒔𝒔 − 𝑫𝒄𝒐𝒏)

(𝑫𝒎 − 𝑫𝒄𝒐𝒏)
] × 𝟏𝟎𝟎% 

Dcon represents the diameter before treatment and Dss represents the steady-state 

diameter following the addition of agonist dose. The vascular response of PE was 

calculated using the following equation: 

𝑫𝒊𝒂𝒎𝒆𝒕𝒆𝒓 (% 𝑪𝒐𝒏𝒔𝒕𝒓𝒊𝒄𝒕𝒊𝒐𝒏) =  − [
(𝑫𝒄𝒐𝒏 − 𝑫𝒔𝒔)

(𝑫𝒄𝒐𝒏)
] × 𝟏𝟎𝟎% 

Wall thickness (WT) of the vessels was calculated by measuring the inner (ID) and outer 

(OD) diameters and utilizing the following equation: 

𝑾𝑻 =
(𝑶𝑫 − 𝑰𝑫)

𝟐
 

Wall-to-lumen ratio (WLR) of the vessels was calculated using the following equation: 

𝑾𝑳𝑹 =
𝑾𝑻

𝑰𝑫
 

Statistics 

Two-way repeated measures analysis of variance (ANOVA) was performed to identify 

point-by-point differences in dose response curves. A Dunnett’s post hoc analysis was 

utilized when significance was found. Vessel % tone, wall thickness (WT) and wall tension 

were evaluated by one-way ANOVA and Dunnett’s post hoc analysis when significance 
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was found. All data is reported as the mean ± standard error (SE). Significance was set 

as p ≤ 0.05. All p-values are reported after multiple-comparison adjustments. 

Results 

Particle and VOC Characterization and Deposition 

Gravimetric filters assess the average mass concentration to be 240 µg/m3 and a 

standard deviation (SD) of 90 µg/m3. Condensation particle counter determined the 

average count concentration per day to be 88,400 particles/cm3 and a SD of 23,000 

particles/cm3. Particle size distribution plots and the scanning electron microscope image 

(SEM) are displayed in Farcas et al. 2020 [13]. In short, the geometric mean diameter 

started at 40 nm but increased after 20 minutes into the print job to 85 nm and steadied 

to 79-95 nm for the remaining 4h exposure with a geometric SD of 1.6 [13].  

VOCs were analyzed via GC/MS and are detailed in Farcas et al. 2020 [13]. All levels 

were well within OSHA permissible exposure limits and NIOSH recommended exposure 

limits. VOCs detected in ABS emissions included acetaldehyde, benzene, and ethanol 

[13].   

Mesenteric Microvascular Characteristics 

Percent tone, vessel wall thickness and wall tension were calculated and measured to 

assess vascular adaptations that may have occurred following inhalation exposure. There 

were no statistical differences between any of the exposure groups and control when 

assessing percent tone (Fig. 1a) or WLR (Fig. 1c). When assessing wall thickness, control 

vessels (30 ± 2 µm) were significantly smaller compared to wall thickness from the 4-day 

exposure group (46 ± 5 µm). 1- day (44 ± 6 µm) and 30-day (42 ± 5 µm) exposures yielded 
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larger wall thicknesses trending towards significance (Fig. 1b). Wall tension was 

calculated and was significantly increased in the 15-day (1.73 ± 0.13 N/m) and 30-day 

(1.80 ± 0.04 N/m) group compared to the control (1.34 ± 0.08 N/m) (Fig.1d).  

Mesenteric Microvascular Reactivity 

When assessing point-by-point differences, endothelium-dependent vasodilation was 

significantly augmented within the 8-day group at ACh dose 1x10-6 M and 1x10-4  M (Fig. 

2a). Point-by-point differences with endothelium-independent vasodilator SNAP yielded 

no significant differences between the groups and the control (Fig. 2b). Point-by-point 

differences when assessing α1 adrenergic agonist PE were apparent between 1-day and 

control at 1x10-7 M, 1x10-5 M, and 1x10-4 M, showing a decreased response to PE. 

Response was also significantly decreased at 1x10-7 M for 4 day and at 1x10-5 M and 

1x10-4 M for 15-day.  

Discussion 

Inhalation exposure to 3DPE has been linked to cardiovascular consequences and 

microvascular dysfunction [12]. Given the routine use of this technology, it is important to 

evaluate the consequences of long-term repeated exposure. In this study, we identified 

microvascular consequences associated with exposure for 1, 4, 8, 15 and 30 days. 

Regardless of the exposure paradigm, microvascular alterations to vascular anatomy 

and/or responses were identified in all exposure groups. Further, we were able to identify 

a potential compensatory response within the endothelial-dependent data following 

repeated exposure to 3DPE.  
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Wall thickness was shown to be significantly increased within the 4-day exposure group 

(Fig. 1b). An increase in wall thickness was trending withing the 1-day exposure as well 

as the 30-day exposure group, showing potential alterations within the shortest and 

longest exposure paradigm (Fig. 1b). While the inner and outer diameter was not 

significantly different between groups (data not shown), small alterations of these 

diameters could be a result of outward hypertrophic growths, as seen in pregnancy [14], 

or inward hypertrophic growth, which would cause an increased wall thickness following 

exposure. Inward hypertrophic growth is a response to hypertension [15]. Further, past 

data has shown an increase in blood pressure following inhalation exposure to 3DPE [12], 

additionally supporting evidence of cardiovascular ramifications. Wall tension was also 

shown to be increased in both 15- and 30-day exposure groups (Fig. 1d). High wall 

tension is required to withstand increased pressure and results in vasoconstriction in a 

stable, elastic vessel. If vascular dysfunction were to occur and wall tension were to be 

fixed, this could lead to collapse of the vessel [16]. While not significant, it was also 

interesting to see a steady increase in tone of the vessels to the 8-day exposure, followed 

by an inverse decrease to the 30-day exposure, perhaps suggesting a compensatory 

mechanism at play, as inhalation exposure to other ultrafine particulates has been shown 

to increase microvascular tone [8].  

It was found that adrenergic response to PE was shown to be decreased significantly in 

1-, 4- and 30-day exposures compared to the control (Fig. 2c). Additionally, endothelial-

dependent vasodilation was significantly decreased within the 8-day exposure group (Fig. 

2a). Interestingly, while not statistically significant, the ability to vasodilate appears to 

decrease from 1-day all the way to 8-day, from there, vasodilation increases from 15-day 
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to 30-day. This once again suggests the possibility of a compensatory mechanism after 

repeated exposure. One theory could be an increased antioxidant presence, which could 

lead to lowered reactive species and an increased nitric oxide bioavailability. While this 

is one theory, additional tests would have to be performed to assess if there is indeed a 

compensatory mechanism at play. Further, endothelial-independent vasodilation was not 

affected by 3DPE inhalation exposure (Fig. 2b). This suggests that endothelial 

dysfunction or nitric oxide bioavailability is driving these microvascular consequences. 

All exposure groups were shown to result in some form of anatomical change or 

physiological response alterations following 3DPE exposure. One limitation of this study 

includes the transfer of tissues to our lab from NIOSH. While the tissue was transferred 

as soon as possible form NIOSH to our facility, kept on ice and in cold PSS, it is possible 

that differing transfer times may have affected the viability of the vascular network. This 

may have resulted in artifact when examining microvascular response and tone. Moving 

forward, these experiments should be done within the same lab to ensure proper 

preservation of the tissue and increased viability.  

This study determined that 3DPE inhalation exposure, regardless of duration, resulted in 

microvascular consequences. These results further highlight the importance of increased 

ventilation and shield use when working with 3D printers in a commercial or household 

setting. With the increased presence of 3D printer technology, the cardiovascular 

consequences must be identified to fully understand the risks of use and exposure.  
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Figure Legends 

 

Fig. 1 Microvascular characteristics following inhalation exposure to 3D printer 

emissions. (a) percent tone of mesenteric arterioles following ABS filament exposure. 

(b) microvascular wall thickness. (c) Wall-to-lumen ratio (WLR) of mesenteric arterioles 

assessed. (d) wall tension of mesenteric microvascular vessels. Data are mean ± SE. *, 

P ≤ 0.05 vs control; #, P ≤ 0.07 vs control 

Fig. 2 Mesenteric arteriole dose response following inhalation exposure to 3D 

printer emissions for multiple time periods. (a) endothelium dependent response to 

ACh. (b) endothelium independent response to SNAP. (c) adrenergic response to PE. 

Data are mean ± SE. a, P ≤ 0.05 control vs 1-day; b, P ≤ 0.05 control vs 4-day; c, P ≤ 

0.05 control vs 8-day; d, P ≤ 0.05 control vs 30-day  
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Fig. 2 
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VI. General Discussion 

 

The purpose of this dissertation was to further identify cardiovascular dysfunction 

associated with inhalation exposure to nano-TiO2. Further, we wanted to identify the 

critical period of gestation at which maternal and fetal health is most susceptible to 

exposure. To do so, we assessed myogenic responsiveness within the maternal uterine 

microcirculation, fetal aortic responses, and angiotensin II (Ang II) influences within the 

maternal and placental microcirculation following specific gestational day (GD) maternal 

exposure. Through this, we were able to identify an Ang II specific mechanism by which 

early gestational exposure results in decreased pup weight. Further, we found that with 

this same exposure paradigm, the placenta does not seem to play a role in the fetal 

consequences reported here in.  

In our first study, we found that myogenic responsiveness was not altered, regardless of 

adrenergic influence (Fig.3, page.87 and Fig.4, page 88). The myogenic response is an 

important component of vascular function of the microcirculation [1] and if not properly 

adapted during pregnancy, may result in reduced blood flow within the uterine circulation 

[2]. While evidence has shown that maternal inhalation exposure to nano-TiO2 during 

gestation results in reduced pup mass (Fig. 3, page 127) [3-5], this data suggests that the 

myogenic response does not play a role in these reported consequences. If myogenic 

responsiveness had been increased following exposure, one may expect reduced blood 

flow within the uterus and therefore reduced nutrient delivery to the fetoplacental units, 

thereby resulting in reduced pup mass. Myogenic tone and actin polymerization within 

uterine arteries has been shown to be reduced following 17β-estradiol and progesterone 



 

214 
 

treatment [2]. Given that nano-TiO2 maternal inhalation exposure during gestation 

resulted in reduction in circulating estradiol levels [3], this may inhibit the usual reduction 

in myogenic tone associated with pregnancy.  

Additionally, within our first study, we found that maternal inhalation exposure to nano-

TiO2 during gestation can result in altered vascular response within the fetal circulation. 

These data showed reduced endothelium-dependent vasodilatory responses while 

displaying unaltered endothelium-independent vasodilation (Fig. 5, page 89). These 

findings suggest to us that the dysfunction must stem from the endothelial layer of the 

circulation, due to the ability of vascular smooth muscle to respond to nitric oxide (NO) 

directly. Given the inflammatory response that results from nano-TiO2 inhalation [6], 

reduced NO activity may be a result of reduced bioavailability from enhanced reactive 

oxygen species (ROS) formation, such as superoxide anions [7]. The alterations 

observed within the F1 generation, such as aortic vascular responses, suggest that 

exposure within the F0 generation may result in effects transcending to the next 

generation. Transgenerational epigenetic inheritance occurs when the first unexposed 

generation exhibits effects from the F0 exposure [8]. Exposure to the F0 generation 

includes direct exposure of not only the F1 generation, but also any offspring within F2 

generation, as eggs and sperm (F2) are already developed within the F1 generation in 

utero. We hypothesize that transgenerational consequences can occur through maternal 

nano-TiO2 inhalation exposure. An example of transgenerational inheritance is F0 

exposure to plastic additive bisphenol A, which has shown to result in F3 generational 

obesity, ovarian disease and heart disorders [9, 10]. While not transgenerational, our lab 

has shown multigeneration effects following maternal nano-TiO2 inhalation exposure. 



 

215 
 

This study found that F1 dams, born from exposed F0 dams, had increased hydrogen 

peroxide (H2O2) production and therefore NF-κB activation [5]. Additionally, other 

nanoparticles, such as gold, have been shown to cause multigenerational effects, such 

as decreased reproduction rate [11].  

These findings further suggest that developmental origins of health and disease (DOHaD) 

is a critical theory to consider when assessing fetal outcomes. If subsequent generations 

are affected following F0 exposure, epigenetic changes may be at play and these 

changes could have devastating effects. Moving forward, transgenerational effects of 

exposure need to be considered when assessing the full toxicological ramifications of 

gestational maternal inhalation exposure to nano-TiO2.   

To further examine the effects of maternal exposure to aerosolized nano-TiO2, studies 2 

and 4 were performed to assess the critical window of gestational exposure. This is 

important as pregnancy detection usually occurs after any potential insults have occurred 

in early gestation. Additionally, women typically do not stop working until their third 

trimester, allowing occupational exposure to proceed throughout pregnancy. In both 

studies, exposure time points were broken down into either early, mid or late gestation 

and all evaluation was performed on GD 20. In study 2, we found that, regardless of 

exposure group, endothelium-dependent vasodilation within uterine radial arteries were 

significantly reduced (Fig.5a-b, page 129). Further, it was found that Ang II sensitivity to 

vasoconstriction was significantly increased, but only within the early exposure (EE) 

group (Fig. 5g-h, page 129). Alterations in Ang II sensitivity or balance has been 

implicated in preeclampsia, gestational hypertension and fetal growth restriction [12, 13]. 

For a healthy pregnancy, Ang II sensitivity must decrease [14]. By doing so, this allows 
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for increased blood volume without increasing blood pressure, thereby enhancing blood 

flow to the uterus and fetus. While we did not have a model of preeclampsia, the data in 

study 2 showed that the exposure resulted in a hostile gestational environment, leading 

to decreased pup mass, therefore poor fetal outcomes. 

We further determined that at least one mechanism through which increased 

vasoconstrictor sensitivity was occurring is through decreased presence of angiotensin II 

type 2 receptor (AT2R) protein within the uterine circulation (Fig.6b, page 130). It has 

been shown that AT2R is increased within the uterine circulation during pregnancy, while 

angiotensin II type 1 receptor (AT1R) remained unchanged [15]. Given that AT2R stimuli 

results in vasodilation, balancing the AT1R responses, this would cause a decreased 

vasoconstrictive network regarding Ang II stimulation. AT1R/AT2R balance is crucial to 

suppress the Ang II pressor response while supporting the renin-angiotensin-aldosterone 

system (RAAS). RAAS stimulation results in release of aldosterone leading to 

reabsorption of sodium and water, thereby increase blood volume during pregnancy. 

Perturbations of this mechanism, such as during preeclampsia, is partly caused by 

increased AT1R  protein expression and decreased AT2R expression [16].  

We speculate that the cause for this receptor balance alteration may be due to a reduction 

of circulating estradiol levels following maternal inhalation exposure. This has been 

shown before with kisspeptin (Kiss), a peptide that plays physiological roles in trophoblast 

invasion and puberty [17, 18]. Similar to Ang II, Kiss is a vasoconstrictor that has been 

implicated in preeclampsia and intrauterine growth restriction [19]. Our lab has shown 

that inhalation exposure to nano-TiO2 during gestation has resulted in decreased 

estradiol, leading to increased sensitivity to Kiss vasoconstriction within the uterine 
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arteries following exposure [3]. Similarly, estradiol has been linked to increased AT2R 

protein levels within the uterine circulation and the kidney during pregnancy [15, 20]. 

Surprisingly, we were unable to show a reduction of estradiol at GD 20 in our EE group 

or any other exposure group (Fig.7, page 131). Given that the last day of exposure within 

the EE group occurred on GD 6, this insult may have affected estradiol levels and gone 

undetected due to the time of sampling. By GD 20, when these dams were euthanized, 

estradiol levels may have been improved, but the damage to the uterine microvasculature 

may have already been done. Future research must focus on assessing estradiol levels 

following exposure within the early and middle exposure groups before GD 20, as to 

capture these effects.  

The EE group affected maternal uterine microvascular function, which may have 

potentially led to the decreased pup size observed in these dams at GD 20 (Fig. 3, page 

127). Reduced blood flow due to this dysfunction within the uterus would have resulted in 

reduced pup size. This was reflected in our data and further suggests that exposure 

during early gestation results in the most critical adverse health effects. Our data also 

showed that placental efficiency was significantly reduced within the early exposure 

groups, meaning that the smaller pup required a much larger placenta to support any fetal 

growth or development (Fig. 3, page 127) [21]. Due to these results, we wanted to 

examine if placental anatomy and physiology may be altered as a result of maternal 

inhalation exposure, and if this may play a role in the poor fetal outcomes reported within 

the EE group.  

Placental hemodynamics were assessed and was not altered within any of the exposure 

groups. We wanted to assess if Ang II may play a role in dysfunction placenta dysfunction, 
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as it did within the maternal uterine microcirculation, but this was not shown when 

assessing placental hemodynamics (Fig. 4, page 193) or umbilical artery function (Fig. 5, 

page 194). Additionally, Ang II receptor density was not significantly altered within any of 

the exposure groups (Fig. 6, page 194). Changes in placental zones or their function have 

been shown to reflect toxicological consequences following various exposures [22, 23]. 

Given this, we wanted to assess if placental zone surface area may have been affected 

following maternal inhalation exposure during gestation. Our study found that there were 

no changes to junctional or labyrinth zone area compared to the controls (Fig. 7, page 

196). Given that there were no changes to placental anatomy or hemodynamics, we 

concluded that the placenta does not contribute to mechanism(s) responsible for smaller 

pup size within the EE group (Fig. 3, page 127). While zone area was not altered, it would 

be of interest to study placental anatomy, such as branching density within the placenta. 

If branching is reduced than overall placental resistance would increase within the unit, 

resulting in reduced blood flow [24]. This was one limitation of our study, that moving 

forward, should be explored. 

These results were surprising, as past research has shown an increase in Ang II 

sensitivity, following maternal inhalation exposure, resulting in altered placental 

hemodynamics and reduced blood flow [25]. The difference observed between the two 

studies may be due to the exposure paradigm, which was 3 days in study 4 whereas it 

was 6 days in the previous experiment. Moving forward, prolonged exposures, beginning 

in early gestation, need to be performed to present a more accurate representation of 

occupational exposure during gestation. Perhaps an increased exposure period would 
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have resulted in placental dysfunction that was not able to be identified given the short 3-

day exposure.  

Due to gestation being an ongoing process, future experiments need to focus on 

exposures during the entirety of pregnancy. To fully appreciate the effects of maternal 

inhalation exposure to this ENM, a full scope experiment throughout gestation will be 

necessary. To gain even more insight into the reproductive consequences of these ENM 

aerosols, more experiments need to be completed to assess how exposure prior to 

mating may affect fertility. Given sex is a biological variable, this is in regard to not only 

female, but male fertility, and how this may impact pregnancy and future generations. 

While male outcomes were outside the scope of this dissertation, it is of equal importance 

in regard to multi- and transgenerational alterations following exposure. Evidence of 

multigeneration nano-TiO2 exposure was shown in F1 males that exhibited cognitive 

deficits following in utero exposure [26]. Further, it would be interesting to explore 

potential differences between male and female placenta following exposure, given there 

has been evidence that pup sex ratio within the F1 generation tends to be favored towards 

females [5]. Given this finding, it could be possible that placental resistance is reduced 

within the female placental units compared to males.  

In conclusion, this dissertation presents a mechanism involving Ang II, a critical hormone 

in pregnancy, in which maternal nano-TiO2 inhalation exposure may result in poor fetal 

outcomes. Additionally, we found that early gestational exposure causes the most 

detriment to fetal health. This is significant due to the increased odds of occupational 

exposure prior to the third trimester, at which time most women will use maternity leave. 

Further, we found that these fetal outcomes, in part, stem from maternal uterine 
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microvascular dysfunction, including increased sensitivity to Ang II. Currently, the data 

here in suggests to us that these fetal outcomes are not related to placental dysfunction, 

as no differences were observed within our exposure groups. Moving forward, the future 

experiments presented above will need to be completed to fully appreciate the 

consequences of the growing field of advanced materials within our society.   
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