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ABSTRACT

Three-dimensional (3D) printing with polycarbonate (PC) plastic occurs in manufacturing settings,
homes, and schools. Emissions generated during printing with PC stock and bisphenol-A (BPA), an
endocrine disrupter in PC, may induce adverse health effects. Inhalation of 3D printer emissions,
and changes in endocrine function may lead to cardiovascular dysfunction. The goal of this study
was to determine whether there were any changes in markers of peripheral or cardiovascular
dysfunction in animals exposed to PC-emissions. Male Sprague Dawley rats were exposed to PC-
emissions generated by 3D printing for 1, 4, 8, 15 or 30 d. Exposure induced a reduction in the
expression of the antioxidant catalase (Cat) and endothelial nitric oxide synthase (eNos). Endothelin
and hypoxia-induced factor 1a transcripts increased after 30 d. Alterations in transcription were
associated with elevations in immunostaining for estrogen and androgen receptors, nitrotyrosine,
and vascular endothelial growth factor in cardiac arteries of PC-emission exposed animals. There
was also a reduction eNOS immunostaining in cardiac arteries from rats exposed to PC-emissions.
Histological analyses of heart sections revealed that exposure to PC-emissions resulted in vaso-
constriction of cardiac arteries and thickening of the vascular smooth muscle wall, suggesting
there was a prolonged vasoconstriction. These findings are consistent with studies showing that
inhalation 3D-printer emissions affect cardiovascular function. Although BPA levels in animals were
relatively low, exposure-induced changes in immunostaining for estrogen and androgen receptors
in cardiac arteries suggest that changes in the action of steroid hormones may have contributed to
the alterations in morphology and markers of cardiac function.
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Introduction . . .
constituents frequently measured include particle

Three-dimensional (3D) printing is increasingly
being used in large manufacturing settings, small
manufacturing settings located in homes that make
products to be sold, and schools (Abraham and
Chakraborty 2019; Shivika and Subhankar 2017;
Stefaniak, du Preez, and du Plessis 2021). A diverse
range of items may be produced using 3D printers,
including machinery parts, novelty items, pharma-
ceuticals, and even houses (Yi et al. 2016). Fused
deposition modeling (FDM) 3D printers are the
most widely used systems with standard thermoplas-
tics such as acrylonitrile butadiene styrene (ABS),
polylactic acid and polycarbonate (PC) commonly
used in the manufacturing processes (Farcas et al.
2019, 2020). Heating of the thermoplastics generate
and release particulate and fumes. Emission

number, aldehydes, benzene, toluene, ethylbenzene,
and xylenes (Viisdnen et al. 2022; Stefaniak et al.
2017). Inhalation of the emitted particulate and/or
the fumes may pose adverse health effects to users
of these systems as well as bystanders (Johnson 2013;
Rochester 2013; Shivika and Subhankar 2017;
Stefaniak et al. 2017; Stephens et al. 2013; Tarskikh,
Klimatskaya, and Kolesnikov 2013).

Exposure to emissions generated during print-
ing with ABS results in decreased responsiveness of
the vascular system to vasodilating factors (Hubbs
et al. 2011; Stefaniak et al. 2017). Because the dis-
position of plastic nano-particulate in vivo is not
known, it is difficult to determine whether the
vascular responses observed were due to inhalation
of particulate, or to volatile organic compounds
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(VOCs) released during the heating and printing
process. Several investigators demonstrated that
inhalation of ABS (Hubbs et al. 2011; Stefaniak
et al. 2017; Yi et al. 2016) and ingestion or dermal
absorption of PC-plastic (Lehmler et al. 2018, Kim
et al. 2020; Rochester 2013) affected both periph-
eral and cardiovascular systems by making them
less sensitive to factors that induce vasodilation
(Stefaniak et al. 2017). Because PC-plastic is routi-
nely used for 3D-printing in assorted settings
including workplaces, homes, schools or libraries,
it is important to determine whether inhalation of
PC-emissions affects cardiovascular function.
Polycarbonate emissions might also include
bisphenol A (BPA). Bisphenols are known to be
endocrine and metabolic disruptors as these sub-
stances interfere with actions of steroid and thyroid
hormones and are reported to exert significant
effects on a number of physiological systems
including the endocrine and cardiovascular sys-
tems (Lehmler et al. 2018; Ma et al. 2019; Kim
et al. 2020). Because steroid hormones exert
major effects on cardiovascular functions, it is pos-
sible that inhalation of PC particulate and/or BPA
might impact cardiovascular functions. Estrogen in
females, and testosterone in males, may exert pro-
tective effects on both heart function and on per-
ipheral vascular health by regulating heart rate,
blood pressure, and vascular responses to various
stressors (Huxley 2007; Lundberg et al. 1990). In
vitro binding studies demonstrated that BPA dis-
plays a 10-fold higher affinity for estrogen recep-
tors than estradiol, and therefore exposure to
bisphenols may alter the protective effects of estro-
gen on the cardiovascular system (Huxley 2007;
Lundberg et al. 1990). Similarly, beneficial effects
of testosterone on the cardiovascular system may
be inhibited since bisphenols also might affect the
activity of testosterone on heart and peripheral
vascular system by binding to androgen receptors
(Huxley 2007; Khraishah et al. 2022; Lundberg
et al. 1990). Inhalation of PC plastic emissions or
BPA might also alter development of the cardio-
vascular system in children that are exposed at
school or at home if the home is serving as
a small manufacturing environment by acting on
endocrine systems that play a role in cardiovascular
development in children and by generally affecting
heart development (Lehmler et al. 2018; NTP 2021;

Stephens et al. 2013). In addition, low doses of
bisphenols reduce 5a-reductase levels, resulting in
effects on steroid hormone synthesis and increased
aromatase levels leading to an elevated risk of
prostate cancer occurrence (Sanchez et al. 2022).
At present it is not known if changes in steroid
hormone levels induced by PC-emissions and/or
inhalation of BPA might act to affect cardiovascu-
lar function.

Local and systemic inflammation and increases
in oxidative activity may result from inhalation of
particulate matter (PM) (Hubbs et al. 2011;
Stefaniak et al. 2017; Tarskikh, Klimatskaya, and
Kolesnikov 2013; Yi et al. 2016). Systemic changes
may result in inflammatory factors, such as inter-
leukin 1B (II1B) and a tumor necrosis factor o
(TNF-a), and inflammatory cells, such as macro-
phages and monocytes, being transported through
the circulatory system to act at other sites in the
body, including the cardiovascular system, and
alter function at these sites (Hubbs et al. 2011).
These inflammatory cells may generate cytokines
and reactive oxygen species (ROS) that affect var-
ious tissues, or might stimulate tissues to produce
these factors. Recently (Farcas et al. 2024), exam-
ined the influence of inhaling PC-emissions and
found that inhalation of these emission did not
result in marked pulmonary or systemic inflamma-
tion. Based upon these findings, it is likely that the
effects of inhaling PC-emissions might involve
other mechanisms. Inhaled PM might also be
translocated from the lung and enter the circula-
tory system, where it may induce inflammation or
act on other physiological systems in the body
(Hubbs et al. 2011). However, because the fate of
nanoscale plastics in the body in comparison to
larger size particles is not well studied, and size of
PM inhaled may initiate a significant effect on their
disposition once in the body, examining the effects
of inhaling emissions on other systems is important
because these other physiological systems may be
affected, independently of the influence on the
respiratory system. Finally, PM-bound chemicals
may be released in bodily fluids, and subsequently
induce alterations in physiological functions.

To determine if inhalation of PC-emissions gen-
erated during 3D printing affects the cardiovascu-
lar system, the current study examined the effects
of inhaling PC-emissions after 1-, 4-, 8-, 15-, or 30-
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d exposure, on peripheral vascular responses to
vaso-modulating agents, on cardiac morphology
and on expression of proteins and transcripts that
are markers of inflammation, oxidative stress and
cardiovascular dysfunction. More specifically,
based upon previous data, it was postulated that
inhalation of PC-emissions might result in an ele-
vation in markers of oxidative stress and induction
of vasoconstriction, which in the long-term may
serve as a risk factor for development of high blood
pressure and cardiovascular diseases.

Methods
Animals

Male Sprague Dawley rats ([H1la: (SD) CVF, n=6
rats/group; 6-7 weeks of age, 200-250g) were
obtained from Hilltop Lab Animals, Inc,
Scottdale, PA. Animals in this study were part of
a larger study examining the effects of PC-emission
inhalation on a number of different physiological
systems. Because this was the first study, character-
izing the effects of PC-emission inhalation on
a number of different physiological systems, only
males were included. All animals were free of viral
pathogens, parasites, mycoplasms, Helicobacter,
and cilia-associated respiratory (CAR) bacillus.
Rats were acclimated to the facilities for 1 week
after arrival. All animals were housed in cages
ventilated with HEPA-filters under-controlled
temperature and humidity conditions and a 12h
light/dark cycle. Food (Teklad 7913) and tap water
were provided ad libitum. The animal facilities are
pathogen-free, environmentally controlled, and
accredited by AAALAC International. All proce-
dures were approved by the CDC Morgantown,
WV Animal Care and Use Committee and are in
compliance with the Public Health Service Policy
on Humane Care and Use of Laboratory Animals
and the NIH Guide for the Care and Use of
Laboratory Animals.

Exposure

After 1 week of acclimation to the facility, animals
were exposed to filtered-air (controls) or PC-
emissions generated by 3D printing as described
in (Farcas et al. 2019, 2024; Krajnak et al. 2023).

Animals were placed in separate compartments of
a whole-body exposure chamber that held up to 12
animals. No food or water was available during the
exposure. The cage rack with the animals rested on
top of cage support beams which had 1 cm outside
diameter stainless steel tubes with small holes. Each
hole was placed in the center of the cage partition
so that aerosols would be drawn into the breathing
space. Three desktop 3D printers (LulzBot Mini,
Fargo Additive Manufacturing Equipment 3D
LLC, Fargo, ND) were placed in an airtight cham-
ber. Black polycarbonate filament (Gizmo Dorks
LLC, Temple City, CA 3D Printing Polycarbonate
Filament - Gizmo Dorks) was fed into each printer,
which operated continuously during the 4 h expo-
sure period. At the beginning of each exposure,
animals were placed into the designated chamber
(for air or PC emission exposure). Emissions from
the printing chamber or filtered air were pumped
into the whole-body inhalation chamber. At the
end of each exposure, animals were placed into
their home cages and returned to the colony room.

Emissions generated by the printers were dis-
charged into the chamber with the animals. While
printing, the print nozzle temperature was 290°C
and the bed temperature was 120°C (Farcas et al.
2024; Krajnak et al. 2023). The mean hydrody-
namic particle size and particle concentrations
were measured using nanoparticle tracking sys-
tem analysis (NTA; NanoSight NS300, Malvern
Instruments, Worcestershire, UK). The measured
particulate emissions inside the exposure chamber
averaged approximately 0.592 mg/m> (or approxi-
mately 600,000 particles/cm?) of particulate for
a 4h exposure when the mean was calculated
over all days of treatment. The actual average
mass concentration determined with gravimetric
filters over all exposure days was 592 pg/m’ with
a daily average standard deviation of 200 ug/m’.
Particulate was also collected every 5 sec and par-
ticle size was measured using a fast mobility par-
ticle sizer (size range 5.6-560 nm, model 3091 TSI
Inc, Shoreview MN). The particle size distribution
was converted to aerodynamic equivalent mass by
assuming all particles were spherical and dis-
played a density of 1.2 g/cm” (the density of poly-
carbonate). The mean aerodynamic equivalent
diameter measured inside the exposure chamber
during the print jobs was 40 nm. The PC particles
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were also collected on filters and imaged with
a scanning electron microscope. Typical physical
diameters for PC particulate ranged from 40 nm
up to 90 nm (Farcas et al. 2019). Particle concen-
tration and particle size are similar to those
reported in a University Makerspace study
(450,000 particles/cm?; Secondo et al. 2020).

Variations of particle emissions over the 4 h
print job might be affected by several factors: 1)
build plates were heated and this could cause the
extruded plastic to cool faster the farther away it is
from the 1st print layer; 2) 3-D printing housing
chamber is not temperature controlled thus the air
temperature inside this chamber would rise during
print jobs, and 3) variations of filament composi-
tion during the manufacturing process could also
play a role. The precise chemical composition of
each roll of filament is proprietary. Generating the
exact same mass concentration in the exposure
chamber each day proved to be difficult, partly
because 3 printers were being used and the odds
of having one of them experience failed print
before completion was significant. Prints failed if
the part did not stay attached to the build plate, the
print nozzle became clogged, or there was
a software error with the printer. If a printer failed
during an exposure, that printer would be stopped
to prevent damage to the printer. A printer could
not be restarted because that would require the
printer housing chamber door to be opened. This
would dilute the concentration of the emissions
down to near zero mid exposure while trying to
fix the printer.

Analysis of volatile organic compounds by GC/MS

The volatile organic components of the PC emis-
sions were analyzed by GC/MS from samples col-
lected over a 4h collection period (Table 1). The
measurement of volatile compounds was con-
ducted using a method published in the NIOSH
Analytical Methods Manual (2018; 3900: Volatile
organic compounds (VOC), C1 to C10 canister
method; are found at https://www.cdc.gov/niosh/
nmam/default.html). The levels of measured com-
pounds were low, with acetaldehyde, acetone, etha-
nol, and ethylbenzene levels being the highest
among the detected compounds. Table 1 presents
the levels (ppb) of VOC measured in this study and

Occupational Safety and Health Administrations
(OSHAs) permissible exposure limits (PELs).
None of the compounds measured in this experi-
ment were above the OSHA PELs.

BPA and bisphenol A diglycidyl ether were also
assessed in the PC-emissions. Samples were collected
as described in (Krajnak et al. 2023). Particulate mat-
ter was collected over a 4 h period at 1 L per/min onto
glass fiber filters (SKC lot #21600-7E5-274; n=6
samples) from chambers where the particulate con-
centration in the air was approximately 0.6 mg/m”.
The filters were then analyzed by BVNA labs (Novi,
MI). The average concentration of bisphenol in the
samples was 5.3 + 0.18 ug. Using a mass particle dis-
tribution model to determine BPA deposition in
nose, trachea, alveolae and lung (where the tidal
volume is 1.7 ml, the breathing rate is 120 breaths/
min and the exposure time is 240 min), the estimated
daily deposition of BPA in the entire respiratory tract
was 36 ng. Bisphenol A diglycidyl ether was not
detectable in any of the samples.

Tissue collection

Groups of animals (6 air control and 6 treated)
were euthanized by injection of pentobarbital
(100-300 mg/kg i.p.) followed by exsanguination
24 hr after 1, 4, 8, 15 or 30 d treatment. Heart tissue
was collected, fixed in 10% formalin, and processed
for histological and immunohistochemical analyses

TABLE 1. This Table Shows Concentrations of Various Volatile
Chemicals in 4H of Emissions. Measurements Are Average Parts
per Billion (Ppb) During a Single 4h Exposure, the Standard
Deviation of the 4 Measurements and the OSHA Permissiblelimits
for Each Compound in Ppb

OSHA PEL
Compound Mean (ppb) std (ppb)
2,3-Butanedione <0.3 0 na
2,3-Hexanedione <04 0.00 na
Acetone 1573.8 1431.47 1,000,000
Acetonitrile 1.0 0.35 40,000
Benzene 1.0 0.15 1,000
Chloroform <0.1 0.00 50,000
D-Limonene 25 0.42 na
Ethanol 224 239 1,000,000
Ethylbenzene <03 0.00 100,000
Isopropyl Alcohol 13.6 4.12 400,000
Methyl Methacrylate 2.0 1.22 100,000
Methylene Chloride <0.2 0.00 25,000
Styrene 2.7 0.44 100,000
Toluene <0.3 0.00 200,000
alpha-Pinene <0.5 0.00 na
m,p-Xylene 1.5 0.25 100,000
n-Hexane <04 0.00 500,000
o-Xylene 1.2 0.20 100,000



https://www.cdc.gov/niosh/nmam/default.html
https://www.cdc.gov/niosh/nmam/default.html

JOURNAL OF TOXICOLOGY AND ENVIRONMENTAL HEALTH, PART A . 545

to search for morphological changes, alterations in
various protein concentrations, or for qRT-PCR to
measure changes in transcript expression. Ventral
tail arteries were also dissected and vasoconstric-
tion and vasodilation in response to phenylephrine
and acetylcholine were immediately measured in
a microvessel system (Scincta, Ontario).

Tissue preparation: histology and
immunohistochemistry
The heart was dissected from each animal. Each
sample was fixed in 10% formalin for 24 h, paraffin
embedded and sections (5pum) were cut on
a microtome. Five slides were collected from each
animal, with each slide containing 1-2 tissue sec-
tions. One set of sections was stained with Harris
hematoxylin and eosin (H&E) for histological ana-
lyses (assessment of number of inflammatory cells
in cardiac muscle, arterial internal and external
diameter, and muscle thickness). The other sec-
tions were stored in boxes until used for immuno-
histochemical identification of steroid receptors,
oxidative stress markers and vascular remodeling.
Slides used for immunohistochemistry were de-
paraffinized by heating slides at 60°C in an oven and
then putting them through 2-20 min rinses with
xylene, and a descending series of ethanol rinses to
remove the paraffin. Sections were then placed and
kept in water to rehydrate the sections prior to
immunohistochemistry. Antibody retrieval was per-
formed by placing slides into 0.5M citrate buffer
and microwaving for approximately 5min (4 x 1
min 20 sec intervals at the lowest power to prevent
the citrate buffer from boiling over). Slides were
then incubated in fresh citrate buffer for an addi-
tional 5 min, rinsed briefly with water, and then with
0.1 M phosphate buffered saline (PBS: pH 7.4).

Immunohistochemistry

Immunohistochemistry was performed using
a modification of the protocol described in (Hubbs
et al. 2011; Krajnak et al. 2023; Stefaniak et al. 2017).
Briefly, a liquid proof barrier was drawn around tissue
sections on each slide to keep all solutions on the
tissues. Two hundred pl of each solution was pipetted
onto tissue sections within the liquid proof barrier.
Endogenous peroxidase activity was reduced by incu-
bating tissues in 0.3% hydrogen peroxide in methanol
for 20 min then rinsing with 0.1 M PBS (3 x 5min

rinses). Sections were then incubated in primary anti-
body diluted in normal serum and PBS+0.3%
Triton-X 100 overnight in humidified chambers at
4°C. The primary antibodies used were all purchased
from Santa Cruz Biotechnology (Dallas, TX) and
included mouse-anti estrogen receptor (ER), nitrotyr-
osine, inducible nitric oxide synthase, (iNOS),
endothelial NOS (eNOS), androgen receptor (AR)
and vascular endothelial growth factor (VEGF).
Sections were then rinsed 3 x in PBS and incubated
in the appropriate, fluorescently labeled secondary
antibody (Jackson Immunolabs, Fisher Scientific,
Pittsburgh, PA) for 1h at room temperature. All
slides were then rinsed in 0.1 M PBS, and the process
was repeated with another primary antibody. After
completion of the secondary antibody step, sections
were air dried in the dark, cover slipped with
Fluorogold containing 4',6-diamidino-2-phenylin-
dole (DAPI) mounting media (Fisher Scientific,
Pittsburgh, PA) and stored at 4°C.

Microscopy

For immunostaining, multiple photomicrographs
of arteries were taken at 20x magnification.
Image] was used to quantify the immuno-stained
area using previously published methods (Krajnak,
Waugh, et al. 2006, 2010, 2013). All photos for
a specific antibody were taken at the same intensity
such that the area labeled and intensity of the
labeling might be measured using Image J (NIH,
Bethesda, MD). To measure labeled area and inten-
sity of labeling in the endothelial cells and vascular
smooth muscle (VSM), the inside of the lumen was
circled and a measurement of the labeled area was
made using Image J. This was followed by drawing
another circle along the internal elastic membrane,
and labeled area measured. The area of the lumen
was subtracted from the area containing the elastic
membrane, and this number was used as an esti-
mate of endothelial cell labeling (Figure 1). Similar
steps were performed to estimate VSM labeling;
measures collected after outlining the elastic mem-
brane and lumen of the artery were subtracted
from measures made after outlining the whole
artery and this number was utilized as the staining
of the VSM. An average of the measures from each
photo was calculated and this mean used for ana-
lyses (Krajnak et al. 2010).



546 K. KRAJNAK ET AL.

H&E staining was also performed on one set of
sections. Arteries were located within the tissue and
photomicrographs of arteries were taken at 20 x
magnification. The internal and external peri-
meters of 5 randomly selected arteries in the lateral
atria and ventricles were selected for analyses. The
ratio of the internal to external diameter was cal-
culated. In addition, 4 measures of arterial wall
muscle thickness were collected from each artery
and averaged. The number of inflammatory cells
and number of vacuoles in endothelial cells was
also counted in each photomicrograph. The num-
ber of vacuoles within endothelial cells was
employed as a measure of injury as evidenced by
a rise in vacuoles equivalent to endothelial cell
injury (Curry et al. 2005). The average number of
each quantified structure per section was calculated
and used for analyses.

Microvessel physiology

Tails were dissected from rats after exsanguination
and placed in cold Dulbecco’s modified Eagle’s
medium  with  glucose  (Invitrogen/Gibco;
Carlsbad, CA). Ventral tail arteries from the C18-
20 region of the tail were dissected, mounted on
glass pipettes in a microvessel chamber (Living
System; Burlington, VT), and perfused with bi-
carbonated HEPES buffer (130 mM NaCl, 4 mM
KCl, 1.2mM MgSO,, 1.8mM CaCl,, 10 mM
HEPES, 1.80 mM KH,PO,, 0.03 mM EDTA, plus

FIGURE 1. This photomicrograph depicts a cardiac artery. The
circles are drawn to represent the different regions in which
immune-labeling was quantified; red = internal perimeter, yel-
low endothelial perimeter and blue perimeter of the artery. The
outlines in this figure are representative of the outlines that
were made in image J. The outlines in ImageJ closely followed
the contours of the tissue which were not perfect ovals.

10% glucose) warmed to 37°C. Arteries were pres-
surized to 60 mm Hg and allowed to equilibrate for
approximately 1 hr. After the 1h acclimation per-
iod, the chamber buffer was replaced with fresh
HEPES buffer and responsiveness of the arteries
to phenylephrine (PE)-induced vasoconstriction
and acetylcholine (ACh)-induced re-dilation was
measured. All chemicals for microvessel exposures
were purchased from Sigma (Indianapolis, IN)
unless otherwise noted. To assess the effects of
treatment on sensitivity to a;-adrenoreceptor-
mediated vasoconstriction, PE was added to the
chamber such that changes in concentration
occurred in half-log increments (-9 to —5.5 M)
and the internal diameter of the artery was
recorded after the arteries stabilized (approxi-
mately 5 min between concentrations). After mea-
suring the dose-dependent vasoconstriction that
occurred in response to PE, the chamber bufter,
was removed and replaced with fresh, oxygenated
HEPES buffer. After rinsing in oxygenated HEPES
buffer for 15 min, arterial diameter returned to
near baseline levels. Because ventral tail arteries
usually display little basal tone, endothelial-
mediated re-dilation was assessed after arteries
were pre-constricted to approximately 50% of
their baseline diameters with PE. In a pilot study,
results demonstrated that re-constricting arteries
with PE did not markedly affect subsequent
responses to ACh or other vasomodulating factors.
To assess the dilatory effects of ACh, the agonist
was added cumulatively in half-log increments
(-10 to —5 M) and changes in the internal diameter
of the vessel measured as described for PE. The
doses used are in the range of doses that induce
vasoconstriction or dilation in ventral tail arteries
as described in a number of studies (Krajnak,
Dong, et al. 2006, 2020, 2022).

Quantitative reverse transcriptase-polymerase chain
reaction (qtRT-PCR)

qRT-PCR was performed to determine if exposure
to PC-emissions resulted in alterations in tran-
script levels in heart tissue (Krajnak et al. 2013).
Heart tissue was collected and fixed in 10% forma-
lin for 24 h prior to being paraffin embedded and
sectioned. RNA was extracted from eight 5pum
sections using the RNeasy FFPE Kit (Catalogue
number 73,504: Qiagen, Valencia, CA). First strand
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cDNA was synthesized from 1 mg total RNA using
a Reverse Transcription System (Invitrogen,
Carlsbad, CA). Because it was possible to only
isolate a limited amount of RNA from paraffin-
embedded sections, transcripts for factors that
changed in response to inhalation of other types
of particulate or toxic fumes were selected for ana-
lyses (Hubbs et al. 2011; Krajnak et al. 2017, 2023;
Roberts et al. 2014). In the current study, qRT-PCR
for the antioxidant enzyme catalase (Cat), endothe-
lial nitric oxide synthase (eNOS), endothelin-1a
(Etla), hypoxia-induced factor-1(Hifl) and vascular
endothelial growth factor (Vegf) was performed. To
determine if the treatment resulted in a change in
transcript levels, fold changes from the same day
controls were calculated. This was accomplished by
calculating the average response for the control
group and then subtracting the individual CT
values for each sample from the mean of controls.
A housekeeping gene (18;) was used to determine if
the changes in overall RNA concentrations in sam-
ples from different groups occurred.

Data analyses

PCR, histological and immunohistological data were
analyzed using 2 (condition) x 3 (days of exposure; 1,
15 and 30) ANOVA. Post-hoc tests were conducted
using t-tests or appropriate ANOVA. Planned com-
parisons were also run at each time point for specific
factors because prior to the beginning of the experi-
ment, it was predicted that there might be treat-
ment-related differences in these factors with
exposure to PC-emissions. Microvessel data were
analyzed using 2 (condition) x 10 (dose) repeated
measures ANOVAs. Jmp 15 (SAS, North Carolina).
To identify the EDs, for PE and ACh, for each
artery, % changes in internal diameter of the vessels
at each dose were analyzed using a non-linear
regression model for agonists in Graphpad
(Prism 4). The EDs, were compared in control vs
exposed animals using a Student’s t-test. Differences
with p < 0.05 were considered significant.

Results
Microvessel responses

Exposure to PC-emissions resulted in minimal
effects on PE-induced vasoconstriction (Figure 2).

After 1- and 8-d treatments (Figure 2a,e), there was
a significant increase in sensitivity to PE-induced
vasoconstriction, and the concentration of PE that
initiated a 50% constriction (EDs,) was lower in the
ventral tail artery of PC-emissions-exposed animals
than controls (Figure 2b,f). This difference was not
maintained on other days of the experiment.
Exposure to PC-emissions did not markedly alter re-
dilation in response to ACh (Figure 3).

Coronary morphology

One slide from each animal containing 1-2 sections of
heart tissue was stained with H&E (Figure 4a-f). Mean
(+ sem) internal and external artery diameters for
each day are presented in Table 2. Exposure to PC-
emissions produced a reduction in the ratio of internal
to external diameter of coronary arteries (Figure 4g).
This ratio was significantly decreased in both control
and exposed animals after 15d exposures as compared
to 1 d; however, the reduction was only significant in
control animals. After 1- and 30-d exposures
a reduction in internal to external ratio in PC-
emission exposed as compared to controls was
observed.

The thickness of coronary smooth muscle arteries
was also affected by exposure to PC-emissions
(Figure 4h). One day following treatment a decrease
in the thickness of coronary arterial smooth muscle in
animals exposed to PC-emissions was detected.
However, after 15-and 30-d exposure, smooth muscle
thickness returned to control levels. The number of
endothelial cells with vacuoles and inflammatory cells
in artery tissue exhibited minor fluctuations. There
were no marked alterations in parameter measures
collected on cardiac muscle.

gRT-PCR

PCR was performed on sections collected from par-
affin embedded heart tissue (Table 3). Exposure to
PC-emissions resulted in a reduction in eNOS tran-
script gene expression levels after 15- and 30-d treat-
ment, and decrease in Cat transcript gene expression
levels after 30-d exposure as compared to tissue from
air-exposed animals. Cardiac tissue from PC-
emission exposed rats also showed elevation in Etla
and Hifl transcript gene expression levels after 30-d
treatment as compared to air-exposed animals.
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FIGURE 2. Changes in the internal diameter (mean + SEM) of the ventral tail artery in response to phenylephrine (PE), after 1 (a, b), 4
(c,d), 8 (e, f), 15 (g, h) and 30 d (i, j) exposures to air or PC emissions. After 1- and 8-d exposures, arteries from PC animals were more
sensitive to the vasoconstricting effects of PE at the highest dose, and the EDs, for PE-induced vasoconstriction occurred at a lower
concentration in PC-exposed animals (*p < 0.05). There were no other marked changes in sensitivity to PE-induced constriction or the
EDso on any other day of the experiment.

Immunohistochemistry

A description of how immunohistochemical label-

there was no significant change Era labeling in the
endothelium of the heart (Figure 5a,b,m). However,

ing in the endothelial layer and the VSM was quan- the % area in the VSM of the heart immunolabeled
tified is presented in Figure 1. After 1-d exposure, for Era was significantly higher in PC-emission
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FIGURE 3. Changes in internal diameter (mean + SEM) of the ventral tail artery in response to acetylcholine (ACh) after 1 (a, b), 4 (c, d),
8 (e, f), 15 (g, h) and 30 d (i, j) exposure to air or PC emissions. There were no significant alterations in ACh-induced re-dilation on

any day of the experiment.

exposed than air-exposed animals after 1-d exposure
(Figure 5a,b,n). However, after 15-d exposure to PC-
emissions, Era-receptor labeling was increased in
the endothelium as compared to air controls
and day 1 PC-emission exposed animals
(Figure 5c,d,m). Thirty days following treatment,
in the

Era-receptor labeling was enhanced

endothelium of PC-emission exposed rats when
compared 1 d air-exposed animals and same day
air controls (Figure 5e,f,m). Era was not markedly
altered in the VSM of arteries after 15- and 30-d

exposures to air and PC-emissions.
Nitrotyrosine labeling was also affected after
exposure to PC-emissions (Figure 5g-1,0,p). In the
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FIGURE 4. Photomicrographs of cardiac arteries (A-F) on days 1, 15 and 30 of exposure to air or PC emissions. The perimeter of
the lumen (represented by the red circle in A) as a % of the external perimeter (the blue circle in D) of arteries decreased over
time in both air and PC-emission exposed animals (G: A different than 1 d same exposure, p < 0.05). However, after 1 and 30
d exposures, the reduction in internal diameter of arteries was greater in PC-exposed than control animals (*different than
same day controls, p < 0.05). This was accompanied by a decrease after 1 day exposure to PC-emissions and an elevation after 15
and 30 day exposures to PC-emission in the thickness of the vascular smooth muscle (green lines in E show where thickness
measurements were taken; * different than same day control p < 0.05; A different than 1d same exposure, p < 0.05). All data are
presented as the mean = SEM. The bar =50 um.

TABLE 2. Average (+ Sem) Internal and External Diameters of Arteries in Cardiac Tissue Measured in Hematoxylin and Eosin Stained
Sections. Bold * Is Different Than Air Control (p < 0.05).

Air control
internal diameter (um) PC-emissions internal diameter (um) Air control external diameter (um) PC-emissions external diameter (um)
1 474.55 (102.14) 812.12 (68.57)* 1340.75 (98.63) 979.17 (146.8)*
15 440.18 (72.39) 490.01 (35.02) 925.64 (107.72) 1107.20 (89.27)
30 568.80 (32.51) 395.53 (60.16)* 1185.69 (68.51) 875.91 (33.62)*

endothelium, the % area labeled for nitrotyrosine
was elevated by PC-emission exposure on d 1, 15
and 30 exposure but the difference between air-
and PC-exposed animals was only significant after
15 d (Figure 5g-1,0). In the VSM, the % area labeled
with nitrotyrosine was significantly higher in PC-

than air-exposed animals after 1 and 30-d expo-
sures with PC-emissions (Figure 5g,h).

The photomicrographs in Figure 6a-f depict
iNOS immunolabeling in cardiac arteries.
Figure 6m demonstrates a reduction in area con-
taining iNOS immunolabeling in the endothelial
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TABLE 3. PC-Induced Changes in Transcript Expression in Cardiac Tissue. Numbers in Shaded Cells with * Are Significantly
Different Than Same Day Controls (p < 0.05) and Numbers in Shaded Cells with A Are Different Than Day 1 Same Treatment
Values (p < 0.05). Abbreviations: Catalase (Cat), Endothelial Nitric Oxide Synthase (eNos), Endothelin 1a (Et7a), Hypoxia-Induced

Factor 1a (Hif1a), Vascular Endothelial Growth Factor (Vegf).

1 day 15 days 30 days
Transcript Air 3D Air 3D Air 3D
Cat 1.18(0.27) 1.68 (0.62) 1.51 (0.64) 1.18 (0.60) 0.89 (0.23) 0.25 (0.12)*A
eNos 1.26 (0.40) 0.84 (0.14) 1.27 (0.33) 0.48 (0.07)* 1.32(0.12) 0.80 (0.16)*
Etla 112 (0.23) 1.01 (0.19) 1.36 (0.54) 0.63 (0.15) 1.12 (0.19) 2.29 (0.67)A
Hif1 1.48 (0.53) 1.31 (0.68) 1.17 (0.28) 1.00 (0.16) 0.81 (0.26) 2.88 (0.94)*A
Vegf 1.18 (0.28) 0.95 (0.13) 1.14 (0.26) 0.98 (0.15) 1.08 (0.18) 1.49 (0.41)

layer of cardiac arteries between 1- and 15-d expo-
sures, iNOS returned to 1-d levels after 30-d expo-
sures. iNOS in the VSM did not change in either
the air- or PC-emission exposed groups at any
timepoint (Figure 6n). Differences in iNOS stain-
ing in controls between days 1 and 15 may be due
to the fact that these measures were made in
a different group of animals (this is why there is
a control at each time point). There could be dif-
ferent baseline levels in different groups of animals.
Photomicrographs of eNOS staining are depicted
in Figure 6g-1. After 15-d exposure to air, eNOS
immunolabeling was lower in the endothelial layer
of cardiac arteries than it was after 1 d (Figure 60).
eNOS in endothelial cells also decreased after 15-
and 30-d exposures with PC as compared to after 1
d, but this difference was not significant. In addi-
tion, after 15- and 30-d exposure to PC-emissions,
eNOS in the VSM was lower than it was after 1 d,
but this difference was only significant after 30-d
treatment (Figure 6p).

Figure 7a-l are photomicrographs of androgen
receptor (AR; A-F) and vascular endothelial
growth factor (VEGF; G-L) in cardiac arteries.
Although there were PC-emission-induced
changes in AR immunostaining in the endothe-
lium, these alterations were not significant
(Figure 7m). In the VSM (Figure 7n), there was
an initial decrease in PC-emission-induced AR
staining, but after 15-and 30-d treatment AR
immunostaining was elevated in PC-emission
exposed animals. There was also variability in AR
staining in the VSM of controls, but this was pri-
marily on day 15. Similar changes were noted in the
VSM of arteries from control muscles; however, the
reduction occurred later, after 15d of exposure,
with concomitant elevation after 30 days rising to
equivalent levels of PC-emission exposed group.

VEGF immunostaining was not markedly altered
in the endothelium (Figure 70). However, after
15-d exposures, VEGF immunostaining was
reduced in the VSM of cardiac arteries of controls,
but returned to 1-d levels after 30 d (Figure 7p).
Differences in VEGF staining in controls between
days 1 and 15 may be due to the fact that these
measures were made in a different group of ani-
mals (this is why there is a control at each time
point). There could be different baseline levels in
different groups of animals.

In PC-emission exposed animals, VEGF immu-
nostaining was higher in the VSM after 15-d expo-
sure to PC-emissions than after 15-d treatment
with air control, and after 30 d VEGF was higher
than it was after 1-d exposure to PC-emissions
(Figure 7p).

Discussion

The aims of these experiments were to determine
whether (1) inhalation of PC-emissions resulted in
changes in measures of peripheral and cardiovas-
cular function and morphology that might indicate
vascular and cardiovascular stress and (2) whether
or not these alterations were associated with
changes in steroid hormone receptors and other
factors indicative of vascular and cardiovascular
health. Based upon the results of these experiments,
there was an effect of inhaling PC emissions on
peripheral vascular function resulting in an
increased responsiveness to PE after 1 and 8d of
exposure. Alterations in gene expression demon-
strated that there were reductions in Cat and eNos
but elevations in Etla and Hifl. These alterations
in gene expression are associated with a (1)
decrease in internal diameter of cardiac arteries
and thickening of the vascular smooth muscle
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FIGURE 5. Photomicrographs of immunostaining of cardiac arteries for estrogen receptors (Er, a-f) and nitrotyrosine (g-I) in air and
PC exposed animals. Following 15 and 30-d exposures to PC-emissions, there was increase in ER immunostaining in the
endothelium of as compared to air control animals (D, arrow shows endothelium). However, in the vascular smooth muscle
(VSM, N), exposure to PC-emissions only induced an increase in ER immunostaining after 1 d. Although it appears as if
nitrotyrosine staining was enhanced in the endothelium after PC-exposure on all days, the difference was only significant
after 15d (0). The effects of PC-exposure on nitrotyrosine staining in the VSM was similar to those staining in the endothelium.
However, in the VSM, nitrotyrosine staining was significantly greater in PC-exposed than air controls after 1 and 30d. Data are
presented as the average area stained (£ SEM). Arrows designate the endothelium, the bar=50um, and * different than air
controls, p<0.05 and A is different than 1d same treatment, p < 0.05.

wall in arteries of the heart, and (2) an increase in
ERa staining in the coronary vascular endothelium
after 15- and 30-d treatment. Changes in AR dif-
fered from what was observed with ERa in that
there was an initial reduction in receptor expres-
sion in the VSM after 1 day of exposure to PC-
emissions, followed by a rise in AR 15 and 30d
after treatment. There were also changes in AR

staining in the VSM of controls. Because the ani-
mals in this study were still showing signs of repro-
ductive development (all were post-pubertal, but
there were endocrine changes suggesting reproduc-
tive growth; Krajnak et al. 2023), it is difficult to
differentiate between developmental and exposure-
related changes in steroid receptor staining, espe-
cially with AR. However, a balance between the
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FIGURE 6. Photomicrographs of immunostaining of cardiac arteries for inducible nitric oxide synthase (iNOS, A-F) and endothelial
nitric oxide synthase (eNOS; G-L) in air- and PC-exposed animals. Although there were fluctuations in iNOS staining in the endothelium
(M) and VSM (N) with exposure to PC-emissions, and over time, the only significant difference was that after 15-d exposure, iNOS
staining was lower in the endothelium of air exposed animals as compared to 1-d treated animals. In contrast, eNOS was reduced in
both endothelium and VSM (O and P) after 15- and 30-d exposures to PC-emissions. However, in the VSM, nitrotyrosine staining was
significantly greater in PC-exposed than air controls after 1- and 30-d treatment. Arrows designate the endothelium, the bar =50 um,
and * different than air controls, p < 0.05. eNOS staining in the endothelium and VSM was lower in PC-exposed as compared to
same day air controls, and it was lower after 15- and 30-d exposures to PC-emissions than after 1 day. Data are presented as the
average area stained (+ SEM). Arrow designates endothelium; bar = 50 um; * different than same day control, p < 0.05; @ different
than same day control, p < 0.05; A different than day 1 same treatment, p < 0.05).

activity of estradiol and androgens and their recep-
tors exert effects on cardiovascular function
(Huxley 2007; Lundberg et al. 1990). In addition,
the increase in ERa staining in the endothelium
appeared to be due to exposure to PC emissions.
Additional studies examining longer exposures in
older animals may help clarify how PC emissions

and BPA in these emissions affect steroid-mediated
alterations in cardiovascular function in the heart.

There was also a transient increase in nitrotyr-
osine in the VSM after 1-d exposure to PC-
emissions, and in the endothelium after 15 d, sug-
gesting that treatment with PC-emissions signifi-
cantly enhanced oxidative stress. Changes in
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FIGURE 7. Photomicrographs of immunostaining of cardiac arteries for androgen receptors (AR, A-F) and vascular endothelial growth
factor (VEGF; G-L) in air and PC exposed animals. Exposure to PC-emissions did not significantly affect AR-immunostaining in the
endothelium of arteries (M). However, after 1 d treatment with PC-emission, AR was significantly reduced in the VSM. This was
reversed after 15 and 30 d exposure to PC-emissions, AR immunostaining was significantly elevated in the VSM of PC-exposed animals
as compared to controls (N), and Ar higher after 15 and 30 d than after 1 d. VEGF immunostaining in the endothelium did not change
markedly with exposure to PC-emissions (O). VEGF in the VSM of arteries gradually rose with exposure to PC-emissions, and after 30 d,
VEGF was higher than after 1 d. There was a reduction in VEGF-immunostaining in the VSM after 15 d in air controls, but after 30 d air
exposure, VEGF staining returned to levels similar to those seen after 1 d air exposure (P). Data are presented as the average area
stained (+ SEM). Arrow designates endothelium; bar = 50 um; * different than same day control, p < 0.05; A different than day 1 same

treatment, p < 0.05).

measures of oxidative stress, including peroxyni-
trite and hydrogen peroxide might result in
a reduction in oxygen that is available for nitric
oxide (NO) production, or there may be an eleva-
tion in scavenging of NO to obtain oxygen for ROS
production (Kotsonis et al. 1999; Phillips,
Suylvester, and Frisbee 2005). Increases in ROS

might also interfere with the activity of tetra-
hydrobiopterin, the enzyme regulating NO synth-
esis (Kuzkaya et al. 2003; Xia et al. 1996). Increases
in ROS concentrations in the heart are known to be
associated with altered cardiovascular functions
and data suggest that exposure to 3D emissions,
and potentially BPA found within these emissions
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might contribute to a rise in markers of oxidative
stress, including transcription of factors regulating
ROS production, which play a role in development
of cardiovascular dysfunction (Stefaniak et al. 2017;
Yi et al. 2016).

Previously, Krajnak et al (2020, 2022). reported
that changes in peripheral vascular function were
associated with alterations in measures of cardiac
function. There was an enhanced sensitivity to PE-
induced vasoconstriction in the ventral tail artery
in PC-exposed animals. It is possible similar
changes occurred in cardiac arteries, and this
resulted in vasoconstriction detected in arteries
examined in histological samples. However, other
vascular beds in the body possess different recep-
tors and are differentially affected by alterations in
blood pressure and consequently may be differen-
tially affected by various factors. For example,
Stefaniak et al (2017) noted that smaller resistance
vessels in skeletal muscle exhibit reduced sensitiv-
ity to ACh-induced vasodilation after exposure to
particulate generated by 3D printing. Future stu-
dies need to be conducted to examine the responses
of different vascular beds to higher doses and/or
longer exposure durations to PC-emissions.

This study did not directly measure cardiac
function following exposure to PC-emissions.
However, measures of various factors associated
with development of cardiovascular function were
analyzed. Exposure to PC-emissions resulted in
a chronic vasoconstriction of cardiac arteries as
evidenced by a reduction in the internal diameter
and elevation in thickness of the VSM. This persis-
tent vasoconstriction was associated with an
increase in nitrotyrosine staining in both endothe-
lium and vascular smooth muscle, indicating that
there was elevated oxidative stress in cardiac
arteries. Enhanced oxidative stress and elevated
production of ROS most likely played a role in
the sustained vasoconstriction (Gradinaru et al.
2015). Elevations in oxidative stress may result in
diminished nitric oxide synthase activities.
Inhibiting the activity of these enzymes can result
in a sustained constriction because these enzymes
are required for production of nitric oxide (NO),
a major vasodilator (Bailey et al. 2005; Drozdz,
Drozdz, and Wéjcik 2023; Hughes et al. 2009).
The generated ROS reduce NO levels because avail-
able oxygen is being used to generate more ROS.

Elevations in ROS also induce increases in
endothelin (Ethla) in endothelial cells. All these
effects might lead to sustained vasoconstriction
and thickening of the VSM wall, and changes in
markers of vascular stress (Drozdz, Drozdz, and
Wjcik 2023; Gradinaru et al. 2015). The reduction
in transcript gene expression of the anti-oxidant
enzyme catalase, and eNos, and enhanced gene
expression of Hifla and Ethla are consistent with
these findings suggesting that enhanced nitrotyro-
sine immunostaining (indicator of elevated ROS
levels) may underlie both maintained vasoconstric-
tion and possibly, in the long term, lead to cardio-
vascular dysfunctions.

Decreased eNOS and iNOS immunostaining was
observed in the endothelium and VSM of cardiac
arteries from PC-emission-exposed animals
although this decrease was not significant at each
time point. The reduction in immunostaining in
heart sections from PC-emission exposed animals
is consistent with the observations that transcript
gene expression was diminished, at least for eNos,
and that the rise in oxidative stress not only affected
gene transcription but also enzyme concentrations.

Oxidative stress may not have been the only
factor inducing vasoconstriction. In a previous
study, Krajnak et al (2023) reported that inhalation
of PC-emissions by male rats did not markedly
affect circulating estradiol concentrations, but in
the current experiment, exposure to PC-emissions
increased Era-immunostaining, primarily in the
vascular endothelium. Similar patterns were noted
with enhanced AR immunostaining in the VSM of
animals exposed to PC-emissions. Previous inves-
tigators demonstrated that estrogen might be car-
dio-protective in women and androgens cardio-
protective in males (Huxley 2007; Lundberg et al.
1990). However, when steroid hormones or their
receptors are out of the normal physiological range,
these steroid hormones receptors may exert
adverse pathogenic effects. Vasoconstriction of
coronary arteries was found by Barbato (2009) to
be affected by a2C-adrenoreceptor activity.
Estradiol can act to increase a2C-adrenoreceptor
numbers in VSM muscle and endothelial cells, and
when an individual or animal is stressed, these
receptors translocate to the cell surface, enhancing
NE-mediated vasoconstriction (Bailey et al. 2005;
Eid et al. 2007; Hughes et al. 2009). Increases in
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steroid receptors that enhance vasoconstriction
were shown to be associated with alterations in
heart rate, changes in cardiac ventricular function
and alterations in blood pressure (Lundberg et al.
1990). Future studies focusing on the influence of
PC-emissions on steroid hormone activity and oxi-
dative stress might provide additional information
on the precise mechanisms by which these expo-
sures may contribute to PC-emission-induced
changes in cardiovascular function. Additional stu-
dies might also examine the effects of inhaling PC
emissions and/or BPA during pregnancy and ado-
lescence because the disruption of endocrine func-
tion during these periods may exert significant
effects on the functioning of a number of physio-
logical systems (Lehmler et al. 2018; National
Toxicology Program 2021).

The effects of inhalation of PC-emissions were
also examined on VEGF immunostaining. VEGF
in the VSM increased over time in PC-emission-
exposed animals. VEGF was reported to play a role
in vascular remodeling, growth and survival (Meza-
Alvarado et al. 2023). Although one cannot deter-
mine the precise mechanism, an elevation in VEGF
might counteract the influence of a sustained vaso-
constriction by increasing vascular remodeling and
neovascularization. Future studies might also exam-
ine the ratio of circulating endothelin to VEGF. This
ratio was found to change (more endothelin) when
there is an increased risk of cardiovascular disease
(Pandey et al. 2017).

Conclusions

The current study examined the effects of inhaling
PC-emissions. The results were similar to those seen
with the ingestion of plastic particulates (Huxley
2007; Lundberg et al. 1990), where both inhalation
in the current study, and ingestion resulted in
changes consistent with development of cardiovas-
cular disease. Our study and the ingestion studies
suggest that the effects may be due to exposure to
plastics, and also to BPA (Cimmino et al. 2020;
Mackay and Abidzaid 2018; National Toxicology
Program 2021). It is also possible that the alterations
in markers of cardiovascular health were affected by
changes in circulating steroid and thyroid hormones
(Krajnak et al. 2023). In a previous study that

utilized the same group of animals, it was reported
that thyroid stimulating hormone (TSH) was
reduced after both 1 and 30d of exposure to PC
emissions (Krajnak et al. 2023). TSH acts by mod-
ulating thyroid hormone levels which might affect
peripheral and cardiovascular function (National
Toxicology Program 2021). TSH and thyroid hor-
mone concentrations have been shown to be altered
by BPA exposure (Cimmino et al. 2020; Dias et al.
2022; J.-J. Kim et al. 2020; Lehmler et al. 2018;
National Toxicology Program 2021; Rochester
2013) and thereby, also potentially affect cardiovas-
cular function in animals exposed to PC or BPA.
Epidemiological evidence demonstrates that
increased levels of urinary bisphenols are associated
with cardiovascular disease (Dias et al. 2022;
E. J. Kim et al. 2014; 2020-). Additional studies
need to be conducted to determine the precise
mechanism by which inhalation of PC-emissions is
inducing markers of cardiovascular disease and
whether these changes are due to exposure to BPA,
PM, or a combination of these factors.
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