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Abstract

Cured-in-place pipe (CIPP) technology is increasingly being utilized to repair aging and damaged pipes, however, there are concerns
associated with the public health hazards of emissions. CIPP installation involves the manufacture of a new plastic composite pipe
at the worksite and includes multiple variable components including resin material, curing methods, and operational conditions. We
hypothesize styrene-based composite manufacturing emissions (CMEs) will induce greater pulmonary inflammatory responses and
oxidative stress, as well as neurological toxicity compared with nonstyrene CMEs. Further, these CME-toxicological responses will be
sex- and time-dependent. To test the hypothesis, representative CMEs were generated using a laboratory curing chamber and
characterized using thermal desorption-gas chromatography-mass spectrometry and photoionization detector. Styrene was
released during staying, isothermal curing, and cooling phases of the process and peaked during the cooling phase. Male and female
C57BL6/J mice were utilized to examine alterations in pulmonary responses and neurotoxicity 1 day and 7 days following exposure to
air (controls), nonstyrene-CMEs, or styrene-CMEs. Serum styrene metabolites were increased in mice exposed to styrene-CMEs.
Metabolic and lipid profiling revealed alterations related to CIPP emissions that were resin-, time-, and sex-dependent. Exposure to
styrene-CMEs resulted in an influx of lymphocytes in both sexes. Expression of inflammatory and oxidative stress markers, including
Tnfa, Vcam1, Ccl2, Cxcl2, Il6, Cxcl1, Tgfb1, Tgmt2, and Hmox1, displayed alterations following exposure to emissions. These changes in
pulmonary and neurological markers of toxicity were dependent on resin type, sex, and time. Overall, this study demonstrates resin-
specific differences in representative CMEs and alterations in toxicity endpoints, which can potentially inform safer utilization of
composite manufacturing processes.
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There is increasing concern about the impacts of plastic produc-
tion on the environment and human health. Previous studies
have examined the content of emissions and the adverse effects
of these emissions released directly from the various manufac-
turing processes (CIEL et al., 2019). Plastic manufacturing utilizes
monomers to form polymers through polymerization reactions.
Most monomers have limited biodegradability and are known
toxicants (Hahladakis et al., 2018). Monomers are often mixed
with additives to improve performance such as flexibility, rheol-
ogy, and elasticity (Hahladakis et al., 2018). Base polymers such as
polyvinyl chloride (PVC), polystyrene, and polyethylene have
been demonstrated to cause adverse health effects including car-
diovascular toxicity, endocrine disruption, reproductive or devel-
opmental damage, and pulmonary toxicity (Meeker et al., 2009;
Moore, 2008; Priyanka and Dey, 2018; Ramadan et al., 2020;
Thompson et al., 2009). For instance, epidemiologic studies

revealed inhaled heated PVC fumes were associated with asthma
and respiratory symptoms in occupational settings (Jaakkola and
Knight, 2008). Additionally, exposure to 3-D printer emissions
from acrylonitrile butadiene styrene filament induced elevated
levels of IFN-c and IL-10 in the bronchoalveolar lavage (BAL) in
exposed rats (Farcas, 2020). Plastic additives—phthalates, bisphe-
nol A, and polybrominated diphenyl ethers can interact with
multiple estrogen receptor subtypes interrupting transcriptional
processes and/or signaling events in mammals (Priyanka and
Dey, 2018). Moreover, exposure to bisphenol A in drinking water
increased CD4þ T cells, IFN-c, IL-17A, TLR4, caspase-1, and IL-1b

in the heart resulting in myocardial inflammation, enhanced car-
diac fibrosis, and elevated susceptibility of viral infection (Bruno
et al., 2019). Further, during the polymerization reaction, some
organic chemicals such as methanol, cyclohexane, chloroform,
dichloromethane, and benzoyl peroxide used as solvents and
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initiators can be evaporated because of high temperature, vac-
uum, or continuous stirring. The evaporation of these chemicals
and subsequent exposures may result in skin irritation and respi-
ratory health issues (Hahladakis et al., 2018; Lithner et al., 2011).

In recent years, the cured-in-place pipe (CIPP) procedure, an
outdoor plastic composite manufacturing process, has been uti-
lized to repair buried water and sewer pipes. The CIPP procedure
manufactures a new polymer composite within the damaged
existing pipe, restoring its functionality. A flexible liner impreg-
nated with resin is inflated in the damaged pipe and polymerized
into a hard plastic. Polymerization of the resin into a new plastic
liner inside the pipe is accomplished by exposing the resin to
heat or ultraviolet light. Unsaturated polyester resins, vinyl ester
resins, and epoxy resins are commonly used as raw materials,
and styrene-based resins are the most popular and least expen-
sive (Stratview Research, 2022).

With the growing use of the CIPP process to address aging
infrastructure, concerns have been raised regarding the health
hazards associated with emissions released into both the water
and air during the composite manufacturing process (CDPH,
2017, 2020; FDOH, 2020; Lebouf, 2019; Noh et al., 2022a; Ra et al.,
2019; Teimouri Sendesi et al., 2017). The release of emissions has
been associated with fish kills, water contamination, and
HAZMAT responses (Tabor et al., 2014). Recently, incidents near
installation sites where CIPP-related emissions were released into
the air were associated with evacuations of nearby schools and
communities because of complaints of strong odors, dizziness,
headaches, eye and respiratory irritation, shortness of breath,
and nausea (Lebouf, 2019; Noh et al., 2022b,c). Additionally, epoxy
chemicals utilized in pipe relining were associated with a higher
risk to develop allergic contact dermatitis among relining workers
because of dermal exposure (Aalto-Korte et al., 2015; Berglind
et al., 2012; Fillenham et al., 2012). A variety of volatile organic
compounds (VOCs) have been identified from CIPP installation
worksites (Ajdari, 2016; Ra et al., 2019; Teimouri Sendesi et al.,
2017). Also, a recent study using a laboratory curing chamber
revealed 8 other VOCs in addition to styrene, including acetophe-
none, benzaldehyde, styrene oxide, cumene, a-methylstyrene,
1,2,3-trimethylbenzene (TMB), 1,3,5-TMB, and phenol in emis-
sions generated from composite materials representative of those
used in the CIPP manufacturing process (Noh et al., 2023).
Additionally, a previous study revealed discharge of nanoplastics
from CIPP manufacture, whereas their influence on air quality
and toxicity are still unclear (Morales et al., 2022).

A few studies have examined outdoor and indoor environ-
ments near CIPP worksites and measured styrene, a primary
component of many CIPP resins (Nuruddin et al., 2019; Ra et al.,
2019; Teimouri Sendesi et al., 2017, 2020). Styrene is classified as a
Group 2B carcinogen, possibly carcinogenic to humans (IARC,
2002; NIEHS, 2021). The NIOSH exposure limit for styrene is 50
parts per million volume (ppmv), and the United States
Environmental Protection Agency (EPA) sets the acute exposure
guideline level-1 at 20 ppmv (IARC, 2002; NIEHS, 2021). Further,
the California EPA Office of Environmental Health Hazard
Assessment for CIPP installation identified 4.9 ppmv as the acute
reference exposure level for styrene exposure for the general
public (CDPH, 2020). Previous studies reported styrene concentra-
tions near a manhole exit at a CIPP worksite to be 1070 and
1824 ppm next to the resin tube delivery truck (Ajdari, 2016;
Lebouf, 2019; Matthews, 2020; Ra et al., 2019; Teimouri Sendesi
et al., 2017, 2020). The major acute health hazards associated
with exposure to high levels of styrene include irritation of the
respiratory tract and/or skin as well as central nervous system

effects (Sumner and Fennell, 1994). Epidemiological assessments
have demonstrated exposure to gas-phase styrene in occupa-
tional settings is associated with various nonmalignant pulmo-
nary disorders, including bronchiolitis, hypersensitivity
pneumonitis, and occupational asthma (Collins et al., 2013;
Kogevinas et al., 1994; Meyer et al., 2018). Additionally, styrene-
exposed workers at plastic manufacturing facilities were deter-
mined to have diminished lung function and lung damage, as
well as enhanced markers of oxidative stress and inflammation
(Chakrabarti, 2000; Cherry and Gautrin, 1990; Kohn et al., 1995;
Sati et al., 2011). Previously, an in vitro comparative toxicity
assessment evaluated condensate samples collected from 3 CIPP
worksites using styrene resins. This examination revealed differ-
ential cell death as well as alterations in expression of proteins
involved in cell damage, immune responses, and cancer (Kobos
et al., 2019). Overall, this assessment of condensate samples sug-
gested worksite and styrene-independent variations in CIPP-
related emission toxicity.

There are numerous variations among worksites performing
the CIPP procedure that may influence emissions and toxicity,
including differences in resins, pipe conditions, environmental
settings, and operations. Because styrene-based resins are associ-
ated with odor, nonstyrene-based CIPP resins are sometimes
used as an alternative material. Therefore, our current study
hypothesized styrene composite manufacturing emissions
(CMEs) will induce greater pulmonary inflammatory responses
and oxidative stress, as well as neurological toxicity compared
with nonstyrene CMEs. Further, these CME-toxicological
responses will be sex- and time-dependent. The specific objec-
tives of this study are to characterize CMEs generated throughout
the curing of styrene and nonstyrene-based resins, evaluate pul-
monary and neurological toxicity endpoints, and determine dis-
tinct circulating biomarkers following exposure to CMEs. A
laboratory curing system was used to generate and characterize
representative CMEs to minimize complexities which may con-
found data interpretation because of multiple and variable CIPP
worksite conditions in the laboratory (Noh et al., 2023). This
system was employed previously to produce representative styr-
ene- and nonstyrene CMEs for characterization of chemical com-
ponents (Noh et al., 2023). To evaluate toxicity, male and female
C57BL6/J mice were exposed once to freshly generated emissions
or air (controls) and samples for analysis were collected 1- or 7-
day postexposure.

Materials and methods
Animals

Male and female C57BL/6J mice (Jackson Labs, Bar Harbor, Maine)
at 13 weeks of age were randomly assigned to 12 groups of 5.
These groups represented 3 factors including sex (male and
female), exposure (air [controls], styrene-CMEs, or nonstyrene-
CMEs), and postexposure time points (1 day and 7 days). For each
exposure group, 20 mice including 10 male mice and 10 female
mice were randomly chosen after group housing. Five from each
sex were placed in 4 different cells that were equally separated in
the animal chamber. Sexes were alternated in each cell. After
exposure, 5 mice from each sex were randomly selected for nec-
ropsy at 1-day postexposure for evaluation of acute responses,
whereas the remaining 10 mice were necropsied 7-day postexpo-
sure to examine recovery following the single exposure. To elimi-
nate potential variabilities caused by female sex hormones, the
estrus cycle of female mice was synchronized through
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transferring the bedding from the male mouse cage to the female
mouse cage after group-housing for 1 week (Lundberg et al., 2017;
Yagielski, 2016). Mice in control and exposure groups were accli-
mated to chamber conditions 3 days prior to exposures. All mice
were exposed at 15 weeks of age. A timeline diagram of the ani-
mal experimental details is depicted in Figure 1. All animal-
related procedures were conducted under the National Institutes
of Health guidelines and approved by the Purdue University
Animal Care and Use Committee.

Exposure generation and system decontamination

Figure 2 is a schematic of the sampling chamber-environmental
test chamber (ETC) setup used to generate CMEs (Noh et al.,
2023). It was previously utilized as a laboratory-based system to
generate representative CMEs to characterize the volatile chemi-
cal emissions produced during the CIPP process (Noh et al., 2023).
Briefly, the composites were cured in the ETC and the emitted air
was allowed to flow into the mouse exposure chamber. In this
study, unsaturated polyester resin and vinyl hybrid resin were
used as the styrene and nonstyrene resins, respectively. A resin
mixture including resin base (styrene or nonstyrene) and initia-
tors were impregnated into individual polyester felts (10.16 cm �
10.16 cm � 2.5 cm). Six layers of these felts were stacked verti-
cally and cured in a heating oven. The curing process included 4
stages: (1) placing the felts in the oven for 1 h at ambient temper-
ature (Staying), (2) heating the oven to 65.6�C for styrene resin
impregnated felts and 82.2�C for nonstyrene resin impregnated
felts (Preheating), (3) curing at a constant temperature for 50 min
for styrene resin impregnated felts or 30 min for nonstyrene resin
impregnated felts (Isothermal curing), and (4) turning off the heat
and cooling down the oven and the newly formed composites for
1 h (Cooling). The curing step time periods for styrene and non-
styrene composite manufacturing reflected the procedures at the
CIPP worksites and allowed different resin impregnated felts to
fully cure into composites (Teimouri Sendesi et al., 2020). The
total time for animal exposure was 3 and 2 h 40 min during the
curing of styrene-based composite or the nonstyrene-based com-
posite, respectively. This includes the time associated with the
“Preheating” period which takes approximately 10 min. The
chambers and tubing were disassembled and cleaned with meth-
ylene chloride and acetone 3 times after every run followed by
10 min of pressurized air flushing. The disassembled components
were then placed in an oven at 200�C for 48 h. After reassembling,
the chamber was dried at ambient temperature for 24 h with
ultra-zero grade air, consisting of 76.5%–80.5% nitrogen and
19.5%–23.5% oxygen (Airgas, Radnor, Pennsylvania) at the flow
rate of 1.4 l/min. System decontamination was verified by meas-
urement with sorbent tubes and photoionization detector (PID).

Exposure and exposure characterization

VOC concentrations were measured with ultra-zero grade air
flowing through the system without composite materials inside
the curing oven to verify no background residual contamination.
These measurements were utilized as background to compare
with VOC concentrations during the CME exposures. During the
animal CME exposures, composites were cured to produce emis-
sions via 4 stages: staying, preheating, isothermal curing, and
cooling. Air samples during the mouse exposures were collected
once in the middle of the staying, isothermal curing, and cooling
stage by sorbent tubes. No sample was collected during preheat-
ing stage. A low-cost VOC sensor, PID, was also used for real-time
monitoring of the styrene concentration according to the manu-
facturer’s instructions. Before each experiment, the PID was cali-
brated using ultra-zero grade air and 10 ppm isobutylene. This
calibrated PID response was then converted to styrene using the
response factor 0.43 provided by the manufacturer. Air sampling
was conducted at 30 min after placing composites in the cham-
ber, 25 min or 15 min after beginning to cure styrene composite
or nonstyrene composite, respectively, and 30 min after halting
heating via PID and sorbent tube sample collection. The collected
sorbent tube samples were analyzed by a Unity 2 Series thermal
desorption (TD) system (Markes International, Inc, California) in
conjunction with a gas chromatography (GC) (2010-Plus,
Shimadzu, Inc, Maryland) and a mass spectrometry (MS)
(TQ8040, Shimadzu, Inc, Maryland) to obtain the concentration
of styrene. To insure there was no cross contamination, mice in
the control group were exposed to filtered air only bypassing the
curing oven with the same air sampling process.

Necropsy and sample collection

Mice were necropsied at 1- or 7-day postexposure. Blood, BAL
fluid (BALF), lungs, brain, and liver were collected during the nec-
ropsy. Following euthanasia by injection of ketamine/xylazine
(300 mg/kg; 90% ketamine/10% xylazine), blood was collected via
cardiac puncture and serum isolated (centrifuging at 3500 � g at
4�C for 10 min). Serum was stored at �80�C for targeted and
untargeted metabolite analysis (described below). BAL was then
performed to collect BAL fluid from the right lung lobes. BAL is a
minimally invasive procedure that involves instillation of sterile
PBS buffer into the lung via trachea and is often utilized to evalu-
ate acute lung injury following exposures (Gowdy, 2008; Hoecke,
2017; Komura, 2008; Russell, 2023; Tighe, 2018). Briefly, the left
lung was tied off using a suture and 5 mm of a 100 catheter was
inserted into the trachea. The catheter was connected to a 1-ml
syringe preloaded with a volume of PBS buffer determined based
on the individual mouse’s weight (17.5 ml/kg). Following instilla-
tion of the PBS into the right lung lobes, the fluid was allowed to

Figure 1. Timeline of animal study. After arrival, 13-week-old mice were randomly placed in cages. Female mice estrous cycles were synchronized and
all mice were acclimated to exposure chamber 3 days prior to exposures. During exposures, photoionization detector (PID) and gas chromatography-
mass spectrometry (GC-MS) were used to monitor and characterize CMEs. Half of the mice were necropsied 1 day after exposure to determine acute
responses. The other half of the mice was necropsied at 7-day postexposure to examine recovery. Assessment of serum styrene-specific metabolites
was performed to determine exposure whereas serum metabolite and lipid profiling were utilized to identify biomarkers of exposure and biological
response. Assessment of toxicity endpoints included alterations in bronchoalveolar lavage fluid (BALF) markers of inflammation and lung injury
(immune cell influx, total protein concentration, cytokine/chemokine levels), gene expression of inflammatory, oxidative stress, and injury markers in
the unlavaged lung tissue, and gene expression of inflammation and oxidative stress markers in brain tissue.
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sit for 10 s prior to being collected. This lavage procedure was
repeated for a total of 4 times using fresh volumes of PBS for each
instillation. The first lavage volume was centrifuged at 1000 � g
at 4�C for 10 min, and the supernatant fraction containing biomo-
lecules was transferred to a 1.5-ml centrifuge tube and stored in
a �80�C freezer for measurement of total protein concentrations
and inflammatory cytokines/chemokines via enzyme-linked
immunosorbent assay (ELISA). The cell pellet from the first lav-
age was combined with the cell pellet from all other 3 washes
and resuspended in PBS for cell differentials. Left lung and brain
were collected and stored at �80�C for real-time reverse tran-
scription polymerase chain reaction (RT-PCR) assessments of
alterations in gene expression of inflammatory and oxidative
stress markers. Similar to other evaluations examining acute
inhalation exposure-induced responses in pulmonary and brain
tissues, mice were not perfused prior to organ collection (Gowdy,
2008; Komura, 2008; Smith, 2007).

Untargeted metabolite and lipid profiling

To examine if different CIPP-related emissions caused distinct
global changes in metabolism, serum samples were processed
via the Bligh and Dyer liquid-liquid extraction method and
assessed by high-performance liquid chromatography with tan-
dem mass spectrometry (HPLC-MS/MS). Briefly, 300 ll methanol
was added to 100 ll serum samples and sonicated for 5 min. Then
300 ll chloroform and 200 ll water were added. The mixture was
vortexed thoroughly followed by centrifugation for 5 min at
1000� g. This resulted in 2 phases, the upper polar phase (water/
methanol) used the metabolite analysis, and the bottom organic
phase (chloroform) was used for lipid analysis. After the phases
were divided and dried in a vacuum concentrator, they were
reconstituted for HPLC analysis. Seventy-five microlitres of 95%
water, 5% acetonitrile, and 0.1% formic acid solution were added
the for metabolites screening, whereas 75 ll of 30% acetonitrile,
50% methanol, and 20% water was added for lipid profiling. Five
microlitres of samples were injected into an Agilent 1290 Infinity
II UHPLC system coupled through electrospray ionization to a
model 6445 quadrupole time-of-flight mass spectrometer (Q-
TOF) (Agilent Technologies, Palo Alto, California). For metabolite

analysis, a Waters Acquity HSS T3 (2.1� 100 mm � 1.8 lm) sepa-
ration column (Waters, Milford, Massachusetts) was used.
Solvent A (0.1% formic acid in double-distilled water [ddH2O])
and B (0.1% formic acid in acetonitrile) were the mobile phases.
Flow rate was 0.45 ml/min. The gradient program utilized was 0–
1 min, 0% B; 1–16 min, a linear gradient to 20% B; 16–21 min, a lin-
ear gradient to 95% B; the following 1.5 min, hold; and the last
1 min, returning to 0% B over 1 min. Then another 5 min were
held to re-equilibrate the column. For mass spectrometric analy-
sis, the Q-TOF was operated in MS-MS data dependent acquisi-
tion mode, acquiring mass spectral data from 70 to 1100 m/z in
negative ionization mode.

For lipid analysis, a Waters BEH C18 (2.1� 100 mm � 1.7 lm)
separation column (Waters, Milford, Massachusetts) was used.
Solvent A (10 mm ammonium acetate and 0.1% formic acid in
ddH2O) and B (10 mm ammonium acetate and 0.1% formic acid
in 50% isopropyl alcohol:50% acetonitrile) were the mobile
phases. Flow rate was 0.4 ml/min. The gradient program utilized
was 0–0.5 min, 35% B; 0.5–5 min, a linear gradient to 20% B; 5–
10 min, a linear gradient to 95% B; the following 5 min, hold; and
the last 1 min, returning to 35% B over 1 min. Then another 5 min
were held to re-equilibrate the column. For mass spectrometric
analysis, the Q-TOF was operated in MS-MS data dependent
acquisition mode, acquiring mass spectral data from 100 to
1200 m/z in positive ionization mode. The raw MS data were pre-
processed in MS-DIAL (www.http://prime.psc.riken.jp), for decon-
volution, alignment, and compound identification, and then
statistically analyzed in R (R Core Team, 2015). Prior to analysis,
the intensity data were filtered to remove features (metabolites
or lipids) for which no experimental group (exposure * sex * time
combination) had >2 nonzero intensity values, normalized to the
sample medians, and log-2 transformed. Features in which all
intensities were zero-valued in some experimental groups and
not in others were classified as missing-not-at-random and ran-
domly imputed on the log scale from a normal distribution cen-
tered at half the minimum intensity in the data, with a standard
deviation equal to the mean standard deviation of the experi-
mental groups. Values that were missing-at-random were not
imputed.

Figure 2. Sampling chamber-environmental test chamber (ETC) setup. Styrene and nonstyrene CMEs were produced within an oven and supplied to an
exposure chamber housing 20 mice. PID measurements were made in real-time and air samples were collected using sorbent tubes for later
characterization by GC-MS.
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Untargeted metabolite and lipid profiling—statistical
analysis

After preprocessing, the intensities of each feature were analyzed
using a univariate, 3-way ANOVA model based on exposures
(control, styrene-CMEs, and nonstyrene-CMEs), sex (male and
female), and time points (1 day and 7 days after exposure).
Where necessary, robust linear models (Huber, 1981) were used
to address unequal variance or outliers (Venables and Ripley,
1997). Pairwise comparisons among exposure levels were eval-
uated conditional on sex and time point using the emmeans
package (Lenth et al., 2022), and significant effects were tabulated
after a global false discovery rate (FDR) correction to generate
Venn diagrams. Metabolites or lipids with fold change >2 (ratio >
2 or <0.5; FDR < 0.05) were considered to differ significantly
between groups. The number of common or unique candidates
that were considered statistically different (FDR < 0.05) were
compared through Venny 2.1.0 (https://bioinfogp.cnb.csic.es/
tools/venny/) based on 3 factors including types of CMEs, postex-
posure time points, and sex. All candidates inside these criteria
were listed after the removal of those only existing in nonmouse
species.

Biomarkers of exposure—measurement of targeted
styrene metabolites

After serum samples were isolated and extracted described
above, the metabolite phase was utilized to measure styrene
metabolites of interest, specifically styrene-7,8-oxide, mandelic
acid, phenylglyoxylic acid, and phenylacetic acid, via liquid chro-
matography with tandem mass spectrometry (LC-MS/MS). An
Agilent 1200 HPLC system was coupled to an Agilent 6460 series
triple quadrupole mass spectrometer (Agilent Technologies,
Santa Clara, California). A Waters T3 column (2.1 mm � 150 mm,
3 lm) was used for the separation. The buffers were: (A) water
with 0.1% formic acid and (B) acetonitrile with 0.1% formic acid.
The linear LC gradient was as follows: time 0, 5% B; 1 min, 5% B;
16 min, 20% B; 21 min, 95% B; 22.5 min, 95% B; 23.5 min, 5% B;
28.5 min, 5% B. The flow rate was 0.3 ml/min. Multiple reaction
monitoring was used for MS analysis. Quantitation of each ana-
lyte was performed using a calibration curve. Detection limits for
styrene-7,8-oxide, mandelic acid, phenylglyoxylic acid, and phe-
nylacetic acid were 0.36, 0.89, 0.26, and 26.4 lg/ml, respectively.

Differential immune cell count and total protein
concentration measurement in BALF

After BALF cell pellets were resuspended, total and differential
cells were counted by a cellometer (Nexcelom, Massachusetts) to
assess pulmonary alterations including an influx of immune cells
in the cellular content of BALF. The same amount of BALF cells
adhered to slides via 3 min centrifugation in a Cytospin IV
(Shandon Scientific Ltd, Cheshire, United Kingdom) followed by
being stained with a hematology statin (Thermo Fisher Scientific,
Newington, New Hampshire). After the slides dried, they were
observed and counted under bright-field microscopy. A total
number of 300 cells were counted per slide from random fields
on the slide. The number of differential immune cells in each
BALF sample was then calculated based on the percentage of spe-
cific cell types in 300 cells and the total BALF cells.

The supernatant part of BALF containing rich proteins was
used to evaluate the concentration of total proteins by Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, Newington, New
Hampshire). Briefly, 25 ll of standard solution or sample was
added to a microplate well, then 200 ll of the working reagent

(50:1, Reagent A:B) was added and mixed thoroughly with the
standard or sample. The mixture was read in a microplate reader
at 562 nm at room temperature.

mRNA expression analysis

Real-time RT-PCR was used to measure pulmonary and neurolog-
ical inflammation and oxidative stress markers. Trizol
(Invitrogen, Carlsbad, California) and ceramic beads (CK 14 soft
tissue homogenizer Precellys, Bertin Technologies, Rockville,
Maryland) were added to part of the left lung lobe samples for
homogenization at a speed of 5 m/s for 1 min. Total RNA was
extracted from the homogenate following isolation and purifica-
tion by a Direct-zolTM RNA MiniPrep Kit (Zymo Research, Irvine,
California) under the manufacturer’s instructions. The concen-
tration and quality of RNA samples were measured via a
Nanodrop (Thermo Fisher Scientific, Newington, New
Hampshire). An aliquot of 1 lg of RNA sample was reverse tran-
scribed into Cdna through an iScriptTM Cdna Synthesis Kit (Bio-
Rad, Hercules, California) under the manufacturer’s instructions.
Quantitative real-time RT-PCR analysis was performed to assess
alterations of gene expression of inflammatory and oxidative
stress markers including interleukin 6 (Il6), tumor necrosis
factor-alpha (Tnfa), vascular cell adhesion molecule 1 (Vcam1),
monocyte chemoattractant protein-1 (Ccl2), macrophage inflam-
matory protein-2 (Cxcl2), C-X-C Motif Chemokine Ligand 1 (Cxcl1),
tumor growth factor-b1 (Tgfb1), transglutaminase 2 (Tgmt2), and
hemeoxygenase-1 (Hmox1) by utilizing predesigned primers
(Integrated DNA Technologies, Inc, Coralville, Iowa). Gene
expression of neurological inflammatory and oxidative stress bio-
markers including Il6, Tnfa, Vcam1, Cxcl2, and Hmox1 were
assessed in the brain by real-time RT-PCR following the same
protocol done in lung samples. Predesigned primers from
Integrated DNA Technologies, Inc were used in this assessment.
Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) was used as the
housekeeping gene for all genes. Relative fold gene expression of
samples among different groups was calculated by using the
delta-delta Ct method (2�DDCt) (n¼ 5/group). Additionally, 2 tech-
nical replicates for each sample were used in RT-PCR.

ELISA assays to evaluate BALF cytokine levels

Protein markers of inflammation in the supernatant from the
first wash were evaluated. Commercially available mouse ELISA
kits (R&D Systems, Inc, Minneapolis, Minnesota) were used to
measure inflammatory cytokines in BALF, including IL6 and
CXCL2 following the manufacturer’s instructions. Briefly, 100 ll
of diluted Capture Antibody was added to a 96-well microplate
for an overnight plate coating. After that, the plate was rinsed 3
times with 400 ll of Wash Buffer each time. Then, the plate was
blocked by adding 300 ll Reagent Diluent to each well for a mini-
mum of 1 h followed by the same rinse 3 times done in earlier
steps. When the plate was prepared, 100 ll of samples or stand-
ards, 100 ll of the Detection Antibody, and 100 ll of the working
dilution of Streptavidin-HRP were added to per well in order and
incubated for 2 h, 2 h, and 20 min, respectively, at room tempera-
ture. After incubation, 100 ll of Substrate Solution was added and
incubated for 20 min at room temperature. This step should
avoid direct light. Lastly, 50 ll of Stop Solution was added to each
well. The data were read and collected at a wavelength of 540 nm
in a microplate reader (Molecular Devices, San Jose, California).
Two technical replicates for each sample were used in ELISA
analysis.
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Statistical analysis for targeted metabolites, cell
differentials, gene expression, and BALF cytokines

Experiments for biological assessments were performed with an
n¼ 5/group with 2 technical replicates. All data are presented as
mean values 6 SEM. Multi-comparison analysis of styrene
metabolites, cell differentials, gene expression, and inflamma-
tory responses were statistically assessed by 3-way ANOVA with
Tukey post hoc analysis between groups, using exposure (styrene-
CMEs or nonstyrene-CMEs), postexposure time point (1 day or 7
days), and sex (male or female) as the factors. Statistical signifi-
cance was determined when p value �.05 between groups was
determined. All statistical analyses were processed in GraphPad
Prism 9 software (GraphPad, San Diego, California).

Results
Gas-phase styrene levels during mouse exposure
Twenty mice (10 males and 10 females) were placed into the
exposure chamber and exposed to air (controls), styrene CMEs
(styrene-CMEs), or nonstyrene CMEs (nonstyrene-CMEs). During
these mouse exposures, emissions were sampled once in the
middle of the staying, isothermal curing, and cooling phases. No
VOCs were detected during background assessments when air
was flowing through the system without material in the curing
chamber. During the staying phase, styrene was not detected in
the nonstyrene-CMEs (Table 1). Styrene was detected in the
nonstyrene-CMEs during the isothermal curing and cooling
phases (38.83 and 34.79 ppb, respectively) (Table 1). As expected,
styrene was detected during all 3 phases assessed for the
styrene-CMEs (Table 1). Styrene was 905.9 ppb during the staying
stage, 569.6 ppb during the isothermal curing phase, and
3073 ppb during the cooling phase (Table 1). PID results demon-
strated measurable emissions were produced during all phases
for both resin materials (Table 1). The peak level of emissions
was found during cooling down for both types of composites with
styrene-based resins generating higher levels during each phase
(Table 1). PID measurements were consistently higher than ther-
mal desorption-gas chromatography-mass spectrometry (TD-GC-
MS), ppm compared with ppb (Table 1).

Targeted styrene metabolite analysis
Serum was collected from mice at 1- and 7-day postexposure to
identify styrene metabolites for exposure verification and to under-
stand exposure kinetics. In the air group, no styrene-7,8-oxide or
mandelic acid was detected at 1- or 7-day postexposure in both
sexes (Table 2). A low level of phenylglyoxylic acid was observed in
this group. Similar levels of these styrene metabolites were
observed in the nonstyrene-CME group compared with the control
group. Styrene-7,8-oxide, mandelic acid, and phenylglyoxylic acid
were significantly increased in both male and female mice after 1-

day exposure to styrene-CMEs (Table 2). There were no significant
differences in styrene metabolites between male and female mice
exposed to styrene-CMEs. A higher concentration of styrene-7,8-
oxide was determined in serum than the levels of mandelic acid
and phenylglyoxylic acid following exposure. At 7-day postexpo-
sure, styrene-7,8-oxide was still observed in the styrene-CMEs
group, which was higher than its level at the 1-day time point
(Table 2). More mandelic acid and phenylglyoxylic acid were
detected in male mice, compared with the levels in controls and
nonstyrene-CMEs groups, whereas their concentrations decreased
compared with the 1-day time point.

Values are expressed as mean 6 SEM (n¼ 5/group), the paren-
theses denote the number of mice from each group demonstrat-
ing levels above the detection limit for each metabolite.
Phenylacetic acid was also measured but was not determined for
all samples. Not determined (n.d.) denotes styrene-7,8-oxide <

0.36 mg/ml; mandelic acid < 0.89 mg/ml; phenylglyoxylic acid <

0.26 mg/ml; phenylacetic acid < 26.4 mg/ml. * denotes significant
differences because of exposures compared with the control
group matched for sex and time point, # denotes significant dif-
ferences between styrene-CMEs and nonstyrene-CMEs matched
for sex and time point, & denotes significant differences between
male and female mice matched for exposure and time point, and
$ denotes significant differences between 1- and 7-day postexpo-
sure time points matched for exposure and sex (p< .05).

Global metabolite profiling
There have been limited toxicological examinations of styrene-
and nonstyrene-CMEs; therefore, to identify potential pathways
and biomarkers of toxicity, serum samples were screened via
metabolite profiling. Principal component analysis (PCA) of sig-
nificantly altered metabolites determined differential grouping of
male and female mice as well as alterations following emission
exposures at 1- or 7-day postexposure time points
(Supplementary Figure 1). Additionally, metabolite alterations
determined to be statistically significant compared with controls
(p< .05) were compared utilizing Venn diagrams (Figure 3).
Specifically, these diagrams demonstrated unique and shared
metabolites altered based on exposure (Figure 3A), time
(Figure 3B), and sex (Figure 3C). Exposure to styrene-CMEs gener-
ated more unique metabolites compared with nonstyrene-CMEs
(Figure 3A). At 7 days after exposure, fewer unique metabolites
were identified in all mice exposed to styrene-CMEs compared
with the number found at 1-day postexposure. The number of
unique metabolites was observed to elevate in male mice
exposed to nonstyrene-CMEs from 1 to 7 days, whereas there
were no differences found in female mice (Figure 3B). Lastly,
male and female mice also responded differently to the same
exposure (Figure 3C). Different numbers of upregulated and
downregulated metabolites were significantly altered in different

Table 1. Gas-phase styrene concentration in emissions from curing composites during mouse exposure

Nonstyrene-CMEs Styrene-CMEs

Phase of Manufacture TD-GC-MS (ppb) PID (ppm) Phase of Manufacture TD-GC-MS (ppb) PID (ppm)

Mid-staying (30 min) <Detection limit 35 Mid-staying (30 min) 905.9 245
Mid-isothermal cur-

ing (15 min)
38.8 45 Mid-isothermal curing (25 min) 569.6 310

Mid-cooling (30 min) 34.8 65 Mid-cooling (30 min) 3073 330

Time denotes at what point during the phase the samples were collected.
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comparisons considering 3 factors: types of resin, postexposure

time points, and sex (Table 3 and Supplementary Table 1). At 1-

day postexposure, more metabolites demonstrated larger abun-

dance in female mice in the styrene-CMEs exposure group com-

pared with controls. However, fewer metabolites were

upregulated in male mice of the same exposure and time group.

Nonstyrene-CMEs demonstrated differences as more metabolites

were determined to be upregulated in both sexes after exposure.

At 7-day postexposure to styrene-CMEs, the total number of

metabolites with significant changes decreased, but the opposite

trend was observed in the nonstyrene-CMEs group compared

with the controls. The relative abundance of metabolites of inter-

est is listed in Table 4 and all significantly altered metabolites

can be found in Supplementary Table 1.

Lipid profiling
Serum samples were also assessed through lipid profiling analy-

sis to identify alterations of biomarkers and related pathways of

Table 2. Targeted styrene metabolites concentration in serum samples

Styrene Metabolite Serum Concentration (No. Mice Affected)

Time Point Comparison Sex Styrene-7,8-Oxide
(mg/ml)

Mandelic Acid (mg/ml) Phenylglyoxylic Acid
(mg/ml)

1 day Control Male n.d. n.d. 0.49 6 0.04 (5)
Female n.d. 0.24 6 0.21 (1) 0.75 6 0.06 (5)

Nonstyrene CMEs Male n.d. n.d. 0.67 6 0.03 (5)
Female n.d. n.d. 0.66 6 0.06 (5)

Styrene CMEs Male 29.68 6 2.70 (5)*# 5.06 6 0.92 (5)*# 7.06 6 1.46 (5)*#

Female 23.21 6 2.49 (5)*# 5.67 6 0.57 (5)# 5.91 6 0.55 (5)#

7 days Control Male 11.18 6 10.00 (1) n.d. 0.31 6 0.17 (2)
Female n.d. n.d. 0.80 6 0.07 (5)

Nonstyrene CMEs Male n.d. 0.36 6 0.32 (1) 0.27 6 0.15 (2)$

Female n.d. 0.16 6 0.14 (1) 0.41 6 0.26 (2)
Styrene CMEs Male 44.75 6 23.00 (4) 1.78 6 0.96 (3)$ 2.04 6 0.63 (5)*#$

Female 226.46 6 169.22 (3) 15.54 6 11.68 (3) 5.86 6 3.97 (3)

Figure 3. Venn diagrams of numbers of unique and shared metabolites with significance found in different comparisons based on (A) exposure
(styrene-CMEs and nonstyrene-CMEs), (B) time point (1- and 7-day postexposure), and (C) sex (Male and Female) from untargeted metabolite profiling
assessment of serum (p< .05). All metabolites used to generate Venn diagrams (A, B, C) can be found in Supplementary Table 1.
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emissions toxicity. PCA utilizing lipids determined to be signifi-
cantly different from controls (p< .05) demonstrated differential
grouping of mice following exposure to different emissions at 1-
or 7-day postexposure time points (Supplementary Figure 2).
Exposure to both CMEs showed different grouping from controls
at both time points. There was no clear difference observed in
terms of time point or sex. Venn diagrams suggested a number of
unique and common lipids in comparisons considering 3 factors:
exposures (Figure 4A), postexposure time points (Figure 4B), and
sex (Figure 4C). Specifically, 1 day after exposure, male mice had
more unique lipids identified in their serum following exposure
to nonstyrene-CMEs compared with styrene-CMEs (Figure 4A).
Numbers of unique lipids were found to increase in male mice
exposed to styrene-CMEs and in females exposed to nonstyrene-
CMEs at 7-day postexposure compared with the levels at 1-day
time point (Figure 4B). Although less unique lipids were identified
in male mice exposed to nonstyrene-CMEs and in females
exposed to styrene-CMEs at 7-day postexposure compared with
the levels at 1-day time point (Figure 4B). Male and female mice
also responded very differently to similar exposures (Figure 4C).
Additionally, abundances of lipids in serum were determined to
be statistically significant based on exposure, sex, and time point.
Among all significantly altered lipids (p< .05), the amount of
upregulated and downregulated lipids are listed in Table 5. At the
1-day postexposure time point, more lipids were determined to
be upregulated after exposure to both emissions in male and
female mice, except for exposure to styrene-CMEs in female
mice. Exposure to styrene-CMEs demonstrated differences in the
abundance of lipids compared with the nonstyrene-CMEs. At 7
days after exposure, all exposures resulted in more upregulated
lipids in both sexes. The relative abundance of lipids of interest is
listed in Table 6 and all significantly altered lipids can be found
in Supplementary Table 2.

BALF markers of pulmonary toxicity and inflammation
BALF total protein concentration, and differential immune cells
were assessed 1 day or 7 days after exposure to CMEs to deter-
mine pulmonary injury and inflammation. The concentration of
BALF total protein levels was elevated at 1 day after exposure to
styrene-CMEs in both male and female mice (Figure 5A). After 7
days, no significant difference showed in total protein concentra-
tion following either CMEs exposure compared with the level in
the air group (Figure 5A). Total cell counts, lymphocyte counts,
and macrophage counts were altered because of emission expo-
sures (Figs. 5B–D). Exposure to both CMEs resulted in a decreased
number of total cells and macrophages after 1 day compared
with controls (Figs. 5B and 5C). Elevated numbers of lymphocytes
were observed 1-day postexposure to styrene-CMEs in both male
and female mice (Figure 5D). At 7-day postexposure, slightly

more lymphocytes were observed in mice exposed to styrene
resin-CMEs.

Gene expression analysis of markers of inflammation in the
lung
Inflammatory gene expression alterations were examined 1 day
or 7 days following exposures. Significant increases in the inflam-
matory gene expression levels within lung tissue samples were
observed because of exposures in both male and female mice
including Cxcl2, Il6, Ccl2, Tnfa, Vcam1, Cxcl1, Tgmt2, Hmox1, and
Tgfb1 (Figs. 6A–I). At 1-day postexposure, gene expression of
Cxcl2, Il6, Tgmt2, Hmox1, and Tgfb1 were elevated in males
exposed to styrene-CMEs whereas no significant increases were
observed in males exposed to nonstyrene-CMEs. Tnfa, Vcam1, and
Cxcl1 were found to be elevated following exposure to emissions
produced from manufacturing both composites in males. In
females, Il6 and Ccl2, and Hmox1 were enhanced following
styrene-CMEs exposure compared with the levels in control at 1-
day postexposure. Cxcl2, Tnfa, Vcam1, Hmox1, and Tgfb1 were
observed to be increased following exposure to nonstyrene-CMEs
in female mice. Hmox1 was the only gene determined to be ele-
vated after both exposures in females at the 1-day time point
(Figure 6H). At 7-day postexposure, Cxcl2 and Ccl2 were upregu-
lated in male mice exposed to styrene-CMEs (Figs. 6A and 6C).
These 2 genes did not show any differences in other exposure
groups in both sexes compared with the levels in control at 7-day
postexposure. Gene expression of Cxcl1 increased in male mice
exposed to both emissions at 7-day time point (Figure 6F). Other
markers including Il6, Tnfa, Vcam1, Hmox1, and Tgfb1 did not
show significant changes following either CMEs exposure in male
and female mice at the 7-day postexposure time point (Figs. 6B,
6D, 6E, 6H, and 6I).

BALF inflammatory cytokines level
Protein expression of a representative cytokine and chemokine
were examined within the BALF to determine alterations in pul-
monary inflammation response to CIPP-related emissions. CXCL2
and IL6 were elevated in male and female mice 1 day after expo-
sure to styrene-CMEs compared with the levels in control and
nonstyrene-CMEs groups (Figure 7). No differences in the protein
levels of CXCL2 and IL6 were observed at 7-day postexposure to
either emission.

Gene expression analysis of markers of inflammation and
oxidative stress in the brain
Gene expression of inflammatory markers was also examined to
determine the potential for neurological effects following expo-
sure. Gene expression of Vcam1 was increased in male mice 1 day
following exposure to emissions from both resins, whereas

Table 3. Numbers of upregulated and downregulated serum metabolites found to be significantly different for comparisons of exposure
(styrene-CMEs and nonstyrene-CMEs), sex (male and female), and time point (1- and 7-day postexposure)

Metabolites Up/Downregulation

Time Point Sex Comparison Upregulated Downregulated

1 day Male Styrene CMEs vs control 45 87
Nonstyrene CMEs vs control 9 7

Female Styrene CMEs vs control 48 35
Nonstyrene CMEs vs control 23 15

7 days Male Styrene CMEs vs control 27 27
Nonstyrene CMEs vs control 15 21

Female Styrene CMEs vs control 21 18
Nonstyrene CMEs vs control 24 13
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female mice only demonstrated increases following exposure to
styrene-CMEs compared with controls. Tnfa was enhanced fol-
lowing exposure to styrene-CMEs in males at 1-day postexposure.
In females, Tnfa increased following both emission exposures at
1-day postexposure. At 7-day postexposure, gene expression lev-
els of Vcam1 remained elevated in both male and female mice in
response to exposures (Figure 8A). Gene expression levels of Tnfa
were enhanced following exposures to styrene-CMEs at 1-day
postexposure in male and female mice (Figure 8B). After 7 days,
female mice showed an increase in the gene expression of Tnfa,
Cxcl2, and Hmox1 only following exposure to styrene-CMEs
(Figs. 8B, 8D, and 8E).

Discussion
Emissions resulting from the CIPP procedure have been associ-
ated with public health events (Noh et al., 2023; Ra et al., 2019;

Teimouri Sendesi et al., 2020). The present study investigated
potential toxicity of representative CMEs by exposing male and
female mice to emissions from the manufacture of styrene- and
nonstyrene composites. Emissions were chemically character-
ized, and toxicity endpoints were examined. Styrene metabolite
analysis confirmed exposure and supported resin differences in
exposure. Exposure to CMEs resulted in elevated lung permeabil-
ity, alterations in gene and protein expression of inflammatory
and oxidative stress markers in lung and brain tissues, and
unique serum metabolite and lipid profiles. Overall, results dem-
onstrated differential alterations in pulmonary and neurological
markers of toxicity which were dependent on resin type, sex, and
time point.

The laboratory-based system used to generate CMEs enabled
the creation of exposure conditions where potential toxicological
consequences of emissions were evaluated (Noh et al., 2023).
Styrene-CMEs resulted in a peak styrene concentration of

Table 4. Representative serum metabolites determined to be significantly different because of exposure (styrene CMEs and nonstyrene
CMEs), sex (male and female), and time point (1- and 7-day postexposure)

Time Point Sex Comparison Representative Metabolites Fold Change p Value

1 day Male Styrene CMEs vs
control

2-Amino-9-(6-aminopurin-9-yl)-1H-purin-6-one 5.28 .01
Arctic acid B 3.83 .014
6-[5-(carboxymethyl)-2-hydroxyphenoxy]-3,4,

5-trihydroxyoxane-2-carboxylic acid
3.72 .041

Dopamine 4-sulfate 3.68 .038
10-Methyl-9-(10-methyl-1H-acridin-9-yl)-1

H-acridine
3.09 .004

TG(18:3(6Z,9Z,12Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)/
O-18:0)

2.79 .034

Nonstyrene CMEs vs
control

2-Methoxyestrone 3-glucuronide 2.74 .0001
Nirtetralin 2.56 .028
1-(2,2-Difluoroethyl)pyrrolidine-3,4-dicarboxylic

acid
2.26 .046

Female Styrene CMEs vs
control

2-[4-hydroxy-3-(sulfooxy)phenyl]acetic acid 6.86 .029
Homovanillin 5.44 .033
Quinolacetic acid 4.89 .025
TG(18:3(6Z,9Z,12Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)/

O-18:0)
4.31 .001

N-(5-(5-(2,4-Dioxo-1,3,8-triazaspiro[4.5]
decan-8-yl)pentanoyl)-2,4-dimethoxyphenyl)-
4-(trifluoromethyl)benzenesulfonamide

3.83 .009

5-Hydroxy-3-[[5-(4-nitrophenyl)furan-2-yl]
methylideneamino]-1H-imidazol-2-one

2.34 .045

Nonstyrene CMEs vs
control

Oxydemeton-methyl 7.19 .021
2-Amino-5-[[1-[carboxymethyl(sulfo)

amino]-1-oxo-3-sulfanylpropan-2-yl]
amino]-5-oxopentanoic acid

5.3 .003

TG(18:3(6Z,9Z,12Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)/
O-18:0)

3.52 .015

7 days Male Styrene CMEs vs
control

3,5-Dimethylphenol 6.18 .047
Quinolacetic acid 5.72 .02
2-[4-hydroxy-3-(sulfooxy)phenyl]acetic acid 5.3 .045
3,5-Dihydroxyphenylvaleric acid sulfate 4.39 .003
Imidazooxazole 4.07 .023
5-Hydroxy-3-[[5-(4-nitrophenyl)furan-2-yl]

methylideneamino]-1H-imidazol-2-one
1.52 .02

Nonstyrene CMEs vs
control

Imidazooxazole 4.86 .007
LysoPG(18:2(9Z,12Z)/0:0) 3.02 .045
6-[3-(carboxymethyl)phenoxy]-3,4,5-trihydrox-

yoxane-2-carboxylic acid
2.92 3.26 � 10�5

3,5-Dimethylphenol 2.75 .024
Female Styrene CMEs vs

control
trans- and cis-2,4,8-Trimethyl-3,7-nona-dien-2-ol 4.12 .02
N-Acetyl-DL-phenylalanine 2.94 .023

Nonstyrene CMEs vs
control

4-Aminoacetophenone 5.31 .009
3,6-Dihydroxycyclohepta-2,4,6-trien-1-one 2.68 .035
Dantrolene 2.53 5.49 � 10�5

2-Methoxyestrone 3-glucuronide 1.52 .025
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3073 ppb during animal exposure (Table 1) which can be trans-
lated into a human exposure level of 15.4 ppm based on the sur-
face area of the mouse respiratory system. This concentration is
relevant based on previous styrene levels measured at CIPP instil-
lation sites and regulations. Previous studies detected styrene
under steam curing process near the sewer pipe manholes at
250–1070 ppmv and 3.6–76.7 ppmv during curing and cooling
down, respectively (Ajdari, 2016; Teimouri Sendesi et al., 2017),
exceeding the immediately dangerous to life or health value for
styrene of 700 ppm during the curing phase (NIOSH, 1994). The
styrene threshold limit value set by the American Conference of
Governmental and Industrial Hygienists (ACGIH) is 20 ppm aver-
aged over an 8-h work shift which is comparable to our study’s
peak level (ACGIH, 2013). The California EPA Office identified
4.9 ppm as the acute reference exposure level for styrene expo-
sure to the general public according to their Health Hazard
Assessment for CIPP Installation (CDPH, 2020). The highest level
of styrene in the styrene-CMEs appeared during the cooling stage
and was still detectable at the end of the process in this study.
This finding agreed with previous studies (Noh et al., 2022b,c)
indicating styrene continues to be released after active curing is
halted. Here, both TD-GC-MS and PID methods were applied to
examine styrene emissions; however, the PID overestimated styr-
ene levels in the present study compared with those quantified
via TD-GC-MS. This finding agrees with other studies that have
demonstrated inconsistent quantification of styrene levels by
calibrated PIDs for CIPP composites manufactured in the lab and

in the field (Noh et al., 2023; Ra et al., 2019), possibly because of
the PID responding to other VOCs besides styrene. Although often
utilized to understand exposures, the PID may not be an accurate
instrument to evaluate styrene within CIPP emissions.

Styrene is primarily absorbed into the bloodstream via inhala-
tion in exposure settings. Several metabolites are formed during
styrene metabolism, such as styrene oxide, styrene glycol, man-
delic acid, phenylglyoxylic acid, hippuric acid, phenylethanol,
vinylphenol, and hydroxyphenethyl. To understand the delivery
of emissions to mice, specific metabolites including styrene-7,8-
oxide, mandelic acid, and phenylglyoxylic acid were assessed in
serum. These metabolites have been identified in mice following
acute styrene inhalation to concentrations ranging from 125 to
500 ppm as well as in human CIPP workers (Morgan et al., 1993b;
Persoons et al., 2018; Sumner and Fennell, 1994). Elevated urinary
levels of styrene, mandelic acid, and phenylglyoxylic acid were
determined among workers from 4 different plants or companies
involved in plastic manufacturing, vehicle repair, and CIPP instal-
lation (Persoons et al., 2018). Styrene-7,8-oxide is the primary
metabolite in the styrene metabolism pathway, whereas man-
delic and phenylglyoxylic acids are the secondary metabolites.
Targeted mass spectrometry demonstrated significantly elevated
levels of styrene-7,8-oxide, mandelic acid, and phenylglyoxylic
acid 1 day following exposure to styrene-CMEs. Overall, the tar-
geted metabolite assessment revealed the mice were exposed to
CMEs. The nonstyrene-CMEs group showed limited changes in
mandelic acid and phenylglyoxylic acid in serum, as expected.

Figure 4. Venn diagrams of numbers of unique and shared lipids with significance found in different comparisons based on (A) exposures (styrene-CME
and nonstyrene-CME), (B) time point (1- and 7-day postexposure), and (C) sex (male and female) from untargeted lipid profiling assessment of serum
(p< .05). All lipids used to generate Venn diagrams (A, B, C) can be found in Supplementary Table 2.
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No sex differences in metabolism of styrene were observed 1 day
after exposures, which agrees with a previous study that did not
find significant differences in levels of blood styrene oxide
between males and females exposed to 125 or 250 ppm (Morgan
et al., 1993a). Circulating styrene metabolite levels were time
point dependent as at 7-day postexposure, metabolites were
reduced, likely because of the half-life of styrene ranging between
7 and 16 h (Rosemond, 2010).

Limited data exist regarding the toxicity of CMEs; therefore,
metabolite and lipid screening approaches were utilized to identify
potential biomarkers and toxicity pathways. Numerous metabolites
and lipids were altered following exposure to CMEs that were resin
material-, time point-, and sex-specific. Many of these were associ-
ated with inflammation, oxidative stress, and disease progression.
For example, results demonstrated an elevated abundance of
Triglyceride (18:3(6Z,9Z,12Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)/O-18:0),

FAHFA 34:4; O, and Phosphatidic acid 24:0 following exposure to
both emissions at 1-day postexposure in both sexes. Triglyceride
accumulation in serum is associated with inflammation and
increased risk of heart disease (Patel, 2004; Welty, 2013), FAHFA
34:4; O is involved in regulating glucose metabolism and inflamma-
tion (Wood, 2020) and phosphatidic acid is associated with the
secretion of proinflammatory cytokines (Lim et al., 2003). These
metabolites/lipids such as Triglyceride (18:3(6Z,9Z,12Z)/
22:6(4Z,7Z,10Z,13Z,16Z,19Z)/O-18:0), FAHFA 34:4; O, and
Phosphatidic acid 24:0 represent potential styrene- and sex-
independent biomarkers of acute CME exposure. They could be
potentially useful as general biomarkers for acute exposure to
CMEs. However, variabilities exist at composite manufacturing
worksites in terms of engineering parameters and weather condi-
tions as well as individuals may demonstrate variable responses to
exposure because of sex, metabolism, and susceptibility which may

Table 5. Numbers of upregulated and downregulated serum lipids found to be significantly different for comparisons of exposures
(styrene-CME and nonstyrene-CME), sex (male and female), and time point (1- and 7-day postexposure)

Lipids Up/Downregulation

Time Point Sex Comparison Upregulated Downregulated

1 day Male Styrene CMEs vs control 778 596
Nonstyrene CMEs vs control 1194 1161

Female Styrene CMEs vs control 395 455
Nonstyrene CMEs vs control 140 125

7 days Male Styrene CMEs vs control 934 555
Nonstyrene CMEs vs control 938 514

Female Styrene CMEs vs control 433 367
Nonstyrene CMEs vs control 993 579

Table 6. Representative serum lipids determined to be significantly different because of exposures (styrene-CME and nonstyrene-CME),
sex (male and female), and time point (1- and 7-day postexposure)

Time Point Sex Comparison Representative Lipids Fold Change p Value

1 day Male Styrene CMEs vs
control

FAHFA 34:4; O 6.74 3.21 � 10�12

PA 24:0 6.67 1.69 � 10�8

PS O-37:0 4.71 4.94 � 10�12

PG 38:1 4.68 8.24 � 10�13

Nonstyrene CMEs vs
control

PA 24:0 7.09 3.88 � 10�9

FAHFA 34:3; O 6.45 6.77 � 10�12

PA 26:4; O3 5.84 .003
FA 23:1; O 5.65 .001
PE 24:3; O2 5.09 .004

Female Styrene CMEs vs
control

FAHFA 34:4; O 5.30 1.06 � 10�9

TG 49:8 4.95 2.29 � 10�11

PA 24:0 4.63 9.87 � 10�6

TG 48:1 4.59 8.57 � 10�13

Nonstyrene CMEs vs
control

FAHFA 34:4; O 3.95 1.09 � 10�6

PA 24:0 3.82 .0002
7 days Male Styrene CMEs vs

control
PA 24:0 6.84 8.97 � 10�9

FAHFA 34:4; O 5.94 5.67 � 10�11

PS 31:0 5.14 .004
PS O-36:6 4.97 .003

Nonstyrene CMEs vs
control

PA 24:0 6.38 4.76 � 10�8

FAHFA 34:4; O 5.81 1.05 � 10�10

PI 32:0 4.84 .003
Female Styrene CMEs vs

control
PA 44:8 11.32 5.46 � 10�12

PS 37:2 11.12 4.38 � 10�12

PG 38:3 10.87 5.26 � 10�12

PA 44:8 10.52 6.77 � 10�12

PS O-38:2 10.39 1.58 � 10�11

PA 44:7 9.85 5.24 � 10�12

FA 11:0; O2 9.62 8.24 � 10�13

PC 37:1 9.50 2.98 � 10�12

Nonstyrene CMEs vs
control

PA 44:8 9.63 3.30 � 10�10

PS 37:2 9.30 3.63 � 10�10

PG 38:3 9.16 3.96 � 10�10
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generate unique serum metabolite profiles. For example, phenol, 5-
hydroxy-3-[[5-(4-nitrophenyl)furan-2-yl]methylideneamino]-1H-
imidazol-2-one, and 6-[4-(carboxymethyl)phenoxy]-3,4,5-trihydrox-
yoxane-2-carboxylic acid were upregulated in both male and female
mice exposed to styrene-CMEs and may represent styrene-CME-
specific biomarkers. 5-Hydroxy-3-[[5-(4-nitrophenyl)furan-2-yl]me-
thylideneamino]-1H-imidazol-2-one is a nitrobenzene and
inhalation induces headache, nausea, fatigue dizziness, cyanosis,
weakness in the arms and legs, and rare cases may be fatal (Public
Health England, 2018). Previous studies have demonstrated expo-
sure to VOCs such as vinyl chloride, benzene, carbon tetrachloride,
and perchloroethylene are known to cause changes in lipid metabo-
lites regulating inflammatory responses, oxidative stress, and insu-
lin resistance (Guardiola et al., 2016; Lang and Beier, 2018). The
untargeted metabolite profiling data demonstrated males and
females responded differently to exposures. For example, homova-
nillin was significantly elevated in females following exposure to
styrene-CMEs. Previously, homovanillic acid, generated from homo-
vanillin, was identified as a marker of metabolic stress (Marcelis
et al., 2006). Additionally, the profiling data demonstrated mice
responded differently at 1- and 7-day postexposure time points.
FAHFA 34:4; O and phosphatidic acid 24:0 were not found to remain

significantly altered in female mice exposed to either emission at
the 7-day time point suggesting some potential recovery at this
time point in females. Our current study investigated a single expo-
sure to CMEs and identified unique alterations in biomarker profiles
that were resin-, sex-, and time-specific. There is a need for addi-
tional experiments to confirm and translate results to humans.
Further, there is a need to establish circulating metabolite/lipid
alterations that are dependent on distinct emission components to
inform modifications to the composite manufacturing procedures.

Our previous in vitro assessment utilizing styrene CIPP emis-
sion condensates collected from steam curing worksites demon-
strated alterations in cytotoxicity, the proteome, and
inflammatory gene expression (Kobos et al., 2019). In the present
study, styrene-CME exposure caused an increase in inflamma-
tory and oxidative stress markers (Cxcl2, Il6, Ccl2, Tnfa, Vcam1,
Cxcl1, Tgmt2, Hmox1, and Tgfb1) in lung tissue. A previous study
reported 2 workers in factories manufacturing styrene-related
products exhibited the development of acute respiratory symp-
toms associated with the impaired gas exchange as well as imag-
ing and histopathologic findings consistent with bronchiolitis
and pneumonia following exposure to gas-phase styrene (Meyer
et al., 2018). These findings from 2 workers demonstrate

Figure 5. Bronchoalveolar lavage fluid (BALF) total protein concentration (A), total cell counts (B), macrophage counts (C), and lymphocyte counts (D) in
BALF at 1 day or 7 days after exposure to nonstyrene-CMEs, or styrene-CMEs in male and female mice (n¼5/group). * denotes significant differences
because of exposures compared with the control group matched for sex and time point, # denotes significant differences between styrene-CMEs and
nonstyrene-CMEs matched for sex and time point, & denotes significant differences between male and female mice matched for exposure and time
point, and $ denotes significant differences between 1- and 7-day postexposure time points matched for exposure and sex (p< .05).
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Figure 6. mRNA expression of Cxcl2 (A), Il6 (B), Ccl2 (C), Tnfa (D), Vcam1 (E), Cxcl1 (F), Tgmt2 (G), Hmox1 (H), and Tgfb1 (I) in lung tissue after 1 day or 7 days
following exposure to styrene-CMEs or nonstyrene-CMEs in male and female mice (n¼ 5/group). * denotes significant differences because of exposures
compared with the control group matched for sex and time point, # denotes significant differences between styrene-CMEs and nonstyrene-CMEs
matched for sex and time point, & denotes significant differences between male and female mice matched for exposure and time point, and $ denotes
significant differences between 1- and 7-day postexposure time points matched for exposure and sex (p< .05).
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pulmonary inflammation and damage following styrene inhala-
tion. Further, the 8-h time-weighted average was 29.3 ppm at the
facility, which is comparable to the peak inhalation exposure
concentration utilized in our study. Results from the present
study also revealed altered pulmonary injury (increased total
protein) and inflammation (lymphocyte influx and gene expres-
sion) following exposure to styrene-CMEs compared with the
nonstyrene-CMEs. Influx of lymphocytes is involved in chronic
inflammatory lesions (Koyasu and Moro, 2012). A previous study
demonstrated an increased total nucleated cell count, with 28%
lymphocytes in the BALF of a worker exposed to fiberglass resins
(Meyer et al., 2018). A reduction in BALF macrophages following
exposure to CMEs was observed in our study. Decreased macro-
phage numbers in BALF may be related exposure-induced activa-
tion. Specifically, previous inhalation studies have demonstrated
macrophages are activated following CME exposure inducing
adhesion processes which may reduce our ability to collect them
via the lavage procedure (Ma et al., 2023; Miyata and van Eeden,
2011; Orecchioni et al., 2019). Additionally, intercellular adhesion
molecule-1 has been shown to be upregulated in lung injury and
is an important adhesion molecule for lung epithelial cells and
macrophages that may result in firm adhesion in vivo
(Hamanaka, 2010). Our data demonstrate elevations in cytokines
produced by macrophages suggestive of activation and enhanced
adhesion within the lung that may reduce lavage collection of
macrophages. Specifically, macrophages are associated with
proinflammatory responses and produce cytokines such as Il6
and Tnfa. The gene expression of both cytokines was found to be
elevated following exposures to both emissions at 1-day postex-
posure suggesting increased macrophage activation.
Additionally, lymphocyte recruitment can be facilitated by
increases in IL6 (McLoughlin et al., 2005). IL6 and CXCL2 pre-
sented robust changes in protein levels following exposure to
styrene-CMEs, which may cause subsequent signaling through
STAT3, NF-kB, and ERK1/2 (Fetoni et al., 2021; Niaz et al., 2017).
These pathways have been studied and determined to be
involved in inducing adverse effects of styrene exposure (Fetoni

et al., 2021; Niaz et al., 2017; Xie et al., 2020). It is noteworthy that
gene expression data showed some recovery at 7-day postexpo-
sure, whereas expression of some genes such as Ccl2 and Cxcl1
remained significantly elevated in males but not females follow-
ing exposure to styrene-CMEs. This suggests males and females
may have differential recovery following exposure. Also, differen-
tial inflammatory responses and oxidative stress were deter-
mined 1- or 7-day postexposure to CMEs. Specifically, gene levels
of Il6, Vcam1, Tgfb1, and Hmox1 did not show significant changes
7 days following CME exposures, revealing a trend toward recov-
ery in these responses. However, markers including Cxcl2 and
Cxcl1 were still enhanced compared with the levels in the control
group, suggesting some elevations in markers of inflammation
and oxidative stress persist 7 days after exposures. Lastly, there
was consistency across endpoints evaluated supporting acute
pulmonary responses after a single CME exposure. Specifically,
lung tissue gene expression (performed in the unlavaged left
lung) demonstrated alterations that were consistent with
changes observed between groups in the cell counts and protein
assessments performed in the BALF collected from the right lung
lobes. Overall pulmonary results were also consistent with alter-
ations observed in serum metabolites and lipids.

Several VOCs such as acetophenone, benzaldehyde, styrene
oxide, cumene, a-methylstyrene, TMB, 1,3,5-TMB, and phenol
were detected in a previous study while curing styrene-CMEs
(Noh et al., 2023). However, no other chemicals except for styrene
were found emitted into the air during the production of the
nonstyrene-CME (Noh et al., 2023). A single sorbent tube was uti-
lized during our current experiment, which may have resulted in
sorbent bed saturation and interfered with the methods capacity
to identify nonstyrene components of the CMEs. To understand
CME toxicity responses, the detection of other VOCs, beyond styr-
ene, in air is necessary as they may contribute to differential tox-
icity. VOCs are lipophilic and can cross the blood-brain barrier
and cause neurological effects (Ajdari, 2016; Oppenheim et al.,
2013). Neurological effects of CMEs were observed in this study.
Gene expression of Vcam1 and Tnfa was elevated following

Figure 7. Bronchoalveolar lavage fluid protein concentrations of CXCL2 (A) and IL6 (B) in BALF 1 day or 7 days following styrene-CMEs or nonstyrene-
CMEs in male and female mice (n¼5/group). * denotes significant differences because of exposures compared with the control group matched for sex
and time point, # denotes significant differences between styrene-CMEs and nonstyrene-CMEs matched for sex and time point, & denotes significant
differences between male and female mice matched for exposure and time point, and $ denotes significant differences between 1- and 7-day
postexposure time points matched for exposure and sex (p< .05).
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exposure to CMEs suggesting an inflammatory response.
Styrene-induced neurotoxicity following both short- and long-
term exposures has been reported in workers since the 1970s and

by individuals exposed to CIPP emissions (Rosemond, 2010). Our
study suggests the potential for acute neurological toxicity fol-
lowing exposure to CMEs generated from both resins.

Figure 8. mRNA expression of Cxcl2 (A), Tnfa (B), Il6 (C), Cxcl2 (D), and Hmox1 in brain tissue 1 day or 7 days following exposure to styrene-CMEs or
nonstyrene-CMEs in male and female mice (n¼ 5/group). * denotes significant differences because of exposures compared with the control group
matched for sex and time point, # denotes significant differences between styrene-CMEs and nonstyrene-CMEs matched for sex and time point, &
denotes significant differences between male and female mice matched for exposure and time point, and $ denotes significant differences between 1-
and 7-day postexposure time points matched for exposure and sex (p< .05).
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At or near actual manufacturing sites producing CMEs,

bystanders and workers may be exposed to higher levels of emis-

sions compared with the concentrations utilized in this study,

potentially exacerbating health effects. A limitation of the

present study was that steam was not utilized for manufacture,

and it is also one of the most utilized methods for curing.

Uncured resin and nanoplastics have also been found to be dis-

charged into the air by the steam-cured CIPP process, and were

not characterized here (Morales et al., 2022; Teimouri Sendesi

et al., 2017). The current study represents our initial evaluation of

the toxicity associated with CME exposure through examination

of fundamental inflammatory and oxidative stress markers. The

information from this study supports the need for further evalua-

tions to examine more endpoints. Specifically, histopathological

examination of lung and brain should be considered in the future

to better understand pulmonary and neurological toxicity after

single or repeated exposures. These assessments will need to

evaluate repeated and single exposures where histological

examination will be vital to determine risks such as those that

may occur in occupational settings (near or at worksites) and for

bystanders (near the worksite and in contaminated buildings).

Overall, acute pulmonary and neurological toxicities were deter-

mined 1 day after exposure to both CMEs in both sexes. Some

alterations indicating inflammation and oxidative stress persist 7

days after exposures, however, do trend toward recovery.

Additional studies are necessary to examine the risks associated

with CME exposures for the public and workers and to identify

other modifiable factors which may reduce exposure-related

health risks.
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