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Abstract: Aim: 8-iso-prostaglandin F2α is a biomarker of lipid peroxidation, and one of the most
commonly used measures of oxidative stress. It is an established biomarker of lung cancer risk. It is
commonly measured by enzyme-linked immunosorbent assay. Given its importance, we developed
a stable isotope dilution UPLC-tandem mass spectrometric method for the rapid determination
of 8-isoprostane in blood. Methods: We tested the discriminatory capability of the method in
49 lung cancer patients, 55 benign lung nodule patients detected by chest X-ray, and 41 patients
with chronic obstructive pulmonary disease (COPD) or asthma. Results: Significant differences
were found in mean 8-isoprostane levels between the three groups (p = 0.027), and post-hoc tests
found higher levels in the lung cancer patients than in patients with benign nodules (p = 0.032) and
COPD/asthma (p = 0.014). The receiving operating characteristic area under the curve (AUC) was
0.69 for differentiating the lung cancer group from the benign nodule group, and 0.7 for differentiating
from the COPD/asthma group. Conclusions: The UPLC-MS/MS-based method is an efficient
analytical tool for measuring 8-isoprostane plasma concentrations. The results suggest exploring its
utility as a marker for early lung cancer screening.

Keywords: oxidative stress; biomarkers; lung cancer; isoprostanes

1. Introduction

Oxidative stress is caused by the imbalance between the generation of reactive oxygen
species (ROS) and antioxidant responses [1]. Oxidative stress contributes to the pathogene-
sis of pulmonary and other diseases. The lung, in particular, is exposed to exogenous ROS
from tobacco smoke and other pollutants, which can lead to pulmonary inflammation and
the generation of endogenous ROS [2]. The cumulative effect of sustained oxidative stress
includes chronic inflammatory responses such as asthma, COPD, and severe lung injury [3].
8-iso-prostaglandin F2α is a product of lipid peroxidation that is often considered the best
marker of oxidative stress [4–6]. Formed endogenously, it can be measured in various body
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fluids, including urine, plasma, exhaled breath condensate, amniotic fluid, saliva, and in
tissues [7,8]. Elevated levels of 8-isoprostane were reported in patients with pulmonary
diseases, including asthma [9–12], chronic obstructive pulmonary disease (COPD) [13,14],
and cystic fibrosis [15,16]. Lung cancer is also thought to be triggered by inflammatory
responses to environmental stimuli. Elevated urine 8-isoprostane levels at baseline were as-
sociated with a subsequent increased risk of lung cancer in the Shanghai Cohort Study [17]
and in the German ESTHER cohort [18]. However, the precision of measurements of en-
dogenous oxidative stress levels are often less than optimal due to issues in the detection
methods [7]. The most common analytical methods for 8-isoprostane are enzyme-linked
immunosorbent assay (ELISA), gas-chromatography mass spectrometry (GC-MS), and
liquid chromatography mass spectrometry (LC-MS). Considering that there may be signifi-
cant cross-reactivity with the multiple isomers of COX-derived prostaglandins, ELISA may
not be the most precise method [19]. MS-based methods are more accurate and reliable,
but more demanding [20]. Urine is the most widely used fluid for the measurement of
8-isoprostanes because it is the least invasive, but also sufficiently stable for clinical use [21].
A method for the urinary determination of 8-isoprostane was previously described [22].
Although the collection of blood is more invasive, it is routinely collected for research and
diagnostic testing, especially for the collection and analysis of DNA. The aim of the current
study, given the importance of 8-iso-prostaglandin F2α as a biomarker of lipid peroxidation
and one of the most commonly used measures of oxidative stress, was to develop a stable
isotope dilution UPLC-tandem mass spectrometric method for the rapid determination of
8-isoprostane in blood. We tested its discriminatory ability in blood from lung cancer cases
and benign pulmonary conditions.

2. Materials and Methods

The data come from a larger multi-center case-control study conducted at Fox Chase
Cancer Center, Penn State University, Temple University Hospital, and the University
of Pennsylvania Medical Center to determine gene–environment interactions for lung
cancer [23]. The current analysis was based on data and samples from the Penn State site.
In brief, subjects were recruited from 2008 to 2011 at the Pennsylvania State Health Milton S.
Hershey Medical Center (Hershey, PA) and PinnacleHealth (Harrisburg, PA); were between
the ages of 40 and 70; and were either current or former smokers. All cases were newly
diagnosed patients with lung cancer recruited from oncology clinics and practices. Eligible
subjects were identified by weekly clinic scheduling logs by a study coordinator who
further reviewed their medical and pathology reports to confirm the diagnosis, including
histological confirmation. Control subjects were frequency-matched to cases by age (within
five years) and sex. Controls were patients without lung cancer recruited from the Penn
State and PinnacleHealth Departments of Medicine (Penn State, Division of Pulmonary,
Allergy and Critical Care Medicine). Controls had nonmalignant conditions, including
chronic obstructive pulmonary disease (COPD), asthma, or other pulmonary conditions,
including benign lung nodules diagnosed by chest X-ray or conventional CT scan. In total,
there were 335 cases and 398 controls.

For the current sub-study, we selected all subjects with benign lung nodules (n = 58), and
a sample of 49 lung cancer patients with non-small cell carcinoma frequency matched by age
(within 5 years) and sex. We also selected 41 frequency matched controls with pulmonary
conditions. The ages of the pulmonary controls were younger, and the matching criteria
were extended to within 10 years.

Information on subject characteristics was abstracted from the electronic medical
records. Subjects also completed a standardized baseline questionnaire administered by
the coordinator during their clinic visit, which contained items on medical history and
socio-demographics, including race, ethnicity, years of education, marital status, medical
history, and alcohol consumption. Questions on smoking history included ever having
smoked 100 cigarettes during their lifetime, current and past smoking, and cigarettes per
day. Former smokers were subjects who had smoked at least 100 cigarettes in their lifetime,
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but who had quit smoking at the time of interview. Occupational history was recorded
using job codes. Subjects were asked if they had ever been exposed to known or suspected
occupational lung carcinogens, including asbestos, coal dust, wood dust, diesel exhaust,
and others. This study was performed according to the Code of Ethics of the World Medical
Association, and was approved by the Institutional Review Board at Pennsylvania College
of Medicine. All subjects completed an informed consent form.

2.1. Sample Collection

Blood was collected from each participant, with plasma obtained through collection in
purple-top tubes containing EDTA (8 mL). Samples were centrifuged, and 0.5 mL of plasma
was transferred into 12 cryotubes and immediately labelled and stored at −80 ◦C.

2.2. Chemicals

8-isoprostane (8-iso prostaglandin F2α, 8-epi PGF2α) and 8-isoprostane-d4 were pur-
chased from Cayman Chemicals (Ann Arbor, MI, USA). Acetic acid (AA) was purchased
from Sigma-Aldrich (St. Louis, MO, USA) and formic acid was purchased from J. T. Baker
(Phillipsburg, NJ, USA). Optima LC-MS grade water, acetonitrile, methanol, and other
chemicals were purchased from Fisher Scientific (Fairlawn, NJ, USA).

2.3. Sample Preparation

8-isoprostane standard stock solution (1 mg/mL) was prepared in ethanol. A range of
working concentrations from 0.25 ng/mL to 104 ng/mL was prepared from the
8-isoprostane stock solution by serial dilution with methanol. An available 8-isoprostane-d4

stock solution (100 ug/mL methyl acetate; Cayman Chemicals (Ann Arbor, MI, USA)) was
diluted with methanol to 10 ng/mL to generate an internal standard working solution.
Standard samples were prepared by spiking 3 uL of standard working solution and 3 uL
internal standard working solution into 24 uL 50% methanol containing 0.1% formic acid.
The calibration curve was performed from 25 pg/mL to 1000 ng/mL.

After spiking 3 µL internal standard working solution into 300–1000 µL plasma,
samples were diluted with 400 µL of 5% methanol, followed by 400 µL of 1% formic acid
to acidify. Samples were vortexed and centrifuged at 4 ◦C, 4000 rpm for 10 min before
loading onto Strata-X (30 mg/1 mL) cartridges (Phenomenex, Torrance, CA, USA) for solid
phase extraction (SPE). The SPE cartridges were preconditioned by 1 mL methanol and
were then equilibrated with 1 mL 0.1% formic acid. After loading the samples, the SPE
cartridges were washed with 0.1% formic acid and hexane. The cartridges were dried
before the analytes were eluted with 1 mL of 100% ethyl acetate. The eluents were then
dried by Speed Vac before reconstitution with 30 µL 50% methanol containing 0.1% formic
acid. The reconstituted samples were centrifuged at 4 ◦C, 4000 rpm for 10 min before 10 µL
aliquots were injected into the high-performance liquid chromatography with tandem mass
spectrometry (UPLC-MS/MS) system.

2.4. HPLC-MS/MS Analysis

The samples were analyzed using a Sciex QTRAP 6500+ MS coupled with a Sciex
EXion HPLC separation system (Waltham, MA, USA). A 1.7-µm Acquity UPLC BEH
C18 analytical column (1.0 × 100 mm; Waters, Dublin, Ireland) was used to separate
8-isoprostane from its metabolites and isomers, as well as other plasma components. The
gradient elution was conducted using a flow rate of 0.15 mL/min with the following
conditions: 7 min in 35% mobile phase B (0.1% acetic acid in acetonitrile: methanol (50:50))
and 65% solvent A (0.1% acetic acid in water), a linear gradient to 100% mobile phase B
in 1 min, and followed by 100% mobile phase B for 1.5 min to flush the column before
equilibration under the initial conditions.

The Sciex QTrap 6500+ MS was equipped with an electrospray ionization probe
operated in negative mode. The decluster potential (DP) was −86 V, the entrance potential
(EP) was −10 V, the collision energy (CE) was −34 V, and the collision cell exit potential
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(CXP) was −15 V, whereas the curtain gas (CUR) was 35 L/h, and the collision gas (CAD)
was medium. The ionSpray voltage was −4500 V, the temperature was 530 ◦C, gas 1 was
24 L/h, and gas 2 was 30 L/h.

The multiple reaction monitoring mode (MRM) was used to analyze and quantify
8-isoprostane and 8-isoprostane-d4, with the transitions of m/z 353.1 > 193.2 for 8-isoprostane
and 357.1 > 197.2 for 8-isoprostane-d4. All peaks were integrated and quantified by Sciex
OS 1.5 software.

2.5. Statistical Analysis

Descriptive statistics of subject characteristics included means (±SD) and frequency
counts. For 8-isoprostane levels, we conducted a one-way analysis of variance (ANOVA)
followed by a Fisher’s least significant differences (LSD) post-hoc-test to assess the differ-
ences of 8-isoprostane levels between the lung cancer, benign nodule, and control groups,
with a p-value < 0.05 considered statistically significant. The area under the receiver operat-
ing characteristic curve (AUC) was calculated for 8-isoprostane levels between the lung
cancer and benign nodule groups, and displayed graphically. Multiple linear regression
was used to examine the effect of gender (male vs. female, age at diagnosis, smoking
history (current vs former), and occupational exposures (e.g., wood dust, asbestos, coal,
diesel; ever exposed vs. never exposed) on plasma 8-isoprostane levels. Assumptions of
linear regression were checked by regression diagnostics, including examining the scatter
plot of studentized residuals against the predicted values. The Durbin–Watson test was
used to analyze the residuals, with a value near 2.0 indicating no autocorrelation. IBM SPSS
Statistics (version 23.0) was used for all the statistical analyses. The AUC for 8-isoprostane
levels between lung cancer patients and controls was also calculated.

3. Results
3.1. Study Sample Description

Table 1 shows the demographic characteristics of the subjects, including age, sex, and
smoking status. In addition, among the cases, 11 reported past occupational exposure to
diesel exhaust, followed by 10 who reported exposure to wood dust, 7 to coal, and 7 to
asbestos. These were not mutually exclusive, as some subjects reported multiple exposures.
Among the benign nodule group, nine reported exposure to diesel exhaust, nine to wood
dust, seven to coal, and eleven to asbestos.

Table 1. Basic subject characteristics among cases and controls.

Cases Controls (Benign Nodules) Controls (COPD)

Mean age 59.3 ± 7.4 59.9 ± 6.4 48.4 ± 6.38

Sex
Males

Females
20 (41%)
29 (59%)

24 (44%)
31 (56%)

22 (54%)
19 (465)

Smoking status
Current
Former

16 (33%)
33 (67%)

3.2. Quantification of Plasma 8-Isoprostane

The analytical method developed was specific and selective for the measurement of
plasma 8-isoprostane; no significant endogenous interfering components were found at
the retention time of the analyte. The linear range of the method was from 25 pg/mL
to 500 ng/mL for 8-isoprostane to cover the distribution of the concentrations from all
plasma samples. The limit of quantification (signal/noise ≥ 10) was 2.5 pg/mL, and the
limit of detection (signal/noise ≥ 3) was 0.8 pg/mL. The limit of quantification and limit
of detection were (2.5 ± 0.2) pg/mL, N = 6, RSD = 8%; and (0.8 ± 0.1) pg/mL, N = 6,
RSD = 12.5%.
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3.3. Sample Preparation

A solid phase extraction procedure was used for the extraction of 8-isoprostane from
human plasma, and, after comparing with other SPE cartridges, Phenomenex Strata-X
(30 mg/1 mL) sorbent was used because of the high recovery. Plasma samples were
acidified by adding 400 µL 1% formic acid before loading, and the cartridge was washed
with 0.1% formic acid and hexane, which did not result in significant loss of the analyte,
but helped to clean up the matrix. 8-isoprostane was eluted with ethyl acetate, which is
easy to evaporate before reconstitution.

3.4. UPLC and MS Analysis of 8-Isoprostane

As 8-isoprostane is a weekly acidic compound, it can be deprotonated [M-H]− at
m/z 353.1 in the ESI source and detected in negative MRM mode. MS/MS was used to
fragment the molecular ion to form a specific product ion at m/z 193.2, and, thus, MRM
transition of m/z 353.1→ 193.2 was selected for quantification.

Due to the presence of other isoprostanes formed endogenously, a chromatography
separation of 8-isoprostane from the other classes of isomers was necessary to avoid
interference. As described in Materials and Methods, a seven-minute isocratic UPLC
program using a 1.7-µm C18 column showed high resolution and efficiency to separate
8-isoprostane from other endogenous plasma compounds, and acetic acid was used as a
buffer additive to enhance the sensitivity. As shown in Figure 1, the 8-isoprostane was
eluted at 6.9 min in standard samples (Panel A), and a similar pattern was observed in
plasma from the subjects with benign nodules (Panel B), lung cancer (Panel C), and in
controls (Panel D), whereas for 8-isoprostane-d4, the internal standard in plasma was eluted
out at the same time.
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Figure 1. Chromatography of 8-isoprostane and its internal standard, 8-isoprostane-d4, in standard
samples (A), in subjects with lung benign nodules (B), in lung can-cer patients (C), and in healthy
controls (D). Panel a is for 8-isoprostane and panel b is for 8-isoprostane-d4 in each sample.

3.5. Levels of 8-Isoprostane in Plasma from Subjects with Lung Cancer, Benign Lung Nodules, and
from Controls

The mean (±SD) level of plasma 8-isoprostane for samples from all subjects was
9.41 ± 5.37 pg/mL (range 1.10 to 42.22 pg/mL). For the lung cancer group, the mean (±SD)
level was 11.05 ± 4.29 pg/mL (range 3.73 to 29.16 pg/mL). For the benign nodule group,
the mean (±SD) level was 8.84 ± 7.0 pg/mL (range 1.10 to 42.22 pg/mL). For the control
group, the mean (±SD) level was 8.26 ± 2.98 pg/mL (range 2.88 to 15.74 pg/mL).

3.6. Comparison of 8-Isoprostane Levels between Subjects with Lung Cancer and Benign Lung
Nodules, and Controls

In ANOVA analysis, the Ptrend for the three groups is 0.027, which indicates a linear
trend in the mean level of 8-isoprostane from the lung cancer group to the benign nodule
group to the control group. The post-hoc LSD test showed that the mean levels were higher
in the lung cancer group compared to the benign nodule group (p = 0.014) and compared
to the control group (p = 0.032) (Figure 2). However, there was no statistically significant
difference in levels between the benign nodule group and the control group (p = 0.593).

The AUC is 0.69, indicating that the level of plasma 8-isoprostane has diagnostic value
for distinguishing the presence of lung cancer from benign nodules (Figure 3). In linear
regression analysis, there was a significance difference in levels between the lung cancer
and benign nodule group (p = 0.002) after adjustment for sex, age, and other potential
confounders. The ROC that compared the lung cancer group to the controls had an AUC
of 0.70.
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3.7. Predictors of 8-Isoprostane Concentrations

We further examined whether sex, age, smoking history, or occupational lung cancer
risk factors could influence the levels of plasma 8-isoprostane. The adjusted R square
was 0.17, and the p-value was 0.010. Disease status (p-value = 0.02) and current smoking
(p-value = 0.03) were the only variables significantly correlated with the level of plasma
8-isoprostane. The scatter plot of studentized residuals and predicted values showed no
pattern, indicating a good model fit. The variables were mutually independent (Durbin–
Watson test value = 2.22).

4. Discussion

We developed a UPLC-MS/MS to evaluate the absolute and relative levels of
8-isoprostane in plasma, given that the measurement of inflammation and oxidative
biomarkers in blood is standard practice for cancer research [24], where the simultaneous
collection of the buffy coat layer in blood allows for genetic analysis. The method was ap-
plied to samples collected from subjects with malignant lung cancer, benign lung nodules,
and in subjects without lung lesions who had pulmonary conditions. The results showed
that the mean level of 8-isoprostane was significantly higher in the lung cancer group
vs. both the benign nodule and the control group, with a significant trend of increasing
plasma 8-isoprostane levels from pulmonary controls to subjects with lung benign nodules
to subjects with lung cancer. The results indicate that oxidative stress, as measured by
8-isoprostane using the methods described, has a role in the pathogenesis of lung lesions.
Studies using a variety of oxidative stress measures previously showed elevated concen-
trations in COPD compared to healthy individuals [25]. Our studies showed the highest
levels of 8-isoprostane in lung cancer patients. This seems consistent with previous find-
ings using other measures of oxidative stress, including malondialdehyde and oxidatively
damaged DNA and proteins. These blood markers were also higher in lung cancer vs.
COPD patients [26,27].

Tobacco smoke increases oxidative stress in humans from the large number of free
radicals and other constituents, including carbonyls [28,29]. There was a significant asso-
ciation between smoking and plasma 8-isoprostane concentrations in the current study,
which is consistent with other findings [13]. In addition, compared to former smokers, the
levels of plasma 8-isoprostane were higher in current smokers. Since all the participants
in the present study were either current smokers or former smokers, it was not possible
to determine the relative levels of 8-isoprostane to nonsmokers. In the Shanghai cohort
study [17], urine 8-isoprostane levels were lowest in never-smokers.

Other factors reported to be associated with isoprostane levels included older age and
female sex [30]. We did not observe an effect with these factors, although the age range
was limited. We examined levels by exposure to occupational lung carcinogens, and did
not observe any differences, although few were exposed to specific agents, and we also did
not have information on exposure conditions and durations.

Due to its relatively low concentrations, it is challenging to measure plasma 8-isoprostane.
It was reported that, across the types of specimens, urine has the highest average concentra-
tion of free 8-iso-PGF2α (1200 ± 600 pg/mL (1.3 ± 0.8 ng/mg creatinine) [31]). On average,
~100-fold less free 8-iso-PGF2α was detected in plasma (45.1 ± 18.4 pg/mL) and exhaled
breath condensate (EBC) (30.9 ± 17.2 pg/mL). 8-isoprostane in plasma has usually been
measured by ELISA, and many previous studies have used ELISA to measure 8-isoprostane
in urine or exhaled breath condensate [3,13,32,33]. 8-isoprostane belongs to a group of
64 isomers; thus, ELISA may not be the best way to definitively determine its concentration
due to possible cross-reactivity between with related isomers [22]. More recently, MS
methods have been described in mice plasma [34]. Methods from human samples have also
been reported, although analytic details, including chromatograms, were not provided [35].

The strengths of the study include the UPLC-MS/MS method described here, which
provides clear baseline separation of 8-isoprostane from all impurities and excellent sensi-
tivity, with a quantification limit of 2.5 pg/mL (signal/noise ≥ 10) and a detection limit of
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0.8 pg/mL (signal/noise = 3). As little as 300 µL plasma was sufficient, an important con-
sideration for studies in which plasma volumes are limited. Another advantage is the wide
linear range of detection, from as low as 25 pg/mL to 500 ng/mL, which encompassed the
lower and upper plasma 8-isoprostane concentrations in this study. Compared to previous
studies using ELISA, the MS-based method was more efficient and reproducible [36]. The
use of a heavy-isotope-labeled internal standard for determining the analyte mitigated the
potential problem of sample loss by calibrating the recovery rate [37]. Thus, the possible
issue of cross-reactivity and the consequent unreliable results from using ELISA kits could
be avoided. The use of gas chromatography (GC)/MS methods to determine levels of
8-isoprostane has previously been reported, and has indicated that they are precise and ac-
curate compared to immunoassays [38,39]. However, the use of GC/MS is time-consuming
and requires complicated SPE steps and derivatization reactions.

The limitations of the study include the fact that 8-isoprostane can be generated
from ex vivo oxidation of arachidonic acid in the plasma during sample collection and
storage, causing artificially high levels of measured plasma 8-isoprostane [40]. To minimize
this effect in the present study, tubes containing EDTA were used for plasma processing
and storage [41]. These samples were not previously thawed and refrozen, which would
otherwise have contributed to sample oxidation. Still, the long-term storage of these
samples likely resulted in a certain degree of oxidation, although it is expected that this
would be similar for the three study groups.

Several studies have shown an association between relatively high concentrations of
8-isoprostane and lung disorders, including cancer, asthma, and COPD [5,17,25]. A multi-
ethnic cohort study reported that, compared to the lowest tertile of urinary 8-isoprostane
concentration, the second and third tertiles were associated with a higher lung cancer risk
among men, but not among women [42].

Comparative studies of 8-isoprostane levels between malignant and benign lung
nodules have not been reported. Benign lung nodules are often characterized by chronic
inflammation due to infection from viruses or other pathogens. In our study, the levels of
8-isoprostane were similar in subjects with benign nodules and those with other inflamma-
tory pulmonary conditions such as COPD. The highest oxidative stress levels were in the
lung cancer patients. The current study was based on X-ray-detected pulmonary nodules,
which are, on average, larger than those detected by LDCT. One potential utility of such a
measurement is its ability predict the clinical outcomes and clinical management of patients
with lung nodules. Blood-based protein markers are being studied as predictors of lung
cancer in individuals undergoing low-dose computed tomography (LDCT) screening for
lung cancer. Inflammation might also be a marker of malignant vs. benign lung nodules.
Prospective studies of LDCT-detected nodules would be needed to determine if inflamma-
tion markers would have additional predictive power beyond existing clinical risk factors
either at baseline or at subsequent screenings [43].

5. Conclusions

The aim of the current study was to develop a method for the measurement of
8-iso-prostaglandin F2α, a biomarker of lipid peroxidation and an established marker
of lung cancer risk. It is commonly measured by enzyme-linked immunosorbent assay.
Here, we developed a stable isotope dilution UPLC-tandem mass spectrometric method for
the rapid determination in blood, and tested the discriminatory capability of the method
in 49 lung cancer patients, 55 benign lung nodule patients detected by chest X-ray, and
41 patients with chronic obstructive pulmonary disease (COPD) or asthma. Significant
differences were found in mean 8-isoprostane levels between the three groups. The UPLC-
MS/MS-based method is an efficient analytical tool for measuring 8-isoprostane plasma
concentrations. The results suggest exploring its utility as a marker for early lung can-
cer screening. The 8-isoprostane method developed here may be a useful biomarker for
etiologic and outcome research.



Int. J. Environ. Res. Public Health 2022, 19, 12488 11 of 13

Author Contributions: L.M.: Writing—Original Draft, Formal Analysis, Visualization; G.X.: Resources,
Writing—Review and Editing, P.L.: Writing—Review and Editing, Funding; A.V.: Writing—Review and
Editing, Funding; T.M.P.: Writing—Review and Editing, Funding; A.S.W.: Writing—Review and Editing,
Funding; D.S.: Methodology; J.E.M.: Supervision, Writing, Conceptualization, Resources, Funding
Acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the China Scholarship Council and by grant PA4100038714
from the Pennsylvania Department of Health (USA). The study was also supported by P30 ES013508
from NIEHS.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of Penn State College of Medicine
(IRB#25825EP, May, 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are available upon written request to the authors and the approval
of data transfer agreements.

Acknowledgments: We thank the research staff, Craig Livelsberger and Lisa Reinhart.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Tkaczyk, J.; Vízek, M. Oxidative stress in the lung tissue–sources of reactive oxygen species and antioxidant defence. Prague Med.

Rep. 2007, 108, 105–114. [PubMed]
2. Comhair, S.A.A.; Erzurum, S.C. Antioxidant responses to oxidant-mediated lung diseases. Am. J. Physiol. Cell. Mol. Physiol. 2002,

283, L246–L255. [CrossRef] [PubMed]
3. Elfsmark, L.; Ågren, L.; Akfur, C.; Bucht, A.; Jonasson, S. 8-Isoprostane is an early biomarker for oxidative stress in chlorine-

induced acute lung injury. Toxicol. Lett. 2018, 282, 1–7. [CrossRef] [PubMed]
4. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

inci-dence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef]
5. Havet, A.; Zerimech, F.; Sanchez, M.; Siroux, V.; Le Moual, N.; Brunekreef, B.; Stempfelet, M.; Künzli, N.; Jacquemin, B.;

Matran, R.; et al. Outdoor air pollution, exhaled 8-isoprostane and current asthma in adults: The EGEA study. Eur. Respir. J. 2018,
51, 1702036. [CrossRef] [PubMed]

6. Van’t Erve, T.J.; Lih, F.B.; Jelsema, C.; Deterding, L.J.; Eling, T.E.; Mason, R.P.; Kadiiska, M.B. Reinterpreting the best biomarker
of oxidative stress: The 8-iso-prostaglandin F2alpha/prostaglandin F2alpha ratio shows complex origins of lipid peroxidation
biomarkers in animal models. Free Radic. Biol. Med. 2016, 95, 65–73. [CrossRef] [PubMed]

7. Milne, G.L.; Dai, Q.; Roberts, L.J., 2nd. The isoprostanes–25 years later. Biochim. Biophys Acta. 2015, 1851, 433–445. [CrossRef]
8. Dybos, S.A.; Brustad, W.; Rolfseng, T.; Kvam, S.; Olsen, O.E.; Halgunset, J.; Skogseth, H. RNA-Integrity and 8-Isoprostane Levels

Are Stable in Prostate Tissue Samples Upon Long-Term Storage at −80 ◦C. Biopreservation Biobanking 2021, 19, 2–10. [CrossRef]
9. Baraldi, E.; Ghiro, L.; Piovan, V.; Carraro, S.; Ciabattoni, G.; Barnes, P.J.; Montuschi, P. Increased Exhaled 8-Isoprostane in

Childhood Asthma. Chest 2003, 124, 25–31. [CrossRef]
10. Wood, L.; Fitzgerald, D.A.; Gibson, P.; Cooper, D.M.; Garg, M.L. Lipid peroxidation as determined by plasma isoprostanes is

related to disease severity in mild asthma. Lipids 2000, 35, 967–974. [CrossRef]
11. Praticò, D.; Basili, S.; Vieri, M.; Cordova, C.; Violi, F.; Fitzgerald, G.A. Chronic obstructive pulmonary disease is associated with an

increase in urinary levels of isoprostane F2alpha-III, an index of oxidant stress. Am. J. Respir. Crit. Care Med. 1998, 158, 1709–1714.
[CrossRef] [PubMed]

12. Mondino, C.; Ciabattoni, G.; Koch, P.; Pistelli, R.; Trové, A.; Barnes, P.J.; Montuschi, P. Effects of inhaled corticosteroids on exhaled
leukotrienes and prostanoids in asthmatic children. J. Allergy Clin. Immunol. 2004, 114, 761–767. [CrossRef] [PubMed]

13. Montuschi, P.; Collins, J.V.; Ciabattoni, G.; Lazzeri, N.; Corradi, M.; Kharitonov, S.A.; Barnes, P.J. Exhaled 8-Isoprostane as an In
Vivo Biomarker of Lung Oxidative Stress in Patients with COPD and Healthy Smokers. Am. J. Respir. Crit. Care Med. 2000, 162,
1175–1177. [CrossRef] [PubMed]

14. Biernacki, W.A.; Kharitonov, S.A.; Barnes, P.J. Increased leukotriene B4 and 8-isoprostane in exhaled breath condensate of patients
with exacerbations of COPD. Thorax 2003, 58 Pt 1, 294–298. [CrossRef] [PubMed]

15. Collins, C.E.; Quaggiotto, P.; Wood, L.; O’Loughlin, E.V.; Henty, R.L.; Garg, M.L. Elevated plasma levels of F2α isoprostane in
cystic fibrosis. Lipids 1999, 34, 551–556. [CrossRef]

16. Ciabattoni, G.; Davì, G.; Collura, M.; Iapichino, L.; Pardo, F.; Ganci, A.; Romagnoli, R.; Maclouf, J.; Patrono, C. In Vivo Lipid
Peroxidation and Platelet Activation in Cystic Fibrosis. Am. J. Respir. Crit. Care Med. 2000, 162 Pt 1, 1195–1201. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/18225638
http://doi.org/10.1152/ajplung.00491.2001
http://www.ncbi.nlm.nih.gov/pubmed/12114185
http://doi.org/10.1016/j.toxlet.2017.10.007
http://www.ncbi.nlm.nih.gov/pubmed/29017959
http://doi.org/10.3322/caac.21492
http://doi.org/10.1183/13993003.02036-2017
http://www.ncbi.nlm.nih.gov/pubmed/29618600
http://doi.org/10.1016/j.freeradbiomed.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/26964509
http://doi.org/10.1016/j.bbalip.2014.10.007
http://doi.org/10.1089/bio.2019.0136
http://doi.org/10.1378/chest.124.1.25
http://doi.org/10.1007/s11745-000-0607-x
http://doi.org/10.1164/ajrccm.158.6.9709066
http://www.ncbi.nlm.nih.gov/pubmed/9847257
http://doi.org/10.1016/j.jaci.2004.06.054
http://www.ncbi.nlm.nih.gov/pubmed/15480313
http://doi.org/10.1164/ajrccm.162.3.2001063
http://www.ncbi.nlm.nih.gov/pubmed/10988150
http://doi.org/10.1136/thorax.58.4.294
http://www.ncbi.nlm.nih.gov/pubmed/12668789
http://doi.org/10.1007/s11745-999-0397-1
http://doi.org/10.1164/ajrccm.162.4.9911071


Int. J. Environ. Res. Public Health 2022, 19, 12488 12 of 13

17. Yuan, J.-M.; Carmella, S.G.; Wang, R.; Tan, Y.-T.; Adams-Haduch, J.; Gao, Y.-T.; Hecht, S.S. Relationship of the oxidative damage
biomarker 8-epi-prostaglandin F2α to risk of lung cancer development in the Shanghai Cohort Study. Carcinogenesis 2018, 39,
948–954. [CrossRef]

18. Gào, X.; Brenner, H.; Holleczek, B.; Cuk, K.; Zhang, Y.; Anusruti, A.; Xuan, Y.; Xu, Y.; Schöttker, B. Urinary 8-isoprostane levels
and occurrence of lung, colorectal, prostate, breast and overall cancer: Results from a large, population-based cohort study with
14 years of follow-up. Free Radic. Biol. Med. 2018, 123, 20–26. [CrossRef]

19. Tsikas, D.; Suchy, M.-T. Assessment of Urinary F2-Isoprostanes in Experimental and Clinical Studies: Mass Spectrometry Versus
ELISA. Hypertension 2012, 60, e15. [CrossRef]

20. Il’Yasova, D.; Morrow, J.D.; Ivanova, A.; Wagenknecht, L.E. Epidemiological marker for oxidant status: Comparison of the ELISA
and the gas chromatography/mass spectrometry assay for urine 2,3-dinor-5,6-dihydro-15-F2t-isoprostane. Ann. Epidemiol. 2004,
14, 793–797. [CrossRef]

21. Halliwell, B.; Lee, C.Y. Using isoprostanes as biomarkers of oxidative stress: Some rarely con-sidered issues. Antioxid Redox Signal.
2010, 13, 145–156. [CrossRef] [PubMed]

22. Yan, W.; Byrd, G.D.; Ogden, M.W. Quantitation of isoprostane isomers in human urine from smokers and nonsmokers by
LC-MS/MS. J. Lipid Res. 2007, 48, 1607–1617. [CrossRef]

23. Baldwin, N.A.; Sarnowski, C.P.; Reddy, S.A.; Blair, I.A.; Clapper, M.; Lazarus, P.; Li, M.; Muscat, J.E.; Penning, T.M.;
Vachani, A.; et al. Development of a Genotyping Microarray for Studying the Role of Gene-Environment Interactions in Risk for
Lung Cancer. J. Biomol. Tech. JBT 2013, 24, 198–217. [CrossRef]

24. Prasad, S.; Tyagi, A.K.; Aggarwal, B.B. Detection of inflammatory biomarkers in saliva and urine: Potential in diagnosis,
prevention, and treatment for chronic diseases. Exp. Biol. Med. 2016, 241, 783–799. [CrossRef] [PubMed]

25. Zinellu, E.; Zinellu, A.; Fois, A.G.; Fois, S.S.; Piras, B.; Carru, C.; Pirina, P. Reliability and Usefulness of Different Biomarkers of
Oxidative Stress in Chronic Obstructive Pulmonary Disease. Oxidative Med. Cell. Longev. 2020, 2020, 4982324. [CrossRef]

26. Barreiro, E.; Fermoselle, C.; Mateu-Jimenez, M.; Sánchez-Font, A.; Pijuan, L.; Gea, J.; Curull, V. Oxidative stress and inflammation
in the normal airways and blood of pa-tients with lung cancer and COPD. Free Radic. Biol. Med. 2013, 65, 859–871. [CrossRef]
[PubMed]

27. Sunnetcioglu, A.; Alp, H.H.; Ndan, B.S.; Balaharoglu, R.; Gunbatar, H. Evaluation of Oxidative Damage and Antioxidant
Mechanisms in COPD, Lung Cancer, and Obstructive Sleep Apnea Syndrome. Respir. Care 2015, 61, 205–211. [CrossRef]

28. van der Vaart, H.; Postma, D.S.; Timens, W.; ten Hacken, N.H. Acute effects of cigarette smoke on inflammation and oxidative
stress: A review. Thorax 2004, 59, 713–721. [CrossRef]

29. Penning, T.M. Human Aldo-Keto Reductases and the Metabolic Activation of Polycyclic Aromatic Hydrocarbons. Chem. Res.
Toxicol. 2014, 27, 1901–1917. [CrossRef]

30. Black, C.N.; Bot, M.; Scheffer, P.G.; Penninx, B.W.J.H. Sociodemographic and Lifestyle Determinants of Plasma Oxidative
Stress Markers 8-OHdG and F2-Isoprostanes and Associations with Metabolic Syndrome. Oxidative Med. Cell. Longev. 2016,
2016, 7530820. [CrossRef]

31. Van’t Erve, T.J.; Kadiiska, M.B.; London, S.J.; Mason, R.P. Classifying oxidative stress by F2-isoprostane levels across human
diseases: A meta-analysis. Redox Biol. 2017, 12, 582–599. [CrossRef] [PubMed]

32. Nuernberg, A.M.; Boyce, P.D.; Cavallari, J.M.; Fang, S.C.; Eisen, E.A.; Christiani, D.C. Urinary 8-Isoprostane and 8-OHdG
Concentrations in Boilermakers With Welding Exposure. J. Occup. Environ. Med. 2008, 50, 182–189. [CrossRef] [PubMed]

33. Peres, B.U.; Allen, A.J.H.; Shah, A.; Fox, N.; Laher, I.; Almeida, F.; Jen, R.; Ayas, N. Obstructive Sleep Apnea and Circulating
Biomarkers of Oxidative Stress: A Cross-Sectional Study. Antioxidants 2020, 9, 476. [CrossRef]

34. Janicka, M.; Kot-Wasik, Á.; Paradziej-Łukowicz, J.; Sularz-Peszyńska, G.; Bartoszek, A.; Namieśnik, J. LC-MS/MS Determination
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