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• Acrolein-induced GSH/GSSG changes 
were significantly lower BRS than in 
controls.

• No inflammatory response was detected 
post-exposure in plasma or nasal 
mucosa.

• Baseline COX-AA and LOX-EPA oxy
lipins were lower in BRS.

• Oxidative stress markers warrant study 
as objective BRS indicators.
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A B S T R A C T

Air pollution contributes to both acute and chronic health effects, and since people spend most of their time 
indoors, exposure to pollutants largely occurs in indoor environments. Acrolein, a reactive aldehyde commonly 
present indoors, may induce oxidative stress and inflammation and is implicated in asthma and cardiovascular 
disease. This study examined the impact of controlled acrolein exposure on oxidative stress and inflammatory 
markers in individuals with and without Building-related symptoms (BRS). Thirty-five participants (21 with BRS, 
14 controls) completed two randomized, single blind, crossover sessions in an exposure chamber: (1) acrolein 
(0.05 mg/m3) mixed with heptane and (2) control exposure with heptane only. Each session lasted 80 min. 
Plasma and nasal mucosa samples were collected before and after each exposure to assess oxidative stress 
(glutathione levels, GSH/GSSG ratio) and inflammation (oxylipins, endocannabinoids). No significant overall 
group effects were observed after acrolein exposure. However, BRS participants showed a significantly lower 
normalized acrolein-induced change in GSH/GSSG ratio (relative to sham) compared to controls, indicating 
increased oxidative stress. They also had lower baseline plasma levels of COX- and LOX derived oxylipins, 
suggesting altered inflammatory profiles. No exposure-related changes in oxylipins or endocannabinoids were 
detected in either group. These findings suggest that individuals with BRS may have a reduced ability to maintain 
redox balance when exposed to acrolein, despite having similar baseline GSH/GSSG levels as controls, potentially 
increasing susceptibility to oxidative stress even at low-levels. Oxidative stress markers could serve as objective 

* Corresponding author.
E-mail address: Anna-Sara.Claeson@umu.se (A.-S. Claeson). 

Contents lists available at ScienceDirect

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

https://doi.org/10.1016/j.scitotenv.2026.181772
Received 19 December 2025; Received in revised form 31 March 2026; Accepted 1 April 2026  

Science of the Total Environment 1029 (2026) 181772 

Available online 3 April 2026 
0048-9697/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:Anna-Sara.Claeson@umu.se
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2026.181772
https://doi.org/10.1016/j.scitotenv.2026.181772
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2026.181772&domain=pdf
http://creativecommons.org/licenses/by/4.0/


indicators of BRS, warranting further research on individual susceptibility and combined effects of indoor 
pollutants.

1. Introduction

Air pollution leads to both acute and long-term health effects. People 
spend about 90% of their time indoors and therefore most exposure to 
air pollutants occurs in indoor environments. Currently there is limited 
knowledge about how indoor air affects health and well-being. Indoor 
air is a complex mixture in which primary emissions and secondary 
reactions jointly determine pollutant levels. Acrolein is a representative 
example of such an indoor pollutant: beyond direct emissions from 
combustion and cooking, it can also be generated indoors through sec
ondary oxidation (e.g., terpene–ozone reactions), resulting in back
ground levels of acrolein in occupied spaces (Goldstein et al., 2021). Due 
to its prevalence and reactivity, acrolein is expected to have an impact 
on health and has garnered significant attention over the past decades. It 
is today considered a hazardous pollutant known or suspected to cause 
severe health issues (Hikisz and Jacenik, 2023; Ma et al., 2025). Acrolein 
has also been associated with indoor-air–related health problems 
(Sakellaris et al., 2021). However, human evidence at environmentally 
relevant low concentrations remains limited or inconsistent. For 
example, a large U.S. population study found only marginal associations 
between outdoor acrolein levels of 0.05–0.46 μg/m3 and asthma attacks 
(deCastro, 2014).

By contrast, studies conducted at higher or smoking-related exposure 
levels report that acrolein can exacerbate asthma, contribute to car
diovascular disease, and may play a role in other chronic airway con
ditions (Bein and Leikauf, 2011; Golden and Holm, 2017; Henning et al., 
2017).

Acrolein has an acrid, pungent odor, and causes acute sensory irri
tation by activating the TRPA1 ion channel on sensory nerve endings in 
the eyes, mucosa and skin (Bautista et al., 2006). Acrolein is an elec
trophile that covalently modifies TRPA1, opening the channel and 
triggering nerve signals perceived as stinging, burning and pain; this 
activation can also initiate neurogenic inflammation (e.g., redness, 
tearing, nasal irritation) (Macpherson et al., 2007). Sensory irritation via 
these TRPA1 receptors therefore cause irritation at low exposure levels 
and in a time-dependent manner (Claeson et al., 2025; Claeson and Lind, 
2016). Furthermore, most TRPA1 agonists interact with the antioxidant 
glutathione, a compound that helps eliminate potentially harmful sub
stances from the body and thereby protects against oxidative stress. The 
concentration of glutathione is thus critical; when it is depleted, sensory 
irritation is likely to increase, resulting in a cumulative effect of the 
environmental irritant reacting with the TRPA1 receptor (Bessac and 
Jordt, 2008; Macpherson et al., 2007). Cumulative, TRPA1-mediated 
sensory irritation has been demonstrated for acrolein in controlled 
human exposure studies, i.e., irritation increases with exposure duration 
at low, fixed concentrations, but whether this time-dependence is driven 
by measurable glutathione (GSH) depletion remains unknown (Claeson 
et al., 2025).

TRPA1 plays a central role in inflammation. Its activation not only 
initiates the release of inflammatory mediators, but is also modulated by 
several of those mediators (Bautista et al., 2013). Consequently, expo
sure to acrolein may induce oxidative stress and inflammation, and the 
interaction between endogenously produced mediators (such as pros
taglandins) and TRPA1 suggests that these responses can amplify an 
individual's sensitivity to environmental stimuli, thereby increasing 
their vulnerability to chemical exposure. Several studies have identified 
associations between oxidative stress, inflammation and, indoor air 
health related symptoms (BRS) (Kwon et al., 2018; Lehmann et al., 
2002; Lin et al., 2013; Lu et al., 2007). These findings underscore the 
relevance of examining how individuals with BRS respond to acrolein 
exposure. Oxidative stress is associated with numerous diseases marked 

by chronic inflammation and is often put forward as the mechanism for 
health impacts from air pollution and has been shown to play a role in 
the development of various non-communicable diseases, such as car
diovascular and chronic respiratory diseases (Albano et al., 2022). The 
primary driver of oxidative stress is the oxidative potential of airborne 
pollutants, which disrupts the balance between production and/or 
exposure to reactive oxygen species (ROS) and the body's capacity to 
neutralize or detoxify their harmful effects. The antioxidant glutathione 
(GSH) plays a crucial role in protecting against oxidative stress. Expo
sure to the pollutant acrolein is known to induce oxidative stress in the 
airways, with its toxicity partly depending on the redox balance, that is, 
the availability of antioxidant defenses such as GSH (Meacher and 
Menzel, 1999; Van Der Toorn et al., 2007). Importantly, redox balance 
shows substantial inter-individual variability due to differences in 
baseline GSH levels, antioxidant enzyme activity, and genetic factors, 
which may influence susceptibility to acrolein-induced effects (Susa 
et al., 2025).

Endocannabioids and oxylipins are bioactive lipids originating from 
fatty acids that play a vital role in mediating inflammatory responses 
and managing oxidative stress. These mediators are formed non- 
enzymatically from arachidonic acid (isoprostanes), or by oxidation of 
polyunsaturated fatty acids (PUFAs) through various metabolic path
ways such as cyclooxygenase (COX), lipoxygenase (LOX), and cyto
chrome P450 (CYP), and thereby form a complex network of pro- and 
anti-inflammatory signals essential for maintaining homeostasis. Both 
endocannbioids and oxylipins are therefore of interest to study in rela
tion to conditions with suspected inflammatory or oxidative origin, like 
health effects from indoor air (e.g. BRS). Prostaglandins (derived from 
COX) and leukotrienes (derived from LOX) are rapidly generated at the 
onset of inflammation, and an increased release of prostaglandins from 
COX pathways due to exposure to common indoor air pollutants have 
been shown in human lung cells (Mögel et al., 2011). The release of the 
prostaglandins was preceded by oxidative stress and was prevented by 
treatment of antioxidants. However, such in-vitro findings primarily 
establish mechanisms and may not directly reflect human responses at 
environmental exposure levels. The increase of certain lipid mediators, 
such as prostaglandin E2 (PGE2) initiated by oxidative stress have been 
identified in other studies as well (Lucidi et al., 2008; Wang et al., 2021). 
In addition, prostaglandins are known to interact with the TRPA1 re
ceptor (Taylor-Clark et al., 2007).

This study addresses a possible association between exposure to the 
reactive indoor air pollutant, acrolein and markers of oxidative stress 
and inflammation The objective of this study was to investigate the ef
fects of exposure to acrolein on antioxidant defense and acute inflam
matory response by measuring glutathione levels (ratio between 
glutathione, GSH and its oxidized form glutathione disulfide, GSSG) in 
plasma as well as oxylipins and endocannabinoids in both plasma and 
nasal mucosa. Additionally, we aimed to explore the potential rela
tionship between building-related symptoms (BRS) and the levels of 
glutathione, oxylipins and endocannabinoids before and after acrolein 
exposure.

2. Materials and methods

2.1. Study design

The effect of acrolein exposure was studied in a controlled environ
ment using a randomized, single blind cross-over design. The study was 
exploratory and feasibility-limited; therefore, no a priori power calcu
lation was conducted. Primary inference was based on the sham- 
normalized within-participant contrast (each study participant 
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function as his/her own control), which improves precision by con
trolling inter-individual variability. The outcome variables, oxidative 
and inflammatory response in plasma and nasal mucosa were measured 
before and after each exposure session. These biomarkers were selected 
because GSH/GSSG is a well-established indicator of oxidative stress 
responsive to acrolein, and oxylipins and endocannabinoids reflect rapid 
inflammatory signaling relevant to short-term exposure.

2.2. Participants

Participants with BRS were recruited from a participant list from a 
previous study who had given their consent to take part in future studies 
(Veenaas et al., 2020). Additional participants with and without BRS 
were recruited through billboard advertisements. Individuals that 
answered, ‘yes’ to the question “Do you consider yourself to experience 
or have experienced symptoms caused by poor indoor environment at 
your work?” were considered as BRS cases. In total, 21 participants with 
BRS and 16 without (healthy controls) were recruited. To be eligible for 
the study the participants also needed to have a normal sense of smell. 
This was tested with the Connecticut Chemosensory Clinical Research 
Center Threshold Test (Cain, 1989). To be included in the study the 
participants had to detect dilution step 6 on the test (n-butanol 0.44% 
(v/v); 336 ppm). Two participants, recruited as healthy controls, re
ported symptoms from low concentration of odorous/pungent chemicals 
from, for example, perfume or cleaning agents. These individuals were 
excluded from the control group because such reactivity is consistent 
with chemical intolerance, which has been shown to be associated with 
increased sensory irritation from acrolein compared to non-intolerant 
individuals (Claeson and Andersson, 2017). In contrast, chemical 
intolerance was not used as an exclusion criterion in the BRS group, 
since sensitivity to chemicals is considered a core symptom frequently 
reported among individuals with BRS (WHO, 2000). The final number of 
individuals included in the study was 35 (n = 21 with BRS and n = 14 
healthy controls) with participant characteristics as described in 
Table 1, together with symptoms of relevance to building related health 
problems according to World Health Organization (WHO, 2000; 1983). 
These were rated on a scale with three response options: “yes, every 
week”, “yes, sometimes”, and “no, never”. Only the response “yes, every 
week” was considered problematic and included in Table 1. This 
approach ensured that the symptom profile reflected persistent symp
toms, as occasional reports are also common among healthy individuals. 
Symptom intensity was assessed separately using a 1–5 severity scale. 
Participants indicated how much each symptom bothered them, ranging 
from 1 (not at all) to 5 (very much). Mean and standard deviation for 
these ratings in each group are presented in Table 1.

2.3. Procedure

Each participant completed two exposure sessions with different 
conditions on separate days at least two days apart. One of the exposures 
consisted of a mixture of acrolein and heptane (used as a masking 
compound) and the other with heptane only. The study was conducted 
under single-blind conditions with participants blinded to exposure. To 
maintain blinding, heptane was included in both sessions to mask odor 
differences; all procedures (timing, instructions, symptom ratings, and 
sample collection) were identical across sessions. The exposures lasted 
for 80 min and the order of the exposures (starting with either the 
mixture or heptane only) was balanced between participants. All ex
posures occurred at the same time of day for both conditions and always 
between breakfast and lunch to avoid any influence from diurnal vari
ations in metabolite concentration. During exposure sensory irritation of 
the eyes, nose and throat were rated 16 times (every 5 min) on Borgs CR- 
100 scale (Borg and Borg, 2001) After 25, 50 and 75 min of exposure the 
participants additionally rated on 10 symptoms (skin, respiratory, con
centration difficulties, dizziness, fatigue, nausea, and headache). Re
cordings from the autonomic nervous system such as heart rate 

variability, electrodermal activity and breathing rate were collected 
during the whole exposures. Symptom ratings and autonomic measures 
were collected during exposure as part of the full experimental protocol. 
These outcomes have been reported in detail elsewhere (Palmquist and 
Claeson, 2022). Plasma and nasal mucosa samples were collected 
immediately before and after each exposure. Oxidative status was 
assessed using the GSH/GSSG ratio, a validated indicator of redox bal
ance. In parallel, oxylipins and endocannabinoids were quantified as 
markers of inflammatory signaling. Glutathione (GSH) is a key antiox
idant that can react directly with acrolein, and a lower GSH/GSSG ratio 
is commonly interpreted as evidence of increased oxidative stress 
(Giustarini et al., 2017).

2.4. Exposure chamber and stimulus material

The exposure took place in an exposure chamber (1.5 × 0.9 × 2.0 m) 
used in previous studies (Claeson and Andersson, 2017; Claeson and 
Lind, 2016; Palmquist and Claeson, 2022). Carbon filtered air entered 
through an inlet close to the floor and exited through a ceiling outlet. 
The air exchange rate was set to 7.5 h− 1, corresponding to an inflow of 
approximately 330 l/min. A metered amount of acrolein or heptane 
solution was delivered by a syringe pump and vaporized in a nebulizer. 
The aerosol from the nebulizer was mixed with air (4 l/min) in an 
evaporation chamber with a volume of ~ 1 l to ensure complete 
vaporization before being diluted into the main chamber airflow. The 

Table 1 
Description of participants and their symptoms.

Building-related 
symptoms (n = 21)

Referents (n = 14) p

Sex (n; women/men) 18/3 11/3 0.48
Age (years; mean ±

SD)
46.05 ± 10.5 36.9 ± 12.0 0.023

Chemical sensitivity1 11 0 <0.001
Acute stress (mean ±

SD)2
12.4 ± 6.0 14.2 ± 7.0 0.41

Long-term stress 
(Burnout; mean ±
SD)3

2.6 ± 0.5 2.5 ± 0.6 0.66

Reported no of 
symptoms (mean, 
min-max)
Airway, out of 8 5.10 (0–8) 2.86 (0–6) 0.004
Eye, out of 2 1.24 (0–2) 0.57 (0–2) 0.034
Skin, out of 4 2.55 (0–4) 0.71 (0–3) <0.001
General, out of 6 3.05 (0–6) 2.14 (0–5) 0.162

Reported severity of 
symptoms (mean ±
SD)
Airway, out of 8 1.77 (± 1.19) 0.58 (± 0.47) 0.001
Eye, out of 2 1.76 (±1.89) 0.50 (±0.94) 0.027
Skin, out of 4 1.65 (± 1.55) 0.36 (± 0.57) 0.005
General, out of 6 1.28 (± 0.86) 0.63 (± 0.71) 0.027

Reported diagnoses (n)
Asthma 7 2 0.26
Allergic Rhinitis 3 0 0.26
Chronic 
rhinosinusitis

1 0 1.00

Disease in joints/ 
muscles

5 2 0.38

Irritable bowel 
syndrome

2 0 0.34

High blood pressure 2 2 0.55
Burn out 3 1 0.45
Depression 1 1 0.66
Migraine 5 0 0.06

1 Answer ‘yes’ to the question: “Are you experiencing symptoms from 
odorous/pungent chemicals (not limited to certain buildings), such as perfumes 
and cleaning agents, in doses that you were not getting symptoms from before or 
that you believe most other people are not getting symptoms from?”

2 Perceived Stress scale, PSS.
3 Shirom-Melamed Burnout Questionnaire, SMBQ.
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final mixture entered the chamber and was continuously mixed with the 
330 l/min filtered airstream. Concentrations of acrolein and heptane 
was measured with a gas chromatograph coupled to a flame ionizing 
detector (HP5890) yielding an acrolein concentration of 0.05 ± 0.01 
mg/m3. This concentration is below previously reported sensory- 
irritation thresholds (i.e., 0.11–1.2 mg/m3; (Dwivedi et al., 2015; 
Weber-Tschopp et al., 1977) but above concentrations typically reported 
indoors (<0.05–29 μg/m3), however, higher levels have been reported 
in occupational settings such as commercial kitchens and bakeries, 
where thermal processes and cooking emissions contribute substantially 
to acrolein formation (Faroon et al., 2008; Villanueva et al., 2022). The 
concentration of heptane was 10.6 ± 1.5 mg/m3. An independent 
sample t-test showed that the measured concentrations of heptane did 
not differ between the two exposure conditions (p = 0.88). The mean 
temperature during exposure was 21.8 ± 1 ◦C and the mean relative 
humidity was 19.3 ± 3%.

2.5. Inflammation and oxidative stress – sample collection and analysis

Venous blood was collected in vacutainer tubes (Na2EDTA as anti- 
coagulant, Greiner Bio-One, Kremsmünster, Austria) by a trained 
nurse. Plasma was extracted immediately by centrifugation in a refrig
erated centrifuge and aliquoted into 3 different tubes (to avoid repeated 
freeze-thaw cycles in subsequent chemical analyses) and snap frozen in 
liquid N2. The tubes with plasma were stored at − 80 ◦C until analysis of 
GSH/GSSG, endocannabinoids and oxylipins.

For analysis of glutathione, the plasma samples were prepared by 
defrosting the aliquoted plasma under acidic conditions according to a 
procedure described in Claeson et al., 2019. The samples were analyzed 
with liquid chromatography coupled to tandem mass spectrometry (LC- 
MS/MS) (Claeson et al., 2019).

For analysis of oxylipins and endocannabinoids, the plasma samples 
were prepared by solid phase extraction (SPE) and analyzed with LC- 
MS/MS according to Claeson et al., 2022. In brief, the analytes were 
isolated by SPE using 3 ml acetonitrile followed by 2 ml methanol. The 
eluates were then evaporated and reconstituted in methanol (110 μL) 
together with a recovery standard before LC-MS/MS. The method 
included quantification of a panel of 44 oxylipins and 12 endocanna
binoids, representing relevant inflammatory mediators, in a single run. 
The oxylipins were categorized based on the metabolic pathway (COX, 
CYP or LOX) they were derived from, as well as the specific poly
unsaturated fatty acid (PUFA) from which they originated: Arachidonic 
acid (AA), Linoleic acid (LA) and Eicosapentaenoic acid (EPA).

Nasal mucosa were sampled on a filter paper (Leukosorb (B), Pall Life 
Sciences) that had been cut into strips (5 mm × 20 mm) according to a 
method that originally were developed for another group of analytes 
(Wolsk et al., 2017). The strips were gently inserted into both nostrils 
(the anterior part of the inferior turbinate) approximately 15 mm with a 
tweezer. A nose clip was applied, and the strips remained in the nose for 
2 min. The strips were then put into an Eppendorf tube and snap frozen 
in liquid N2 and stored in − 80 ◦C until analysis performed according to 
the plasma oxylipin and endocannabinoid analysis described above 
(Claeson et al., 2022).

2.6. Ethical statement

The study was conducted in accordance with the Helsinki Declara
tion. All participants were given written and verbal information about 
the study and signed informed consent was obtained. The study protocol 
was approved by the Umeå Regional Ethics Board (Dnr: 2017/427–31).

2.7. Statistical analysis

For each subject, we calculated a within-individual normalized ratio 
for each exposure condition, defined as post-exposure/pre-exposure. A 
ratio > 1 indicates an increase and < 1 a decrease relative to baseline. 

Thus, two normalized ratios were obtained per subject:
ACR ratio = (ACR after/ACR before) and Sham ratio (Sham after/Sham 

before).
These individual ratios were then compared between the acrolein 

and sham conditions.
For the analysis between healthy participants and participants with 

BRS a ratio representing the relative change (post/pre-exposure) due to 
acrolein exposure (ACR) in comparison to the relative change during the 
sham exposure (Sham) was calculated according to:

Normalized ratio BRS vs Healthy = (ACR after/ACR before)/ (Sham 
after/Sham before).

Normality was assessed using the Shapiro-Wilks test. For normally 
distributed data, parametric tests (paired t-test for exposure differences 
and one-way Anova for group comparisons). For non-normally distrib
uted data, corresponding non-parametric tests were applied (Wilcoxon 
signed rank test and Mann Whitney U test, respectively).

To identify difference in background levels of lipid mediators a mean 
was calculated for oxylipins and endocannabinoids between the two 
samples taken pre-exposure for each participant (one for each exposure 
session, acrolein and sham). The mean concentration for the six groups 
of oxylipins in plasma and 5 groups in nasal mucosa and endocannabi
noids represent background level of oxylipins and endocannabinoids in 
plasma and nasal mucosa.

We controlled for multiple comparisons using a 10% Benjamini- 
Hochberg false discovery rate to balance Type I and Type II error. The 
correction was applied within each metabolite class, i.e., oxylipins and 
endocannabinoids were corrected separately, to reflect their distinct 
biochemical families and analytical panels (Benjamini and Hochberg, 
1995).

3. Results

3.1. Oxidative stress pre- and post-exposure to acrolein

Acrolein exposure did not lead to an increase in oxidative stress in 
the overall study group (n = 34). Specifically, there was no significant 
change in the mean ratio of reduced glutathione (GSH) to its oxidized 
form (glutathione disulfide, GSSG) following exposure. The normalized 
mean ratio of GSH/GSSG (95% CI) was 1.18 (0.94, 1.42) and 1.17 (0.91, 
1.43) after exposure to acrolein and heptane, respectively. This was 
confirmed by Wilcoxon signed-rank test (Z = 21, p = 0.84).

Background levels of the GSH/GSSG ratio varied between 1.1 and 
24.9 in healthy individuals and 0.8–13.7 in individuals with BRS. A 
Mann-Whitney U test showed that there was no significant difference in 
background levels of GSH/GSSG between the groups, U = 109, p = 0.77.

After sham normalization, the acrolein-induced change in the GSH/ 
GSSG ratio was significantly smaller in the building-related symptoms 
group than in controls (BRS: 0.75 [95% CI 0.61–0.89] vs. controls: 1.73 
[1.13–2.32]). This finding indicates reduced ability to maintain redox 
balance during exposure in the BRS group despite similar baseline levels, 
and should not be interpreted as a significant within-group, pre–post 
change. According to a Mann-Whitney U test, the difference was sta
tistically significant and associated with a large effect size (U = 36, p <
0.001, r = 0.57; see Fig. 1).

3.2. Inflammatory response pre- and post-exposure to acrolein

In the whole study group (N = 34), there was no significant differ
ence between change in oxylipins in response to acrolein exposure 
compared to heptane in either plasma, or nasal mucosa (Tables 2 and 3). 
The same was true for endocannabinoids in plasma and nasal mucosa 
(Tables 4 and 5). Furthermore, there were no differences between par
ticipants that were healthy compared to participants with BRS in levels 
of oxylipins or endocannbinoids due to acrolein exposure (Table 2–5).

The mean level of circulating bioactive lipids in pre-exposure plasma 
varied between 0.2 and 8.1 pmol/ml (oxylipins) and 1.1 and 6.7 pmol/ 
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ml (endocannabinoids) in healthy individuals. A similar range was seen 
for individuals with BRS (0.8–6.5 pmol/ml and 1.0–3.9; oxylipins and 
endocannabinoids, respectively). However, at the group level the mean 
or median values (±SD/IQR) of COX-derived AA and LOX-derived EPA 
oxylipins measured in plasma were significantly lower (adjusted false 
discovery rate according to Benjamini-Hochberg) before the exposures 
in individuals with BRS compared to healthy individuals (p = 0.02 and p 
= 0.01). The level of oxylipins in nasal mucosa did not differ between 
the groups. Mean and median levels for the different groups of oxylipins 
and endocannabinoids in plasma before exposure are shown in Table 6.

Concentrations (pmol/ml) of oxylipins and endocannabinoids pre- 
and post-exposure to acrolein and heptane is presented in Table S1-S4.

4. Discussion

After sham normalization, the acrolein-induced change in the GSH/ 
GSSG ratio was significantly smaller in the building-related symptoms 
group than in controls (BRS vs. controls), indicating a reduced ability to 
maintain redox balance during exposure, despite similar baseline levels. 
No significant changes in bioactive lipid levels were detected in plasma 
or nasal mucosa between pre- and post-exposure. However, the wide 
confidence intervals suggest substantial variability, which may have 
reduced the statistical power to detect significant differences. Further, 
baseline levels of bioactive lipids associated with the cyclooxygenase 
(COX) and lipoxygenase (LOX) metabolic pathways were significantly 
lower in individuals with BRS compared to healthy controls.

Previous studies have suggested that oxidative stress may play a role 
in health problems related to indoor air quality (Lin et al., 2013; Lu 
et al., 2007), including exposure to volatile organic compounds (VOCs) 
such as acrolein (Golden and Holm, 2017; Kwon et al., 2018; Sakellaris 
et al., 2021). Prior work has reported lower baseline GSH/GSSG in 
chemically sensitive individuals (De Luca et al., 2010). In our BRS group, 
11/21 participants reported chemical sensitivity; however, an explor
atory within-BRS comparison between those with and without chemical 
sensitivity did not show significant differences in GSH/GSSG. Given 
limited power, detailed subgroup results are not presented.

The chamber concentration (0.05 mg/m3) equals the Swedish 8-h 
occupational limit and is reported here only as an irritation-based 

Fig. 1. Mean normalized GSH/GSSG ratio with 95% confidence interval. A 
significant difference was observed between healthy individuals and those with 
BRS (p < 0.001).

Table 2 
Normalized ratio of oxylipins in plasma, mean ratio (95% CI).

PUFA Metabolic 
pathway

oxylipin All 
Mean (95% CI)

Healthy 
Mean (95% CI)

BRS 
Mean (95% CI)

P 
(acrolein vs 
heptane)

P 
(healthy vs 
BRS)

acrolein heptane

AA COX PGF2a 1.00 (0.79, 1.21) 1.02 (0.83, 1.22) 0.93 (0.49, 1.37) 0.93 (0.65,1.20) 0.90c 0.65d

TXB2 1.66 (0.98, 2.33) 1.77 (0.81, 2.75) 1.11 (0.58, 1.65) 1.98 (− 0.03, 3.99) 0.99a 0.47b

COX-AA 1.31 (1.01, 1.60) 1.53 (1.05, 2.00) 1.07 (0.76, 1.37) 1.12 (0.68, 1.57) 0.89a 0.84d

CYP 11,12-DHET 1.18 (1.07, 1.30) 1.11 (1.00, 1.22) 1.07 (0.84, 1.29) 1.23 (1.01, 1.45) 0.28c 0.26d

14,15-DHET 1.15 (1.06, 1.25) 1.11 (1.04, 1.20) 1.00 (0.80, 1.21) 1.15 (0.98, 1.32) 0.69c 0.16d

8,9-DHET 1.10 (0.98, 1.22) 1.01 (0.91, 1.12) 0.94 (0.78, 1.09) 1.23 (1.07, 1.39) 0.29c 0.01d*
5,6-DHET 1.09 (1.00, 1.19) 1.09 (0.95, 1.22) 1.16 (0.78, 1.53) 1.10 (0.92, 1.10) 0.98c 0.35d

20-HETE 1.16 (0.96, 1.36) 1.06 (0.91, 1.22) 0.87 (0.57, 1.16) 1.07 (0.89, 1.25) 0.47c 0.08d

CYP-AA 1.11 (1.01, 1.21) 1.06 (0.98, 1.15) 0.99 (0.82, 1.15) 1.20 (1.01, 1.39) 0.51c 0.11d

LOX 15-HETE 1.29 (1.12, 1.46) 1.30 (1.13, 1.48) 0.95 (0.49, 1.42) 1.32 (0.92, 1.73) 0.91a 0.06d

11-HETE 1.24 (1.03, 1.44) 1.30 (1.04, 1.55) 0.85 (0.35, 1.35) 1.45 (0.75, 2.15) 0.67a 0.10b

12-HETE 1.44 (0.79, 2.08) 1.16 (0.75, 1.57) 0.80 (0.44, 1.16) 2.47 (− 0.14, 5.08) 0.32a 0.30b

8-HETE 1.32 (1.07, 1.56) 1.21 (1.04, 1.38) 1.31 (0.36, 2.26) 1.54 (0.94, 2.14) 0.48a 0.15b

5-HETE 4.55 (− 0.05, 9.15) 1.43 (1.06, 1.80) 1.39 (− 0.39, 3.16) 4.94 (− 1.79, 11.66) 0.94a 0.98b

15-oxo-ETE 1.36 (0.83, 1.88) 1.30 (1.06, 1.54) 1.18 (0.49, 1.87) 1.54 (− 0.00, 3.08) 0.59a 0.95b

12-oxo-ETE 1.28 (0.70, 1.86) 1.29 (0.61, 1.98) 0.84 (0.55, 1.12) 1.39 (0.68, 2.11) 0.62a 0.05d*
LOX-AA 1.34 (0.92, 1.82) 1.22 (0.85, 1.59) 1.17 (0.31, 2.03) 1.92 (0.84, 3.00) 0.45a 0.18b

LA CYP 12,13-DiHOME 0.95 (0.71, 1.17) 0.88 (0.73, 1.02) 0.90 (0.61, 1.19) 1.12 (0.89, 1.34) 0.81a 0.17b

9,10-DiHOME 1.04 (0.79, 1.29) 0.88 (0.74, 1.03) 0.89 (0.65, 1.13) 1.26 (0.96, 1.56) 0.60a 0.09b

CYP-LA 0.97 (0.70, 1.23) 0.86 (0.71, 1.00) 1.09 (0.68, 1.50) 1.11 (0.85, 1.36) 0.93a 0.43b

LOX 9,10,13- 
TriHOME

0.91 (0.75, 1.07) 1.01 (0.84, 1.17) 1.23 (0.79, 1.67) 0.93 (0.69, 1.18) 0.30a 0.21b

9,12,13- 
TriHOME

0.75 (0.59, 0.91) 0.88 (0.72, 1.03) 0.97 (0.60, 1.36) 0.86 (0.65, 1.07) 0.14a 0.82b

13-oxo-ODE 1.67 (0.94, 2.40) 1.28 (0.82, 1.75) 1.88 (0.37, 3.38) 3.55 (− 0.03, 7.13) 0.32a 0.40b

9(S)-HODE 1.14 (0.93, 1.35) 1.12 (0.89, 1.36) 1.28 (0.75, 1.81) 1.13 (0.84, 1.43) 0.70a 0.55b

13-HODE 1.04 (0.83, 1.24) 1.03 (0.85, 1.21) 1.14 (0.71, 1.56) 1.09 (0.87, 1.32) 0.98a 0.93b

LOX-LA 1.00 (0.83, 1.17) 0.99 (0.84, 1.14) 1.15 (0.75, 1.55) 1.07 (0.87, 1.27) 0.45a 0.55b

EPA LOX 12(S)-HEPE 1.22 (0.86, 1.57) 1.12 (0.70, 1.53) 1.96 (− 0.12, 4.03) 2.23 (0.42, 4.04) 0.33a 0.93b

15(S)-HETrE 1.36 (0.95, 1.76) 1.47 (1.13, 1.82) 0.92 (0.34, 1.49) 1.33 (0.89, 1.76) 0.12c 0.34d

LOX-EPA 1.16 (0.94, 1.38) 1.15 (0.76, 1.54) 1.02 (0.64, 1.40) 1.81 (0.84, 2.78) 0.29a 0.33b

a Wilcoxon signed rank test
b Mann Whitney U test
c Paired samples t-test
d One-way ANOVA.
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benchmark (Swedish Work Environment Authority, 2018). Occupational exposure limits are usually established to prevent sensory 

Table 3 
Normalized ratio of oxylipins in nasal mucosa, mean ratio (95% CI).

PUFA Metabolic 
pathway

oxylipin All 
Mean (95% CI)

Healthy 
Mean (95% CI)

BRS 
Mean (95% CI)

P 
(acrolein vs 
heptane)

P 
(healthy vs 
BRS)

acrolein heptane

AA COX PGE2 1.36 (0.70, 2.01) 1.00 (0.27, 1.74) 3.67 (0.78, 6.56) 2.53 (0.26, 4.79) 0.20a 0.40b

PGF2a 0.90 (0.74, 1.06) 0.84 (0.62, 1.05) 1.51 (0.78, 2.23) 1.35 (0.76, 1.94) 0.79a 0.78b

COX AA 0.95 (0.71, 1.19) 0.81 (0.58, 1.04) 2.11 (0.53, 3.69) 1.70 (0.57, 2.84) 0.46a 0.53b

LOX 15-HETE 1.39 (0.62, 2.17) 1.05 (0.63, 1.47) 2.45 (− 0.33, 5.22) 2.39 (0.70, 4.08) 0.60a 0.64b

15-oxo-ETE 1.25 (0.65, 1.86) 1.20 (0.64, 1.76) 2.09 (0.50, 3.68) 2.58 (0.81, 4.34) 0.31a 0.64b

12-HETE 1.07 (0.64, 1.49) 0.98 (0.58, 1.39) 1.93 (0.24, 3.63) 1.84 (0.94, 2.74) 0.51a 0.21b

11-HETE 0.99 (0.62, 1.36) 0.86 (0.50, 1.22) 2.45 (0.36, 4.54) 2.55 (1.02, 4.08) 0.35a 0.38b

8-HETE 0.88 (0.61, 1.16) 0.84 (0.46, 1.22) 2.13 (0.48, 3.78) 2.17 (1.15, 3.19) 0.15a 0.44b

5-HETE 1.89 (1.08, 2.69) 1.82 (0.84, 2.80) 3.01 (1.04, 4.98) 4.55 (1.10, 8.01) 0.37a 0.85b

9-HETE 0.91 (0.61, 1.22) 0.87 (0.46, 1.29) 1.69 (0.46, 2.92) 2.72 (1.06, 4.38) 0.25a 0.27b

LTB4 2.13 (1.11, 3.14) 1.52 (0.72, 2.32) 4.22 (1.46, 6.99) 3.56 (0.88, 6.24) 0.10a 0.62b

5-oxo-ETE 1.68 (0.86, 2.51) 1.77 (0.31, 3.23) 4.28 (1.07, 7.49) 8.19 (− 0.26, 16.6) 0.09a 0.93b

LOX-AA 1.26 (0.66, 1.86) 0.96 (0.58, 1.33) 2.29 (0.48, 4.10) 2.82 (1.07, 4.57) 0.26a 0.59b

LA CYP 12,13- 
DiHOME

0.83 (0.74, 0.93) 0.95 (0.80, 1.09) 0.90 (0.61, 1.19) 1.12 (0.89, 1.34) 0.19c 0.20d

9,10-DiHOME 0.80 (0.68, 0.92) 0.85 (0.71, 1.00) 0.89 (0.65, 1.13) 1.26 (0.96, 1.56) 0.48c 0.06d

CYP-LA 0.82 (0.71, 0,92) 0.89 (0.76, 1.03) 0.89 (0.63, 1.16) 1.18 (0.93, 1.42) 0.33c 0.94d

LOX 9(S)-HODE 0.80 (0.64, 0.97) 1.02 (0.49, 1.56) 1.44 (0.37, 2.51) 1.96 (1.19, 2.73) 0.77a 0.07b

13-HODE 1.04 (0.72, 1.36) 1.25 (0.59, 1.90) 3.24 (− 1.27, 7.75) 2.05 (1.25, 2.86) 0.52a 0.25b

13-oxo-ODE 0.83 (0.66, 0.99) 1.10 (0.66, 1.53) 1.30 (0.59, 2.00) 1.74 (0.99, 2.49) 0.94a 0.32b

LOX-LA 0.95 (0.71, 1.19) 1.20 (0.59, 1.80) 2.63 (¡0.67, 5.93) 1.91 (1.20, 2.62) 0.59a 0.25b

EPA LOX 12(S)-HEPE 1.08 (0.78, 1.38) 0.94 (0.55, 1.34) 2.11 (0.05, 4.17) 2.14 (1.25, 3.03) 0.21a 0.28b

15(S)-HETrE 1.11 (0.67, 1.54) 1.45 (0.38, 2.51) 3.71 (− 1.01, 8.44) 3.39 (1.42, 5.36) 0.61a 0.34b

LOX-EPA 1.09 (0.67, 1.50) 1.21 (0.55, 1.88) 3.44 (¡0.84, 7.73) 2.68 (1.06, 4.30) 0.68a 0.56b

a Wilcoxon signed rank test
b Mann Whitney U test
c Paired samples t-test
d One-way ANOVA.

Table 4 
Normalized ratio of endocannabinoids in plasma, mean ratio (95% CI).

Endocannabinoid All 
Mean (95% CI)

Healthy 
Mean (95% CI)

BRS 
Mean (95% CI)

P 
(acrolein vs heptane)a

P 
(healthy vs BRS)b

acrolein heptane

AEA 1.10 (0.96, 1.24) 1.11 (0.98, 1.23) 1.08 (0.69, 1.47) 1.27 (0.92, 1.62) 0.98 0.47
LEA 1.06 (0.89, 1.22) 1.13 (0.94, 1.33) 1.07 (0.66, 1.48) 1.34 (0.92, 1.76) 0.91 0.57
EPEA 1.30 (0.04, 1.55) 1.23 (0.92, 1.54) 1.59 (0.62, 2.56) 1.65 (0.90, 2.41) 0.50 0.95
2-AG 1.23 (1.05, 1.41) 1.08 (0.80, 1.36) 1.47 (0.81, 2.13) 1.54 (0.89, 2.19) 0.31 0.83
POEA 1.86 (1.31, 2.41) 1.95 (1.30, 2.59) 2.42 (0.15, 4.68) 2.02 (1.13, 2.92) 0.95 0.47
2-LG 1.17 (1.00, 1.34) 1.12 (0.84, 1.40) 1.65 (0.37, 2.92) 1.49 (0.79, 2.19) 0.94 0.86
DEA 1.16 (1.02, 1.31) 1.07 (0.92, 1.22) 1.08 (0.66, 1.51) 1.39 (1.02, 1.76) 0.45 0.20
OEA 1.13 (0.94, 1.31) 1.16 (0.99, 1.32) 1.11 (0.58, 1.64) 1.26 (0.93, 1.58) 0.99 0.44
SEA 1.03 (0.94, 1.12) 1.11 (1.01, 1.22) 0.89 (0.62, 1.17) 1.11 (0.84, 1.39) 0.38 0.59
DHEA 1.46 (1.18, 1.75) 1.28 (0.92, 1.63) 1.65 (0.83, 2.47) 1.77 (1.26, 2.29) 0.03 0.68
NAGly 1.13 (0.96, 1.30) 1.27 (1.02, 1.52) 1.03 (0.77, 1.29) 1.14 (0.69, 1.59) 0.25 0.57

a Wilcoxon signed rank test
b Mann Whitney U test.

Table 5 
Normalized ratio of endocannabinoids in nasal mucosa, mean ratio (95% CI).

Endocannabinoid All 
Mean (95%CI)

Healthy 
Mean (95%CI)

BRS 
Mean (95%CI)

P 
(acrolein vs heptane)a

P 
(healthy vs BRS)b

acrolein heptane

PGE2 EA 1.09 (0.88, 1.30) 1.13 (0.92, 1.33) 1.21 (0.60, 1.82) 1.30 (0.73, 1.87) 0.65 0.84
LEA 0.67 (0.42, 0.93) 0.90 (0.49, 1.31) 1.53 (0.37, 2.68) 1.82 (0.69, 2.94) 0.69 0.64
POEA 0.72 (0.48, 0.95) 0.78 (0.51, 1.06) 1.24 (0.37, 2.12) 2.22 (0.76, 3.68) 0.86 0.17
OEA 0.69 (0.46, 0.93) 0.77 (0.50, 1.03) 1.87 (0.19, 3.54) 2.31 (0.41, 4.20) 0.88 0.46
SEA 0.79 (0.56, 1.02) 0.77 (0.54, 0.99) 2.39 (− 0.02, 4.78) 2.06 (0.42, 3.71) 0.99 0.54
AEA 0.81 (0.48, 1.14) 1.03 (0.54, 1.49) 2.00 (− 0.11, 4.11) 3.74 (0.41, 7.07) 0.72 0.35

a Wilcoxon signed rank test
b Mann Whitney U test.
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irritation in the majority of individuals (Gaffney and Paustenbach, 
2007). For non-occupational context, residential assessments report in
door acrolein at much lower levels; for example, Health Canada's resi
dential review cites an indoor reference level of 0.35 μg/m3 (Health 
Canada, 2021). Individuals with chemical sensitivity report sensory 
irritation already at these levels during shorter exposures (Claeson and 
Andersson, 2017; Palmquist and Claeson, 2022). Previous studies 
involving healthy individuals have shown large inter-individual vari
ability in sensory irritation responses due to acrolein exposure, with 
effects shown to be time-dependent (Claeson et al., 2025; Claeson and 
Lind, 2016). Acrolein is known to covalently bind to the TRPA1 receptor 
on sensory nerve endings, which may explain why irritation depends not 
only on concentration but also on exposure duration.

However, the time-dependence and individual variability may also 
be related to differences in antioxidant capacity. While high concen
trations of acrolein clearly induce oxidative injury, low-level exposure is 
more likely to reveal variability in susceptibility rather than produce 
uniform toxicity. Because acrolein reacts with thiols and incrementally 
draws on antioxidant defenses, subtle GSH-mediated shifts in redox 
balance may emerge preferentially in individuals with limited antioxi
dant capacity (Moghe et al., 2015). In line with this mechanistic 
expectation, we observed oxidative stress signals only in the BRS sub
group, suggesting that inter-individual variability, rather than exposure 
dose alone, governs responses at the exposure level applied in this study. 
Impaired antioxidant defense systems have been shown to increase 
susceptibility to subsequent exposures in in vitro studies using PM10 
(Chirino et al., 2010). Similar patterns have been reported in studies 
demonstrating that acrolein and crotonaldehyde present in cigarette 
smoke irreversibly react with GSH, thereby diminishing cellular anti
oxidant capacity (Van Der Toorn et al., 2007). GSH deficiency, in turn, 

increases vulnerability to oxidative stress.
With regard to the distinction between direct and indirect (systemic) 

effects of acrolein exposure, it is likely that these effects arise from local 
interactions between acrolein and TRPA1-expressing airway tissues 
(Hajna et al., 2020). As a highly reactive electrophile, acrolein primarily 
exerts its effects at the site of first contact, where it can activate TRPA1, 
induce local irritation, and react with epithelial thiols. Its rapid reac
tivity makes substantial systemic absorption unlikely. Thus, the oxida
tive stress pattern observed in plasma is more plausibly explained by 
indirect systemic effects arising from local airway exposure, for example 
through neurogenic inflammatory signaling, spill-over of locally 
generated mediators, or shifts in GSH utilization that influence circu
lating redox balance. In this interpretation, the plasma GSH/GSSG 
response reflects a downstream systemic manifestation of a primarily 
local exposure, rather than direct systemic toxicity of acrolein itself.

Participants with BRS reported a higher symptom burden prior to 
chamber exposure (Table 1). Although individual exposure histories 
were not collected, this difference may be compatible with a reduced 
ability to maintain redox balance during exposure, as reflected by the 
smaller sham-normalized acrolein-induced change in GSH/GSSG. We 
consider this link hypothesis-generating. Taken together with the 
absence of baseline differences in GSH/GSSG, the pattern is consistent 
with increased vulnerability, operationalized here as reduced exposure- 
related redox maintenance, rather than lower baseline antioxidant 
levels. A reduced anti-oxidant buffering capacity may also result from 
underlying inflammation, infection, or chronic illness. In such cases, 
acrolein exposure could further disrupt redox balance, increasing 
vulnerability. Many ear, nose and throat conditions are associated with 
oxidative stress and decreased GSH levels both locally and systemically 
(Asher and Guilford, 2016). Oxylipins, a diverse class of bioactive lipids, 
plays a critical role in the regulation of inflammation and oxidative 
stress (Dennis and Norris, 2015). In our study, baseline oxylipin levels 
did not indicate the presence of pre-existing inflammation, rather, in
dividuals with BRS exhibited lower baseline levels of certain oxylipins. 
Similar patterns, reduced baseline COX-pathway metabolites, have been 
reported in asthmatic individuals (Lundström et al., 2011), suggesting 
that some populations may exhibit distinct oxylipin profiles at baseline. 
However, asthma and BRS are different entities, thus, the asthma find
ings should be viewed as contextual rather than directly applicable to 
BRS. Notably, reduced PGE2 responses after exposure have been inter
preted in asthma as a hampered ability to attenuate initial acute 
inflammation (Lundström et al., 2012), but whether an analogous 
mechanism exists in BRS remains unknown and warrants further study.

A limitation of the present study is that glutathione (GSH) and 
oxylipin levels are influenced by various factors, including nutritional 
status, stress levels, diurnal variation, and physical activity. To minimize 
these confounders all exposures in this study were conducted at the same 
time in the morning. Participant-reported stress levels were also 
assessed before exposure and showed no significant differences between 
groups, either for acute stress (Perceived Stress Scale, PSS; p = 0.41) or 
long-term stress (Shirom-Melamed Burnout Questionnaire, SMBQ; p =
0.66), see Table 1. Another limitation is that the BRS case definition 
relied solely on self-reported symptoms and that the sample size was 
limited. However, the findings support the potential use of oxidative 
stress markers as objective indicators of BRS in future research, and the 
repeated-measures design, where each participant serves as their own 
control, helps to increase statistical power.

In conclusion, our controlled exposure study found no overall group 
change in GSH/GSSG, but a between-group difference in the sham- 
normalized acrolein-induced change, smaller in participants with 
building-related symptoms than in controls, despite similar baseline 
levels. We interpret this as reduced exposure-related redox maintenance 
(i.e., a difference in dynamic buffering during exposure) rather than 
lower baseline antioxidant pools. Acrolein, a reactive aldehyde, has 
been identified as a risk factor for asthma (Golden and Holm, 2017) and 
is known to induce sensory irritation in a time-dependent manner, even 

Table 6 
Concentration, pmol/ml (mean (SD) and median (IQR)), of oxylipins and 
endocannabinoids in plasma and nasal mucosa before exposures (acrolein and 
heptane).

Healthy 
Mean (SD) 
Median 
(IQR)

BRS 
Mean (SD) 
Median 
(IQR)

P 
(healthy vs 
BRS)

Oxylipins 
(plasma)

COX-AA 0.86 (0.94) 
0.43 (1.26)

0.28 (0.25) 
0.23 (0.22)

0.02a*

CYP-AA 0.21 (0.04) 
0.21 (0.06)

0.22 (0.04) 
0.21 (0.05)

0.53b

LOX-AA 1.32 (1.91) 
0.32 (1.73)

0.32 (0.16) 
0.25 (0.22)

0.07b

CYP-LA 7.90 (8.88) 
5.28 (4.39)

5.47 (4.91) 
4.42 (4.23)

0.40b

LOX-LA 8.49 (5.58) 
7.04 (7.82)

6.62 (4.09) 
5.29 (3.38)

0.38b

LOX- 
EPA

0.29 (0.35) 
0.15 (0.24)

0.11 (0.07) 
0.08 (0.08)

0.01b*

Oxylipins 
(Nasal mucosa)

COX-AA 1.02 (0.81) 
0.98 (1.50)

0.45 (0.62) 
0.27 (0.36)

0.06b

LOX-AA 2.35 (1.82) 
1.62 (3.12)

2.15 (3.36) 
1.28 (1.88)

0.36b

CYP-LA 0.19 (0.08) 
0.18 (0.06)

0.19 (0.11) 
0.16 (0.13)

0.68b

LOX-LA 12.24 (7.19) 
11.90 
(15.09)

8.63 (9.75) 
5.69 (7.99)

0.05b

LOX- 
EPA

1.19 (0.90) 
0.91 (1.19)

0.88 (1.05) 
0.52 (0.80)

0.08b

Endocannabinoids Plasma 2.57 (1.55) 
2.13 (1.70)

2.08 (0.80) 
1.88 (1.00)

0.52b

Nose 1.89 (1.95) 
1.28 (1.44)

1.87 (1.72) 
1.51 (1.17)

1.00b

a Mann Whitney U test
b One-way Anova
* Significant upon implementation of Benjamini-Hochbergs 10% false dis

covery rate.
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at concentrations below previously reported detection thresholds 
(Claeson and Andersson, 2017; Claeson and Lind, 2016). While acrolein 
may play a role in symptom development, it is likely one of several ir
ritants present in indoor environments.

Future work should replicate and extend these findings by examining 
dose–time relationships and assessing the within-person reproducibility 
of the sham-normalized redox response. It will also be important to 
evaluate additional redox and inflammatory markers, together with 
mechanistic pathways involved in maintaining redox balance, to better 
understand the biological underpinnings of the observed variability. 
Moreover, future research should explore the combined effects of mul
tiple exposures to better understand potential synergistic or additive 
impacts of complex indoor air pollutant mixtures.
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