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Fish oil blunts lung function decrements induced by acute exposure to 
ozone in young healthy adults: A randomized trial 
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A B S T R A C T   

Background: Over one-third of the U.S. population is exposed to unsafe levels of ozone (O3). Dietary supple-
mentation with fish oil (FO) or olive oil (OO) has shown protection against other air pollutants. This study 
evaluates potential cardiopulmonary benefits of FO or OO supplementation against acute O3 exposure in young 
healthy adults. 
Methods: Forty-three participants (26 ± 4 years old; 47% female) were randomized to receive 3 g/day of FO, 3 g/ 
day OO, or no supplementation (CTL) for 4 weeks prior to undergoing 2-hour exposures to filtered air and 300 
ppb O3 with intermittent exercise on two consecutive days. Outcome measurements included spirometry, sputum 
neutrophil percentage, blood markers of inflammation, tissue injury and coagulation, vascular function, and 
heart rate variability. The effects of dietary supplementation and O3 on these outcomes were evaluated with 
linear mixed-effect models. 
Results: Compared with filtered air, O3 exposure decreased FVC, FEV1, and FEV1/FVC immediately post exposure 
regardless of supplementation status. Relative to that in the CTL group, the lung function response to O3 exposure 
in the FO group was blunted, as evidenced by O3-induced decreases in FEV1 (Normalized CTL − 0.40 ± 0.34 L, 
Normalized FO − 0.21 ± 0.27 L) and FEV1/FVC (Normalized CTL − 4.67 ± 5.0 %, Normalized FO − 1.4 ± 3.18 %) 
values that were on average 48% and 70% smaller, respectively. Inflammatory responses measured in the sputum 
immediately post O3 exposure were not different among the three supplementation groups. Systolic blood 
pressure elevations 20-h post O3 exposure were blunted by OO supplementation. 
Conclusion: FO supplementation appears to offer protective effects against lung function decrements caused by 
acute O3 exposure in healthy adults.   

1. Introduction 

Tropospheric ozone (O3) is a major constituent of photochemical 
smog that is formed by the reaction of sunlight, nitrogen oxides and 
volatile organic compounds from vehicular and industrial emissions 
(World Health Organization, 2018). Despite some improvements over 
the last 40 years (EPA, 2021), more than 120 million Americans 

continue to live in areas that experience O3 levels that exceed the Na-
tional Ambient Air Quality Standard of 70 ppb (American Lung Asso-
ciation, 2021). 

Epidemiological studies have shown that exposure to ambient O3 
levels is associated with elevated cardiopulmonary morbidity and 
mortality (Ji et al., 2011; Lim et al., 2019a; Yin et al., 2017). Controlled 
human exposure studies have shown that inhalation of O3 can acutely 
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induce dose-dependent pulmonary function decrements and a transient 
infiltration of polymorphonuclear neutrophils (PMN) into the airway 
(Arjomandi et al. 2018; Balmes et al., 1996; EPA, 2013; Samet et al., 
2001). Ozone-induced pulmonary effects are believed to be primarily 
mediated by stimulation of intraepithelial nociceptive vagal C-fibers via 
activation of transient receptor potential (TRP) A1 cation channels, 
while the neutrophilic airway inflammation involves activation of NFκB 
and generation of pro-inflammatory mediators in the surface macro-
phages and epithelial cells (Bromberg, 2016). 

Although acute ozone-induced pulmonary effects have been well 
documented, more research is warranted to investigate potential miti-
gation strategies. Since O3 induces oxidative stress, supplementation 
with antioxidant nutraceuticals has been proposed as a potential inter-
vention against O3 toxicity (Samet et al. 2001; Tong 2016). A previous 
chamber exposure study of adults showed that 2-week supplementation 
with an antioxidant mixture (250 mg of vitamin C, 50 IU of α-tocoph-
erol, and 12 oz of vegetable cocktail) alleviated ozone-induced re-
ductions in forced vital capacity (FVC) and forced expiratory volume at 
the end of the first second (FEV1), but did not modify the increases in 
airway neutrophils and interleukin-6 (IL-6) (Samet et al., 2001). Un-
saturated fatty acids are another possible antioxidant option to mitigate 

O3 toxicity because of the reductive potential of their carbon–carbon 
double bonds. Fish oil (FO) from marine sources is rich in omega-3 
polyunsaturated fatty acids (PUFA), particularly in eicosapentaenoic 
acid (EPA, 20:5) and docosahexaenoic acid (DHA, 22:6), each with 
multiple carbon–carbon double bonds (Albert et al. 2013). In addition, 
EPA and DHA are precursors of specialized pro-resolving mediators 
(SPM) that promote resolution of inflammation and a return to ho-
meostasis (Serhan and Levy, 2018). Olive oil (OO) is a principal 
component of the Mediterranean diet that is high in oleic acid (18:1), an 
omega-9 monounsaturated fatty acid. Oleic acid and polyphenols in OO 
have antioxidant properties that can offer cardiovascular benefits 
(Moreno-Luna et al., 2012; Perona et al., 2006). Previous studies showed 
that dietary supplementation with FO or OO can reduce adverse health 
impacts of exposure to air pollutants, especially to fine particulate 
matter (PM2.5) (Lin et al., 2019; Tong et al., 2012; Tong et al., 2015). 
Snow and colleagues have found vasoprotective effects and alleviation 
of cardiac dysfunction by FO or OO enriched diets in rats exposed to 800 
ppb O3 (Snow et al., 2018; Tong et al., 2020). However, no study has 
specifically investigated the potential health benefits of FO or OO 
against controlled O3 exposure in humans. 

In this chamber study, we assessed the acute respiratory and 

Fig. 1. CONSORT flow diagram for the study.  
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cardiovascular effects of controlled exposure of young healthy adults to 
300 ppb O3, and investigated whether dietary supplementation with FO 
or OO can mitigate them. We report that a 4-week regimen of FO sup-
plementation may significantly blunt lung function decrements induced 
by an acute exposure to O3. 

2. Methods 

2.1. Study participants 

As shown in Fig. 1, healthy participants, residing in the Research 
Triangle Area of Central North Carolina, U.S., were recruited to enroll in 
the study based on the following recruiting criteria: 18–35 years old; 
body mass index (BMI) between 19 and 30; normal lung function (FVC, 
FEV1, and FEV1/FVC ≥ 80% of predicted values); having no history of 
cardiovascular disease, uncontrolled hypertension (≥140 systolic, ≥ 90 
diastolic), pulmonary disease, cancer, diabetes, or active allergy; non- 
smokers for the past year; not taking omega-3 or omega-9 fatty acid 
(FA) supplements, antioxidant supplements (e.g. vitamin C, vitamin E, 
beta-carotene, and selenium), β-adrenergic receptor blockers or anti- 
inflammatory drugs [e.g. nonsteroidal anti-inflammatory drugs 
(NSAIDs)]. Omega-3 index (OmegaQuant, Sioux Falls, SD), a measure-
ment of EPA and DHA in erythrocyte cell membrane (Harris and Polreis 
2016), was used for confirmation of low background levels of omega-3 
FA intake. Participants whose omega-3 index was 5% or lower were 
eligible. Enrolled participants were trained to perform moderate exer-
cise (minute ventilation target was approximately 20 L/min/m2 body 
surface area) on the ergometer (stationary bicycle or treadmill). Those 
who could not complete the exercise without exceeding age-defined 
heart rate limits due to their physical conditioning were disqualified. 

More inclusion and exclusion criteria are available in Supplemental 
Methods. 

This study was conducted in the U.S. Environmental Protection 
Agency Human Studies Facility on the campus of University of North 
Carolina at Chapel Hill between December 2017 and March 2020. 
Written informed consent was given by all participants prior to enroll-
ment. This protocol was reviewed and approved by the Institutional 
Review Board of the University of North Carolina at Chapel Hill (pro-
tocol 15–2960) and the U.S. Environmental Protection Agency Human 
Subjects Review Office, conducted under FDA IND 71,475 and listed in 
ClinicalTrials.gov (NCT03395119). 

2.2. Study design 

The first stage of the study was a randomized, double-blind dietary 
supplementation period (Fig. 2A). Specifically, eligible participants 
were randomly assigned to receive 3 g/day of FO, 3 g/day of OO, or no 
supplements (CTL) for 4 weeks. FO supplements consisted of 3 pills of 
commercially available 1-gram enteric-coated soft-gels (gelatin cap-
sules) formulated to deliver approximately 684 mg omega-3 PUFA (410 
mg EPA and 274 mg DHA) as ethyl ester (Pharmavite, LLC, San Fer-
nando, CA). OO supplements consisted of three pills of 1 g of USDA 
organic certified, cold-pressed, extra virgin olive oil with 56–85% oleic 
acid content (Arista Industries, Inc., Wilton, CT). All enrolled partici-
pants were instructed to avoid foods rich in omega-3 or omega-9 fatty 
acids and refrain from using antioxidant supplements, β-adrenergic re-
ceptor blockers, or anti-inflammatory drugs for 6 weeks. 

The controlled chamber exposures were conducted in the second 
stage of the study (Fig. 2B and 2C). After the 4-week supplementation, 
blood fatty acids profile and omega-3 index was assessed again to check 

Fig. 2. Schematic representation of the study design. Overall study design (A) included both supplementation and exposure stages. Detailed tests / activities are 
listed in order they were performed for both exposure days (B) and the follow-up day (C). BAU: brachial artery ultrasound; HRV: heart rate variability. 
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if the dietary supplementation was successful. Participants were exposed 
for 2 h to filtered air (a sham consisting of 100 ppb O3 was introduced for 
the first 5 min of the exposure) on the first day and to O3 (mean con-
centration 300 ± 30 ppb) on the second day while exercising intermit-
tently to a targeted ventilation (VE) rate at 20 L/min/m2 on an 
ergometer every other 15 min. Based on the O3 levels employed in 
previous studies (Balmes et al. 1996; Devlin et al. 2012; Frampton et al. 
2017; Samet et al. 2001), we chose 300 ppb as the O3 exposure con-
centration in this study to induce transient decrements in lung function 
and self-limiting inflammatory responses in the airways of healthy 
human volunteers. The exposures were conducted on the same days of 
the week for all participants. Venous blood, retinal images, brachial 
artery ultrasound, spirometry, and Holter monitor heart rate variability 
were assessed before (pre), immediately after (post) the exposure, and 
on the follow-up day (approximately 20-h post O3 exposure). Induced 
sputum samples were collected approximately 4-h following each 
exposure. Besides spirometry and induce sputum, more details in other 
parameter methods are available in Supplemental Methods. 

2.3. Spirometry 

Participants inhaled completely and then exhaled rapidly and 
completely via a mouthpiece connected by a tube into a spirometer 
(Vmax, Viasys Healthcare System, Yorba Linda, CA). From this maneu-
ver, FVC, FEV1 and the ratio FEV1/FVC were derived. Three tests were 
performed and the best FVC value of the three were reported according 
to the guidelines of American Thoracic Society (Miller et al. 2005). 

2.4. Induced sputum 

Induced sputum samples were collected according to previously 
published methods (Hernandez et al. 2010). Briefly, participants inhaled 
increasing concentrations (3%, 4%, and 5%) of hypertonic saline for 7 
min each. Manually selected sputum plugs were weighed and treated 
with 0.1% dithiothreitol for cell and mucus dispersion. Following 
centrifugation, differential cell counts were analyzed based on 400 cells, 
and expressed as a percentage of total non-squamous epithelial cells. 
Sputum samples contained a minimum of 120,000 total cells for anal-
ysis, a differential cell count containing<40% squamous epithelial cells, 
and cell viability of at least 50%, thus minimizing variability in cell 
recovery and squamous epithelial cell contamination. 

2.5. Statistics 

Differences in subject characteristics and descriptive data were 
analyzed using one-way ANOVA and Tukey’s tests for continuous vari-
ables and Chi-square tests for categorical variables. Relative change 
values were reported for fatty acid levels of erythrocyte cell membrane 
(fold change: FO or OO / CTL) and for lung function parameters (percent 
change from pre-exposure or percent change from CTL). To control for 
day-to-day variability, all endpoints, except for immune cell count in the 
induced sputum, were normalized by subtracting the values measured 
before exposure from the immediately post and 20-hr post values (post – 
pre, follow-up – pre). SAS 9.4 software (Cary, NC) was used for statistical 
analysis. To assess changes in biological end points between the two 
exposures and among the CTL, FO and OO groups, we used a two-factor 
(exposure and supplementation status) mixed effects model on non-and 
log-transformed data with a participant-specific random intercept. Pair- 
wise comparisons were adjusted using the Tukey-Kramer’s tests and p <
0.05 was considered significant. 

3. Results 

3.1. Participant Characteristics 

The study was concluded earlier than scheduled due to the COVID-19 

pandemic. We screened a total of 131 volunteers for their eligibility to 
participate in this study and 57 were enrolled in the study. There were 
17, 17, and 23 participants assigned to CTL, FO, and OO groups, 
respectively, but 5, 2, and 7, respectively, were further excluded because 
they either did not complete the study or did not follow the study in-
structions (Fig. 1). Final statistical analysis included 43 participants: 12, 
15, and 16 participants are in the CTL, FO, and OO group, respectively 
(Fig. 1). At baseline, there were no statistically significant differences in 
age, body mass index (BMI), omega-3 index, blood pressure, heart rate, 
and lung function parameters between the groups (Table 1). At the time 
of study, all participants were non-smokers (one ex-smoker), and none 
were taking statins, angiotensin converting enzyme inhibitors, or 
β-adrenergic receptor blockers. Descriptive statistics of all assessed pa-
rameters are summarized in Supplemental Table 1 and 2. 

3.2. Blood fatty acid levels 

Before dietary supplementation, there were no statistically signifi-
cant differences in the composition percentages of fatty acids in pe-
ripheral blood among the three groups (Table 2). After the 4-week 
supplementation, the levels of EPA were elevated approximately 6- 
fold (0.3% vs. 1.9%), docosapentaenoic acid (DPA) 1.2-fold (1.2% vs. 
1.4%), DHA 1.5-fold (2.1% vs. 3.2%), total omega-3 fatty acids 1.8-fold 
(3.9% vs. 6.9%), and the total omega-3 index 1.8-fold higher in the FO 
group than those in the CTL (4.0% vs. 7.1%) (Table 2). In addition, 
arachidonic acid (AA), an omega-6 fatty acid, as well as total omega-6 
fatty acids and omega-6/omega-3 ratio were all significantly lower in 
the FO group than those in the CTL group. Though not statistically 
significant, oleic acid in the OO group trended higher than in the CTL 
and FO groups. 

3.3. Lung function 

As shown in Fig. 3, exposure to ozone induced statistically significant 
decreases in lung function immediately after exposure, regardless of 
supplementation status. Specifically, immediately following O3 expo-
sure, the mean decrease in FVC was 5.9% (4.76L vs. 4.49L) in the CTL 
group, 3.4% (4.66L vs. 4.50L) in the FO group, and 2.3% (5.13L vs. 

Table 1 
Characteristics of the study participants at baseline.  

Characteristics (n = 43) CTL (n =
12) 

FO (n =
15) 

OO (n =
16) 

Sex (male/female) (# of participants) 6/6 7/8 10/6 
Age (years) 24.2 ± 4.5 26.6 ± 3.9 26.8 ± 3.9 
Race/Ethnicity (# of participants) 
African-American 0 3 0 
Asian 2 2 1 
Caucasian 8 10 15 
Hispanic 2 0 0 
Non-smokers (# of participants) 12 15 16 * 
BMI (kg/m2) 24.4 ± 3.2 25.7 ± 3.1 25.5 ± 2.6 
SBP (mmHg) 114.3 ± 6.8 117.5 ±

8.7 
114.8 ±
10.4 

DBP (mmHg) 75.9 ± 7.0 73.0 ± 7.1 69.5 ± 4.8 
Heart rate (bpm) 61.8 ± 9.6 60.7 ±

12.4 
59.8 ± 10.2 

FVC (L) 4.8 ± 0.9 4.7 ± 0.7 5.1 ± 0.9 
FEV1 (L) 3.9 ± 0.7 3.8 ± 0.6 4.1 ± 0.7 
FEV1/FVC (%) 81.7 ± 7.4 80.9 ± 6.2 79.9 ± 5.1 
Omega-3 index before 

supplementation (%) 
4.2 ± 0.5 4.2 ± 0.5 4.1 ± 0.6 

Data are presented as number of participants or mean ± SD. BMI, body mass 
index; CTL: control; DBP, diastolic blood pressure; FEV1, forced expiratory 
volume at the end of the first second; FVC, forced vital capacity; FO: fish oil; 
HDL, high-density lipoprotein; LDL, low-density lipoprotein; OO: olive oil; SBP, 
systolic blood pressure. 

* 1 ex-smoker. 
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5.02L) in the OO group, compared with pre-O3 exposure values; the 
mean FEV1 was reduced by 10.2% (3.81L vs. 3.42L) in the CTL, 3.5% 
(3.69L vs. 3.55L) in the FO, and 5.5% (4.03L vs. 3.81L) in the OO par-
ticipants; decreases in FEV1/FVC ratio followed a similar pattern, 5.0% 
(80.83% vs. 76.75%), 0.3% (79.6% vs. 79.33%), and 3.0% (78.75% vs. 
76.44%) reductions in the CTL, FO, and OO groups, respectively (Sup-
plemental Table 1). The normalized FEV1 (p = 0.005) and FEV1/FVC (p 
= 0.0004) in the FO group were significantly higher than those in the 
CTL immediately post O3 exposure (Fig. 3B and 3C). Similarly, the 
normalized FEV1 in the OO group was borderline higher (p = 0.096) 
than that in the CTL immediately post O3 exposure (Fig. 3B). In terms of 
the magnitude of the protective effect of the FO intervention, the O3- 
induced loss of FEV1/FVC ratio observed in the CTL group was signifi-
cantly blunted by 70% (-4.67% vs. − 1.40%, p = 0.01) (Table 3). While 
not statistically significant, the O3-induced reduction in the FVC and 
FEV1 in the CTL group was ameliorated by 19% (-0.26L vs. − 0.21L, p =
0.89) and 48% (-0.40L vs. − 0.21L, p = 0.11) by FO supplementation, 
respectively (Table 3). OO supplementation offer a non-statistically 
significant, 34% protection against O3-induced loss in the FEV1/FVC 
ratio (-4.67% vs. − 3.06%, p = 0.31) (Table 3). Ozone-induced decre-
ments in lung function were no longer observable on the follow-up day 
(20-hour post O3 exposure). Analysis of log-transformed values gener-
ally showed similar results in support of protective effects of FO and OO 
(Supplemental Table 4). 

One participant in the CTL group showed a stronger response to O3, 
with lung function values that were 3 standard deviations from the 
mean. Specifically, this subject had a 22% drop in FVC (pre-O3: 4.47 L, 
post-O3: 3.5 L), a 34% decrease in FEV1 (pre-O3: 3.71 L, post-O3: 2.46 L), 
and a 16% decrement in FEV1/FVC (pre-O3: 83%, post-O3: 70%) 

immediately post O3. The protective effect of FO supplementation 
remained after exclusion of this subject, showing that the O3-induced 
decreases in normalized FEV1 and FEV1/FVC values were blunted by 
34% (p = 0.056) and 62% (p = 0.005) in the FO group, respectively 
(Supplemental Fig. 1, Supplemental Table 3). No significant protective 
effects against O3-induced lung function decrements were observable in 
the OO group after removing the outlier. 

Table 2 
Fatty acid composition and omega-3 index in red blood cell membrane before and after 4-week supplementation with FO or OO.  

Fatty acid CTL (n = 12) FO (n = 15) OO (n = 16) 

Baseline After Baseline After Baseline After 

C16:0 palmitic acid (%) 21.1 ± 1.4 21 ± 0.9 20.8 ± 1.2 21.5 ± 1.2 20.9 ± 2.3 20.8 ± 1.1 
C18:1 oleic acid (%) 18.2 ± 3.0 16.8 ± 1.9 18.2 ± 2.2 17.2 ± 2.0 19.1 ± 3.7 17.9 ± 2.0 
C18:2 linoleic acid (LA)† (%) 25 ± 2.2 24.7 ± 1.8 24.7 ± 2.0 23.5 ± 1.7 24.4 ± 2.4 25.7 ± 1.9 
C18:3 linolenic acid (ALA)‡ (%) 0.4 ± 0.2 0.3 ± 0.1 0.5 ± 0.2 0.4 ± 0.1 0.4 ± 0.2 0.4 ± 0.2 
C20:4 arachidonic acid (AA)† (%) 11.2 ± 1.5 12.1 ± 1.5 11.5 ± 1.7 10.7 ± 1.6 * 10.8 ± 1.9 10.9 ± 1.1 
C20:5 eicosapentaenoic acid (EPA)‡ (%) 0.3 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 1.9 ± 0.9 * 0.3 ± 0.1 0.3 ± 0.1 
C22:5 docosapentaenoic acid (DPA)‡ (%) 1.1 ± 0.1 1.2 ± 0.2 1.1 ± 0.2 1.4 ± 0.2 * 1.1 ± 0.2 1.0 ± 0.2 
C22:6 docosahexaenoic acid (DHA)‡ (%) 2.1 ± 0.4 2.1 ± 0.2 2.2 ± 0.5 3.2 ± 0.6 * 2.1 ± 0.4 2.0 ± 0.4 
Total omega-3 fatty acids (%) 4.1 ± 0.4 3.9 ± 0.3 4.1 ± 0.5 6.9 ± 1.4 * 4 ± 0.5 3.8 ± 0.5 
Total omega-6 fatty acids (%) 40.5 ± 2.3 41.2 ± 2.2 40.5 ± 1.5 37.8 ± 1.8 * 39.5 ± 3.0 40.9 ± 1.9 
Omega-6 / Omega-3 ratio 10 ± 0.9 9.7 ± 3.3 9.9 ± 1.2 5.7 ± 1.3 * 10.1 ± 1.1 10.9 ± 1.3 
Omega-3 index (%) 4.2 ± 0.5 4.0 ± 0.2 4.2 ± 0.5 7.1 ± 1.6 * 4.1 ± 0.6 4.0 ± 0.4 

Data are presented as mean ± SD. * statistical difference from the control (CTL) after 4-week dietary supplementation, p < 0.05. Less-abundant fatty acids that did not 
differ among the groups are not shown. † omega-6 fatty acid. ‡ omega-3 fatty acid. FO: fish oil; OO: olive oil. 

Fig. 3. Changes in spirometric measurements for participants in control (CTL), fish oil (FO), and olive oil (OO) groups. Shown are differences (Post – Pre) in FVC (A), 
FEV1 (B), and FEV1/FVC (C) on filtered air day, ozone day, and the follow-up day. Bars with whiskers indicate means with their respective 95% confidence interval. * 
p < 0.05, ** p < 0.01, statistically significant between the two conditions. FEV1: forced expiratory volume at the end of the first second; FVC: forced vital capacity. 

Table 3 
Changes in spirometric measurements for participants in CTL, FO and OO sup-
plementation groups shown as the differences in FVC, FEV1, and FEV1/FVC 
following ozone exposure corrected for the differences following filtered air 
exposure.  

Outcome CTL FO OO 

Mean (SD) Mean (SD) Mean (SD) 

ΔΔ FVC (L) 
Immediately post ozone − 0.26 (0.26) − 0.21 (0.25) − 0.18 (0.26) 
Follow-up 0.05 (0.17) − 0.04 (0.3) − 0.06 (0.26) 
ΔΔ FEV1 (L) 
Immediately post ozone − 0.40 (0.34) − 0.21 (0.27) − 0.30 (0.22) 
Follow-up − 0.03 (0.11) − 0.05 (0.22) − 0.11 (0.19) 
ΔΔ FEV1/FVC (%) 
Immediately post ozone − 4.67 (5.00) − 1.40 (3.18) * − 3.06 (2.49) 
Follow-up − 1.45 (1.21) − 0.87 (2.10) − 1.31 (1.74) 

Note: Delta-delta values (ΔΔ) for each participant were calculated as: (Postozone – 
Preozone) – (Postair – Preair). * p < 0.05, statistical difference from control (CTL). 
FEV1, forced expiratory volume at the end of the first second; FVC, forced vital 
capacity; FO: fish oil; OO: olive oil. 
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3.4. Airway inflammation 

As shown in Fig. 4A, O3 caused significant increases in PMN% in the 
induced sputum samples that were approximately 2–3 times higher than 
when measured 4-hour post exposure to filtered air. Supplementation 
with FO or OO did not significantly modify the increase in PMN% 
observed after O3 exposure. As expected, the increase in PMN% was 
accompanied by a decrease in the percent of macrophages in the induced 
sputum samples (Fig. 4B). 

3.5. Systemic inflammation 

Compared with filtered air exposure, white blood cell (WBC) 
numbers in blood were elevated in the OO group 2-hour post O3 expo-
sure, but not in the CTL or FO group (Fig. 5A). WBC levels significantly 
decreased on the follow-up day in all supplementation groups relative to 
those after filtered air exposure (Fig. 5A). Similarly, there were no sig-
nificant increases in blood neutrophil concentration 2-hour post O3 
exposure, but significant decreases were noted on the follow-up day in 
all three groups (Fig. 5B). The blood neutrophil concentration in the OO 
group was significantly higher than that in the FO group 2-hour post O3 
exposure. O3 exposure induced significant increases in plasma IL-6 
concentrations in all three groups, but the elevations were not detec-
ted on the follow-up day (Fig. 5C). We did not observe notable changes 
in other markers of systemic inflammation (Supplemental Fig. 2). 

3.6. Blood pressure and triglycerides 

Systolic blood pressure (SBP) was not changed immediately post 
exposure to 300 ppb O3; however, significant elevations in SBP were 
observed on the follow-up day in the CTL group. In contrast, there were 
no increases in SBP 20-hour post O3 exposure in either FO or OO groups 
and OO significantly decreased SBP compared with that in the CTL 20- 
hour post exposure (Fig. 5D). In the CTL group, diastolic blood pressure 
(DBP) on the follow-up day was significantly higher than that of the air 
day; however, we did not observe any notable changes in DBP in either 
FO or OO groups (Fig. 5E). O3 exposure did not induce any significant 
changes in blood triglyceride levels. However, the average triglyceride 
concentrations were lower in the FO group compared with those in both 
CTL and OO groups, with statistical significance observed immediately 
post O3 (Fig. 5F). 

We did not find any acute O3 effects in other blood lipid levels 
(Supplemental Fig. 3), oxidative stress, injury, or coagulation markers 
(Supplemental Fig. 4), or vascular function in brachial artery ultrasound 
and retinal blood vessel measurements (Supplemental Fig. 5). There 

were no significant changes in heart rate variability or repolarization 
parameters immediately post exposure (Supplemental Figure 6 and 7). 
However, SDNN, pNN50, RMSSD, QTc, and heart rate were significantly 
changed on the follow-up day in all three groups. These effects could be 
due to circadian rhythm patterns, and we did not observe any modifying 
effects of FO or OO. Statistical analysis on log-transformed data showed 
very similar results to all outcome variables (Supplemental Table 1 and 
Supplemental Table 4). 

4. Discussion 

In this controlled exposure study of young healthy adults, we 
investigated the modulatory effects of FO or OO supplementation on the 
acute respiratory and cardiovascular effects of O3 exposure. We report 
that fish oil may offer significant protection against O3-induced decre-
ments in lung function. 

Exposure to ambient O3 is known to induce acute lung function 
decrements and increases susceptibility to respiratory diseases including 
asthma and chronic obstructive pulmonary disease (COPD) (Zhang et al. 
2019). Previous controlled exposure studies have established that O3 
causes pulmonary effects including decreased lung function and 
increased airway neutrophilic inflammation (Arjomandi et al. 2018; 
Balmes et al. 1996; Frampton et al. 2017; Samet et al. 2001). O3-induced 
lung function decrements have been reported as decreased FVC and 
FEV1, with no significant change in FEV1/FVC ratio (Arjomandi et al. 
2018; Balmes et al. 1996; Frampton et al. 2017). We similarly observed 
O3 exposure effects on FVC and FEV1 with the addition of decreased 
FEV1/FVC ratio. This disparity might be explained by the differences in 
age of the participants in this study compared to others. For example, the 
mean participants’ age in the MOSES study was 55 years, with an in-
clusion criterion that specified that the FEV1/FVC be ≥ 65% based on 
the NHANES III database (Arjomandi et al. 2018). In comparison, the 
age range of the participants in the present study was 18–35 years and 
the inclusion criterion for FEV1/FVC was ≥ 80% of predicted values. It is 
possible that the FEV1/FVC ratio in younger participants is more likely 
to be affected by ozone exposure. In this regard, it should be noted that 
the significant elevation in airway PMN is consistent with those in 
previous studies (Balmes et al. 2019; Frampton et al. 2017; Samet et al. 
2001), demonstrating that the expected pulmonary responses to acute 
O3 exposure in young healthy adults in the present study, and providing 
a suitable experimental setting in which to test the efficacy of FO and OO 
intervention. 

The findings of this study indicate that dietary supplementation with 
FO and to a lesser degree OO, attenuated O3 induced lung function ef-
fects, as evidenced by a 48% reduction in FEV1 decrements and a 70% 

Fig. 4. Percentage of immune cells in the induced sputum in the control (CTL), fish oil (FO), and olive oil (OO) groups. Shown are percentage of total cells in PMN 
(A) and macrophages (B) after exposure to filtered air or ozone. Bars with whiskers indicate means with their respective 95% confidence interval. ** p < 0.01, 
statistically significant between the two conditions. PMN: polymorphonuclear neutrophils. 
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smaller decrease of the FEV1/FVC drop in the FO group compared with 
those in the CTL. It is noteworthy that these rescue effects of FO were 
still evident after excluding an outlier in the CTL group. However, this 
“outlier” participant showing the highest decrements in lung function 
parameters may be of biological relevance as a sensitive responder to the 
O3 exposure. Variability in the sensitivity of lung function to ozone 
exposure has been documented in other human studies (Frampton et al. 
1997). Interestingly, we only observed an “outlier” participant in the 
CTL group, but not in the FO or OO groups, indicating that FO and OO 
may have a general normalizing effect on the pulmonary function 
response to O3-induced decrements. This speculation is also supported 
by the observation that the inter-subject variability in the ΔFVC, ΔFEV1, 
and ΔFEV1/FVC immediately post O3 exposure in the FO and OO group 
was smaller compared with that in the CTL group. Moreover, although 
not statistically significant, linear regression analyses show an inverse 
correlation between blood omega-3 indices and levels of oleic acid and 
lung function decrements immediately post O3 exposure (data not 
shown), suggesting an additional line of evidence in support of benefi-
cial effects of high omega-3 PUFA and OO against O3 exposure. 

It should be noted that although we observed significant protective 
effects of FO supplementation against acute O3 exposure, the absolute 
rescued values in FEV1 and FEV1/FVC are relatively small (0.19L and 
3.27%) when considering the baseline values. However, for safety rea-
sons, the participants in this study were young, healthy and carefully 
screened to be at low risk during their participation in this study, thus it 
is possible that more pronounced protective effects of FO may be 
observed in a susceptible population. Although not as robust as FO, OO 
supplementation may also offer protective effects against lung function 
decrements induced by O3 exposure. One possible explanation is that the 
blood oleic acid levels after OO supplementation did not differ from 
those in the CTL, potentially masking benefits of oleic acid due to high 
background levels. Consistent with previous studies (Tong et al. 2012; 
Tong et al. 2015), we found that a 4-week dietary regimen of FO could 
significantly elevate blood levels of omega-3 PUFA but not oleic acid 

levels (which showed an increasing trend). This is likely due to the 
difficulty in controlling oleic acid content in the diet due to the growing 
presence of oleic acid-rich foods in the American diet (Guasch-Ferre 
et al. 2020). In addition, although both FO and OO can offer antioxidant 
properties through their carbon–carbon double bonds, one conjecture 
regarding the stronger protection of FO than OO may lie behind the 
multiple double bonds of omega-3 PUFA (EPA and DHA) as compared to 
the single double bond of oleic acid. 

O3 induced lung function decrements are believed to involve invol-
untary inhibition of inspiration, rather than bronchoconstriction. The 
inhibition may be mediated through activation of transient receptor 
potential (TRP) A1 cation channels by adduction of electrophiles such as 
4-oxo-nonenal, formed through ozonation of unsaturated membrane 
fatty acids, leading to stimulation of intraepithelial nociceptive vagal C- 
fibers (Bromberg 2016). So how does omega-3 PUFA in the FO offer 
protection against O3-induced lung function impairment through the 
autonomic nervous system? One possibility is that supplementation with 
FO results in elevated levels of omega-3 PUFA in the airway surface 
liquid, providing extracellular substrates with which O3 can react, 
thereby sparing cellular membranes. On the other hand, ozonation of 
extracellular omega-3 PUFA generates potent electrophiles that activate 
pro-inflammatory pathways in the airway macrophages and epithelial 
cells, leading to a neutrophilic airway inflammation (Bromberg 2016). 
This might also explain why we observe elevated PMN% in the sputum 
samples regardless of supplementation status. It is worth noting that 
prolonged O3 exposure may produce enough oxidative electrophiles, 
possibly tipping the scale from benefit to harm of omega-3 PUFA sup-
plementation. We have observed such biphasic moderation of omega-3 
PUFA on the association between ambient O3 exposure and lung func-
tion parameters in a recent panel study (Tong et al. 2021). 

In the present study, we found that O3 exposure led to statistically 
significant reductions in WBC and neutrophil counts 20-hour post O3 
exposure, regardless of the supplementation status. This could be 
explained by the large influx of systemic neutrophils into the airways 

Fig. 5. Changes in systemic inflammation markers, blood pressure, and triglyceride levels for participants in control (CTL), fish oil (FO), and olive oil (OO) groups. 
Shown are differences (Post – Pre) in blood WBC (A), neutrophils (B), and plasma IL-6 (C), SBP (D), DBP (E), and triglycerides (F) on filtered air day, ozone day, and 
the follow-up day. Bars with whiskers indicate means with their respective 95% confidence interval. * p < 0.05, ** p < 0.01, statistically significant between the two 
conditions. DBP: diastolic blood pressure; IL-6: interleukin 6; SBP: systolic blood pressure; WBC: white blood cells. 
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initiated by the pro-inflammatory response to acute O3 challenge in the 
lung. In addition, plasma IL-6 levels were significantly elevated 2-h post 
ozone exposure in all three dietary groups. O3-induced IL-6 elevation 
had been reported in the bronchioalveolar lavage fluid but not in the 
circulation (Balmes et al. 2019; Samet et al. 2001). Nevertheless, IL-6 is 
a chemoattractant and plays an important role in the transition from a 
neutrophilic immune response to monocyte influx (Kaplanski et al. 
2003). The shift of immune cell profile from granulocytic to monocytic 
mediated by IL-6 may reflect the fact that acute inflammation caused by 
O3 inhalation is transient in nature. 

Although previous controlled human exposure studies have mostly 
reported null effects of O3 on blood pressure (Barath et al. 2013; Brook 
et al. 2009; Frampton et al. 2015; Rich et al. 2018), we observed 
elevated SBP and DBP 20-h post O3 exposure among unsupplemented 
participants. Significant changes in blood pressure were not observable 
in the FO group and, interestingly, there were O3-associated decreases in 
SBP in the OO group. The decreased blood pressure levels in participants 
supplemented with OO is consistent with findings from other studies 
(Massaro et al. 2020; Moreno-Luna et al. 2012). The findings that 
elevated blood pressure was only observed in the CTL group, indicate 
that FO and OO may promote reduced susceptibility to O3-induced 
changes in blood pressure. In addition, plasma triglyceride levels in the 
FO group were significantly lower than those in both CTL and OO 
groups. This is consistent with the fact that icosapent ethyl, a highly 
purified ethyl ester of EPA, is currently an FDA-approved medication to 
treat hypertriglyceridemia (Bhatt et al. 2019). 

Mechanisms of air pollution induced health impacts such as oxida-
tive stress and inflammation are possible targets for dietary in-
terventions (Tong 2016). Clinical studies have shown that nutraceuticals 
with antioxidant and anti-inflammatory properties including vitamin C, 
vitamin E, and omega-3 polyunsaturated fatty acids, or mixed vegeta-
bles may be effective against respiratory and cardiovascular effects 
caused by exposure to PM2.5 or O3 (Romieu et al. 2002; Samet et al. 
2001; Tong et al. 2012; Tong et al. 2015). Observational studies also 
indicate that a dietary intake of beneficial fats may offer protection 
against adverse health effects of exposure to ambient air pollutants 
(Chen et al. 2021; Chen et al. 2022; Hansell et al. 2018; Lim et al. 2019b; 
Tong et al. 2021). The findings of the current study further reiterate the 
notion that a diet rich in unsaturated fatty acids may lower individual 
susceptibility to health impacts of exposure to air pollutants such as O3. 

One limitation of this study is the lack of a standard cross-over design 
in which the order of the exposures to filtered air and O3 would be 
randomized. The fixed order of the exposures to air and O3 was required 
to avoid carry over effects of the O3 exposure which would have 
necessitated the introduction of a wash-out period during which some 
participants would have continued taking supplements, reducing the 
practical feasibility and potentially increasing the likelihood of loss-to- 
follow-up of the study participants. Another limitation is the relatively 
smaller-than-planned sample size due to early termination of the study 
resulting from the COVID-19 pandemic, and the restriction of the study 
population to young healthy adults, which may underestimate the po-
tential benefits to the general population. However, the results of a 
retrospective power analysis conducted using the data from this study 
are consistent with the number of subjects in each group, arguing that 
the study was powered adequately. Nevertheless, small sample size can 
render study results prone to type II statistical errors, and it is possible 
that more pronounced effects would be observed with a larger sample 
size, especially if it were to include susceptible groups such as 
asthmatics. 

5. Conclusion 

The findings of this study show that the effect of acute O3 exposure 
on pulmonary function in young healthy adults may be blunted by di-
etary supplementation with fish oil and olive oil. Dietary supplemen-
tation with beneficial oils may represent a safe and effective strategy to 

offer protection against the respiratory effects of acute exposure to O3. 
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Barath, S., Langrish, J.P., Lundbäck, M., Bosson, J.A., Goudie, C., Newby, D.E., 
Sandström, T., Mills, N.L., Blomberg, A., 2013. Short-term exposure to ozone does 
not impair vascular function or affect heart rate variability in healthy young men. 
Toxicol. Sci. 135 (2), 292–299. 

H. Chen et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.envint.2022.107407
https://doi.org/10.1016/j.envint.2022.107407
http://refhub.elsevier.com/S0160-4120(22)00334-8/h0010
http://refhub.elsevier.com/S0160-4120(22)00334-8/h0010
http://refhub.elsevier.com/S0160-4120(22)00334-8/h0010
http://refhub.elsevier.com/S0160-4120(22)00334-8/h0010
http://refhub.elsevier.com/S0160-4120(22)00334-8/h0020
http://refhub.elsevier.com/S0160-4120(22)00334-8/h0020
http://refhub.elsevier.com/S0160-4120(22)00334-8/h0020
http://refhub.elsevier.com/S0160-4120(22)00334-8/h0025
http://refhub.elsevier.com/S0160-4120(22)00334-8/h0025
http://refhub.elsevier.com/S0160-4120(22)00334-8/h0025
http://refhub.elsevier.com/S0160-4120(22)00334-8/h0025
http://refhub.elsevier.com/S0160-4120(22)00334-8/h0030
http://refhub.elsevier.com/S0160-4120(22)00334-8/h0030
http://refhub.elsevier.com/S0160-4120(22)00334-8/h0030
http://refhub.elsevier.com/S0160-4120(22)00334-8/h0030


Environment International 167 (2022) 107407

9

Bhatt, D.L., Steg, P.G., Miller, M., Brinton, E.A., Jacobson, T.A., Ketchum, S.B., Doyle, R. 
T., Juliano, R.A., Jiao, L., Granowitz, C., Tardif, J.-C., Ballantyne, C.M., 2019. 
Cardiovascular risk reduction with icosapent ethyl for hypertriglyceridemia. N. Engl. 
J. Med. 380 (1), 11–22. 

Bromberg, P.A., 2016. Mechanisms of the acute effects of inhaled ozone in humans. BBA 
1860 (12), 2771–2781. 

Brook, R.D., Urch, B., Dvonch, J.T., Bard, R.L., Speck, M., Keeler, G., Morishita, M., 
Marsik, F.J., Kamal, A.S., Kaciroti, N., Harkema, J., Corey, P., Silverman, F., Gold, D. 
R., Wellenius, G., Mittleman, M.A., Rajagopalan, S., Brook, J.R., 2009. Insights into 
the mechanisms and mediators of the effects of air pollution exposure on blood 
pressure and vascular function in healthy humans. Hypertension 54 (3), 659–667. 

Chen, H., Zhang, S., Shen, W., Salazar, C., Schneider, A., Wyatt, L., Rappold, A.G., Diaz- 
Sanchez, D., Devlin, R.B., Samet, J.M., Tong, H., 2021. The influence of dietary 
intake of omega-3 polyunsaturated fatty acids on the association between short-term 
exposure to ambient nitrogen dioxide and respiratory and cardiovascular outcomes 
among healthy adults. Environ Health 20 (1). 

Chen, H., Zhang, S., Shen, W., Salazar, C., Schneider, A., Wyatt, L.H., Rappold, A.G., 
Diaz-Sanchez, D., Devlin, R.B., Samet, J.M., Tong, H., 2022. Omega-3 fatty acids 
attenuate cardiovascular effects of short-term exposure to ambient air pollution. 
Part. Fibre Toxicol. 19 (1). 

Devlin, R.B., Duncan, K.E., Jardim, M., Schmitt, M.T., Rappold, A.G., Diaz-Sanchez, D., 
2012. Controlled exposure of healthy young volunteers to ozone causes 
cardiovascular effects. Circulation 126 (1), 104–111. 

EPA. 2013. Integrated science assessment (isa) for ozone and related photochemical 
oxidants (final report, feb 2013). EPA/600/R-10/076F. Washington DC. 

EPA. 2021. Ozone trends. 
Frampton MW, Morrow PE, Torres A, Voter KZ, Whitin JC, Cox C, et al. 1997. Effects of 

ozone on normal and potentially sensitive human subjects. Part ii: Airway 
inflammation and responsiveness to ozone in nonsmokers and smokers. Res Rep 
Health Eff Inst:39-72; discussion 81–99. 

Frampton, M.W., Pietropaoli, A., Dentler, M., Chalupa, D., Little, E.L., Stewart, J., 
Frasier, L., Oakes, D., Wiltshire, J., Vora, R., Utell, M.J., 2015. Cardiovascular effects 
of ozone in healthy subjects with and without deletion of glutathione-s-transferase 
m1. Inhal. Toxicol. 27 (2), 113–119. 

Frampton MW, Balmes JR, Bromberg PA, Stark P, Arjomandi M, Hazucha MJ, et al. 2017. 
Multicenter ozone study in older subjects (moses): Part 1. Effects of exposure to low 
concentrations of ozone on respiratory and cardiovascular outcomes. Res Rep Health 
Eff Inst:1-107. 
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