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Abstract

Rationale: Exposure to air pollution is associated with adverse
respiratory effects. Polyunsaturated omega 3 (n-3) fatty acids
(FAs) appear to attenuate the health effects of air pollution.

Objectives: This panel study evaluated whether n-3 FA intake
and blood levels of polyunsaturated omega 6 (n-6) FAs can
modulate the associations between respiratory effects and short-
term exposure to ambient air pollution in healthy adults.

Methods: Sixty-two healthy adults were enrolled into either high
or low n-3 FA groups on the basis of n-3 FA intake and
erythrocyte n-3 FA concentrations. Low and high n-6 FA groups
were dichotomized on the basis of blood n-6 FA levels.
Participants underwent three to five testing sessions separated by
at least 7 days. At each session, the forced vital capacity (FVC),
forced expiratory volume in 1 second (FEV1), and plasma
markers of inflammation (IL-6 [interleukin-6]) and oxidative
stress (ox-LDL [oxidized low-density lipoprotein]) were
measured. Associations between the ambient ozone and fine
particulate matter (PM) (PM with an aerodynamic diameter ,2.5
μm [PM2.5]) levels and the lung function and blood markers were
assessed by using mixed-effect models stratified by FA levels.

Results: Average levels of ozone (40.86 11.1 ppb) and PM2.5

(10.26 4.1 μg/m3) were below national ambient air quality standards
during the study period. FVC was positively associated with ozone at
a lag of 0 days (lag0) in the high n-3 FA group, whereas the
association was null in the low n-3 FA group (for an interquartile

range increase in ozone of 1.8% [95% confidence interval (CI): 0.5%
to 3.2%] vs. 0.0% [95% CI:21.4% to 1.5%]); however, the association
shifted to being negative at lag4 (21.9% [95% CI:23.2 to20.5] vs.
0.2% [95% CI:21.2% to 1.5%]) and lag5 (21.2% [95% CI:22.4% to
0.0%] vs. 0.9% [95% CI:20.4% to 2.3%]). A similar pattern was
observed in the low n-6 FA group compared with the high n-6 FA
group (lag0: 1.7% [95% CI: 0.3% to 3.0%] vs. 0.5% [95% CI:20.9% to
2.0%] and lag4:21.4% [95% CI:22.8% to 0.0%] vs.20.5% [95% CI:
21.8% to 0.9%]). The associations between FEV1 and ozone and
between FVC and PM2.5 also followed a similar pattern. Elevated
ozone levels were associated with an immediate decrease in ox-LDL in
the high n-3 FA group at lag0 (212.3% [95% CI:224.8% to 0.1%]),
whereas there was no change in the low n-3 FA group (27.5% [95%
CI:221.4% to 6.5%]) and there was a delayed increase in IL-6 in the
high n-3 FA group compared with the low n-3 FA group (lag4: 66.9%
[95% CI: 27.9% to 106.0%] vs. 8.9% [95% CI:231.8% to 49.6%], lag5:
58.2% [95% CI: 22.4% to 94.1%] vs.27.4% [95% CI:248.8% to
34.0%], and lag6: 45.8% [95% CI: 8.7% to 82.9%] vs.28.5% [95% CI:
249.7% to 32.6%]).

Conclusions: We observed lag-dependent associations between
short-term ambient air pollutants and lung function that were
differentially modulated by n-3 and n-6 FAs, suggesting that n-3
and n-6 FAs counteract the respiratory response to low levels of
ambient air pollution in healthy adults.
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Air pollution is a leading risk factor for
morbidity and mortality around the world
(1). Ambient ozone (O

3
) and particulate

matter (PM) have been associated with
cardiopulmonary mortality and morbidity,
decrements in lung function, and respiratory
and systemic inflammation (2–11).

Implementation of air quality controls
has reduced air pollution and improved
human health. Interventional strategies at an
individual level, including personal exposure
reduction, behavioral change, and
nutraceutical and pharmacological
approaches, can further alleviate the adverse
health effects of air pollution (6, 7). Among
these interventional approaches, dietary
supplementation with polyunsaturated
omega 3 (n-3) fatty acids (FAs) has been
shown to reduce PM-induced cardiovascular
effects (12–16). However, research
addressing the effects of n-3 FAs on the
respiratory responses to air pollution is
sparse. A cohort study showed that higher
n-3 FA intake was associated with reduced
asthmatic symptoms and reduced symptom
severity in response to indoor fine PM (PM
with an aerodynamic diameter<2.5 μm
[PM2.5]), whereas higher polyunsaturated
omega 6 (n-6) FA intake amplified these
health effects in children with asthma (17).
Fish oil has been demonstrated to ameliorate
PM2.5-induced lung injury and inflammation
in an animal model (18). However, another
animal study found that fish oil increased
pulmonary injury and inflammation in O3-
exposed rats (19). These studies assessed
indoor air pollution or used animal models;
thus, the role of FAs on low levels of ambient
air pollution–induced respiratory effects in
humans needs investigation.

Twomain essential n-3 FAs,
eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), are important
nutrients for human health through their
antiinflammatory and antioxidant properties
(20, 21). Western diets are typically deficient
in n-3 FAs and abundant in n-6 FAs (22),
resulting in a high n-6/n-3 ratio that is
believed to promote the pathogenesis of
cardiopulmonary and systemic inflammatory

disease, whereas increased levels of n-3 FAs
(i.e., a low n-6/n-3 ratio) has been shown to
inhibit these processes (17, 22, 23). The
present panel study was aimed at
determining the modulating effects of n-3
and n-6 FAs on the association between
respiratory responses and short-term
ambient air pollution in healthy adults.

Methods

Study Subjects
Participants in this study were healthy adults
aged 25–55 years who had been nonsmokers
for at least 1 year; had no history of
cardiopulmonary disease, diabetes,
hypercholesterolemia, or active allergy; and
were not receiving antiinflammatory
medications or antioxidants. Participants
were recruited from an area in close
proximity to the U.S. Environmental
Protection Agency Human Studies Facility
(HSF) in North Carolina. All study
participants gave informed consent. The
institutional review board at the University
of North Carolina–Chapel Hill and the U.S.
Environmental Protection Agency approved
the study.

As described previously (24),
participants were enrolled into either a high
or a low n-3 FA group on the basis of
habitual n-3 FA intake and the erythrocyte
n-3 index determined from the total FA
content in blood (OmegaQuant) (25). High
n-3 FA intake was defined as>3 g/wk of
EPA1DHA for at least 6 months from
seafood, fish oil, or other n-3 FA
supplements, whereas low n-3 FA intake was
set at<0.5 g/wk. An n-3 index of<4% or
>5.5% was used for classification into a low
versus high n-3 FA status (24). Potential
participants with an n-3 FA intake between
0.5 and 3 g/wk and an n-3 index between 4%
and 5.5% were disqualified. On the basis of
the blood FA profile, low and high n-6 FA
groups were dichotomized by below- and
above-median levels of n-6 FAs from the
enrolled participants.

Study Design
This panel study was conducted between
October 2016 and September 2019 and was
registered with clinicaltrials.gov (NCT
02921048). Participants were tested during
three to five repeat sessions with at least a
7-day interval between subject visits to the
HSF. Venous blood collection and lung
function were measured at each session. To
minimize periodic effects, each participant
was always studied around the same time on
the same day of the week.

Lung function was measured by using
spirometry, which was performed on a 10.2-L
dry seal digital spirometer (SensorMedics).
The largest value from at least three sets of
qualified data was selected for the forced
vital capacity (FVC) and forced expiratory
volume in 1 second (FEV1) as per
American Thoracic Society guidelines (26).
Lung function in all participants was
measured by using one dedicated
spirometer and was measured by the same
technician to minimize variability. A
portion of venous blood samples was
stored at280�C before biomarker analysis.
Plasma levels of IL-6 (interleukin-6) and
ox-LDL (oxidized low-density lipoprotein)
were measured by using commercial kits.

Air Pollution and Meteorological
Measurements
Hourly PM2.5 and O3 concentrations for
the study period were obtained from a
central air monitoring station (Millbrook)
located approximately 44 km (27 miles)
from the HSF. We calculated 24-hour
average PM2.5 and daily maximum 8-hour
O3 concentrations from hourly air
pollutant data between 9:00 A.M. and 8:00
A.M. (the next day). The calculated PM2.5

and O3 concentrations were valid when at
least 18 hourly values were available for
the 24-hour period; otherwise, the
exposure concentrations were considered
to be missing. For days with missing air
pollutant concentrations, we used data
from a different central monitoring station
(Durham Armory) located approximately
18 km (11 miles) from the HSF. Hourly air
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temperature, relative humidity, and
nitrogen dioxide (NO2) were also obtained
from the Millbrook central monitoring
station. We calculated the 24-hour average
of meteorological variables and NO2

concentrations by using the same method
as that used for PM2.5. Exposure levels on
the current and previous 6 days (lag of 0 d
[lag0] to lag6) were assigned to each
measurement.

Statistical Analysis
We applied linear mixed-effect models
(random intercepts for participants) with
an interaction term between the air
pollutant and FA groups to investigate
associations between air pollution and the
FVC, FEV1, IL-6, and ox-LDL in each
group and assess the between-group
differences in effect estimates. Participants
were dichotomized into low and high n-3
FA groups according to the screening
process at enrollment, and the
dichotomization of other FA groups was
based on the blood FA levels below or
above the median value. The models were
adjusted for individual characteristics,
including age, sex, race, marital status,
education, and body mass index. We
incorporated a penalized spline of time with
8 df/yr to control for long-term and
seasonal trends and an indicator of the day
of the week. Air temperature was adjusted
by including separate terms of low and high
temperatures (27). For low temperatures,
we fitted a penalized spline of the average
temperature on the current and previous
6 days (lag0–lag6) for days with a lag0–lag6
temperature lower than the median value;
for high temperatures, we fitted a penalized
spline of the average temperature on the
current and previous day (lag0–lag1) for
days with a lag0–lag1 temperature above
the median value. In addition, we
controlled for relative humidity by using a
penalized spline of the lag0–lag6 relative
humidity. The df of splines of temperature
and relative humidity were chosen by using
the generalized cross-validation criterion
and were detailed in Table E1 in the online
supplement. If the df selected by
generalized cross-validation criterion
equaled 1, a linear term of the
meteorological variable was included in the
model. Linear terms for daily O3 and PM2.5

were incorporated into the interaction with
groups separately. For this study, we
investigated the immediate effects of air
pollution on the current day (lag0), the

single-day lagged effects of 1–6 days
(lag1–lag6), and the cumulative effects of
7 days (7-d moving average from lag0 to
lag6 [lag06]).

Furthermore, we conducted several
sensitivity analyses to test the robustness
of the results. First, we built two-pollutant
models by adding PM2.5 and NO2

separately to the model of O3 and adding
O3 and NO2 separately to the model of
PM2.5; two pollutants in the same model
were of the same lag. Second, we changed
the df of the spline of time trend to 7 df/yr.
Third, we specified the autocorrelation
structure of repeated measurements in the
mixed-effect models as first-order
autoregressive and spatial linear
autocorrelation structures.

Effect estimates are presented as percent
changes from the mean of the measured
outcome with 95% confidence intervals (CIs)
per each interquartile range (IQR) increase in
O3 and PM2.5. All analyses were performed
by using R (version 3.6.2, R Foundation for
Statistical Computing) and the packages
“gamm4” and “mgcv.” Statistical significance
was set at a two-sided P, 0.05 for the air
pollution effects and a two-sided P, 0.1 for
the interaction with FA groups.

Results

Participant Characteristics
There were no significant differences in
individual characteristics between the high
and low n-3 FA groups (Table 1). Fifty-six
participants completed five sessions, three
completed four, and the remaining three
subjects attended three sessions. The
numbers of outcome measurements across
all sessions were 164 and 137 for the high
and low n-3 FA groups, respectively (see
Table E2 in the online supplement).

Ambient Air Pollution and
Meteorological Measurements
Most 24-hour average PM2.5 (98.6%) and
maximum 8-hour O3 (98.8%) concentrations
during the study period were below the U.S.
National Ambient Air Quality Standard for
PM2.5 and O3 (35 μg/m

3 for PM2.5 [24-h] and
70 ppb for O3 [8-h], respectively) (Table 2).
The average concentrations of PM2.5 and O3

were 10.26 4.1 μg/m3 and 40.86 11.1 ppb,
respectively. There was no significant
difference between the air pollution levels to
which the high and low n-3 FA groups were
exposed (Table E3). The concentrations of O3

and PM2.5 were weakly correlated (r=0.16).

Table 1. Participant characteristics at baseline

Characteristic All (N= 62)
Low Omega 3
Group (n=28)

High Omega 3
Group (n=34)

Age, yr 3869 3768 4069
BMI, kg/m2 24.663.2 24.963.3 24.463.1
Sex
Female 39 (62.9) 18 (64.3) 21 (61.8)
Male 23 (37.1) 10 (35.7) 13 (38.2)

Race
White 45 (72.6) 19 (67.9) 26 (76.5)
African American 14 (22.6) 9 (32.1) 5 (14.7)
Asian 3 (4.8) 0 (0) 3 (8.8)

Marital status
Single 26 (41.9) 13 (46.4) 13 (38.2)
Married 29 (46.8) 12 (42.9) 17 (50.0)
Separated/divorced 7 (11.3) 3 (10.7) 4 (11.8)

Education
Graduate degree 25 (40.3) 9 (32.1) 16 (47.1)
College degree 31 (50.0) 16 (57.1) 15 (44.1)
High school/trade school 6 (9.7) 3 (10.7) 3 (8.8)

Smoking history
Nonsmoker 54 (87.1) 22 (78.6) 32 (94.1)
Ex-smoker 8 (12.9) 6 (21.4) 2 (5.9)

Systolic blood pressure, mm Hg 111.369.5 113.068.8 109.96 9.9
Diastolic blood pressure, mm Hg 70.467.1 71.566.7 69.567.3

Definition of abbreviations: BMI=body mass index; DHA=docosahexaenoic acid;
EPA=eicosapentaenoic acid; SD=standard deviation.
Values are expressed as either the mean6SD or the number (%). A low omega 3 intake was defined
as<0.5 g/week of EPA1DHA for at least 6 months and an omega 3 index<4%; a high omega 3
intake was defined as>3 g/wk of EPA1DHA for at least 6 months and an omega 3 index>5.5%.
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FA Profile
The mean levels of the n-3 index were
3.96% for the low n-3 FA group and 6.75%
for the high n-3 FA group. Compared with
those of the low n-3 FA group, the levels of
total n-3 FAs, EPA, and DHA in the high
n-3 FA group were significantly higher,
whereas the levels of total n-6 FAs were
significantly lower (Table 3). The n-6/n-3
ratio was significantly lower in the high
n-3 group. The n-3 index was positively
correlated with the total n-3 FAs, EPA, and
DHA and negatively correlated with the
n-6 FA concentration and n-6 FA/n-3 FA
ratio (Figure E1).

Influence of the n-3 Index on the
Association between Ozone and
Lung Function
FVCwas positively associated with O3

concentrations at lag0 in the high n-3 FA
group compared with the low n-3 FA group
(for an IQR increase in O3 of 1.8% [95%
CI: 0.5% to 3.2%] vs. 0.0% [95% CI:21.4% to
1.5%]; interaction P value [Pinteraction] = 0.05).
This association shifted to being negative at
lag4 (21.9% [95% CI:23.2% to20.5%] vs.
0.2% [95% CI:21.2% to 1.5%];
Pinteraction = 0.02) and lag5 (21.2% [95% CI:
22.4% to 0.0%] vs. 0.9% [95% CI:20.4% to
2.3%]; Pinteraction = 0.01) (Figure 1A).

Similarly, FEV1 was positively associated
with O3 at lag0 in the high n-3 FA group
versus the low n-3 FA group (2.3% [95% CI:
0.5% to 4.2%] vs. 0.1% [95% CI:22.0% to
2.2%]; Pinteraction = 0.09). But the association
trended negative at lag3–lag5 in the high n-3
FA group. In contrast, no associations were
observed in the low n-3 FA group
(Figure 1B).

Influence of the n-3 Index on the
Association between PM2.5 and
Lung Function
The association between FVC and PM2.5

followed a similar pattern to that observed
for O3 in the high n-3 FA group, whereas a
null association was seen in the low n-3 FA
group (Table E4). Specifically, FVC was
positively associated with PM2.5

concentrations at lag0 (1.1% [95% CI: 0.1%
to 2.1%]) and then transitioned to a negative
association at lag3 (21.5% [95% CI:22.4%
to20.6%] vs.20.4% [95% CI:21.4% to
0.6%]) and lag4 (21.3% [95% CI:22.1% to
20.4%] vs. 0.3% [95% CI:20.7% to 1.3%])
(Figure 2A). In the low n-3 FA group, FVC
was only positively associated with PM2.5 at
lag0 (1.1% [95% CI: 0.0% to 2.2%]). The
association between FEV1 and PM2.5 shifted
from trending positive at lag0 to trending
negative at lag4–lag5 in the high n-3 FA
group (Figure 2B). No association was
observed between FEV1 and PM2.5 in the low
n-3 FA group.

Influence of Other FAs on the
Association between Air Pollution and
Lung Function
Similar to the impact of the n-3 index, the
impact of total n-3 FAs, EPA, and DHA on
the associations between lung function and
O3 and PM2.5 followed a pattern that was
similar to those seen in the high and low n-3
FA groups (Table E5). In particular,
compared with the null association at low

Table 2. Air pollutants concentrations and meteorological measurements during the study period (October 6, 2016, to
September 5, 2019)

Mean6SD Range IQR

Spearman Correlation Coefficient

PM2.5 O3 NO2 Temperature

PM2.5, μg/m
3 10.264.1 1.8 to 68.0 4.7 — — — —

O3, ppb) 40.8611.1 10 to 71 17 0.16 — — —
NO2, ppb 5.363.8 0.8 to 24.2 3.8 0.45 20.13 — —
Temperature, �C 16.568.9 28.6 to 31.1 15.2 20.10 0.47 20.42 —
Relative humidity, % 70.2615.6 30 to 100 22.2 20.19 20.46 20.21 0.17

Definition of abbreviations: IQR= interquartile range; PM2.5 =particulate matter with an aerodynamic diameter <2.5 mm; SD=standard deviation.

Table 3. Profile of fatty acids in whole blood

Fatty Acid
Low Omega 3
Group (n=28)

High Omega 3
Group (n=34) P Value*

Omega 3 index, % 3.9660.15 6.7560.21 ,0.001
Total omega 3 fatty acids, % 3.7760.12 6.5860.20 ,0.001
EPA 0.3460.01 1.1960.08 ,0.001
DPA 1.0660.05 1.3560.05 0.001
DHA 1.9460.10 3.5860.13 ,0.001
ALA 0.4160.03 0.4660.04 0.61

Total omega 6 fatty acids, % 39.9660.53 36.6660.46 ,0.001
AA 10.5860.31 10.2060.28 0.35
LA 25.3760.69 23.2260.39 0.03
GLA 0.3260.03 0.2260.01 0.001
DGLA 1.4960.06 1.1960.04 ,0.001

Total saturated fatty acids, % 34.8160.47 35.6660.31 0.20
Adrenic acid 1.5560.11 1.2660.08 0.002
Palmitic acid 21.0360.24 20.9960.24 0.77
Stearic acid 11.4460.33 12.1960.19 0.12

Total monounsaturated fatty acids, % 20.6560.53 20.2860.49 0.55
Oleic acids 18.9360.55 18.5960.47 0.54

Ratio
AA/EPA 32.6861.93 10.3560.95 ,0.001
Omega 6/omega 3 10.9460.44 5.7660.20 ,0.001

Definition of abbreviations: AA=arachidonic acids; ALA=a-LA; DGLA=dihomo-GLA;
DHA=docosahexaenoic acid; DPA=docosapentaenoic acid; EPA=eicosapentaenoic acid;
GLA=g-LA; LA= linoleic acid; SE= standard error.
Values are expressed as mean6SE. A low omega 3 intake was defined as <0.5 g/wk of
EPA1DHA for at least 6 months and an omega 3 index <4%; a high omega 3 intake was
defined as >3 g/wk of EPA1DHA for at least 6 months and an omega 3 index >5.5%.
*P values for differences between groups were derived by using Kruskal-Wallis rank sum tests.
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levels of total n-3 FAs, the association
between FVC and O3 was positive at high
levels of total n-3 FAs at lag0 (1.8% [95%
CI :0.5% to 3.1%] vs. 0.1% [95% CI:21.4%
to 1.6%]) and shifted to being negative at
lag4 (21.7% [95% CI:23.1% to20.4%] vs.
0.0% [95% CI:21.4% to 1.3%]) and lag5
(21.2% [95% CI:22.4% to 0.0%] vs. 0.8%
[95% CI:20.5% to 2.1%]) (Figure 3A). FEV1

was positively associated with O3 at lag0 at
high levels of total n-3 FAs (2.4% [95%
CI: 0.5% to 4.2%]) compared with low levels
of total n-3 FAs (20.1% [95% CI:22.2% to
2.1%]) (Figure 3B).

In contrast, the effects of n-6 FAs on the
associations between lung function and air
pollutants were opposite to those seen with
n-3 FAs (Table E6). The association between

FVC and O3 was positive in the low n-6 FA
group but null in the high n-6 FA group at
lag0 (1.7% [95% CI: 0.3% to 3.0%] vs. 0.5%
[95% CI:20.9% to 2.0%]) and was negative
at lag4 (21.4% [95% CI:22.8% to 0.0%] vs.
20.5% [95% CI:21.8% to 0.9%])
(Figure 3A). The same was true for the
association between FEV1 and O3, which was
positive in the low n-6 FA group at lag0
(2.0% [95% CI: 0.0% to 4.0%]), whereas the
association was null in the high n-6 FA
group (0.8% [95% CI:21.2% to 2.8%])
(Figure 3B). As expected, the findings for the
n-6/n-3 ratio followed a pattern similar to
that observed for the n-6 FAs (Table E6).
FVC was positively associated with O3 at lag0
for the low ratio of n-6 FAs to n-3 FAs,
whereas there was no significant association

for the high ratio of n-6 FAs to n-3 FAs
(1.9% [95% CI: 0.5% to 3.2%] vs. 0.2%
[95% CI:21.3% to 1.6%]; Pinteraction = 0.07)
(Figure 4A). The association between FEV1

and O3 was positive for the low ratio of n-6
FAs to n-3 FAs at lag0 (2.2% [95% CI: 0.3%
to 4.1%]) and then shifted downward at
delayed lag days, whereas no significant
association for the high ratio of n-6 FAs to
n-3 FAs was shown (Figure 4B).

Association between Air Pollution and
Oxidative Stress and
Inflammation Markers
Ox-LDL was measured as a marker of
systemic oxidative stress (28). The
association between ox-LDL and O3 was
negative at lag0 (212.3% [95% CI:224.8%
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Figure 1. Influence of n-3 index on associations between ambient ozone concentrations and percent changes of (A) FVC and (B) FEV1 in
healthy adults. Effect estimates (95% CIs) were correlated with per-IQR increases in ozone concentrations and were adjusted for time trend,
season, day of the week, temperature, relative humidity, age, sex, race, marital status, education, and body mass index. *Interaction P
value, 0.1 for the difference in the effect estimate between the high and low n-3 fatty acid groups. CI= confidence interval; FEV1= forced
expiratory volume in 1 second; FVC= forced vital capacity; IQR= interquartile range; lag0= lag of 0 days; lag06=7-day moving average from
lag0 to lag6; n-3= omega 3.
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to 0.1%]) but was null at lag3–lag6 in the
high n-3 FA group (Figure 5A). In the low
n-3 FA group, the association between
ox-LDL and O3 was null at lag0 (27.5%
[95% CI:221.4% to 6.5%]) and then shifted
to being positive at lag4 (18.2% [95% CI:
5.4% to 31.0%]) (Figure 5A). There was no
significant association between ox-LDL and
PM2.5 in the high n-3 FA group, but a
positive association was seen at lag5 (11.5%
[95% CI: 2.1% to 20.9%]) and lag06 (17.3%
[95% CI: 0.7% to 34.0%]) in the low n-3 FA
group (Table E7).

IL-6, one of the systemic markers of
inflammation, was examined in detail. A
positive association between IL-6 and O3 was

observed in the high n-3 FA group at lag4
(66.9% [95% CI: 27.9–106.0%]), lag5 (58.2%
[95% CI: 22.4–94.1%]), lag6 (45.8% [95%
CI: 8.7–82.9%]), and lag06 (117.0% [95%
CI: 38.1–195.8%]), but no significant
association was seen in the low n-3 FA group
(Figure 5B). However, the association was
negative at lag2 in the high n-3 FA group
between IL-6 and O3 as well as between IL-6
and PM2.5 (Table E7).

The effect estimates generally remained
stable in two-pollutant models (Tables E8
and E9) and in models with alternative
adjustment for the time trend and
autocorrelation structures (Tables E10
and E11).

Discussion

In this panel study, we investigated whether
dietary habits with high n-3 FA intake can
modulate the health effects from exposure to
short-term ambient air pollution by
examining the associations between air
pollution and respiratory responses in
participants with high and low n-3 FA levels.
Interestingly, we observed a two-phased
pattern of respiratory response in individuals
with a high n-3 FA level: an immediate
protective effect on the association between
lung function and ambient O3 and PM2.5 at
lag0, which shifted to a negative association
at lag3–lag5. This pattern coincided with
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Figure 2. Influence of n-3 index on associations between concentrations of ambient particulate matter with an aerodynamic diameter <2.5 mm
and the percent changes of (A) FVC and (B) FEV1 in healthy adults. Effect estimates (95% CIs) were correlated with per-IQR increases in
concentrations of ambient particulate matter with an aerodynamic diameter <2.5 mm and were adjusted for time trend, season, day of the week,
temperature, relative humidity, age, sex, race, marital status, education, and body mass index. *Interaction P value,0.1 for the difference in the
effect estimate between the high and low n-3 fatty acid groups. CI= confidence interval; FEV1= forced expiratory volume in 1 second;
FVC= forced vital capacity; IQR= interquartile range; lag0= lag of 0 days; lag06=7-day moving average from lag0 to lag6; n-3=omega 3.
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decreased serum lipid oxidation at lag0 and a
delayed onset of inflammation. The pattern
was also observed in participants with low
levels of n-6 FAs, suggesting that n-3 and n-6
FAs counteract the respiratory response to
ambient O3 or PM2.5 exposure. To our
knowledge, this investigation represents the
first evidence of differential modulation of
n-3 and n-6 FAs on the association between
lung function and short-term exposure to
low levels of ambient air pollution over the
course of a few days in healthy adults.

The health effects of air pollution
exposure are mediated through airway and
systemic inflammation and oxidative stress
(4, 5). O3 and PM2.5 are oxidants that
generate reactive oxygen species and induce
oxidative stress, leading to inflammation and

cellular injury in the lungs (5). It is proposed
that oxidative stress is the first response to air
pollution exposure in humans, followed by a
more delayed response in other variables
(29). In support of this notion, we observed
that plasma ox-LDL, a marker of systemic
oxidative stress (28), was negatively
associated with O3 levels at lag0 in the high
n-3 FA group, whereas the associations of
FVC and FEV1 with O3 were positive,
suggesting that the antioxidant properties of
n-3 FAs counteract the initial oxidative stress
presented by O3. However, at subsequent
lag days, the pattern of these associations
shifted such that the negative association
between ox-LDL and O3 in the high n-3
FA group became null. Furthermore, the
association between ox-LDL and O3

shifted from being null to being positive
in the low n-3 FA group. At the same
time, the association between FVC and O3

shifted from being positive to being
negative in the high n-3 FA group. In
addition, the association between IL-6
with O3 reverted to being positive in the
high n-3 FA group. We also observed
similar albeit weaker effects associated
with PM2.5 exposure. Supporting these
clinical observations, a previous animal
study demonstrated that 8 weeks of fish
oil supplementation worsened the
pulmonary response to acute O3 exposure
and increased IL-6 in bronchoalveolar
lavage fluid in rats (19). Nonetheless,
these biphasic respiratory responses
warrant further investigation.
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Figure 3. Influence of high total n-3 fatty acids and low n-6 fatty acids on the association between ambient ozone concentrations and the
percent changes of (A) FVC and (B) FEV1 in healthy adults. Effect estimates (95% CIs) were correlated with per-IQR increases in ozone
concentrations and were adjusted for time trend, season, day of the week, temperature, relative humidity, age, sex, race, marital status,
education, and body mass index. CI =confidence interval; FEV1= forced expiratory volume in 1 second; FVC= forced vital capacity;
IQR= interquartile range; lag0= lag of 0 days; lag06=7-day moving average from lag0 to lag6; n-3= omega 3; n-6= omega 6.
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The antioxidant effects of n-3 FAs, such
as EPA, are attributed to their ability to
scavenge reactive oxygen species associated
with cellular membranes and lipoproteins by
inhibiting free radical propagation through
the multiple double bonds (30, 31). However,
this antioxidant capacity wanes as the long
hydrocarbon chain and double bonds are
oxidized, leading to isomerization (31).
Furthermore, the oxidation of the multiple
double bonds in EPA and DHA (32) can
produce highly reactive products such as
aldehydes that are known to underlie
pathological conditions (33). In support of
this, an in vitro study has demonstrated that
supplementation with EPA and DHA
potentiates oxidative stress in response to a

subsequent O3 exposure in human airway
epithelial cells (34). Therefore, we propose
that a combined mechanismmay contribute
to the current findings. Initially, at lag0, the
reactivity of n-3 FAs may offer protection
against ambient O3 and PM2.5 exposure
through scavenging action, serving to spare
tissue targets from oxidation. However, any
initial protection may become an
exacerbation at lag3–lag5 through the
accumulation of reactive products of the
oxidation of n-3 FAs produced by exposure
to O3 and PM2.5, leading to increased
inflammation and contributing to
neurogenic decrements in lung function.
These findings imply a potential modulatory
role for n-3 FAs in determining human

susceptibility to the adverse health effects of
air pollution exposure.

Antiinflammatory diets are high in n-3
FAs, whereas proinflammatory diets are
associated with n-6 FAs (35). Variations in
intake of n-6 and n-3 FAs ultimately
determine the spectrum of downstream
production of pro- and antiinflammatory
mediators derived from these
polyunsaturated FAs. It has been suggested
that increased systemic inflammation is
associated with reduced lung function (36).
A clinical study demonstrated that a high
intake of n-6 FAs is associated with a
significant reduction in FEV1, particularly
among smokers in a population of Dutch
adults (37). In the current study, we
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Figure 4. Influence of the ratio of n-6 fatty acids to n-3 fatty acids on the association between ambient ozone concentrations and the percent
changes of (A) FVC and (B) FEV1 in healthy adults. Effect estimates (95% CIs) were correlated with per-IQR increases in ozone concentrations
and were adjusted for time trend, season, day of the week, temperature, relative humidity, age, sex, race, marital status, education, and body
mass index. *Interaction P value, 0.1 for the difference in the effect estimate between groups. CI= confidence interval; FEV1= forced expiratory
volume in 1 second; FVC= forced vital capacity; IQR= interquartile range; lag0= lag of 0 days; lag06=7-day moving average from lag0 to lag6;
n-3=omega 3; n-6=omega 6.
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observed positive associations between FVC
and O3 for low levels of n-6 FAs and a low
ratio of n-6 FAs to n-3 FAs at lag0, which
resembled the effects of high n-3 FA levels,
suggesting that n-3 and n-6 FAs counteract
the pulmonary effects in response to
ambient O3 exposure.

There are a few limitations of this study.
First, this study used central air monitors
rather than personal monitors for air
pollution data. This could have possibly
introduced nondifferential exposure
misclassification and biased the effects
toward the null. Second, only the effects of
PM2.5 and O3 were considered in this study,
although other air pollutants, such as NO2,
may play a role. However, the two-pollutant

model with adjustment for NO2 suggested
that the effects of PM2.5 and O3 were
independent of NO2. Finally, although we
restricted dietary intake and medication
usage during the study period, there could
have been residual confounding from other
unmeasured lifestyle factors (e.g., exercise,
stress).

Conclusions
This study demonstrates that the
association between short-term exposure
to low levels of ambient air pollution and
lung function is influenced by n-3 FAs,
showing that the association is protective
in the immediate response but transitions
to being deleterious in a delayed response

in healthy participants. This may be a
reflection of the dynamic impact of n-3
FAs on the lung, from acting as
antioxidants to acting as substrates for the
generation of reactive products that lead to
systemic oxidative stress and inflammation
in response to ambient air pollution
exposure. In addition, n-3 and n-6 FAs
differentially modified the association
between lung function and short-term
ambient air pollution. These findings may
have implications for human
susceptibility, such that to achieve
protection from dietary polyunsaturated
FAs, it is essential to have a balanced
intake of n-3 and n-6 FAs. The protection
provided by n-3 FAs to the respiratory
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Figure 5. Influence of n-3 index on associations between ambient ozone concentrations and the percent changes of plasma (A) ox-LDL
(oxidized low-density lipoprotein) and (B) IL-6 (interleukin-6) in healthy adults. Effect estimates (95% CIs) were correlated with per-IQR increases
in ozone concentrations and were adjusted for time trend, season, day of the week, temperature, relative humidity, age, sex, race, marital
status, education, and body mass index. *Interaction P value, 0.1 for the difference in the effect estimate between the high and low n-3 fatty
acid groups. CI= confidence interval; FEV1= forced expiratory volume in 1 second; FVC= forced vital capacity; IQR= interquartile range;
lag0= lag of 0 days; lag06=7-day moving average from lag0 to lag6; n-3=omega 3.
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system may be compromised by exposure
to air pollution over time in healthy adults,
even at low levels, further emphasizing the
need to reduce n-6 FA intake. Given the
growing interest in the role of n-3 FAs in
the cardiovascular system, it is important
to delve further into their role on lung

function in the context of the health effects
of air pollution exposure.�
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