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Abstract
Short-term or long-term exposure to fine particulate matter (PM2.5) is related to increased incidences of respiratory diseases. 
This study aimed to investigate the influences of omega-3 polyunsaturated fatty acids (ω-3 PUFAs) supplementation on oxida-
tive stress, inflammation, lung metabolic profile, and gut microbiota in PM2.5-induced lung injury mice. Mice were divided 
into four groups (n = 15, per group): two unsupplemented groups, control group and PM2.5 group, and two supplemented 
groups with ω-3 PUFAs, ω-3 PUFAs group, and ω-3 PUFAs + PM2.5 group. Mice in the supplemented groups were placed 
on an ω-3 PUFAs-enriched diet (ω-3 PUFAs, 21 g/kg). During the 5th to 6th week of dietary supplementation, mice were 
exposed to PM2.5 by intra-tracheal instillation. ω-3 PUFAs ameliorate lung histopathological injury, reduce inflammatory 
responses and oxidative stress, affect lung metabolite profile, and modulate gut microbiota in PM2.5-induced lung injury 
mice. Thus, supplementary ω-3 PUFAs showed effectiveness in attenuation of PM2.5-induced lung injury, indicating that 
the interventions exhibited preventive and therapeutic potential.

Keywords Fine particulate matter · Omega-3 polyunsaturated fatty acids · Oxidative stress · Metabolic profile · Gut 
microbiota · Lung injury

Introduction

Fine particulate matter (PM2.5) is one of the major global 
air pollutants and has increasingly become a great threat to 
public health in recent years (Manisalidis et al. 2020). Some 

studies have reported that PM2.5 can easily reach the end 
of the respiratory tract and deposit in the alveoli, inducing 
adverse lung injury (Kirrane et al. 2019). Compared to other 
systems, the respiratory system is more susceptible to being 
the primary target of the toxicological effect of PM2.5 (Liu 
et al. 2021). Numerous epidemiological investigations have 
indicated that short-term or long-term exposure to PM2.5 is 
related to increased incidences of respiratory diseases, such 
as chronic obstructive pulmonary disease (COPD) (Hart 
et al. 2018), asthma (Williams et al. 2019), and even lung 
cancer (Wei et al. 2020). Although the potential biologi-
cal mechanisms related to PM2.5 have not been completely 
elucidated, inflammatory responses and oxidative stress 
are considered to be crucial for PM2.5-induced lung injury 
(Feng et al. 2016).

Omega-3 polyunsaturated fatty acids (PUFAs) found in 
fish oil are beneficial to human health (Itariu et al. 2012). 
Eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA), as the potent components of ω-3 PUFAs, play 
significant roles in anti-inflammatory, antioxidant, and 
immune-modulation, which are extensively utilized as 
nutritional supplements (Lobo et al. 2016). A recent study 
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has also shown that ω-3 PUFAs administered parenterally 
considerably alleviate PM2.5-induced lung injury by reduc-
ing inflammation and anti-oxidative activity (Li et al. 2019). 
However, the exact mechanisms for ω-3 PUFAs inhibition of 
PM2.5-induced lung injury have not been fully understood.

More than 1014 bacterial species make up the gut micro-
biota, which is involved in homeostatic functions such as 
digestion, nutrition absorption, immune system activation, 
and development (Palm et al. 2015; Parekh et al. 2015). 
Changes in the structure of the gut microbiota, particularly 
change in microbial diversity and abundance, have a signifi-
cant impact on human health and disease. Environmental 
exposures and dietary structure are considered to be impor-
tant determinants of the composition of the gut microbiota, 
which in turn can impact health (Palmer et al. 2007; Wu 
et al. 2011). Studies demonstrated that PM2.5 exposure 
could alter gut microbial composition and function through 
either promoting or inhibiting the growth of certain micro-
organisms (Gao et al. 2017). The gastrointestinal tract is 
readily exposed to air pollutants through inhalation, espe-
cially smaller particles such as PM2.5. Following inhalation, 
PM2.5 is deposited in the bronchiolar and alveolar spaces, 
where they are engulfed by alveolar macrophages. Particles 
are cleared from the lungs by mucociliary transport toward 
the oropharynx and are subsequently swallowed (Bailey 
et al. 2020). Furthermore, ω-3 PUFAs have been reported 
to alter the composition of the gut microbiota (Watson et al. 
2018; Gui et al. 2019), which restore the gut microecosystem 
and reduce inflammation (Caesar et al. 2015; Zhuang et al. 
2018). On the one hand, increasing evidence indicates that 
there is a vital interaction between gut microbiota and the 
lung, which is called the “gut-lung axis.” The gut microbiota 
may influence the lung's immunological status through the 
gut-lung axis (Keely et al. 2012), while lung inflammation 
may alter the gut microbiota via the lung-gut axis (Dumas 
et al. 2018). On the other hand, the diet-gut-physiology axis 
is of increasing interest to researchers. Changing diet struc-
ture to shape the gut microbiota has emerged as a potential 
treatment for illness alleviation (McKenzie et al. 2017).

Up to now, few studies have investigated the influences of 
ω-3 PUFAs supplementation on oxidative stress, inflamma-
tion, lung metabolic profile, and gut microbiota in PM2.5-
induced lung injury mice. We assumed that ω-3 PUFAs 
supplementation may show protective effects against PM2.5 
exposure induced lung injury in mice by impacting the gut 
microbiota and lung metabolic profile. Therefore, the pri-
mary goal of this study is to assess the effectiveness of ω-3 
PUFAs supplementation on PM2.5-induced lung injury. The 
secondary aim was to investigate the effects of ω-3 PUFAs 
supplementation on the gut microbiome and the changes 
in the lung metabolic profile by the untargeted LC–MS 
metabolomics and 16S rRNA gene sequencing method, 

which provide the potential pharmacological mechanism 
and a novel strategy to ameliorate lung injury caused by 
PM2.5 exposure.

Methods

Animals and diets

Before the experiments, male C57BL/6 N mice (Shanghai 
SLAC Laboratory Animal Co., Ltd) group-housed (five 
mice/cage) with temperature (22–23 °C) and humidity con-
trolled (60 ± 5%), in a 12-h light/dark cycle (light from 6:00 
a.m.) with ad libitum access to drinking water and standard 
chow diet (American Institute of Nutrition (AIN)-93G diets) 
for a 1-week acclimatization period. All animal procedures 
performed were approved by the Animal Ethical Committee 
of Shaoxing People’s Hospital and followed the Guide for 
the Care and Use of Laboratory Animals of National Admin-
istration Regulations on Laboratory Animals of China. All 
attempts were made to minimize animal suffering and the 
number of animals required for the required studies.

The sample size was determined based on previous 
experiments and the literature. Mice were randomly divided 
into four groups (n = 15, per group): two unsupplemented 
groups, control group and PM2.5 group, and two supple-
mented groups with ω-3 PUFAs, ω-3 PUFAs group, and ω-3 
PUFAs + PM2.5 group. Mice in the two unsupplemented 
groups continued to be fed the standard chow diet, whereas 
the supplemented groups were placed on an ω-3 PUFAs-
enriched diet for 6 weeks. The dietary intervention duration 
was chosen based on our preliminary experiment and the 
published literatures (Li et al. 2019; Huang et al. 2020). The 
two diets were only differed only in oil composition, whereas 
other macronutrients and total energy content were kept the 
same (Table 1). Briefly, the ω-3 PUFAs-enriched diet (ω-3 
PUFAs, 21 g/kg) was made with fish oil containing EPA/
DHA (3:2 ratio) instead of soybean oil. To avoid fatty acid 
oxidation, both diets were kept at − 20 °C in sealed plastic 
bags filled with nitrogen. A fresh aliquot of the diet was 
supplied every day, and feeds offered and refused were daily 
recorded, and then the data were used for calculations of 
feed consumption. Recorded data indicated that there were 
no significant differences in food intake were noted between 
the diet groups. The dietary intervention was carried out for 
6 weeks and body weight was measured weekly.

PM2.5 exposure

PM2.5 used in the mice instillation experiment was 
purchased from the Standard Reference Materials and 
was certified by the National Institute of Standards and 
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Technology (SRM 1649b; Urban Dust; National Insti-
tute of Standards and Technology; U.S. Department of 
Commerce: Gaithersburg, MD). The detailed particulate 
material composition is listed in Supplementary Table S1. 
Prior to instillation, the PM2.5 powder was dissolved in 
PBS to make solutions of 5.4 mg/cm3.

During the 5th to 6th week of dietary supplementation, 
mice were exposed to PBS or PM2.5 by intra-tracheal 
instillation on day 1, day 5, day 9, and day 13 (Fig. 1). 
We selected this protocol because it has been shown to 
induce lung histopathological injury, cause inflammatory 
responses, and perturb lung metabolic profiles in mice in 
our previous study (Li et al. 2020a). The PM2.5 instilla-
tion dose was 5.4 mg/kg, which was determined by our 
previous research (Li et al. 2020a). To reduce agglomera-
tion, the PM2.5 suspension was sonicated for 10 min prior 
to instillation. The remaining control groups received an 
equivalent volume of PBS.

Sample preparation

Following completion of exposure to PM2.5 for two weeks 
as described above, the mice were sacrificed at 24 h after the 
final intra-tracheal instillation of PM2.5 suspension.

The trachea was cannulated and the lungs were lavaged 
with phosphate-buffered saline (6 ml, 2 ml per time). The 
recovery BALFs were nearly 80% of the volume instilled. 
BALFs were pooled and centrifuged for 20 min at 1500 rpm 
at 4 °C. The supernatant was collected in a new Eppendorf 
tube and frozen at − 80 °C for cytokine measurement later.

The blood of mice was taken and centrifuged for 20 min 
at 1500 rpm at 4 °C to extract serum. The lung tissues of 
non-lavaged mice were harvested using sterile instruments 
and cleaned with phosphate-buffered saline at 4 °C, blood 
removed, and the tissues dried with filter paper. A portion 
of the lung was immediately fixed in 4% formaldehyde for 
further histological analyses. Serum and other lung tissue 
samples were kept at − 80 °C until follow-up analysis.

In addition, colon content samples (0.5 g weight per 
mouse) were also collected and snap-frozen in liquid nitro-
gen, and then stored at − 80 °C for later analysis of gut 
microbiome composition in feces.

Histological analysis

The lung tissue samples were fixed in 4% formaldehyde and 
embedded in paraffin before being sliced into 5 µm thick 
slices. Hematoxylin and eosin (H&E) were used to stain the 
tissue slices, and morphological alterations were assessed.

Enzyme‑linked immunosorbent assay 
for inflammatory factors

TNF-α, IL-1β, IL-6, and IL-17 levels in the BALF and 
serum were determined using commercially available ELISA 
kits (Nanjing Jiancheng Biotechnology Institute, Nanjing, 
China) according to the manufacturer’s instruction.

Table 1  Composition of experimental diets

Ingredient (g/kg) Control diet ω-3 PUFA-sup-
plemented diet

Casein 200 200
L-Cystine 3 3
Corn Starch 397 397
Maltodextrin 132 132
Sucrose 100 100
Cellulose 50 50
Soybean Oil 70 0
Fish Oil 0 70
t-Butylhydroquinone 0.014 0.014
Mineral Mix 35 35
Vitamin Mix 10 10
Choline Bitartrate 2.5 2.5

Fig. 1  Schematic diagram of 
experimental design
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Determination of oxidative stress

The activity of reactive oxygen species (ROS), total-super-
oxide dismutase (T-SOD), as well as malondialdehyde 
(MDA) and glutathione (GSH) levels were detected using 
commercial kits following manufacturer’s instructions (Nan-
jing Jiancheng Biotechnology Institute, Nanjing, China).

LC–MS/MS metabolomics analysis of lung tissue

The lung tissues were thawed on ice. Homogenize it (Jin-
gxin, Shanghai) with 500 µL of ice-cold methanol/water 
(70%, v/v, Merck, USA) for 30 Hz for 2 min. Centrifuge 
the mixture at 12,000 rpm at 4 ℃ for 10 min (Eppendorf, 
Germany) and suck supernatant 400 µL into another new 
EP tube. Add 500 µL of ethyl acetate/methanol (1:3, v/v, 
Thermo Fisher, USA) into the original EP tube and cen-
trifuge the mixture again. Merge the two supernatants and 
concentrate them. Then add 100 µL of 70% methanol–water 
(Merck, USA) into the dried product and perform ultrasonic 
treatment for 3 min. Finally, centrifuge it again, and suck 60 
µL of supernatant for LC–MS/MS analysis.

All sample extracts were analyzed by the LC–MS/MS 
system (1290 Infinity ultra-high performance liquid chroma-
tography, QTOF/MS-6545, Agilent, USA) followed machine 
orders. The analytical conditions were as follows, UPLC: 
column, Waters ACQUITY UPLC HSS T3 C18 (1.8 µm, 
2.1 mm*100 mm); solvent system, water (0.1% formic acid): 
acetonitrile (0.1% formic acid); column temperature, 40 
℃; flow rate, 0.4 mL/min; injection volume, 2 μL; gradi-
ent program, 95:5 V/V at 0 min, 10:90 V/V at 11.0 min, 
10:90 V/V at 12.0 min, 95:5 V/V at 12.1 min, 95:5 V/V at 
14.0 min. The effluent was alternatively connected to an ESI-
triple quadrupole-linear ion trap mass spectrometer. Linear 
ion trap and triple quadrupole scans were acquired on the 
mass spectrometer system, equipped with an ESI Turbo Ion-
Spray port, operating in positive ion and negative ion mode 
and controlled by Analyst 1.6.3 software (Sciex, USA). The 
major ESI source operation settings were as follows: volt-
age 250 and 1500 V (for positive and negative ion modes, 
respectively), gas temperature 325 °C, drying gas flow 8 L/
min, sheath gas temperature 325 °C, sheath gas flow 11 L/
min, nebulizer pressure gas 40 psi.

The original data file obtained by LC–MS analysis is 
converted into mzML format by ProteoWizard software 
(NET Framework 4.7.2, USA). Metabolic identification 
information was obtained by searching the laboratory’s 
self-built database (from Metware Biotechnology Co., 
Ltd., Wuhan, China) and integrating the public database 
and metDNA. Statistical analysis was carried out by the R 
program. Statistical analysis includes univariate analysis 

and multivariate analysis. Univariate statistical analysis 
includes Student’s t-test and variance multiple analysis. 
Multivariate statistical analysis includes principal compo-
nent analysis (PCA) and orthogonal partial least squares 
discriminant analysis (OPLS-DA). Pathway enrichment 
analysis of differential metabolites was performed using 
the Kyoto Encyclopedia of Genes and Genomes (KEGG, 
http:// www. genome. jp/ kegg) database and MetaboAnalyst 
5.0 (Montre al, QC, Canada), and significance of which 
was determined by the p-value.

16 s rDNA sequencing analysis of gut microbiota

Total genomic DNA was extracted from colonic contents 
(200 mg) by QIAamp DNA Stool Mini Kit (QIAGEN, Ger-
man). Detailed information on DNA extraction, library prep-
aration, and sequencing was previously described(Li et al. 
2020a). Samples were sequenced on an Illumina NovaSeq 
platform according to the manufacturer’s recommendations 
(Illumina, USA).

Raw sequencing data were subjected to sequence pro-
cessing and analysis using FLASH (V1.2.7), QIIME soft-
ware (V1.9.1), UCHIME algorithm, and Uparse software 
(V7.0.1001). Sequences with > 97% similarity were assigned 
to the same operational taxonomic units (OTUs). Represent-
ative sequences were chosen for each OTU, and taxonomic 
data were then annotated for each representative sequence 
using the Silva Database (V123).

Alpha diversity is applied in analyzing the complexity of 
species diversity for a sample through 5 indices, including 
Chao1, ACE, Shannon, and Simpson, and all indices in our 
samples were calculated with QIIME. Beta diversity analysis 
was used to evaluate the differences of samples in species 
complexity, calculated by principle coordinates analysis 
(PCoA) and cluster analysis by QIIME. Linear discriminant 
analysis (LDA) effect size (LEfSe) analysis was applied to 
evaluate differential taxa between groups.

Statistical analysis

All the data were presented as the means ± SD. The Graph-
Pad Prism (V8.0, La Jolla, CA, USA) was used for statistical 
analysis. Variables were checked for normality assumptions 
using Q–Q plot, skewness, kurtosis, and normality tests. An 
unpaired Student’s t-test was used to analyze the statistical 
significance between two groups. Two-way analysis of vari-
ance (ANOVA) followed by Tukey’s multiple comparison 
post-test was used to evaluate the statistical significance 
among three or more groups. The correlation between lung 
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metabolome and fecal microbiome was analyzed using the 
Spearman correlation tests. Graphs were generated using the 
R software (Version 3.3.1). P-value < 0.05 was considered 
statistically significant.

Results

The body weight changes are not affected 
by the diets or the PM2.5 exposure

At the beginning of the study, the average body weight was 
21.98 ± 0.18 g for the control group, 21.34 ± 0.25 g for the 
PM2.5 group, 21.48 ± 0.15  g for the ω-3 PUFAs group, 
and 21.65 ± 0.23 g for the ω-3 PUFAs + PM2.5 groups. At 
the end of the study, the average body weight was calcu-
lated as 23.26 ± 0.36 g, 22.85 ± 0.28 g, 22.46 ± 0.27 g, and 
22.56 ± 0.38 g, respectively, without any significant difference 
between the groups. The body weights of the mice in different 
groups and changes during the experiment were summarized 
in Supplementary Table S2.

ω‑3 PUFAs ameliorate PM2.5‑induced lung 
histopathological injury

The alveolar size in the control and ω-3 PUFAs groups were 
generally normal, and capillaries in the lung tissue were not 
enlarged, according to light microscopy. Black foreign body 
particles were found in the alveolar cavity and bronchus, neu-
trophils were observed in the alveolar space, and the alveo-
lar wall was thickened to some degree in the PM2.5 group. 
Some black particles in alveolar cavities and bronchi were 
seen and the alveolar structure was mostly complete in the 
ω-3 PUFAs + PM2.5 group. Compared with the PM2.5 group, 
the pathologic damage was milder in the ω-3 PUFAs + PM2.5 
group, with less thickness of local alveolar septal and inflam-
matory cells. In summary, these results demonstrate that PM2.5 
exposure induces significant inflammatory damage, which may 
be mitigated by ω-3 PUFA supplementation. (Fig. 2A).

ω‑3 PUFAs reduce lung and systemic inflammatory 
responses in PM2.5‑induced lung injury

The pro-inflammatory cytokines, including TNF-α, IL-1β, 
IL-6, and IL-17 from the BALF and serum were detected 
by ELISA. As shown in Fig. 2B, PM2.5 instillation signifi-
cantly increased the levels of TNF-α, IL-1β, IL-6, and IL-17 
(p < 0.05), while ω-3 PUFAs supplementation could mitigate 
their secretion. No significant difference was observed between 
the control group and the ω-3 PUFAs group (p > 0.05). These 
results suggest that ω-3 PUFAs supplementation reduces 
inflammation levels of the BALF and serum in PM2.5-induced 
lung injury mice.

ω‑3 PUFAs reduce systemic and lung oxidative stress 
in PM2.5‑induced lung injury

In order to determine the potential role of ω-3 PUFAs in 
relieving oxidative stress, we examined the concentration 
of ROS, the oxidant, and MDA, the end product of lipid 
oxidation in serum and BALF. As shown in Fig. 2C, com-
pared with the control group, the ROS and MDA con-
centration was remarkably increased by PM2.5 exposure 
(p < 0.05) but decreased in the ω-3 PUFAs + PM2.5 group 
(p < 0.05). Additionally, we detected the level of antioxidant 
GSH and antioxidant enzyme T-SOD in serum and BALF. 
The results showed that the content of GSH and T-SOD in 
mice exposed to PM2.5 were decreased compared to the 
control group (p < 0.05), and ω-3 PUFAs supplementation 
significantly increased the GSH and T-SOD levels compared 
to the PM2.5 group (p < 0.05). These results suggest that 
ω-3 PUFAs supplementation alleviates oxidative stress in 
PM2.5-induced lung injury mice.

ω‑3 PUFAs affect lung metabolite profile 
in PM2.5‑induced lung injury

To comprehensively illustrate mechanisms underlying the 
amelioration effects of ω-3 PUFAs on PM2.5-induced lung 
injury, lung samples were analyzed using LC–MS/MS in 
the positive ion mode. To examine the systemic altera-
tions of the metabolome in PM2.5-induced lung injury 
mice supplemented with ω-3 PUFAs, principal component 
analysis (PCA) was used to investigate the tendency of 
metabolic profiles between the groups. The PCA revealed 
that the major metabolic components were significantly 
different across the four groups, with 20.69% and 13.47% 
variation explained by the principle components PC1 and 
PC2, which suggested that both PM2.5 exposure and ω-3 
PUFAs diet altered metabolic profiles (Fig. 3A). There-
fore, we used orthogonal partial least squares discriminant 
analysis (OPLS-DA) to further visualize the metabolic 
alterations occurring between the control group and the 
PM2.5 group as well as between the PM2.5 group and 
the ω-3 PUFAs + PM2.5 group. The OPLS-DA score plot 
likewise exhibited a clear separation between the con-
trol and PM2.5 groups, and between the PM2.5 and ω-3 
PUFAs + PM2.5 groups, which showed high goodness of 
fit and high prediction ability (R2X = 0.327, R2Y = 0.994, 
Q2 = 0.808; R2X = 0.442, R2Y = 0.998, Q2 = 0.826, respec-
tively) (Fig. 3B and C). Volcano plots may be applied to 
rapidly screen differential metabolites based on the p-val-
ues < 0.05, and fold-change values ≥ 2 or ≤ 0.5. According 
to the volcano plots between the control group and the 
PM2.5 group, 42 metabolites were significantly upregu-
lated, and 14 metabolites were significantly downregulated 
(Fig. 3D). In the PM2.5 and ω-3 PUFAs + PM2.5 groups, 
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there were 197 metabolites with significant differences, 
with 71 upregulated metabolites and 126 down-regu-
lated metabolites (Fig. 3E). By showing the relationship 
between the two groups of differential metabolites in the 

form of a difference Venn diagram, we found 16 metabo-
lites with common differences (Fig. 3F).

In addition, linear discriminate analysis effect size 
(LEfSe) was performed to determine the differential 

Fig. 2  Effect of PM2.5 exposure and ω-3 PUFAs on lung histopatho-
logical changes, inflammatory response and oxidative stress in mice. 
(a) Representative H&E-stained lung tissues from mice in four differ-
ent groups. 200 × magnification and amplification areas of 400 × mag-
nification is shown for the indicated areas. Scale bars, 100  μm. (b) 
The cytokines levels of IL‐1β, IL‐6, IL‐17, and TNF‐α in the serum 

and the BALF. (c) The level of MDA and ROS, and the activities of 
GSH and SOD activities in the serum and the BALF. Data are shown 
as mean ± SD. n = 6 per group. *p < 0.05 and **p < 0.01. IL‐1β, inter-
leukin 1β. IL‐6, interleukin 6. IL‐17, interleukin 17. TNF‐α, tumor 
necrosis factor alpha. MDA, malondialdehyde. ROS, reactive oxygen 
species. GSH, glutathione. T-SOD, total-superoxide dismutase
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metabolites; the threshold of the LDA score was 4. The 
results with the changed metabolites between the PM2.5 
and ω-3 PUFAs + PM2.5 groups were visualized by the 
metabolite difference bar plot (Fig. 4A). Key metabolites 
with significant differences between the PM2.5 and ω-3 
PUFAs + PM2.5 groups were imported into the Metabo-
Analyst 5.0 based on KEGG to determine the meaningful 
metabolic pathways. As shown in Fig. 4B, the enrichment 
analysis of metabolic pathways of the differential metab-
olites indicated that VEGF signaling pathway, asthma, 
arachidonic acid metabolism, and alpha − Linolenic acid 
metabolism were the main metabolic pathways altered by 
ω-3 PUFAs supplementation when compared against the 
PM2.5 group. These results suggested that ω-3 PUFAs 
did cause an effect on the lung metabolism in mice with 
PM2.5-induced lung injury, and these metabolic path-
ways might be related to the potential mechanism of ω-3 
PUFAs in the treatment of PM2.5-induced lung injury.

ω‑3 PUFAs modulate gut microbiota 
in PM2.5‑induced lung injury

16S rRNA sequencing analysis was performed to explore 
PM2.5 exposure-associated differences in the microbiota 
community of the colonic contents and to investigate the 
effect of ω-3 PUFAs supplementation on the gut microbial 
ecology. The multiple sample rarefaction curves tended to be 
flat when the sequence number increased to 47,000, which 
indicated that the sequencing depth of each sample in this 
study is reasonable (Fig. 5A). The principal co-ordinates 
analysis (PCoA) with weighted UniFrac was performed to 
measure the phylogenetic similarities between microbial 
communities among different groups. The PCoA revealed 
that there is no significant separation in the gut micro-
biota community structure of the four mice groups, with 
PC1 explained by 40.63% and PC2 explained by 23.04%, 
respectively (Fig. 5B). Compared with the control group, the 

Fig. 3  Effect of PM2.5 exposure and ω-3 PUFAs on metabolite pro-
files in mice lungs. (a) Global metabolite analysis based on PCA 
score plots from the different groups. (b) OPLS-DA score plots 
of the control and PM2.5 groups. (c) OPLS-DA score plots of the 
PM2.5 and ω-3 PUFAs + PM2.5 groups. (d) Volcano plot for analy-
ses of differential metabolites in lung between the control and PM2.5 
groups. (e) Volcano plot for analyses of differential metabolites in 

lung between the PM2.5 and ω-3 PUFAs + PM2.5 groups. (f) Venn 
diagram of differential metabolites. Control group vs PM2.5 group 
(blue) and PM2.5 group vs ω-3 PUFAs + PM2.5 group (purple). Each 
dot represents a specific metabolite. Fold change ≥ 2 and p < 0.05 are 
marked in red, fold change ≤ 0.5 and p < 0.05 are marked in green, 
and the rest are in grey. PCA, principal component analysis. OPLS-
DA, orthogonal partial least squares discriminant analysis
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α-diversity indexes (including the Chao1, ACE, Shannon, 
and Simpson indexes) of the PM2.5 group were significantly 
decreased (p < 0.05 or < 0.01). The α-diversity indexes in 
the ω-3 PUFAs + PM2.5 group had an increasing tendency 
compared with the PM2.5 group, but no statistical difference 
(p > 0.05), which indicates that ω-3 PUFAs supplementation 
has no obvious effect on the richness and diversity of gut 
microbiota (Fig. 5C-F).

The degree of bacterial taxonomic similarity at the phylum 
level was analyzed to compare the overall composition of gut 
microbiota across the four groups. Firmicutes and Bacteroi-
dota were the dominant phyla among these groups, with a total 
abundance of nearly 80% (Fig. 6A). PM2.5 exposure increased 

the relative abundance of Firmicutes, and Bacteroidota, and 
decreased the relative abundance of Verrucomicrobiota, Pro-
teobacteria, Actinobacteriota, and Acidobacteriota. However, 
the changes in the fraction of Firmicutes, Bacteroidota, Ver-
rucomicrobiota, Proteobacteria, Actinobacteriota, and Acido-
bacteriota were attenuated by ω-3 PUFAs supplementation 
(Fig. 6B). The linear discriminant analysis effect size (LEfSe) 
analysis, which highlights the statistical significance and bio-
logical correlation, was also conducted to explore the differ-
ent bacteria among all the groups, with an LDA Score log 
10 > 3. A total of 48 genera were in the control, PM2.5, ω-3 
PUFAs, and ω-3 PUFAs + PM2.5 groups (Fig. 6C and D). The 
composition of gut bacteria showed significant changes in the 

Fig. 4  Pathway analysis of 
differential metabolites. (a) 
LDA effect size analysis of 
top 20 differential metabo-
lites between the PM2.5 and 
ω-3 PUFAs + PM2.5 groups. 
Significant increased metabo-
lites are highlighted in red and 
decreased metabolites are in 
green (p < 0.05). (b) Enrichment 
analysis of metabolic pathways 
between the PM2.5 and ω-3 
PUFAs + PM2.5 groups. The 
number of metabolites enriched 
in KEGG terms, p value, and 
rich factor are shown in scat-
terplot. LDA, Linear dis-
criminate analysis. C55H92O6, 
[(2S)-3-[(Z)-hexadec-9-enoyl]
oxy-2-[(6Z,9Z,12Z)-octa-
deca-6,9,12-trienoyl]oxypropyl]
(6Z,9Z,12Z)-octadeca-6,9,12-
trienoate. C20H32O4, 8(R)-
HPETE;(5Z,9E,11Z,14Z)-
(8R)-8-Hydroperoxyeicosa-
5,9,11,14-tetraenoate;(5Z,9E,
11Z,14Z)-(8R)-8-Hydroperox-
yicosa-5,9,11,14-tetraenoate. 
C20H34O5, (Z)-7-[(2R,3S)-
3,5-dihydroxy-2-[(E,3S)-3-hy-
droxyoct-1-enyl]cyclopentyl]
hept-5-enoic acid. KEGG, 
Kyoto encyclopedia of genes 
and genomes
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control, PM2.5, and ω-3 PUFAs + PM2.5 groups, but not the 
ω-3 PUFAs group. In detail, p_Proteobacteria, c_Alphapro-
teobacteria, and c_Gammaproteobacteria were the main func-
tional microbiota in the control group, while c_Bacilli, p_Fir-
micutes, o_Erysipelotrichales, and f_Erysipelotrichaceae were 
the main functional microbiota in the PM2.5 group. Notably, 
the bacteria associated with the ω-3 PUFAs + PM2.5 group 
included g_unidentified_Christensenellaceae and s_Chris-
tensenella_sp_Marseille_P2437. There were 50 significantly 
changed bacteria between the control group and PM2.5 groups 
(Fig. 6E). Differential microbial lineages of the PM2.5 group 
included c_Bacilli, p_Firmicutes, k_Bacteria, and f_Dysgono-
monadaceae. The following bacteria were the most abundant 
in the control group: p_Proteobacteria, c_Alphaproteobacte-
ria, and c_Gammaproteobacteria. In addition, a total of 4 bac-
teria changed significantly between the PM2.5 group and ω-3 

PUFAs + PM2.5 groups (Fig. 6F). The microorganisms with 
statistical biomarkers of the PM2.5 group was p_Firmicutes, 
while the bacteria associated with the ω-3 PUFAs + PM2.5 
group were f_Clostridium_methylpentosum_group, f_Strepto-
sporangiaceae, and g_Nonomuraea. Collectively, these results 
demonstrated that ω-3 PUFAs supplementation modulates the 
gut microbiota of mice with PM2.5-induced lung injury.

Correlation analysis of gut microbiota and lung 
metabolites associated with ω‑3 PUFAs 
supplementation in PM2.5‑induced lung injury

To comprehensively analyze the potential relationship 
between gut microbiota changes and lung metabolites, a 
correlation matrix was generated by calculating the Spear-
man’s rank correlation coefficient. As shown in Fig. 7A, 

Fig. 5  Effect of PM2.5 expo-
sure and ω-3 PUFAs on the 
structure and the diversity of 
the gut microbiota. (a) Bacterial 
rarefaction curves based on 
observed species were used to 
assess the depth of coverage for 
all groups. (b) PCoA plot based 
on the relative abundance of 
phylum using UniFrac distance. 
Each point in the plot repre-
sented the gut microbiota of one 
mouse. (c-f) Alpha diversity 
indicating species abundance 
and diversity of microbiota 
among the different groups. 
Alpha diversity indexes includ-
ing Chao1, ACE, Shannon, and 
Simpson. Data are shown as 
mean ± SD, analyzed by Wil-
coxon rank sum test, n = 6 per 
group, *p < 0.05 and **p < 0.01. 
PCoA, Principal coordinate 
analysis
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there was a strong correlation between Verrucomicro-
biota and significant difference metabolites. Verru-
comicrobiota showed a positive correlation with PC(
18:1(9Z)/18:4(6Z,9Z,12Z,15Z)) (r = 0.80, p < 0.01), 
1-Octadecyl-2-acetyl-sn-glycero-3-phosphocholine 
(r = 0.65, p < 0.05), DG(22:0/22:6(4Z,7Z,10Z,13Z,16Z,
19Z)/0:0) (r = 0.64, p < 0.05), and Janthitrem C (r = 0.64, 
p < 0.05), whereas Verrucomicrobiota was positively cor-
related with N-(Carboxymethyl)-D-alanine (r =  − 0.91, 

p < 0.01), Prostaglandin G2 (r =  − 0.85, p < 0.01), 
Trp Pro Asp (r =  − 0.85, p < 0.01), 13(S)-HpOTrE 
(r =  − 0.81, p < 0.01), and Prostaglandin C2 (r =  − 0.80, 
p < 0.01). The correlation between gut microbiota 
changes at the genus level and the significant differ-
ence metabolites was further analyzed (Fig. 7B). Thus, 
these findings revealed the potential interactions between 
ω-3 PUFAs–modulated gut microbial species and lung 
metabolites.

Fig. 6  Effect of PM2.5 exposure and ω-3 PUFAs on the composition 
of the gut microbiota. (a) Relative abundance of gut microbiota at 
the phylum level. (b) Weighted unifrac clustering analysis of the gut 
microbiota at the phylum level. (c) The LefSe was adopted to identify 
the bacterial groups that showed significant differences in abundance 
between the control, PM2.5, and ω-3 PUFAs + PM2.5 groups. (d) The 
cladogram of the gut microbiota of mice between the control, PM2.5, 
and ω-3 PUFAs + PM2.5 groups derived from LEfSe analysis. (e) 

Histogram of the LDA scores computed for features differentially 
abundant between the control and PM2.5 groups. (f) Histogram of the 
LDA scores computed for features differentially abundant between 
the PM2.5 and ω-3 PUFAs + PM2.5 groups. p, phylum; c, class; o, 
order; f, family; g, genus. The specific differential taxa that enriches 
in each group is characterized with different colors. LDA scores > 3 
and significance of P < 0.05 as determined by Wilcoxon’s signed-rank 
test. LefSe, linear discriminant analysis effect size

40499Environmental Science and Pollution Research  (2023) 30:40490–40506

1 3



Discussion

Epidemiological studies have shown that PM2.5 exposure is 
positively associated with an increased incidence of respira-
tory disease, and it plays a significant role in the occurrence 
and development of respiratory diseases (Luo et al. 2020). 

The gut-lung axis is a newly developed concept that involves 
bidirectional interactions and regulation between the two 
physiological compartments. Many evidences indicated that 
gut microbiota is related to human health and host immunity 
(Nie et al. 2019), whereas gut dysbiosis and its interactions 
with the gut-lung axis have a complicated impact on health 

Fig. 7  Associations between altered gut microbial species and dis-
turbed lung metabolites. The altered gut microbiota exhibit correla-
tions with lung metabolic biomarkers (a, phylum; b, genus). Color 
red indicates that altered lung metabolites were positively correlated 

with perturbed gut microbiota. Color blue indicates that lung metabo-
lites were negatively correlated with perturbed colon microbiota. The 
larger the absolute value of the correlation, the thinner the ellipse. 
Empty grids indicate significance P values greater than 0.05
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and respiratory disorders (Saint-Criq et al. 2021). One of the 
potential mechanisms of adjunctive efficacy is the modula-
tion of gut microbiota by specific dietary supplementation 
(Singh et al. 2017). ω-3 PUFAs supplementation has a thera-
peutic benefit in alleviating several lung disorders, including 
COPD (Wood 2015), asthma (Bisgaard et al. 2016), ARDS 
(Kohama et al. 2014), and even coronavirus disease COVID-
19 (Safaei Ardestani & Rahideh 2022). However, the influ-
ence of ω-3 PUFAs supplementation on PM2.5 exposure 
induced lung injury remains unclear. Thus, the present study 
was designed to investigate whether ω-3 PUFAs supplemen-
tation could decrease PM2.5-induced lung injury. To our 
knowledge, this is the first study to explore the impact of 
ω-3 PUFAs supplementation on the interaction between gut 
microbiota and lung metabolic profile in mice with PM2.5-
related lung injury using an integrated method of 16S rDNA 
gene sequencing and LC–MS/MS-based metabolomics.

Pro-inflammatory cytokines, which may drive mac-
rophage migration, expand the inflammatory cascade, and 
aggravate lung damage, play an important role in the devel-
opment of PM2.5-induced lung injury (Li et al. 2020b; Xu 
et al. 2020). In the present study, we found that PM2.5 expo-
sure elevated the production of pro-inflammatory cytokines, 
such as IL-1β, IL-6, IL-17, and TNF-α in BALF and serum, 
indicating lung and systemic inflammation. These findings 
were consistent with previous studies. It has been reported 
that PM2.5 exposure promotes the production of pro-inflam-
matory cytokines such as IL- 1β, IL-6, IL-8, and TNF-α 
in airway epithelial cells, causing airway inflammation by 
stimulating lymphocytes, neutrophils, and antigen-present-
ing cells (Honda et al. 2021). Another study also reported 
that PM2.5 exposure up-regulated IL-17 expression, which 
aggravated neutrophil airway inflammation and mixed neu-
trophils/eosinophils inflammation in asthmatic mice (Yu 
et al. 2019). T helper 17 (Th17) cells, the third subgroup 
of Th cells, have been identified as the principal produc-
ers of IL-17, and Polycyclic aromatic hydrocarbons (PAHs) 
in PM2.5 may drive Th17-cell activation, which cause an 
increase in IL‐17 (Weaver et al. 2006; Schmidt-Weber et al. 
2007; Veldhoen et al. 2008). In addition, the overproduction 
of ROS could induce the release of inflammatory cytokines, 
leading to lung damage, which is recognized as another key 
player in PM2.5-induced lung injury (Kim et al. 2017). In 
this study, exposure to PM2.5 increased the levels of MDA 
and ROS, and decreases the levels of GSH and SOD in the 
BALF and serum, indicating that PM2.5 exposure induces 
oxidative stress. The chemical components of PM2.5, such 
as metals, may play a role in the mechanisms underlying 
PM2.5-induced oxidative stress. Similar findings were 
observed that PM2.5 lowered the activity of antioxidant 
enzymes such as CAT and GSH-PX in alveolar macrophages 
while increasing the concentration of MDA, causing an 
imbalance in the pro-oxidant and antioxidant status (Liu 

et al. 2018). Therefore, PM2.5 may penetrate deep into the 
lower respiratory tract and adhere to lung epithelial cells or 
be phagocytosed by alveolar macrophages, inducing oxida-
tive stress and inflammation, which are considered to be the 
key molecular mechanisms of PM2.5-induced lung injury.

Dietary ω-3 PUFAs are known to have anti-inflammatory 
and antioxidant capacities (Alnahdi and Sharaf 2019). Our 
results from this study showed that ω-3 PUFAs supplemen-
tation significantly alleviated inflammation and oxidative 
stress in PM2.5-induced lung injury mice. Consistent with 
this study, an in vitro experiment found that supplement-
ing with ω-3 PUFAs reduce the inflammation and oxidative 
stress in vascular endothelial cells treated with PM2.5 (Bo 
et al. 2016). Previous researches also manifested that ω-3 
PUFAs provide protection against lung injury induced by 
PM2.5 through improving antioxidant metabolism, reduc-
ing lipid peroxidation, and inhibition of pyrin domain-con-
taining 3 (NLRP3) inflammasome activation (Samet et al. 
2001; Li et al. 2019). The inflammasome could facilitate the 
maturation and release of some pro-inflammatory cytokines, 
while ROS is thought to be one of the main triggers of 
NLRP3 inflammasome activation (Tschopp and Schroder 
2010). Thus, the protective effects of ω-3 PUFAs may be 
attributed to their capacity to scavenge ROS (Dasilva et al. 
2017; Kucharská et al. 2021; Durán et al. 2022). Interest-
ingly, we found that feeding with a high ω-3 PUFAs diet 
could reduce systemically IL-1β level and increase SOD and 
GSH levels in the ω-3 PUFAs groups compare to the con-
trol group. We argue that the administration of ω-3 PUFAs 
may have health benefits even in healthy individuals. These 
findings suggest a potential modulatory role of ω-3 PUFAs 
in protecting the lung from PM2.5 exposure. However, the 
specific mechanisms for ω-3 PUFAs inhibition of PM2.5-
induced lung inflammation and oxidative stress have not 
been fully revealed, which require further in-depth study.

Metabolomics has made significant progress in helping 
to understand the pathogenesis of many diseases, which has 
demonstrated the usefulness of metabolite profiling (Johnson 
et al. 2016). In this study, alterations in endogenous small 
molecule metabolites were revealed in the UPLC-MS spec-
tra of lung samples, which may provide light on the mecha-
nism by which ω-3 PUFAs intervention ameliorate PM2.5-
induced lung injury. Oral supplementary of ω-3 PUFAs 
obviously reduced lung levels of colneleic acid, prosta-
gland G2, loxistatin, N-(carboxymethyl)-D-alanine, etc., 
and significantly increased lung levels of Phe Arg Leu Glu, 
1-linoleoyl-sn-glycero-3-phosphorylcholine, etc. in PM2.5-
induced lung injury mice. The metabolic pathway enrich-
ment analysis of the differential lung metabolites indicated 
that ω-3 PUFAs supplementation alleviated PM2.5-induced 
lung injury by regulating pathways involved in VEGF sign-
aling pathway, asthma, arachidonic acid metabolism, and 
alpha − Linolenic acid metabolism. Lin et al. found that 
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PAHs-rich air pollution particles induced pro-inflammatory 
responses in arachidonic acid metabolism (Lin et al. 2022). 
It was observed that fish oil supplementation modulated 
genes involved in arachidonic acid metabolism (Lu et al. 
2011; Magbanua et al. 2011). Additionally, EPA and DHA 
have been demonstrated to competitively inhibit arachidonic 
acid metabolism by cyclooxygenase and 5-lipoxygenase, 
which produce prostaglandins and leukotrienes implicated 
in inflammation (Calder 2006, 2020). These findings suggest 
that ω-3 PUFAs may exert antioxidant effects in PM2.5-
induced lung injury mice by regulating arachidonic acid 
metabolism. Alpha-linolenic acid, as a precursor to ω-3 
PUFAs, has been associated with a decrease in the produc-
tion of pro-inflammatory cytokines (Monk et al. 2016). It has 
been reported that Alpha-linolenic acid exhibited a protec-
tive effect on lipopolysaccharide-induced acute lung injury 
through inhibiting NF-κB activation (Zhu et al. 2020). How-
ever, no study has yet reported the role of Alpha-linolenic 
acid in PM2.5-induced lung injury. Overall, these results 
might be helpful in future studies looking into the possible 
mechanisms of ω-3 PUFAs in PM2.5-induced lung injury.

Dysbiosis of the gut microbiota is believed to be criti-
cal for the pathophysiology of PM2.5-induced lung injury 
(Fouladi et al. 2020). Dietary intervention to alter gut micro-
ecology is a hot topic in science right now. In this study, 
we identified how dietary ω-3 PUFAs could modulate gut 
microbiota in PM2.5-induced lung injury mice. In general, 
a decrease in gut microbiota diversity is regarded as a less 
healthy condition, as it reflects a disruption of gut homeo-
stasis, which is especially evident when external agents are 
taken, such as antibiotics and medications (Dudek-Wicher 
et al. 2018). In this study, analyses of the mice colon con-
tent microbiota α-diversity indicated that PM2.5 exposure 
induced a significant decrease in the gut microbiota diversity 
and richness, while the intervention effects of ω-3 PUFAs 
were not significant. The absence of a substantial change 
in α -diversity after ω-3 PUFA intervention is consistent 
with findings from another study (Robertson et al. 2017). 
However, Zhu et al. reported that the ω-3 PUFAs adminis-
tration significantly increased the gut microbiota diversity 
and richness (Zhu et al. 2021). The reason for the incon-
sistency between these two results may be the regulation 
of ω-3 PUFAs on microbiota α-diversity needs to reach 
a certain dose. Dietary interventions have been seen as a 
critical element in modifying the structure of the gut micro-
biota (Bai et al. 2018). However, the results of PCoA in 
this study showed that the gut microbiota structure of the 
ω-3 PUFAs group and the ω-3 PUFAs + PM2.5 group was 
more similar to that in the control group, revealing that the 
alleviation effect was not due to a drastic shift in the gut 
microbiota structure. We proceeded to analyze the effects 
of ω-3 PUFAs on the relative abundance of gut bacteria. 
Firmicutes and Bacteroidota dominated at the phylum level 

in all four groups in this study, which was consistent with 
earlier research (Qin et al. 2010). The compositions of gut 
microbiota were found to be different significantly between 
the control and PM2.5 groups, and most of these differ-
ences were diminished by ω-3 PUFAs supplementation. 
At the phylum level, ω-3 PUFAs restore gut dysbiosis by 
upregulating Proteobacteria and Actinobacteriota, and by 
downregulating Firmicutes and Bacteroidota, revealing that 
dietary ω-3 PUFAs may attenuate gut dysbiosis presumably 
by modulating the gut microbiota composition. This finding 
is consistent with previous research that found a greater of 
Proteobacteria in mice given a high fish oil diet, indicating 
that the antioxidation of ω-3 PUFAs in fish oil might cause 
the increased abundance of Proteobacteria (Li et al. 2017). 
Moreover, our results are in agreement with a previous study 
on early-life stress, which reported that high-dose supple-
mentation of ω-3 PUFAs elevated the levels of several mem-
bers Actinobacteria (Pusceddu et al. 2015). Liu et al. indi-
cated that ω-3 PUFAs increased the proportion of species of 
the Bacteroidetes phylum (Liu et al. 2012). However, it has 
been shown that ω-3 PUFAs derived from flaxseed seem to 
reduce the proportion of Bacteroidetes, which is consistent 
with our results. In addition, following treatment with ω-3 
PUFAs, the decrease in the abundance of the Bacteroides 
was also shown to decrease in the IBD patients (Santoru 
et al. 2017). Furthermore, Yu et al. also indicated that ω-3 
PUFAs from fish oil lower the population of Firmicutes in 
mice (Yu et al. 2014). We also performed a LEfSe analysis 
to detect the effect of ω-3 PUFAs on the gut microbiome was 
assessed by comparing specific bacteria. Our results showed 
that gut microbiota of the ω-3 PUFAs + PM2.5 group was 
mainly associated with increased levels of short-chain fatty 
acids (SCFAs) producing bacteria compared with the PM2.5 
group, including f_Clostridium_methylpentosum_group, 
f_Streptosporangiaceae, and g_Nonomuraea. It is worth 
mentioning that SCFAs, as metabolites released by bacte-
rial components of the gut microbiota, have been reported 
to possess anti-inflammatory activity (Akhtar et al. 2022). 
Together, our data support the expected beneficial effects of 
ω-3 PUFAs on restoring the composition of the gut micro-
biota of mice in PM2.5 exposure induced lung injury.

It is reported that the gut microbiota plays an important 
role in regulating the host’s metabolic pathways and in a 
variety of disease phenotypes (van Soest et al. 2020). In the 
present study, ω-3 PUFAs supplementation increased the 
abundance of Verrucomicrobiota in PM2.5-induced lung 
injury mice, which was associated with an increase in the 
levels of PC(18:1(9Z)/18:4(6Z,9Z,12Z,15Z)), 1-Octadecyl-
2-acetyl-sn-glycero-3-phosphocholine, DG(22:0/22:6(4Z
,7Z,10Z,13Z,16Z,19Z)/0:0), and Janthitrem C, and with 
a decrease in the levels of N-(Carboxymethyl)-D-alanine, 
Prostaglandin G2, Trp Pro Asp, 13(S)-HpOTrE, and Pros-
taglandin C2. Given the potential health advantages of ω-3 
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PUFAs, we proposed that the protective effect of ω-3 PUFAs 
on PM2.5-induced lung injury is also related to the modu-
lation of the interaction between gut microbiota and these 
major differential metabolites. However, more evidence is 
required to understand better the possible molecular involve-
ment of ω-3 PUFAs in PM2.5-induced lung injury.

Limitations should be also noted in our study. To begin 
with, the present research did not explore the potential 
antioxidant and anti-inflammatory effects of soybean poly-
phenols, nor did it investigate the components of ambient 
PM2.5 that caused these observed differences. Secondly, 
intratracheal instillation for PM2.5 exposure differs signifi-
cantly from inhalation exposure in terms of toxicokinetics 
and toxicodynamics. We acknowledge that inhalation expo-
sure may better reflect human exposure than intratracheal 
instillation. Thirdly, further investigation concerning the gut 
bacterial community should be conducted through shotgun 
metagenomics by providing more accurate composition, as 
well as functional information. Fourth, the pathway analysis 
was exploratory, with its inherent restriction of not consid-
ering the effect direction. Last but not least, the relation-
ship between the key microbiota and differential metabo-
lites in response to ω-3 PUFAs intervention needs further 
verification.

Conclusions

In summary, the present study suggested that supplemen-
tary ω-3 PUFAs showed effectiveness in attenuation of 
PM2.5-induced lung injury, indicating that the interventions 
exhibited preventive and therapeutic potential. This study 
further revealed that the protective effect of ω-3 PUFAs is 
associated with ameliorated inflammation and oxidative 
stress, restored lung metabolite profile, and attenuated gut 
dysbiosis. Our findings not only extend the understanding 
of PM2.5-induced lung injury but also provide a potential 
therapeutic strategy for PM2.5-induced lung injury.
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