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Exposure to diesel exhaust particles results
in altered lung microbial profiles,
associated with increased reactive oxygen
species/reactive nitrogen species and
inflammation, in C57Bl/6 wildtype mice on
a high-fat diet
Sarah Daniel1, Danielle Phillippi1, Leah J. Schneider1, Kayla N. Nguyen1, Julie Mirpuri2 and Amie K. Lund1*

Abstract

Background: Exposure to traffic-generated emissions is associated with the development and exacerbation of
inflammatory lung disorders such as chronic obstructive pulmonary disorder (COPD) and idiopathic pulmonary
fibrosis (IPF). Although many lung diseases show an expansion of Proteobacteria, the role of traffic-generated
particulate matter pollutants on the lung microbiota has not been well-characterized. Thus, we investigated the
hypothesis that exposure to diesel exhaust particles (DEP) can alter commensal lung microbiota, thereby promoting
alterations in the lung’s immune and inflammatory responses. We aimed to understand whether diet might also
contribute to the alteration of the commensal lung microbiome, either alone or related to exposure. To do this, we
used male C57Bl/6 mice (4–6-week-old) on either regular chow (LF) or high-fat (HF) diet (45% kcal fat), randomly
assigned to be exposed via oropharyngeal aspiration to 35 μg DEP, suspended in 35 μl 0.9% sterile saline or sterile
saline only (control) twice a week for 30 days. A separate group of study animals on the HF diet was concurrently
treated with 0.3 g/day of Winclove Ecologic® Barrier probiotics in their drinking water throughout the study.
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Results: Our results show that DEP-exposure increases lung tumor necrosis factor (TNF)-α, interleukin (IL)-10, Toll-
like receptor (TLR)-2, TLR-4, and the nuclear factor kappa B (NF-κB) histologically and by RT-qPCR, as well as
Immunoglobulin A (IgA) and Immunoglobulin G (IgG) in the bronchoalveolar lavage fluid (BALF), as quantified by
ELISA. We also observed an increase in macrophage infiltration and peroxynitrite, a marker of reactive oxygen
species (ROS) + reactive nitrogen species (RNS), immunofluorescence staining in the lungs of DEP-exposed and HF-
diet animals, which was further exacerbated by concurrent DEP-exposure and HF-diet consumption. Histological
examinations revealed enhanced inflammation and collagen deposition in the lungs DEP-exposed mice, regardless
of diet. We observed an expansion of Proteobacteria, by qPCR of bacterial 16S rRNA, in the BALF of DEP-exposed
mice on the HF diet, which was diminished with probiotic-treatment.

Conclusions: Our findings suggest that exposure to DEP causes persistent and sustained inflammation and
bacterial alterations in a ROS-RNS mediated fashion, which is exacerbated by concurrent consumption of an HF
diet.

Keywords: Diesel particulate matter, Lung microbiome, Inflammation, Probiotics, Reactive oxygen species, Reactive
nitrogen species

Background
The lungs are the first organs within the human body to be
continuously exposed to particulates within inhaled air.
Several studies have described the toxicological implications
of particulates within the lungs leading to pronounced in-
flammation and reduced lung function [1, 2]. There is in-
creasing evidence suggesting that exposure to the
particulate matter (PM) component of ambient air pollu-
tion, including that derived from traffic-generated sources,
can contribute to or exacerbate lung disorders such as
asthma, chronic obstructive pulmonary disorder (COPD),
bronchitis, and idiopathic pulmonary fibrosis (IPF) [3, 4].
The incidence of these diseases is also higher in polluted re-
gions, suggesting that PM air pollutants play a crucial role
in either development or exacerbation of underlying lung
conditions. Reactive oxygen species (ROS) have been re-
ported to be an essential driving factor in the PM-mediated
inflammatory response observed within the lungs [5]. PM2.5

exposure is also well documented to induce pulmonary in-
flammation, often characterized by the expression of several
inflammatory markers, including tumor necrosis factor
(TNF)-α, interleukin (IL)-1β, IL-6, and IL-10 [6, 7]. Ambi-
ent air pollution PM has also been shown to induce Toll-
like receptor 2 (TLR2) expression and subsequent activa-
tion of the nuclear factor kappa B (NF-κB) transcription
factor that accelerates the inflammatory response in both
in vitro studies and in vivo exposures [8].
Although there has been extensive research in the ob-

served inflammatory response associated with PM pollu-
tant exposures, the involvement of the lung microbial
communities has not yet been well-characterized. With
emerging evidence on the presence of a commensal lung
microbiome, it is becoming evident that these microbes
are not mere bystanders, but they play a role in main-
taining homeostasis, and their alterations may have det-
rimental outcomes in lung health.

The gut microbiome is associated with a wide variety
of homeostatic functions, including nutrient absorption
and immune system development [9, 10]. Alterations in
the human gut microbiota have been associated with
many gastrointestinal diseases, including inflammatory
bowel disease [11]. On the other hand, the lung micro-
biome has not been explored extensively, nor are their
functions in health understood. The lungs were always
known to have bacterial colonization in diseases, but the
discovery of the lung microbiome was delayed due to
the long-held view that the lungs of healthy individuals
were sterile [12]. This misconception was mainly due to
sampling difficulties of the less abundant lung micro-
biome, but advances in sequencing techniques have re-
vealed that the lower respiratory tract is replete with a
wide variety of microorganisms in healthy individuals as
well, and not only in individuals with lung diseases [13].
Murine lungs from different environmental conditions
have been shown to host common microbial profiles
[14]. However, the airway microbial composition varies
considerably when compared to the GI tract [15]. The
study by Ruane et al. shows that the airway microbes
help prime lung dendritic cells induce the production of
Immunoglobulin A (IgA), the predominant antibody at
mucosal surfaces [16]. Germ-free mice were found to
have a reduced ability for IgA production, predisposing
them to irritants and microbial challenges. These mice
were also found to have reduced mucus production, lim-
iting their mucociliary defense functions [17].
The commensal flora arrives within the lungs from the

oral cavity via microaspiration, [18]. However, studies
suggest that the lungs may not host a constant microbial
community due to continuous immigration and elimin-
ation by host immune defenses such as cough and
mucociliary clearance [12, 18]. Despite these fluxes ob-
served, most bacteria within the lungs belong to four
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major phyla – Firmicutes, Bacteroidetes, Proteobacteria,
and Actinobacteria [19]. Unlike the gastrointestinal tract,
nutrient availability within the lungs is sparse — mostly
obtained from immunoglobulins, cytokines, and mucins.
This decreased nutrient availability in the lung likely ac-
counts for the low bacterial abundance ranging from 104

to 108 compared to the GI tract that harbors close to
1012 microbes [20]. Changes in the availability of these
nutrients have a crucial impact on lung microbes. In
many pulmonary disease states, there is an increase in
mucus production, which favors the growth of certain
opportunistic bacteria that can metabolize mucins and
proliferate, especially bacteria belonging to the Proteo-
bacteria phylum [21]. Proteobacteria are found to be
present in higher amounts in many inflammatory dis-
eases, mainly due to their unique abilities to utilize the
byproducts of inflammation to proliferate [22].
The microbiome is influenced by several factors, in-

cluding diet and environmental exposures [23, 24]. A
large percentage of the Western world population
consumes a diet rich in fats (typically> 30% fat),
which has resulted in the epidemic of obesity [25].
Consumption of a high-fat (HF) diet has been shown
to alter the intestinal microflora and increase baseline
inflammation [26–28]. Although the gut and the
lungs are distinct anatomical sites, recent studies
show evidence of complex gut-lung cross-talk involv-
ing effector molecules that protect from environmen-
tal stimuli and infections at mucosal surfaces [29].
Dietary supplementation with probiotics has been
shown to exert a wide range of beneficial effects with
respect to reduced infections and attenuation of dis-
ease duration [30, 31]. Emerging studies show that
probiotics exert pleiotropic effects – protective roles
in the GI tract by competing with local pathogens,
and indirect effects by changing the host immune sys-
tem to noninflammatory tolerogenic patterns by indu-
cing IL-10 producing T regulatory (T reg) cells [32].
The immunomodulatory effects of probiotics extend
systemically and at distant mucosal sites, including
the lungs, as observed by improvements in allergic
airway diseases [33].
To date, the synergistic effects of both PM pollutants

and HF diet consumption on the lung microbiota pro-
files and inflammation have not been explored. Under-
standing the interactions between environmental PM
exposures, diet, microbiome, and the immune system is
significant in the development of therapeutic alternatives
in diseases. Although there has been significant interest
in probiotic influences in disease states, fewer studies
have investigated the effects of probiotics on air-
pollution PM induced inflammation [34, 35]. Consider-
ing this gap in knowledge, we investigated whether ex-
posure to diesel exhaust particles (DEP) results in

inflammation and alterations in the lung microbiota in
wild-type C57Bl/6 mice on either a standard mouse
chow vs. HF diet.

Results
Exposure to DEP results in systemic and peri-bronchial
inflammation, which is more pronounced with the
consumption of the HF diet in C57Bl/6 wildtype mice
Consumption of an HF diet has been shown to not only
increase susceptibility to metabolic diseases but also
contribute to low-grade systemic inflammation [26]. To
investigate whether subacute exposure to inhaled DEP
and HF diet resulted in acute inflammation systemically,
we quantified total white blood cells and performed dif-
ferential blood counts after 5 days of DEP exposures.
We observed that the total white blood cell counts were
significantly higher in the HF DEP group when com-
pared to the LF Control (p = 0.001), LF DEP (p = 0.030),
and HF Control (p = 0.029) groups (Fig. 1a). The re-
spective F values for the total white blood cell counts
are: exposure = 7.539, diet = 7.402, exposure x diet inter-
action = 0.351. The differential counts for neutrophils
were significantly higher in the HF DEP group when
compared to LF Control, LF DEP, and HF Control (p <
0.001) with an F value of exposure = 17.490, diet = 8.503,
exposure x diet interaction = 8.745 (Fig. 1b). Monocyte
and lymphocyte counts were also higher in the HF DEP
group compared to LF Control (p = 0.004), LF DEP (p =
0.033), and HF Control (p = 0.033), F = 7.097 for expos-
ure (monocytes) and F = 4.965 for exposure (lympho-
cytes) (Fig. 1b). We did not detect any basophils in all
the groups (data not shown) or any differences across
the groups in eosinophils in the differential assessments.
To assess whether inflammation persists within the
lungs after 30 days of DEP exposure, we performed mor-
phological examinations of the lung tissue sections.
Compared to the controls, we observed significant peri-
bronchial inflammation surrounding the bronchioles in
mice exposed to DEP, regardless of the diet consumed
(Fig. 1c). The histology scores for LF DEP were signifi-
cantly higher than LF Control (p = 0.029). The inflam-
mation was found to be more pronounced in the HF
DEP group when compared to the LF Control (p <
0.001) and HF Control (p = 0.005), as indicated by the
histology scores, F = 12.99 for exposure (Fig. 1d).

Exposure to DEP results in increased levels of
immunoglobulins in the BALF of C57Bl/6 mice
IgA is the predominant immunoglobulin in mucosal se-
cretions, and its main function is to provide the first line
of defense by neutralizing toxins [36]. IgG, another im-
portant immune defense within airways, functions in
close cooperation with IgA by fixing complement and
opsonization [36]. To observe if DEP exposure alters the
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levels of IgA and IgG, we performed ELISA on the
BALF obtained from these mice. We observed a sig-
nificant increase in IgA regardless of the diet con-
sumed. IgA was higher in LF DEP (p = 0.018) and HF
DEP (p = 0.041) compared to LF Control and HF
Control (p = 0.010, F = 13.670 for exposure (Fig. 2a).
Compared to LF Control, IgG levels were also signifi-
cantly elevated in the LF DEP (p = 0.004) and HF
DEP (p = 0.027) (Fig. 2b). We also observed a signifi-
cant increase in IgG in the HF Control group than
LF Control (Fig. 2b, p = 0.045). The respective F
values for BALF IgG levels are: exposure = 4.907,
diet = 0.935, exposure x diet interaction = 4.286. To
determine whether the upregulation of immunoglobu-
lins in the lungs correlated to the expression of

receptors responsible for transcytosis, we quantified
the transcript expression of the polymeric IgA recep-
tor (pIgR) responsible for the transcytosis of IgA as
well as the neonatal Fc receptor (FcRn), the receptor
for IgG transport into the airway lumen by RT-qPCR.
We observed that the pIgR receptor expression was
significantly elevated in the LF DEP and HF DEP
groups compared to LF Control and HF Control (p <
0.001), F = 49.090 for exposure (Fig. 2c). FcRn expres-
sion was upregulated only in LF DEP compared with
LF Control (p = 0.013) (Fig. 2d). We did not observe
an increase in FcRn expression in HF Control and
HF DEP groups. The F values for FcRn expression
levels are: exposure = 2.090, diet = 4.199, exposure x
diet interaction = 6.252.

Fig. 1 Exposure to diesel exhaust particles results in systemic and peri-bronchial inflammation. a Graphs representing total white blood cell count
and b blood differential counts in 4–6 week-old male C57Bl/6 wildtype mice, on either control (LF) or high-fat (HF) diet exposed to either saline
(control) or diesel exhaust particles (DEP – 35 μg PM) for 1 week. c Representative images of H&E staining of lung sections in control and exposed
groups after 30 days of exposure. d Quantification of histological injury score in mice exposed to either DEP or saline. Images displayed are using
20X magnification. Scale bar = 240 μm. Data are depicted as mean ± SEM with *p < 0.05 compared to LF Control, †p < 0.05 compared to HF
Control, ‡p < 0.05 compared to LF DEP by two way ANOVA
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Exposure to DEP increases TNF-α and IL-10 expression in
the lungs of C57Bl/6 mice
To investigate whether subchronic DEP-exposure results
in persistent production of inflammatory cytokines, we
analyzed the expression of pro-inflammatory cytokines -
TNF-α, IL-1β, and IL-6. In comparison to the lungs
from the LF (Fig. 3a-c) and HF (Fig. 3g-i) control ani-
mals, we observed a significant increase in TNF- α in
the lungs from both the LF DEP (Fig. 3d-f, p = 0.001)
and HF DEP (Fig. 3j-l, p < 0.001) groups, F = 42.48 for
exposure, as quantified in Fig. 3m. Real-time RT-qPCR
analysis showed similar trends in TNF-α mRNA tran-
script, with statistical increases being observed in the
DEP-exposed lungs, independent of diet, compared to
both the LF Control (Fig. 3n, p = 0.005) and HF control
(Fig. 3n, p = 0.003; F = 22.590 for exposure). We did not
detect any elevation in the expression of IL-1β and IL-6
(data not shown) across any of the groups. We suspected
anti-inflammatory mediators to be present after a 30-day
exposure. When we analyzed the expression of IL-10, an
anti-inflammatory cytokine, we observed that in com-
parison to the lungs from the LF (Fig. 4a-c) and HF (Fig.
4g-i) control animals, there was a significant increase in
IL-10 in the lungs from both the LF DEP (Fig. 4d-f, p =
0.002), and HF DEP (Fig. 4j-l, p < 0.001) groups, F =
25.960 for exposure, as quantified in Fig. 4m. When ana-
lyzed by real-time RT-qPCR, we observed a significant
increase in the IL-10 mRNA transcript in the LF DEP
(Fig. 4n, p = 0.006) and HF DEP (Fig. 4n, p = 0.039)

exposed lungs, compared to the LF controls (Fig. 4n, F =
10.530 for exposure).

Exposure to DEP results in elevated production of mucus
in C57Bl/6 mice
A healthy mucus barrier maintained under physiological
conditions is crucial in eliminating pathogens and irri-
tants within the lungs [37]. When we investigated
whether gel-bound mucins Muc5ac and Muc5b, which
are considered integral components of the airway
mucus, are elevated with DEP exposures, we observed
no alteration at the transcript level after a 30-day expos-
ure duration (Fig. 5a, b). Interestingly, we did observe a
significant increase in the membrane-bound mucin
Muc4 mRNA transcript in the lungs of the HF con-
trol compared to LF Control (p = 0.006) and LF DEP
(p < 0.001). We also observed a significant increase in
Muc4 in HF DEP compared to LF DEP (p = 0.02)
(Fig. 5c). The F values for Muc4 levels are exposure =
3.316, diet = 15.200, exposure x diet interaction =
0.177; however, there was no alteration in expression
of Muc4 mRNA transcript in the LF DEP group (Fig.
5c). When we stained for overall mucus produced
within these lungs, compared to LF Control animals,
we observed a significant increase in mucus produc-
tion in the lungs of DEP exposed animals (Fig. 5d), as
quantified in Fig. 5e (p = 0.011, F = 8.353 for
exposure).

Fig. 2 Exposure to DEP results in increased levels of immunoglobulins in the BALF. a Quantification of IgA (ng/ml) and b IgG (ng/ml), in the
bronchoalveolar lavage fluid (BALF) of 4–6 week-old male C57Bl/6 wildtype mice, on either control (LF) or high-fat (HF) diet exposed to either
saline (control) or diesel exhaust particles (DEP – 35 μg PM) twice a week for a total of 30 days, by ELISA. c Mean normalized gene expression of
IgA receptor - pIgR and d IgG receptor – FcRn in lung tissues, as determined by RT-qPCR. Data are depicted as mean ± SEM with *p < 0.05
compared to LF Control, †p < 0.05 compared to HF Control, ‡p < 0.05 compared to LF DEP by two way ANOVA
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Exposure to DEP results in an increased relative
abundance of Proteobacteria in C57Bl/6 mice on the HF
diet
Inflammation and mucus are now understood to in-
crease the availability of nutrients that can be used by
selective bacteria to proliferate and outcompete the
others [38]. To investigate whether there are bacterial al-
terations within the lungs in response to DEP exposures
and/or fat content in the diet, we performed qPCR of
the 16srRNA region and quantified the total bacterial
abundance. We quantified an average of 6.78 log copies
of bacterial DNA in our LF Control groups (Fig. 6a). We
observed that the total bacteria (Eubacteria) were de-
creasing in the HF DEP study groups compared to LF

Control (p = 0.003) and compared to LF DEP (p = 0.017)
(Fig. 6a) The respective F values for Eubacteria are: ex-
posure = 2.490, diet = 9.228, exposure x diet interaction =
0.217. We also analyzed the quantitative abundance of
individual phyla and observed that compared to LF Con-
trol, Firmicutes was significantly decreasing in the HF
Control (p = 0.02) and HF DEP (p = 0.002). There was
also a significant decrease in Firmicutes in the HF DEP
group compared to the LF DEP (p = 0.017). (Fig. 6b).
The F values for Firmicutes are: exposure = 1.645, diet =
12.040, exposure x diet interaction = 0.033. Compared to
LF Control, there was a significant decrease in Bacteroi-
detes as well, in both the HF Control and the HF DEP
group (p < 0.05) (Fig. 6c). The respective F values for

Fig. 3 Exposure to diesel exhaust particles results in increased expression of TNF-α. Representative images of tumor necrosis factor (TNF)-α
expression in the lungs of C57Bl/6 mice on a control (LF; a-c) or high-fat (HF; g-i) diet exposed to saline (control) or on a LF (d-f) or HF diet (j-l)
exposed to diesel exhaust particles (DEP – 35 μg PM) twice a week for a total of 30 days. Red fluorescence indicates TNF-α expression, blue
fluorescence is nuclear staining (Hoechst). Right panels (c, f, i, l) are merged figures of left (blue; a, d, g, j) and center (red; b, e, h, k) panels. m
Graph of histology analysis of lung TNF-α fluorescence and n mean normalized gene expression of TNF-α mRNA transcript expression within the
lungs, as determined by RT-qPCR. 40x magnification; scale bar = 100 μm. *p < 0.05 compared to LF Control, †p < 0.05 compared to HF Control,
‡p < 0.05 compared to LF DEP by two way ANOVA

Daniel et al. Particle and Fibre Toxicology            (2021) 18:3 Page 6 of 25



Bacteroidetes are: exposure = 0.666, diet = 7.858, expos-
ure x diet interaction = 0.356. There was no significant
difference in Proteobacteria abundance noted in the
lungs across any study groups (Fig. 6d, p = 0.070). How-
ever, when we measured the percentages of the individ-
ual phyla, contributing to the total bacterial abundance,
for each of the study groups, we observed that the over-
all percentage of Proteobacteria was much higher in the
lungs of the HF group, likely due to the significant de-
crease in both Firmicutes and Bacteroidetes (Fig. 6e).

Exposure to DEP induces ROS-RNS production and
increases macrophages within the lungs of C57Bl/6 mice
The generation of ROS and reactive nitrogen species
(RNS) by macrophages is a well-understood mechanism
of air-pollution mediated toxicity [5]. O2

− produced by
ROS and NO3

− produced by RNS act as effectors against
invading pathogens/pollutants and they are beneficial if
these mechanisms are balanced by the physiological ac-
tivity of antioxidant defenses. Oxidative stress occurs as
a consequence of an increased generation of reactive

Fig. 4 Exposure to diesel exhaust particles results in increased expression of IL-10. Representative images of Interleukin - 10 (IL-10) expression in
the lungs of C57Bl/6 mice on a low-fat (LF; a-c or high-fat (HF; g-i) diet exposed to saline (control) or on a LF (d-f) or HF diet (j-l) exposed to
diesel exhaust particles (DEP – 35 μg PM) twice a week for a total of 30 days. Red fluorescence indicates IL-10 expression, blue fluorescence is
nuclear staining (Hoechst). Right panels (c, f, i, l) are merged figures of left (blue; a, d, g, j) and center (red; b, e, h, k) panels. m Graph of
histology analysis of lung IL-10 fluorescence and n mean normalized gene expression of IL-10 mRNA transcript expression within the lung, as
determined by RT-qPCR. 40x magnification, scale bar = 100 μm. *p < 0.05 compared to LF Control, †p < 0.05 compared to HF Control, ‡p < 0.05
compared to LF DEP by two way ANOVA
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species or reduced activity of antioxidant defenses [39].
To investigate the presence of these radicals we analyzed
the combined effects of DEP and HF diet to induce
extracellular ROS and RNS. We stained lung sections
with nitrotyrosine that stains for peroxynitrite, a stable
ROS + RNS product. When compared to LF (Fig. 7a-c)
and HF (Fig. 7g-i) controls, we observed that nitrotyro-
sine was significantly expressed in the LF DEP (Fig. 7d-f,
p =0.016) and HF DEP (Fig. 7j-l, p < 0.001) exposed
groups, as quantified in Fig. 7m. We also observed a sig-
nificant increase in nitrotyrosine in the HF Control
groups compared to LF Controls (p = 0.013). The F
values for nitrotyrosine are: exposure = 30.76, diet =
22.00, exposure x diet interaction = 4.412.
Since macrophages are the most abundant steady-state

leukocyte, we suspected them of being involved in the
observed oxidative stress response [40]. To quantify if

the proportion of macrophages were higher in the ex-
posed groups, we stained for monocyte and macrophage
antibody-2 (MOMA-2). Compared to LF controls
(Fig. 8a-c), we observed that MOMA-2 expression was
increased in the LF DEP group (Fig. 8d-f, p = 0.002), the
HF Control group (Fig. 8g-i, p = 0.015), and the HF DEP
group (Fig. 8j-l, p < 0.001), as quantified in Fig. 8m. The
F values for MOMA – 2 are: exposure = 20.13, diet =
12.53, exposure x diet interaction = 0.002.

Exposure to DEP results in activation of TLR2 and TLR4 in
C57Bl/6 mice
Both resident myeloid and structural cells of the lung
express a complete repertoire of TLRs that recognize
pathogen-associated molecular patterns (PAMPs) [41].
The TLR family disseminates the signal to intracellular
transcription factor - NF-κB that regulates inflammatory

Fig. 5 Exposure to diesel exhaust particles results in increased mucus production. a Mean normalized gene expression of Muc5b, b Muc5ac and
c Muc4 mRNA transcript expression within the lungs of C57Bl/6 wildtype mice, as determined by RT-qPCR, on either control (LF) or high-fat (HF)
diet, exposed to either saline (control) or diesel exhaust particles (DEP − 35 μg PM) twice a week for a total of 30 days. d Representative images of
AB/PAS staining of lung sections and e quantification of histological mucus score. Images displayed are using 20X magnification, scale bar =
240 μm. Data are depicted as mean ± SEM with *p < 0.05 compared to LF Control, ‡p < 0.05 compared to LF DEP by two way ANOVA

Daniel et al. Particle and Fibre Toxicology            (2021) 18:3 Page 8 of 25



gene expression [42]. TLR2 and TLR4 recognize bacter-
ial ligands such as lipoproteins and lipopolysaccharides
(LPS), respectively. Since we observed bacterial alter-
ations within the airway lumen, we quantified the ex-
pression of TLRs and NF-κB p65 protein. We observed a
significant increase in TLR2 regardless of the diet con-
sumed. Compared to LF and HF Controls, we observed
a significant increase in the expression of TLR2 mRNA
transcript in the lungs of LF DEP (Fig. 9a, p = 0.002)
and HF DEP (Fig. 9a, p < 0.001) exposed animals (Fig. 9a,
f = 30.68 for exposure). Compared to the LF Control
group, we also observed a statistical increase in TLR4
mRNA in the LF DEP (p = 0.004), HF Control (p =
0.010), and HF DEP (p = 0.050) group (Fig. 9b). The re-
spective F values for TLR4 are: exposure = 3.607, diet =
1.321, exposure x diet interaction = 7.896.
Compared to LF controls (Fig. 10a-c), we observed

that NF-κB p65 expression was increased in the LF DEP
group (Fig. 10d-f), and the HF DEP group (Fig. 10j-l), as

quantified in Fig. 10m (p < 0.001, F = 73.89 for exposure).
Real-time RT-qPCR of the NF-κB p65 mRNA transcript
revealed statistical increases in the LF DEP compared to
the LF controls (Fig. 10n, p = 0.01; F = 5.705 for expos-
ure). However, we did not observe an increase in NF-κB
p65 in the HF DEP group (Fig. 10n).

C57Bl/6 mice exposed to DEP show increased collagen
deposition surrounding the bronchioles
Air pollutant exposures have been implicated in indu-
cing and/or worsening fibrosis in chronic lung condi-
tions [43, 44]; therefore, we stained for collagen
deposition in the lungs following 30 days of subchronic
DEP exposure. Compared to LF Controls, we observed
increased collagen deposition surrounding the bronchi-
oles in both the LF DEP (Fig. 11b, p = 0.002) and HF
DEP (Fig. 11b, p = 0.007) exposed animals (Fig. 11b, f =
13.12 for exposure), suggesting that subchronic

Fig. 6 Exposure to diesel exhaust particles results in an increased relative abundance of Proteobacteria. a Quantification in log scale of (a)
Eubacteria (total bacteria), b Firmicutes, c Bacteroidetes and d Proteobacteria within the lungs of C57Bl/6 wildtype mice on either control (LF) or
high-fat (HF) diet exposed to either saline (control) or diesel exhaust particles (DEP – 35 μg PM) twice a week for a total of 30 days by qPCR. e
100% stacked columns representing the percentages of major lung phyla. Data are depicted as mean ± SEM with *p < 0.05 compared to LF
Control, ‡p < 0.05 compared to LF DEP by two way ANOVA
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exposures resulted in increased deposition of extracellu-
lar matrix components (ECM).

Probiotic supplementation decreases the expansion of
Proteobacteria in C57Bl/6 mice lung
Probiotic supplementation has been shown to improve
lung immune responses that have beneficial effects dur-
ing respiratory infections [45]. We investigated whether
probiotic intake could aid in restoring the commensal
phyla within the lungs. Interestingly, our results revealed
an increase in the overall bacterial abundance (Fig. 12a),
compared to HF Control (p = 0.004) and compared to
HF DEP (P < 0.001), with a significant increase in

Firmicutes and Actinobacteria (Fig. 12b, Supplementary
Figure 1) in the probiotic groups. We also observed that
the expansion of Proteobacteria was significantly attenu-
ated in the lungs of HF Control and HF DEP-exposed
animals compared to their counterparts with no pro-
biotic supplementation (Fig. 12b, Supplementary Figure
1).

Probiotic supplementation decreases inflammation and
collagen deposition
Probiotics have been shown to improve inflammation
observed in many lung diseases due to their immuno-
modulatory properties [46–48]. Thus, we investigated

Fig. 7 Exposure to diesel exhaust particles results in increased expression of nitrotyrosine. Representative images of nitrotyrosine expression in
the lungs of C57Bl/6 mice on a control (LF; a-c) or high-fat (HF; g-i) diet exposed to saline (control) or on a LF (d-f) or HF diet (j-l) exposed to
diesel exhaust particles (DEP – 35 μg PM) twice a week for a total of 30 days. Red fluorescence indicates nitrotyrosine expression, blue
fluorescence is nuclear staining (Hoechst). Right panels (c, f, i, l) are merged figures of left (blue; a, d, g, j) and center (red; b, e, h, k) panels. m
Graph of histology analysis of lung nitrotyrosine fluorescence. 40x magnification, scale bar = 100 μm. Data are depicted as mean ± SEM with *p <
0.05 compared to LF Control, †p < 0.05 compared to HF Control, ‡p < 0.05 compared to LF DEP by two way ANOVA
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whether the inflammation observed with DEP could be
attenuated with probiotics. We observed that TNF-α ex-
pression, found to be significantly elevated with DEP ex-
posures, decreased with probiotic supplementation. In
comparison to the lungs from the HF DEP (Fig. 13d-f),
we observed a significant decrease in TNF-α in the lungs
from the HF Control – Probiotics (Fig. 13g-i) and HF
DEP – Probiotics group (Fig. 13j-l, p < 0.001, F = 63.22
for exposure). Although the decrease in TNF-α expres-
sion is significant, we notice that the expression in the
HF DEP – Probiotics group is still significantly higher
when compared to HF Control (Fig. 13a-c, p = 0.015)
and HF Control – Probiotics group (Fig. 13 G-I, p =

0.005). The respective F values for TNF-α are: expos-
ure = 63.22, probiotic treatment = 19.45, exposure x pro-
biotic interaction = 15.11.
We observed a similar statistical decrease in nitrotyro-

sine in the HF Control – Probiotic (Fig. 14g-i) and HF
DEP – Probiotic group (Fig. 14j-i) compared to the HF
DEP (Fig. 14d-f, p < 0.001) and HF Control (Fig. 14a-c,
p < 0.01) (Fig. 14d-f). The F values for nitrotyrosine are:
exposure = 22.81, probiotic treatment = 90.74, exposure
x probiotic interaction = 15.86. When we checked to see
if immunoglobulin levels were altered with probiotic
treatments (Fig. 14n), we observed that IgA was signifi-
cantly elevated in the HF DEP – Probiotics group when

Fig. 8 Mice exposed to diesel exhaust particles express higher levels of MOMA-2. Representative images of MOMA-2 expression in the lungs of
C57Bl/6 mice on a control (LF; a-c) or high-fat (HF; g-i) diet exposed to saline (control) or on a LF (d-f) or HF diet (j-l) exposed to diesel exhaust
particles (DEP – 35 μg PM) twice a week for a total of 30 days. Green fluorescence indicates MOMA-2 expression, blue fluorescence is nuclear
staining (Hoechst). Right panels (c, f, i, l) are merged figures of left (blue; a, d, g, j) and center (green; b, e, h, k) panels. m Graph of histology
analysis of lung MOMA-2 fluorescence. 40x magnification; scale bar = 100 μm. Data are depicted as mean ± SEM with *p < 0.05 compared to LF
Control, †p < 0.05 compared to HF Control, ‡p < 0.05 compared to LF DEP by two way ANOVA
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compared to the HF Control (p < 0.001), HF DEP (p =
0.001) and HF Control – Probiotics (p < 0.001) group.
The F values for IgA levels are: exposure = 28.74, pro-
biotic treatment = 13.41, exposure x probiotic inter-
action = 1.016.
With the observed decrease in inflammation with pro-

biotic supplementation, we investigated whether the patho-
logical outcomes observed with DEP exposure could be
attenuated. Interestingly, we observed that collagen depos-
ition was significantly decreased in the HF DEP – Probio-
tics group and HF Control – Probiotics group when
compared to the HF DEP group (Fig. 15b, p = 0.002). The F
values for fibrosis score are: exposure = 2.191, probiotic
treatment = 11.24, exposure x probiotic interaction = 1.821.

Discussion
Recent studies have demonstrated a strong correlation
between exposure to air pollutants, including PM, and

increased incidence and hospitalizations of respiratory
conditions such as asthma and COPD. Lung diseases are
often associated with persistent colonization of bacteria
belonging to the Proteobacteria phylum [49, 50]. Al-
though alterations in the commensal lung microbiome
are postulated to influence disease behaviors, a direct as-
sociation between exposure to particulate air pollution
components and bacterial lung microbial alterations
have not been characterized. Additionally, while HF diet
consumption is understood to increase inflammation
and cause gut microbial shifts, little information exists
on the combined effects of HF diet and PM pollution
within the lungs. In this study, we report for the first
time to our knowledge that exposure to DEP alters the
microbiome and inflammatory response within the lungs
of C57Bl/6 mice on both LF and HF diets.
We observe a pronounced increase in neutrophil

counts in the HF DEP groups and the HF Control group,

Fig. 9 Exposure to diesel exhaust particles results in the activation of TLR2 and TLR4. Mean normalized gene expression of (a) TLR2 and (b) TLR4
mRNA transcript expression within the lungs of C57Bl/6 wildtype mice, as quantified by RT-qPCR, on either control (LF) or high-fat (HF) diet,
exposed to either saline (control) or diesel exhaust particles (DEP − 35 μg PM) twice a week for a total of 30 days. Data are depicted as mean ±
SEM with *p < 0.05 compared to LF Control, †p < 0.05 compared to HF Control, ‡p < 0.05 compared to LF DEP by two way ANOVA
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which reveals an interaction between diet and exposure,
suggesting that the synergistic effects exacerbate the ob-
served acute immune response. Although we observe an
increase in monocytes and lymphocytes, the involvement
of neutrophils is far more pronounced. Neutrophils are
among the first cells to be recruited to the site of infec-
tion, and it is likely they play a crucial role in mediating
acute immune responses with DEP exposures [51]. Few
studies point to the elevation of several pro-
inflammatory cytokines, including TNF-α, IL-1β, IL-6,
and IL-8, after acute DEP exposures [52–54]. However,

in our study, except for TNF-α most of these initial pro-
inflammatory cytokines were not elevated, likely due to
the longer study duration. We did, however, observe a
significant increase in IL-10 in the lungs of DEP-
exposed animals, regardless of the diet they were con-
suming. Thus, it is plausible that at the 30 day exposure
time point, there may be activated anti-inflammatory
mediators. We suspect these inflammatory cytokines are
generated predominantly by macrophages that were
found to be abundant in the DEP exposed groups. Based
on our results, as well as previous studies, it is likely that

Fig. 10 Mice exposed to diesel exhaust particles have increased expression of NF-κB p65. Representative images of NF-κB p65 expression in the
lungs of C57Bl/6 mice on a control (LF; a-c) or high-fat (HF; g-i) diet exposed to saline (control) or on a LF (d-f) or HF diet (j-l) exposed to diesel
exhaust particles (DEP – 35 μg PM/m3) twice a week for a total of 30 days. Green fluorescence indicates NF-κB p65 expression, blue fluorescence
is nuclear staining (Hoechst). Right panels (c, f, i, l) are merged figures of left (blue; a, d, g, j) and center (green; b, e, h, k) panels. m Graph of
histology analysis of lung NF-κB p65 fluorescence. n Mean normalized gene expression of NF-κB p65 mRNA transcript expression within the lung,
as determined by RT-qPCR. 40x magnification, scale bar = 100 μm. Data are depicted as mean ± SEM with *p < 0.05 compared to LF Control, †p <
0.05 compared to HF Control, ‡p < 0.05 compared to LF DEP by two way ANOVA

Daniel et al. Particle and Fibre Toxicology            (2021) 18:3 Page 13 of 25



there is macrophage polarization into pro-inflammatory
M1 producing TNF-α and anti-inflammatory M2 produ-
cing IL-10 occurring within the lungs after 30 days of
DEP exposure [55].
Acute exposure to DEP has been shown to upregulate

Muc5ac and Muc5b [56], but we were unable to detect
these mucins at the 30 day exposure time point. How-
ever, we were able to detect increased overall mucus in
the exposed groups by AB/PAS staining within the
lungs, which suggests that DEP exposure results in the

sustained presence of mucus after 30 days of exposure.
The presence of excessive mucus has been shown to
cause the expansion of the opportunistic pathogen,
Pseudomonas aeruginosa belonging to the Proteobacteria
phylum, which is commonly observed in lung diseases
[57]. In addition to mucus, the DEP-induced inflamma-
tion also likely changes the nutrient environment within
the lungs. Although inflammation was traditionally
understood to function as a means to expel potential an-
tigens, it is now understood that inflammatory by-

Fig. 11 Exposure to diesel exhaust particles results in increased collagen deposition surrounding the bronchioles. a Representative images of
lung tissue sections stained with Masson’s trichrome in C57Bl/6 wildtype mice on either control (LF) or high-fat (HF) diet exposed to either saline
(control) or diesel exhaust particles (DEP – 35 μg PM) twice a week for a total of 30 days. Blue areas indicate collagen deposition. b Graph of
histology scoring of Masson’s trichrome staining. 20x magnification, scale bar = 240 μm. Data are depicted as mean ± SEM with *p < 0.05
compared to LF Control, ‡p < 0.05 compared to LF DEP by two way ANOVA
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products, such as ROS and RNS, result in the generation
of nitrates that can be utilized only by bacteria within
the Proteobacteria phylum [58]. Proteobacteria can effi-
ciently metabolize nitrates since they have the highest
nitrate reductase activity in their genomes, compared to
the other commensals [38]. We observed a significant
elevation in peroxynitrite levels in the lungs of our DEP-
exposed animals that was correlated with an increased
abundance of Proteobacteria in the lung microbiome,
which suggests that extracellular nitrate availability is
aiding the proliferation of Proteobacteria. Firmicutes and
Bacteroidetes do not possess nitrate-reducing metabolic
capabilities, which we speculate may drive the decreased
abundance in the HF groups. ROS-RNS are generated by
many immune cells, including neutrophils and macro-
phages, as anti-microbial effectors [59]. Although we see
an increase in systemic neutrophils with acute expo-
sures, it is likely most of the ROS-RNS produced is gen-
erated by macrophages since they are the most abundant
within the lungs and have a longer life-span when com-
pared to neutrophils [60]. We noticed that the bacterial
abundance was higher in the BALF when compared to

the lung tissues, suggesting that most of the lung bac-
teria are present within the airway lumen (data not
shown).
Endotoxins present on PM have been shown to upreg-

ulate TLR2, which signals the pIgR to facilitate increased
IgA transport across the airway lumen [61]. Since we ob-
serve an increase in pIgR in the DEP exposed groups, it
is plausible that the increase in IgA is in response to a
TLR mediated signaling [62]. The increase in TLR4 ob-
served in the HF Control group is possibly due to the
demonstrated ability of TLR4 signaling in the obesity-
induced inflammation [63]. Although we do not observe
an increase in IgA, IgG is elevated in the HF Control
groups. This may be due to a gut-lung mediated re-
sponse since increased IgG has been shown with HF diet
consumption [64, 65]. TLRs have also been shown to ac-
tivate macrophages with the subsequent transcription of
inflammatory mediators like TNF-α [66]. All TLRs con-
verge into activating the NF-κB transcription factor fam-
ily, and NF-κB signaling is understood to be required for
sustained cytokine expression in macrophages [67].
Thus, the increased expression of the NF-κB protein p65

Fig. 12 Probiotic supplementation alters the microbial profile and decreases the expansion of Proteobacteria. a Quantification by qPCR of (a)
Eubacteria (log scale), b 100% stacked columns representing the percentages of major phyla within the lungs of C57Bl/6 wildtype mice on high-
fat (HF) diet exposed to either saline (control) or diesel exhaust particles (DEP – 35 μg PM) twice a week for a total of 30 days alongside a dose of
0.3 g/day (~ 7.5 × 107 cfu/day) of Ecologic® Barrier probiotics in the drinking water over the course of the exposures. Data are depicted as mean ±
SEM with *p < 0.05 compared to HF Control, ‡p < 0.05 compared to HF DEP by two way ANOVA. The saline group included on the graph is a
negative control reference and was not included in the two way ANOVA analysis
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observed within the lungs in response to DEP could be
due to TLR-mediated signaling; however, additional
studies are necessary to determine the mechanistic sig-
naling pathways involved.
TLR4 is activated in response to the gram-negative

bacterial cell wall component - LPS [68]. The expansion
of gram-negative Proteobacteria observed within the air-
way lumen could contribute to the activation of TLR4.
There is likely a continuous cycle of inflammation
throughout the duration of DEP exposures – first by
DEP-induced inflammation, which increases nitrates
within the lung environment selectively, enabling the
outgrowth of Proteobacteria. Secondly, the expansion of

Proteobacteria could contribute to TLR4 activation,
making this a vicious cycle (Fig. 16). Although it is pos-
sible that endotoxin on the DEP material could also re-
sult in the activation of TLR4, our data show that there
is negligible amounts of endotoxin on the DEP material
(Supplementary Figure 2). This observed response is
analogous to the inflammation-dysbiosis model pro-
posed in the exacerbation of chronic lung diseases [69].
Our data suggest that in otherwise healthy individuals
with no underlying pulmonary diseases, exposure to PM
pollutants can increase the susceptibility to develop
pathological lung conditions since we observed increased
college deposition surrounding the bronchioles with 30

Fig. 13 Probiotic supplementation attenuates the pro-inflammatory TNF-α response with diesel exhaust particle exposure. Representative images
of TNF-α expression in the lungs of C57Bl/6 mice, on a high-fat (HF) diet exposed to either (a–c) saline, (d–f) DEP – 35 μg PM, or (g–i) saline and
probiotics - 0.3 g/day (~ 7.5 × 107 cfu/day) and (j-l) DEP and probiotics. Red fluorescence indicates TNF-α expression, blue fluorescence is nuclear
staining (Hoechst). Right panels (c, f, i, l) are merged figures of left (blue; a, d, g, j) and center (red; b, e, h, k) panels. m Graph of histology
analysis of lung TNF-α fluorescence. 40x magnification, scale bar = 100 μm. Data are depicted as mean ± SEM with *p < 0.05 compared to HF
Control, †p < 0.05 compared to HF Control - Probiotics, ‡p < 0.05 compared to HF DEP by two way ANOVA
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days of DEP exposure in wildtype C57Bl/6 mice.
Chronic inflammation resulting from immune responses
that persist for longer durations in which inflammation,
tissue remodeling, and repair processes coincide has
been shown to induce fibrosis [70]. Oxidative stress has
been demonstrated to contribute to the progression of
IPF and other lung diseases [71]. We noticed abnormal
tissue elements in our morphological assessments, iden-
tified to be collagen deposition by Masson’s trichrome
staining. This suggests that there is sustained and per-
sistent inflammation resulting in the deposition of ECM.
Although the initial inflammatory response may facilitate
the removal of the DEP particles, repeated exposure of

these particles within the lungs leads to enhanced in-
flammation and pathological outcomes. The increase
in ECM components is an observed phenomenon in
lung diseases such as IPF and COPD [72, 73]. Inter-
estingly, both these diseases show persistent
colonization of bacteria such as Haemophilus influen-
zae and Pseudomonas aeruginosa both of which be-
long to the Proteobacteria phylum [74]. We suspect
that alterations in the commensal lung microbiome in
individuals with no prior lung conditions can increase
inflammation and facilitate the proliferation of patho-
genic bacteria if not mediated by host immune
responses.

Fig. 14 Probiotic supplementation decreases nitrotyrosine expression and enhances IgA production. Representative images of nitrotyrosine
expression in the lungs of C57Bl/6 mice, on a high-fat (HF) diet exposed to either (a–c) saline, (d–f) DEP – 35 μg PM, or (g–i) saline and probiotics
- 0.3 g/day (~ 7.5 × 107 cfu/day) and (j-l) DEP and probiotics. Red fluorescence indicates nitrotyrosine expression, blue fluorescence is nuclear
staining (Hoechst). Right panels (c, f, i, l) are merged figures of left (blue; a, d, g, j) and center (red; b, e, h, k) panels. m Graph of histology
analysis of lung nitrotyrosine fluorescence. n Quantification of IgA (ng/ml) in the bronchoalveolar lavage fluid by ELISA. Data are depicted as
mean ± SEM with *p < 0.05 compared to HF Control, †p < 0.05 compared to HF Control - Probiotics, ‡p < 0.05 compared to HF DEP by two
way ANOVA
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Interestingly, and somewhat unexpectedly, with pro-
biotic supplementation, we observe that the expansion
of Proteobacteria is curbed with a decrease in nitrates in
the lung environment, which indicates that the DEP-
induced inflammation is attenuated. The mechanism by
which probiotics help attenuate inflammation has been
reported to involve Treg cell-mediated balance of pro-
inflammatory signaling [42, 67]. Thus, it is plausible that
pro-inflammatory responses are balanced within the
DEP or HF lungs with probiotics, as we observe a reduc-
tion in expression of the pro-inflammatory cytokine

TNF-α. The reduced pro-inflammatory and oxidative
stress responses may play a role in decreasing collagen
deposition. Since the effects of probiotics are primarily
thought to be via a gut-lung mediated response, further
studies investigating how these probiotics modulate in-
flammatory responses within the gastrointestinal tract
are currently being pursued by our lab. Although we
suspect the pathogenic bacteria are eliminated (or “out-
competed”) in this process, it is important to consider
whether a shift in the commensal microbiota is ideal.
Proteobacteria have been shown to induce IgA responses

Fig. 15 Probiotic supplementation decreases collagen deposition surrounding the bronchioles. a Representative images of lung tissue sections
stained with Masson’s trichrome in of 4–6 week-old C57Bl/6 wildtype mice on high-fat (HF) diet exposed to either saline (control) or diesel
exhaust particles (DEP – 35 μg PM) twice a week for a total of 30 days alongside a dose of 0.3 g/day (~ 7.5 × 107 cfu/day) of Ecologic® Barrier
probiotics in the drinking water over the course of the exposures. Blue areas indicate collagen deposition. b Graph of histology scoring of
Masson’s trichrome staining. 20x magnification, scale bar = 240 μm. Data are depicted as mean ± SEM with ‡p < 0.05 compared to HF DEP by two
way ANOVA
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in the gastrointestinal tract during the first week of life
[75]. Proteobacteria’s healthy balance within the com-
mensal microbial profile has also been shown to protect
against sepsis [76]. However, to our knowledge, there is
no evidence of Proteobacteria inducing immune re-
sponses within the adult lungs. Despite this, we checked
to see if there were alterations in IgA with probiotic ex-
posures. We observed an increase in IgA with probiotic
intake, which is in cooperation with other studies sug-
gesting that immune defenses may not be affected by the
elimination of Proteobacteria from the lungs [77]. How-
ever, further studies are warranted to determine if sus-
ceptibility to bacterial or viral challenges is influenced by
probiotic supplementation. Since only the expansion of
Proteobacteria is concerning, rather than causing a shift
from the commensal profile, strategies to reduce Proteo-
bacteria selectively could be explored. Eliminating ni-
trates within the lungs through the use of antioxidants
to scavenge radicals or inhibiting molybdenum-
dependent enzymes by Proteobacteria necessary for ni-
trate utilization are viable alternatives for further
characterization [78].
Although we observe an alteration within the lung mi-

crobes at a 30-day time point, these responses may
occur in phases. Our observations at a certain time point

within a group may not necessarily be identical to an-
other time point, especially considering the lung mi-
crobes are highly variable. These exposures were done
for a total of 30 days and the reported findings are taken
from only the one-time point, which is a limitation to
this study. However, it is important to consider that
these exposures were done twice a week and not daily,
which allowed for some clearance and immune medi-
ation of these particles within the lungs. Also, exposures
done twice a week as opposed to daily exposures are
similar in nature to human exposures on days of high vs.
acceptable PM levels. The concentration used in the
current study represents a dose of ~ 10 μg/mouse per
day, as previously described, which is estimated to be ap-
proximately 40-fold higher than the comparable alveolar
deposition from a 24-h inhalation of 100 μg/m3 in man
when adjusted for mice [79]. This is assuming that all
the DEP reaches the alveoli; however, it plausible that
there may be at least some clearance of the DEP via the
mucociliary escalator. It is also important to note that
many urban regions worldwide exceed 100 μg/m3 daily
PM2.5 levels [80]. While the dose chosen for the current
study may be higher than that experienced by typical hu-
man environmental exposures, the (inflammatory) find-
ings in the lung are in agreement with previous DEP-

Fig. 16 Synergistic effects of diesel exhaust particles (DEP) and high-fat (HF) diet results in increased reactive oxygen and nitrogen species
(ROS + RNS) produced possibly by macrophages, which increases nitrates within the lung environment. These nitrates provide nutrients for
anaerobic respiration and selective growth of Proteobacteria within the lungs resulting in alterations in the commensal microbial composition.
Both DEP and the bacterial alterations could activate Toll-like receptors (TLRs) which results in the subsequent activation of NF-κB mediated
inflammatory gene transcription. Since NF-κB signaling is understood to be required for sustained cytokine expression in macrophages, the
production of inflammatory cytokines, ROS, and RNS is sustained, resulting in a continuous cycle of inflammation and microbial shifts throughout
the duration of DEP exposures. This sustained and persistent inflammation is a possible contributor and significant in the development of
lung diseases
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exposure studies [79, 81, 82]. Furthermore, the use of
this DEP material is not necessarily representative of all
traffic- or industry-generated PM, by current engine
standards. This particular DEP material was chosen for
the current study because it has been well characterized
and previously documented to initiate pulmonary in-
flammation using the same dose and exposure protocols
[79]. The previous characterization allowed the current
investigation to determine whether DEP exposure, asso-
ciated with pulmonary inflammation, promoted alter-
ations in lung microbiota profiles and whether these
detrimental outcomes could be mitigated through
probiotic-treatment. As such, this serves as a founda-
tional study for the effects of vehicle exhaust-generated
DEP on lung microbiota profiles and associated signaling
pathways that may contribute to increased susceptibility
of pulmonary diseases.

Conclusions
Our observations within the lungs lead us to hypothesize
that DEP exposures cause inflammation and microbial
alterations in a ROS-RNS mediated fashion, exacerbated
by concurrent consumption of an HF diet. The DEP ex-
posures contributed to a cycle of inflammation and mi-
crobial alterations, which could be associated with
increased susceptibility to developing fibrosis and associ-
ated decrease in lung function with long-term exposures.
According to WHO, air pollution exposures alone result
in around 7 million premature deaths in a year, of which
43% are deaths due to COPD, and 26% due to respira-
tory infection deaths [83]. There are close to 380 million
people living with COPD, and it is expected to become
the leading cause of death in 15 years [84]. Our study
suggests that understanding the lung microbiota shifts in
response to PM and diet is paramount to identifying the
mechanistic pathways involved in air-pollutant mediated
effects on lung diseases and overall health.

Materials and methods
Animals and inhalational exposure
Four-to-six week-old male C57Bl/6 mice from Taconic,
C57BL/NTac were placed on either a control (LF) diet
with matched sucrose levels containing 10% fat, 70%
carbohydrate and 20% protein (Research Diets #
D124505H, n = 24) or a high-fat (HF) diet containing
45% fat, 35% carbohydrates and 20% protein (Research
Diets #D12451, n = 24). A separate set of mice (n = 24)
were placed on the HF diet and treated with a dose of
0.3 g/day (~ 7.5 × 108 cfu/day) of Ecologic® Barrier pro-
biotics (Winclove Probiotics, Amsterdam, Netherlands)
in the drinking water over the course of the exposures.
The probiotics used includes a blend of the following
bacterial strains: Bifidobacterium bifidum W23, Bifido-
bacterium lactis W51, Bifidobacterium lactis W52,

Lactobacillus acidophilus W37, Lactobacillus brevis
W63, Lactobacillus casei W56, Lactobacillus salivarius
W24, Lactococcus lactis W19 and, Lactococcus lactis
W58. The strains were blended in a carrier matrix of
maize starch and maltodextrins with a viable cell count
of 2.5 × 109 CFU/gram. Probiotics were changed daily
between 4:00–6:00 pm in sterilized bottles to ensure no
bacterial growth. Administration in drinking water was
chosen over oral gavage to minimize handling and re-
duce stress for mice [85]. Doses of probiotic were moni-
tored through the use of low-drip metered water bottles,
and concentrations adjusted as necessary, to maintain
consistent dosing throughout the exposure period. Pro-
biotic approximate dosages were determined on daily
consumption of probiotic and water mixture per cage di-
vided by number of mice per cage according to ref. [86].
We had a total of 22 cages, 4 male mice per cage in all
groups except animals allotted for histological assess-
ments were grouped 3 per cage. Mice were randomly
assigned to be exposed via oropharyngeal aspiration
(OA) to 35 μg diesel exhaust particles (DEP, n = 36), ob-
tained from NIST (Standard Reference Material #2975),
suspended in 35 μl 0.9% sterile saline (VEDCO NDC
50989–641-17) or sterile saline only (control, n = 36)
twice a week for 30 days, representing a dose of approxi-
mately 10 μg/mouse per day, as previously described
[79]. At this concentration, the mean particle size of
DEP was reported to be 257 ± 46 nm, and resulted in
lung, but not systemic, inflammation in C57Bl/6 mice
[79]. For OA, mice were lightly anesthetized with 2%
Isoflurane (Butler Schein Animal Health) and suspended
at an approximately 60-degree angle on a surgery board
(rodent intubation stand; Biolite RIS 100). Thirty-five
microliter of either DEP suspended in sterile saline, or
sterile saline only (vehicle), was pipetted into the oro-
pharynx with a micropipette while the tongue was gently
pulled forward with forceps to open the airway. The
nostrils were then covered gently to induce aspiration
into the lungs. Mice were monitored for any signs of dis-
tress during recovery from anesthesia. Mice were housed
in standard shoebox caging and maintained at a constant
temperature and humidity. Mice had access to chow and
water ad libitum throughout the study period. All proce-
dures were approved by the University of North Texas
Institutional Animal Care and Use Committee (IACUC)
and adhere to the Guide for the Care and Use of Labora-
tory Animals published by the US National Institutes of
Health (NIH Publication No. 85–23, revised 1996).
The concentration for DEP exposure chosen was

higher than what would be expected for daily environ-
mental human exposure (see Discussion section). This
specific concentration for DEP exposure was chosen be-
cause it is similar to the concentration of total PM used
in preliminary analysis containing mixtures of whole
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vehicle exhaust (PM + gases) [87]. OA was chosen as the
preferred route for exposure for these studies since it
stimulates the route PM would take from the orophar-
ynx region into the lungs and ensures homogenous de-
livery to the respiratory system.
At the end of the study, mice were anesthetized with

Euthasol® and euthanized by exsanguination within 24 h
of the final exposure. The lungs were collected from all
study animals, snap-frozen, and stored at − 80 °C for
RNA analysis. Lung tissues were immediately harvested
and prepared for histochemical, immunofluorescent, and
protein examination of proposed endpoints. Bronchoal-
veolar lavage fluid (BALF) was collected by flushing the
trachea once with 2ml of sterile saline. BALF was centri-
fuged at 200 g for 5 min at 4 °C and the supernatant (1
ml) was collected and stored at − 80 °C for protein ana-
lysis. For microbiome analysis, BALF was again centri-
fuged at 15,000 g for 15 min at 4 °C and the pellet was
stored at − 80 °C.
The nomenclature used are as follows: (a) LF Control:

C57Bl/6 mice placed on LF diet and given sterile saline,
(b) LF DEP: C57Bl/6 mice placed on LF diet and ex-
posed to DEP, (c) HF Control: C57Bl/6 mice placed on
HF diet and given sterile saline, (d) HF DEP: C57Bl/6
mice placed on HF diet and exposed to DEP, (e) HF
Control – Probiotics: C57Bl/6 mice placed on HF diet,
treated with probiotics and given sterile saline, (f) HF
DEP – Probiotics: C57Bl/6 mice placed on HF diet,
treated with probiotics and exposed to DEP.

Blood differential count
Tail vein blood was collected (n = 5 per group) on day
five after DEP exposures for a differential count. The
blood sample was smeared on a microscopic slide and
air-dried following fixation in methanol. Giemsa staining
was done using automated slide Stainer (Hematek 3000
Siemens). Blood differential counts were performed as
described in ref. [88].

Histology
For all histological endpoints in lung tissues, the whole
lungs were fixed in 10% neutral buffered formalin, em-
bedded in paraffin, and sectioned at 5 μm. Tissues were
cleared with HistoChoice Clearing Agent three times for
10 min at RT, rehydrated, and stained. A minimum of
3–4 locations on each section (4 sections per slide), 3
slides, and n = 2–3 per group were used for analysis; All
histology sections were imaged with bright field illumin-
ation at 20x.

Alcian blue/PAS staining
Overall mucus production was analyzed by staining with
a combination of Alcian-blue/periodic acid-Schiff (AB/
PAS) stain as per manufacturer protocols (Fisher

Scientific #88043, #88016). The combination of Alcian
blue and the PAS stain was used to quantify both neutral
(magenta) and acidic (deep blue) mucins. Cells contain-
ing both neutral and acidic mucins stained purple. These
slides were then scored by a blinded participant on a 15
point scale. The intensity of the colors magenta, deep
blue, and purple were each quantified on a scale of 1–5
and the scores were added resulting in a total scoring
range of 0 to 15.

H&E staining
Morphological analysis of lung tissue sections were done
by H & E staining (American Mastertech stain kits,
#KTHNEPT), following manufacturer recommendations.
Histological changes were analyzed by a blinded partici-
pant using a 4-point scale as follows: No detectable in-
flammation - 0, bronchioles surrounded by a few
inflammatory cells – 1, bronchioles surrounded by a
layer one cell deep – 2, bronchioles surrounded by a
layer 2–4 cells deep – 3, bronchioles surrounded by a
layer more than four cells deep – 4.

Masson’s trichrome staining
Collagen deposition was analyzed by Masson’s trichrome
staining, following manufacturer recommendations
(Fisher Scientific, #87019). Scoring was performed by
using a Cytation5 imaging reader (BioTek), Gen5 soft-
ware. For Cytation scoring, each tissue section was di-
vided into six quadrants and each quadrant was imaged
as a 2 × 2 montage at 20x in color bright field mode. Im-
ages were analyzed, in the red channel which allows for
all fibrotic tissue (blue) to be subtracted from the image
resulting in the percentage confluence for the red chan-
nel. The percentage of fibrosis was calculated by sub-
tracting red percentage confluence from 100.

Immunofluorescence analysis of the lungs
Immunofluorescent staining was used to quantify TNF-
α, IL-10, nitrotyrosine, MOMA-2, and NF-κB p65 pro-
teins using techniques previously described by our la-
boratory [86]. Tissues were stained using the following
primary antibodies: TNF-α (1:250; Abcam, ab6671), IL-
10 (1:200; Santa Cruz Biotechnology SC-365858), nitro-
tyrosine (1:200; Santa Cruz Biotechnology, SC-32757)
MOMA-2 (1:500, Abcam ab33451), and NF-κB p65 (1:
500, Abcam, ab86299). Secondary antibodies used were
anti-rabbit Alexa Fluor 555, anti-mouse Alexa Fluor 546,
anti-mouse Alexa Fluor 555, anti-rabbit Alexa Fluor Plus
488, and anti-rat Alexa Fluor 488. Slides were imaged
under fluorescent microscopy at 40x with the appropri-
ate excitation/emission filter, digitally recorded, RGB
overlay signals were split and analyzed for specific fluor-
escence using image densitometry with Image J software
(NIH). A minimum of 3–4 locations on each section (4
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sections per slide), 3 slides, and n = 3 per group were
used for analysis; 40x images were used for image
quantification.

Real time RT-qPCR
Total RNA was isolated from the lungs (n = 6 per group)
using an RNAEasy Mini kit (Qiagen, Valencia, CA) per
kit instructions, and cDNA was synthesized using an
iScript cDNA Synthesis kit (Biorad, Hercules, CA; Cat.
#170–8891). Real-time PCR analysis of markers of in-
flammation TNF-α, IL-10, pIgR, FcRn, TLR2, TLR4, NF-
κB p65, IL-1β, IL-6, as well as mucin genes Muc5b,
Muc5ac, Muc4 was conducted using specific primers
(Table 1) and SYBR green detection (Sso Advanced Uni-
versal SYBR Green Supermix, Biorad; Cat #172–5271),
following manufacturer’s protocol. Samples were proc-
essed on a Biorad CFX96, and ΔΔCT values calculated
and normalized (to GAPDH), as previously described by
our laboratory [89, 90].

DNA isolation and qPCR
DNA from BALF and lung tissues (after the BALF was
flushed) (n = 7 per group) were extracted using ZR Fecal
DNA miniprep (Zymo Research). We generated E.coli
bacterial standards and quantified 16S levels using Eu-
bacteria primers. These standards were run on each

plate and all the runs were performed on the same day.
Cycling conditions were as follows: 95 °C for 4 min,
followed by 45 cycles of 95 °C for 05 s, 55 °C for 1 min
and 65 °C for 31 s, a final extension at 70 °C for 5 min.
Data from the samples for each of the primers used were
normalized to the Eubacteria E.coli standard. Bacterial
primers used for Eubacteria, Firmicutes, Bacteroidetes
and Proteobacteria and the method employed are de-
scribed in ref. [91]. Primer sequences used for Actino-
bacteria are 5′ – CGCGGCCTATCAGCTTGTTG – 3′
and 5′ – CCGTACTCCCCAGGCGGGG - 3′. Data on
controls are included in Supplementary Figure 3. DNA
extraction was performed on all of the controls in Sup-
plementary Figure 3 using the ZR Fecal DNA miniprep
(Zymo Research).

Elisa
IgA and IgG concentrations were measured using IgA
(Fisher Scientific #EMIGA) and IgG (Fisher Scientific
#88–50,400-22) in BALF (n = 8–10 per group) following
the manufacturer’s recommended protocol. LPS ELISA
was done using the mouse LPS kit (Cusabio, CSB-
E13066m). ELISA was read on a Cytation5 plate reader
at 450 nm absorbance. The samples were processed in
triplicates for IgA and IgG concentrations and in dupli-
cates for LPS measurements. The values were deter-
mined from a known value standard curve, using a
sigmoidal four-parameter logistic (4-PL) curve-fit.

Statistical analysis
Data were analyzed by two way ANOVA with Sidak-
Holm multiple comparison all-pairwise test using
GraphPad Prism 8. Two way ANOVA was used to deter-
mine the relationship between two independent factors -
diet and exposure to DEP and the interaction between
these two factors (reported as diet x. exposure inter-
action). For the probiotic studies, since all animals were
on a high fat diet, a two way ANOVA was used to deter-
mine the statistical relationship between the two factors
of exposure and probiotic-treatment, as well as the inter-
action between the two factors (reported as exposure x
probiotic treatment). The corresponding p values and F
values for each pairwise interaction are reported in the
Results section for each endpoint. Data are expressed as
mean ± SEM and a p < 0.05 was considered statistically
significant.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12989-020-00393-9.

Additional file 1: Supplemental Figure 1. Probiotic supplementation
alters the microbial profile. Quantification by qPCR of (A) Firmicutes, (B)
Bacteroidetes, (C) Proteobacteria and (D) Actinobacteria within the lungs

Table 1 Mouse primer sequences used for RT-qPCR analysis

Muc5b FP: 5′ – CTGGCACCTGCTCTGTGCA – 3’

Muc5b RP: 5′ – CACTGCTTTGAGGCAGTTCT – 3’

Muc5ac FP: 5′ – ACGACACTTTTCAGTACCAATGAC – 3’

Muc5ac RP: 5′ – GCTTCCTTACAGATGCAGTCCT – 3’

pIgR FP: 5′ – AGTAACCGAGGCCTGTCCT – 3’

pIgR RP: 5′ – GTCACTCGGCAACTCAGGA – 3’

FcRn FP: 5′ – CCCTGGAGAAGATATTAAATGGGAC – 3’

FcRn RP: 5′ – TCAGGCTGCTTCATCCACAG – 3’

TNF-α FP: 5′ – CCACCACGCTCTTCTGTCTAC – 3’

TNF-α RP: 5′ – TGGGCTACAGGCTTGTCACT – 3’

NF-κB p65 FP: 5′ – CTTCCTCAGCCATGGTACCTCT – 3’

NF-κB p65 RP: 5′ – CAAGTCTTCATCAGCATCAAACTG – 3’

IL-1β FP: 5′ – CCTTCCAGGATGAGGACATGA – 3’

IL-1β RP: 5′ – TGAGTCACAGAGGATGG-GCTC – 3’

IL-6 FP: 5′ – CCGGAGAGGAGACTTCACAG – 3’

IL-6 RP: 5′ – GGAAATTGGGGTAGGAAGGA – 3’

IL-10 FP: 5′ – ATAACTGCACCCACTTCCCA – 3’

IL-10 RP: 5′ – GGGCATCACTTCTACCAGGT – 3’

TLR-2 FP: 5′ – GCCACCATTTCCACGGACT – 3’

TLR-2 RP: 5′ – GGCTTCCTCTTGGCCTGG – 3’

TLR-4 FP: 5′ – TTTATTCAGAGCCGTTGGTG – 3’

TLR-4 RP: 5′ – CAGAGGATTGTCCTCCCATT – 3’
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of C57Bl/6 wildtype mice on high-fat (HF) diet exposed to either saline
(control) or diesel exhaust particles (DEP – 35 μg PM) twice a week for a
total of 30 days alongside a dose of 0.3 g/day (~ 7.5 × 107 cfu/day) of Eco-
logic® Barrier probiotics in the drinking water over the course of the ex-
posures. Data are depicted as mean ± SEM with *p < 0.05 compared to
HF Control, ‡p < 0.05 compared to HF DEP by two way ANOVA. Supple-
mental Figure 2. LPS Content in DEP material is negligible. Quantifica-
tion of LPS (ng/ml) in the DEP material and saline used for the exposure
study by ELISA. Supplementary Figure 3. Data on controls and DEP
Material. (A) Quantification by qPCR of Eubacteria in PCR controls. (B)
Nanodrop quantification of nucleic acid content in DEP and saline used
for the exposure study. Data are depicted as mean ± SEM, n = 3–4 with
*p < 0.001 compared to MB water - Plate Control, †p < 0.001 compared to
DEP + Endotoxin free water, ‡p < 0.001 compared to DEP + Saline (used
in the study), +p < 0.001 compared to Endotoxin free water control and
ϕp < 0.001 compared to saline by one way ANOVA with Sidak-Holm mul-
tiple comparison test.

Abbreviations
BALF: Bronchoalveolar lavage fluid; COPD: Chronic obstructive pulmonary
disorder; DEP: Diesel exhaust particulate matter; FcRn: Neonatal Fc receptor;
HF: High-fat mouse chow; IgA: Immunoglobulin A; IgG: Immunoglobulin G;
IL: Interleukin; IPF: Idiopathic pulmonary fibrosis; LF: Low-fat (standard)
mouse chow; NF-κB: Nuclear factor kappa B; OA: Oropharyngeal aspiration;
pIgR: Polymeric IgA receptor; ROS: Reactive oxygen species; RNS: Reactive
nitrogen species; TLR-4: Toll-like receptor-4; TNF-α: Tumor necrosis factor
alpha; T reg: T regulatory cells

Acknowledgements
The authors would like to thank Dr. Saskia vanHemert and Jojanneke
Schmidt, at Winclove Probiotics, for their assistance in providing the Ecologic
Barrier Probiotics for this study. Additionally, we would like to thank Dr. Usa
Suwannasual, JoAnn Lucero, Tyler Armstrong, and Nicholas Mitchell for their
assistance with animal exposures, as well as Dr. Imelda Norton from UNT
Vivarium for her assistance in the monitoring of the animals throughout the
study duration. We thank Dr. Art Goven for his guidance and assistance in
the blood differential assessments. Special mention to Benjamin Dubansky
and Brooke Dubansky for their assistance in the histological aspects of this
study.

Authors’ contributions
SD assisted with DEP exposures, designed the experiments, and conducted
the experimental procedures, analyses, interpretation of data, and writing of
the manuscript. DP assisted with DEP exposures, and preparation of tissues
for histological endpoints. LJS assisted with DEP exposures, tissue collection,
and citation scoring and analysis of Masson’s trichrome staining. KNN
assisted with the scoring of histological images. JM assisted with the
generation of bacterial standards and microbiome analysis. AKL designed the
DEP exposure study, assisted with Dep exposures, assisted with analysis and
interpretation of data, and critically revised the manuscript. All authors read
and approved the manuscript.

Funding
This work was supported by National Institute of Environmental Health
Sciences at the National Institute of Health [R15ES026795], as well as internal
funding from the University of North Texas to A.K.L.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
All procedures were approved by the University of North Texas Institutional
Animal Care and Use Committee (IACUC) and adhere to the Guide for the
Care and Use of Laboratory Animals published by the US National Institutes
of Health (NIH Publication No. 85–23, revised 1996).

Consent for publication
Not applicable.

Competing interests
Probiotics were provided by Winclove Probiotics and funding from a grant
received from the National Institute of Environmental Health Sciences at
National Institute of Health was used to conduct some of the studies
described, herein; however, the authors declare no conflict of interest or
financial gains to these entities associated with this publication.

Author details
1Advanced Environmental Research Institute, Department of Biological
Sciences, University of North Texas, EESAT – 215, 1704 W. Mulberry, Denton,
TX 76201, USA. 2Division of Neonatal-Perinatal Medicine, Department of
Pediatrics, UT Southwestern Medical Center, Dallas, TX 75390, USA.

Received: 14 August 2020 Accepted: 17 December 2020

References
1. Riediker M, Zink D, Kreyling W, Oberdörster G, Elder A, Graham U, et al.

Particle toxicology and health - where are we? Part Fibre Toxicol. 2019;16(1):
19.

2. Bevan RJ, Kreiling R, Levy LS, Warheit DB. Toxicity testing of poorly soluble
particles, lung overload and lung cancer. Regul Toxicol Pharmacol. 2018;100:
80–91.

3. Winterbottom CJ, Shah RJ, Patterson KC, Kreider ME, Panettieri RA Jr, Rivera-
Lebron B, Miller WT, Litzky LA, Penning TM, Heinlen K, Jackson T, Localio AR,
Christie JD. Exposure to ambient particulate matter is associated with
accelerated functional decline in idiopathic pulmonary fibrosis. Chest. 2018;
153(5):1221–8.

4. Guarnieri M, Balmes JR. Outdoor air pollution and asthma. Lancet. 2014;
383(9928):1581–92.

5. Stanek LW, Brown JS, Stanek J, Gift J, Costa DL. Air pollution toxicology--a
brief review of the role of the science in shaping the current understanding
of air pollution health risks. Toxicol Sci. 2011;120(Suppl 1):S8–27.

6. Ren H, Lu J, Ning J, Su X, Tong Y, Chen J, Ding Y. Exposure to fine
particulate matter induces self-recovery and susceptibility of oxidative stress
and inflammation in rat lungs. Environ Sci Pollut Res Int. 2020;27(32):40262–
76.

7. Ma QY, Huang DY, Zhang HJ, Wang S, Chen XF. Exposure to particulate
matter 2.5 (PM2.5) induced macrophage-dependent inflammation,
characterized by increased Th1/Th17 cytokine secretion and cytotoxicity. Int
Immunopharmacol. 2017;50:139–45.

8. Dai MY, Chen FF, Wang Y, Wang MZ, Lv YX, Liu RY. Particulate matters
induce acute exacerbation of allergic airway inflammation via the TLR2/NF-
κB/NLRP3 signaling pathway. Toxicol Lett. 2020;321:146–54.

9. Jandhyala SM, Talukdar R, Subramanyam C, Vuyyuru H, Sasikala M, Reddy
DN. Role of the normal gut microbiota. World J Gastroenterol. 2015;21(29):
8787–803.

10. Tibbs TN, Lopez LR, Arthur JC. The influence of the microbiota on immune
development, chronic inflammation, and cancer in the context of aging.
Microb Cell. 2019;6(8):324–34.

11. Baker PI, Love DR, Ferguson LR. Role of gut microbiota in Crohn’s disease.
Expert Rev Gastroenterol Hepatol. 2009;3(5):535–46.

12. Dickson RP, Huffnagle GB. The lung microbiome: new principles for
respiratory bacteriology in health and disease. PLoS Pathog. 2015;11(7):
e1004923.

13. Kumpitsch C, Koskinen K, Schöpf V, Moissl-Eichinger C. The microbiome of
the upper respiratory tract in health and disease. BMC Biol. 2019;17(1):87.

14. Dickson RP, Erb-Downward JR, Falkowski NR, Hunter EM, Ashley SL,
Huffnagle GB. The lung microbiota of healthy mice are highly variable,
cluster by environment, and reflect variation in baseline lung innate
immunity. Am J Respir Crit Care Med. 2018;198(4):497–508.

15. Barfod KK, Roggenbuck M, Hansen LH, Schjørring S, Larsen ST, Sørensen SJ,
et al. The murine lung microbiome in relation to the intestinal and vaginal
bacterial communities. BMC Microbiol. 2013;13:303.

16. Ruane D, Chorny A, Lee H, Faith J, Pandey G, Shan M, et al. Microbiota
regulate the ability of lung dendritic cells to induce IgA class-switch
recombination and generate protective gastrointestinal immune responses.
J Exp Med. 2016;213(1):53–73.

17. Yun Y, Srinivas G, Kuenzel S, Linnenbrink M, Alnahas S, Bruce KD, et al.
Environmentally determined differences in the murine lung microbiota and
their relation to alveolar architecture. PLoS One. 2014;9(12):e113466.

Daniel et al. Particle and Fibre Toxicology            (2021) 18:3 Page 23 of 25



18. Huffnagle G, Dickson R, Lukacs N. The respiratory tract microbiome and
lung inflammation: a two-way street. Mucosal Immunol. 2017;10(2):299–306.

19. Mathieu E, Escribano-Vazquez U, Descamps D, Cherbuy C, Langella P,
Riffault S, et al. Paradigms of lung microbiota functions in health and
disease, particularly, in asthma. Front Physiol. 2018;9:1168.

20. Wang L, Hao K, Yang T, Wang C. Role of the lung microbiome in the
pathogenesis of chronic obstructive pulmonary disease. Chin Med J. 2017;
130(17):2107–11.

21. Flynn JM, Niccum D, Dunitz JM, Hunter RC. Evidence and role for bacterial
Mucin degradation in cystic fibrosis airway disease. PLoS Pathog. 2016;12(8):
e1005846.

22. Rizzatti G, Lopetuso LR, Gibiino G, Binda C, Gasbarrini A. Proteobacteria: a
Common Factor in Human Diseases. Biomed Res Int. 2017;2017:9351507.
https://doi.org/10.1155/2017/9351507.

23. Claus SP, Guillou H, Ellero-Simatos S. The gut microbiota: a major player in
the toxicity of environmental pollutants? NPJ Biofilms Microbiomes. 2016;
2(1):1–11.

24. Singh RK, Chang H-W, Yan D, Lee KM, Ucmak D, Wong K, et al. Influence of
diet on the gut microbiome and implications for human health. J Transl
Med. 2017;15(1):73.

25. Hurt RT, Kulisek C, Buchanan LA, McClave SA. The obesity epidemic:
challenges, health initiatives, and implications for gastroenterologists.
Gastroenterol Hepatol (N Y). 2010;6(12):780–92.

26. Duan Y, Zeng L, Zheng C, Song B, Li F, Kong X, et al. Inflammatory links
between high fat diets and diseases. Front Immunol. 2018;9:2649.

27. Crawford M, Whisner C, Al-Nakkash L, Sweazea KL. Six-week high-fat
diet alters the gut microbiome and promotes Cecal inflammation,
endotoxin production, and simple Steatosis without obesity in male rats.
Lipids. 2019;54(2–3):119–31.

28. Netto Candido TL, Bressan J, Alfenas R. de CG. Dysbiosis and metabolic
endotoxemia induced by high-fat diet. Nutr Hosp. 2018;35(6):1432–40.

29. Marsland BJ, Trompette A, Gollwitzer ES. The Gut–Lung Axis in Respiratory
Disease. Ann ATS. 2015;12(Supplement 2):S150–6.

30. Morimoto K, Takeshita T, Nanno M, Tokudome S, Nakayama K. Modulation
of natural killer cell activity by supplementation of fermented milk
containing Lactobacillus casei in habitual smokers. Prev Med. 2005;40(5):
589–94.

31. Szajewska H, Skórka A, Ruszczyński M, Gieruszczak-Białek D. Meta-analysis:
Lactobacillus GG for treating acute gastroenteritis in children--updated
analysis of randomised controlled trials. Aliment Pharmacol Ther. 2013;38(5):
467–76.

32. Oelschlaeger TA. Mechanisms of probiotic actions – a review. Int J Med
Microbiol. 2010;300(1):57–62.

33. Zajac AE, Adams AS, Turner JH. A systematic review and meta-analysis of
probiotics for the treatment of allergic rhinitis. Int Forum Allergy Rhinol.
2015;5(6):524–32.

34. Mortaz E, Adcock IM, Folkerts G, Barnes PJ, Paul Vos A, Garssen J. Probiotics
in the Management of Lung Diseases. Mediat Inflamm. 2013;2013 [cited
2020 May 25]. Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC3662166/.

35. Panebianco C, Eddine FBN, Forlani G, Palmieri G, Tatangelo L, Villani A, et al.
Probiotic Bifidobacterium lactis, anti-oxidant vitamin E/C and anti-
inflammatory dha attenuate lung inflammation due to pm2.5 exposure in
mice. Benef Microbes. 2019;10(1):69–75.

36. Pilette C, Ouadrhiri Y, Godding V, Vaerman J-P, Sibille Y. Lung mucosal
immunity: immunoglobulin-a revisited. Eur Respir J. 2001;18(3):571–88.

37. Fahy JV, Dickey BF. Airway mucus function and dysfunction. N Engl J Med.
2010;363(23):2233–47.

38. Zeng M, Inohara N, Nuñez G. Mechanisms of inflammation-driven bacterial
dysbiosis in the gut. Mucosal Immunol. 2017;10(1):18–26.

39. Poljšak B, Fink R. The protective role of antioxidants in the defence against
ROS/RNS-mediated environmental pollution. Oxidative Med Cell Longev.
2014;2014:671539.

40. Michael S, Montag M, Dott W. Pro-inflammatory effects and oxidative stress
in lung macrophages and epithelial cells induced by ambient particulate
matter. Environ Pollut. 2013;183:19–29.

41. Kovach MA, Standiford TJ. Toll like receptors in diseases of the lung. Int
Immunopharmacol. 2011;11(10):1399–406.

42. Lafferty EI, Qureshi ST, Schnare M. The role of toll-like receptors in acute and
chronic lung inflammation. J Inflamm (Lond). 2010;7:57.

43. Goss CH, Newsom SA, Schildcrout JS, Sheppard L, Kaufman JD. Effect of
ambient air pollution on pulmonary exacerbations and lung function in
cystic fibrosis. Am J Respir Crit Care Med. 2004;169(7):816–21.

44. Conti S, Harari S, Caminati A, Zanobetti A, Schwartz JD, Bertazzi PA, Cesana
G, Madotto F. The association between air pollution and the incidence of
idiopathic pulmonary fibrosis in Northern Italy. Eur Respir J. 2018;51(1):
1700397. https://doi.org/10.1183/13993003.00397-2017.

45. Forsythe P. Probiotics and Lung Immune Responses. Ann ATS. 2014;
11(Supplement 1):S33–7.

46. Javanmard A, Ashtari S, Sabet B, Davoodi SH, Rostami-Nejad M, Esmaeil
Akbari M, et al. Probiotics and their role in gastrointestinal cancers
prevention and treatment; an overview. Gastroenterol Hepatol Bed Bench.
2018;11(4):284–95.

47. Tian Y, Li M, Song W, Jiang R, Li YQ. Effects of probiotics on chemotherapy
in patients with lung cancer. Oncol Lett. 2019;17(3):2836–48.

48. Forsythe P. Probiotics and lung diseases. Chest. 2011;139(4):901–8.
49. Sze MA, Hogg JC, Sin DD. Bacterial microbiome of lungs in COPD. Int J

Chron Obstruct Pulmon Dis. 2014;9:229–38.
50. Hurst JR, Vestbo J, Anzueto A, Locantore N, Müllerova H, Tal-Singer R, et al.

Susceptibility to exacerbation in chronic obstructive pulmonary disease. N
Engl J Med. 2010;363(12):1128–38.

51. Kenyon N, Liu F-T. Pulmonary effects of diesel exhaust. Am J Pathol. 2011;
179(6):2678–82.

52. Pacheco KA, Tarkowski M, Sterritt C, Negri J, Rosenwasser LJ, Borish L. The
influence of diesel exhaust particles on mononuclear phagocytic cell-
derived cytokines: IL-10, TGF-β and IL-1β. Clin Exp Immunol. 2001;126(3):
374–83.

53. Salvi SS, Nordenhall C, Blomberg A, Rudell B, Pourazar J, Kelly FJ, et al. Acute
exposure to diesel exhaust increases IL-8 and GRO- α production in healthy
human airways. Am J Respir Crit Care Med. 2000;161(2):550–7.

54. Behndig AF, Mudway IS, Brown JL, Stenfors N, Helleday R, Duggan ST, et al.
Airway antioxidant and inflammatory responses to diesel exhaust exposure
in healthy humans. Eur Respir J. 2006;27(2):359–65.

55. Ji J, Upadhyay S, Xiong X, Malmlöf M, Sandström T, Gerde P, et al. Multi-
cellular human bronchial models exposed to diesel exhaust particles:
assessment of inflammation, oxidative stress and macrophage polarization.
Part Fibre Toxicol. 2018;15(1):19.

56. Na HG, Kim Y-D, Choi YS, Bae CH, Song S-Y. Diesel exhaust particles elevate
MUC5AC and MUC5B expression via the TLR4-mediated activation of ERK1/
2, p38 MAPK, and NF-κB signaling pathways in human airway epithelial
cells. Biochem Biophys Res Commun. 2019;512(1):53–9.

57. Flynn JM, Niccum D, Dunitz JM, Hunter RC. Evidence and Role for Bacterial
Mucin Degradation in Cystic Fibrosis Airway Disease. PLoS Pathog. 2016;
12(8) [cited 2020 Aug 4]. Available from: https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC4993466/.

58. Scales BS, Dickson RP, Huffnagle GB. A tale of two sites: how inflammation
can reshape the microbiomes of the gut and lungs. J Leukoc Biol. 2016;
100(5):943–50.

59. Fang FC. Antimicrobial reactive oxygen and nitrogen species: concepts and
controversies. Nat Rev Microbiol. 2004;2(10):820–32.

60. Simon SI, Kim M-H. A day (or 5) in a neutrophil’s life. Blood. 2010;116(4):
511–2.

61. Shoenfelt J, Mitkus RJ, Zeisler R, Spatz RO, Powell J, Fenton MJ, et al.
Involvement of TLR2 and TLR4 in inflammatory immune responses induced
by fine and coarse ambient air particulate matter. J Leukoc Biol. 2009;86(2):
303–12.

62. Schneeman TA, Bruno MEC, Schjerven H, Johansen F-E, Chady L, Kaetzel CS.
Regulation of the polymeric Ig receptor by signaling through TLRs 3 and 4:
linking innate and adaptive immune responses. J Immunol. 2005;175(1):376–
84.

63. Lin H-Y, Weng S-W, Shen F-C, Chang Y-H, Lian W-S, Hsieh C-H, et al.
Abrogation of toll-like receptor 4 mitigates obesity-induced oxidative stress,
Proinflammation, and insulin resistance through metabolic reprogramming
of mitochondria in adipose tissue. Antioxid Redox Signal. 2020;33(2):66–86.

64. Zhang D, Li S, Wang N, Tan H-Y, Zhang Z, Feng Y. The Cross-Talk Between
Gut Microbiota and Lungs in Common Lung Diseases. Front Microbiol.
2020;11 [cited 2020 May 25]. Available from: https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC7052046/.

65. Petta I, Fraussen J, Somers V, Kleinewietfeld M. Interrelation of Diet, Gut
Microbiome, and Autoantibody Production. Front Immunol. 2018;9 [cited

Daniel et al. Particle and Fibre Toxicology            (2021) 18:3 Page 24 of 25

https://doi.org/10.1155/2017/9351507
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3662166/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3662166/
https://doi.org/10.1183/13993003.00397-2017
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4993466/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4993466/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7052046/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7052046/


2020 Aug 4]. Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC5845559/.

66. Gallego C, Golenbock D, Gomez MA, Saravia NG. Toll-like receptors
participate in macrophage activation and intracellular control of Leishmania
(Viannia) panamensis. Infect Immun. 2011;79(7):2871–9.

67. Dorrington MG, Fraser IDC. NF-κB Signaling in Macrophages: Dynamics,
Crosstalk, and Signal Integration. Front Immunol. 2019;10 [cited 2020 Jun 7].
Available from: https://www.frontiersin.org/articles/10.3389/fimmu.2019.
00705/full.

68. Takeuchi O, Hoshino K, Kawai T, Sanjo H, Takada H, Ogawa T, et al.
Differential roles of TLR2 and TLR4 in recognition of gram-negative and
gram-positive bacterial cell wall components. Immunity. 1999;11(4):443–51.

69. Dickson RP, Martinez FJ, Huffnagle GB. The role of the microbiome in
exacerbations of chronic lung diseases. Lancet. 2014;384(9944):691–702.

70. Wynn T. Cellular and molecular mechanisms of fibrosis. J Pathol. 2008;
214(2):199–210.

71. Bargagli E, Olivieri C, Bennett D, Prasse A, Muller-Quernheim J, Rottoli P.
Oxidative stress in the pathogenesis of diffuse lung diseases: a review.
Respir Med. 2009;103(9):1245–56.

72. Zhao J, Li M, Wang Z, Chen J, Zhao J, Xu Y, et al. Role of PM2.5 in the
development and progression of COPD and its mechanisms. Respir Res.
2019;20(1):120.

73. He F, Liao B, Pu J, Li C, Zheng M, Huang L, et al. Exposure to ambient
particulate matter induced COPD in a rat model and a description of the
underlying mechanism. Sci Rep. 2017;7(1):45666.

74. Beasley V, Joshi PV, Singanayagam A, Molyneaux PL, Johnston SL, Mallia P.
Lung microbiology and exacerbations in COPD. Int J Chron Obstruct
Pulmon Dis. 2012;7:555–69.

75. Mirpuri J, Raetz M, Sturge CR, Wilhelm CL, Benson A, Savani RC, et al.
Proteobacteria-specific IgA regulates maturation of the intestinal microbiota.
Gut Microbes. 2014;5(1):28–39.

76. Wilmore JR, Gaudette BT, Gomez Atria D, Hashemi T, Jones DD, Gardner CA,
et al. Commensal Microbes Induce Serum IgA Responses that Protect
against Polymicrobial Sepsis. Cell Host Microbe. 2018;23(3):302–311.e3.

77. Maldonado Galdeano C, Cazorla SI, Lemme Dumit JM, Vélez E, Perdigón G.
Beneficial effects of probiotic consumption on the immune system. ANM.
2019;74(2):115–24.

78. Rekdal VM, Balskus EP. Gut microbiota: rational manipulation of gut bacterial
Metalloenzymes provides insights into Dysbiosis and inflammation.
Biochemistry. 2018;57(16):2291–3.

79. Miller MR, McLean SG, Duffin R, Lawal AO, Araujo JA, Shaw CA, Mills NL,
Donaldson K, Newby DE, Hadoke PWF. Diesel exhaust particulate increases
the size and complexity of lesions in atherosclerotic mice. Part Fibre Toxicol.
2013;10:61.

80. World’s Most Polluted Cities in 2019 - PM2.5 Ranking | AirVisual. Available
from: https://www.airvisual.com/world-most-polluted-cities.

81. Kim DI, Song MK, Kim SH, Park CY, Lee K. TF-343 alleviates diesel exhaust
particulate-induced lung inflammation via modulation of nuclear factor-κB
signaling. J Immunol Res. 2019;2019:8315845.

82. Li W, Liu T, Xiong Y, Lv J, Cui X, He R. Diesel exhaust particle promotes
tumor lung metastasis via the induction of BLT1-mediated neutrophilic lung
inflammation. Cytokine. 2018;111:530–40.

83. GHO | By category | Deaths - by country [Internet]. WHO. World Health
Organization; Available from: https://apps.who.int/gho/data/view.main.
BODAMBIENTAIRDTHS.

84. Quaderi SA, Hurst JR. The unmet global burden of COPD. Glob Health
Epidemiol Genom. 2018; Available from: https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC5921960/ Accessed 29 May 2020.

85. Gurfein BT, Stamm AW, Bacchetti P, Dallman MF, Nadkarni NA, Milush JM,
et al. The calm mouse: an animal model of stress reduction. Mol Med. 2012;
18:606–17.

86. Abildgaard A, Elfving B, Hokland M, Wegener G, Lund S. Probiotic treatment
reduces depressive-like behaviour in rats independently of diet.
Psychoneuroendocrinology. 2017;79:40–8.

87. Suwannasual U, Lucero J, Davis G, McDonald JD, Lund AK. Mixed vehicle
emissions induces angiotensin II and cerebral microvascular angiotensin
receptor expression in C57Bl/6 mice and promotes alterations in integrity in
a blood-brain barrier Coculture model. Toxicol Sci. 2019;170(2):525–35.

88. Bjorner M, Zhu L. A minimally invasive, low-stress method for serial blood
collection in aging mice. Pathobiol Aging Age Relat Dis. 2019;9(1):1647400.

89. Lund AK, Lucero J, Harman M, Madden MC, McDonald JD, Seagrave JC,
et al. The oxidized low-density lipoprotein receptor mediates vascular
effects of inhaled vehicle emissions. Am J Respir Crit Care Med. 2011;184(1):
82–91.

90. Lund AK, Lucero J, Lucas S, Madden MC, McDonald JD, Seagrave J-C, et al.
Vehicular emissions induce vascular MMP-9 expression and activity
associated with endothelin-1-mediated pathways. Arterioscler Thromb Vasc
Biol. 2009;29(4):511–7.

91. Babu ST, Niu X, Raetz M, Savani RC, Hooper LV, Mirpuri J. Maternal high-fat
diet results in microbiota-dependent expansion of ILC3s in mice offspring.
JCI Insight. 2018;3(19) [cited 2020 Aug 4]. Available from: https://insight.jci.
org/articles/view/99223.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Daniel et al. Particle and Fibre Toxicology            (2021) 18:3 Page 25 of 25

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5845559/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5845559/
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00705/full
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00705/full
https://www.airvisual.com/world-most-polluted-cities
https://apps.who.int/gho/data/view.main.BODAMBIENTAIRDTHS
https://apps.who.int/gho/data/view.main.BODAMBIENTAIRDTHS
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5921960/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5921960/
https://insight.jci.org/articles/view/99223
https://insight.jci.org/articles/view/99223

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Exposure to DEP results in systemic and peri-bronchial inflammation, which is more pronounced with the consumption of the HF diet in C57Bl/6 wildtype mice
	Exposure to DEP results in increased levels of immunoglobulins in the BALF of C57Bl/6 mice
	Exposure to DEP increases TNF-α and IL-10 expression in the lungs of C57Bl/6 mice
	Exposure to DEP results in elevated production of mucus in C57Bl/6 mice
	Exposure to DEP results in an increased relative abundance of Proteobacteria in C57Bl/6 mice on the HF diet
	Exposure to DEP induces ROS-RNS production and increases macrophages within the lungs of C57Bl/6 mice
	Exposure to DEP results in activation of TLR2 and TLR4 in C57Bl/6 mice
	C57Bl/6 mice exposed to DEP show increased collagen deposition surrounding the bronchioles
	Probiotic supplementation decreases the expansion of Proteobacteria in C57Bl/6 mice lung
	Probiotic supplementation decreases inflammation and collagen deposition

	Discussion
	Conclusions
	Materials and methods
	Animals and inhalational exposure
	Blood differential count
	Histology
	Alcian blue/PAS staining
	H&E staining
	Masson’s trichrome staining

	Immunofluorescence analysis of the lungs
	Real time RT-qPCR
	DNA isolation and qPCR
	Elisa
	Statistical analysis

	Supplementary Information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

