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Abstract: Several air pollution components such as sulfur dioxide, ozone, nitrogen dioxide, and diesel
exhaust particulate matter (DEPM) have been linked to the development of asthma. In this study,
we investigated the therapeutic potential of three lactic acid bacteria species, Lactobacillus plantarum
GREEN CROSS Wellbeing (GCWB)1001, Pediococcus acidilactici GCWB1085, and Lactobacillus rhamnosus
GCWB1156, in preventing DEPM-exacerbated asthma in mice. BALB/c mice were first sensitized with
ovalbumin (OVA) and were either challenged with OVA or DEPM (DEPM-exacerbated asthma model)
by intranasal instillation. All three strains showed no hemolytic activity, suggesting a good safety
profile. Oral administration of lactic acid bacteria reduced OVA + DEPM-induced inflammatory
infiltration, goblet cell hyperplasia, airway remodeling, and the levels of proinflammatory cytokines
and chemokines in bronchoalveolar lavage fluid (BALF). The probiotics also attenuated OVA +

DEPM-induced immunoglobulin E (IgE) levels in serum and in BALF, and significantly reduced
caspase-3 activity, total collagen level, and matrix metalloproteinase (MMP)-9 activity. In conclusion,
lactic acid bacteria such as L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus
treatment in mice with asthma showed significant efficacy in preventing lung inflammation
exacerbated by DEPM administration.

Keywords: lactic acid bacteria; DEPM; allergic airway inflammation; anti-inflammation

1. Introduction

The prevalence of respiratory diseases such as asthma and allergic rhinitis has increased in
developed countries over the past 30 years. Bronchial asthma is a heterogeneous and chronic
inflammatory lung disease characterized by reversible airway obstruction, airway hyperresponsiveness,
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and airway remodeling. It involves goblet cell hyperplasia, subepithelial fibrosis, and smooth muscle
hypertrophy [1]. Asthma phenotypes vary by age, sex, and ethnicity and are influenced by a
combination of environmental, epigenetic, and genetic factors [2–4]. Environmental factors such as
allergens, air pollution, tobacco smoke, ozone, viruses, bacteria, and fungi can also enhance the risk of
developing respiratory diseases.

Ambient air pollution caused by particulate matter (PM) poses a serious problem to human health
worldwide. One of the major components of PM is diesel exhaust PM (DEPM). DEPM was designated
as a group 1 human carcinogen in June 2012. It consists of gas, steam, and fine particles. The surfaces of
these fine particles contain a large number of metals, such as zinc and copper, and polycyclic aromatic
hydrocarbons, such as anthracene, naphthalene, and benzo(a)pyrene [5].

Recent studies have shown that intravenous or intratracheal administration of nano-sized
particle-rich DEPM increases oxidative stress and inflammation. It can also cause acute and chronic
airway diseases such as allergic rhinitis, bronchial asthma-like diseases, and lung cancer [6–8].
In addition, recent epidemiological studies have shown that fine PM (PM2.5) in ambient air is
associated with an increased incidence of asthma [6–8].

In inflammatory diseases such as asthma, DEPM increases chemokine production [6–8].
An increase in immunoglobulin E (IgE) and T helper (Th) 2-type cytokines such as interleukin
(IL)-4, IL-6, IL-10, and IL-13 have been reported [6]. These allergic mediators trigger cascades that
can cause any of the following manifestations: airway inflammation, mucus production, activation of
neutrophils, eosinophils, and macrophages, and bronchial smooth muscle contractions [7,8].

Probiotics have anti-inflammatory effects and anti-cancer effects, induce beneficial bacterial
proliferation, suppress harmful bacteria, improve intestinal health, reduce blood cholesterol levels,
and suppress endogenous infections [9–12]. Lactic acid bacteria are a probiotic that prevents the early
development of allergic diseases in children and in mouse models of asthma [13,14]. These probiotics
are beneficial because they promote T regulatory cell development and rebalance the immune response
toward a Th1-dominant state [15]. In many studies, the oral administration of probiotics such as
Lactobacillus rhamnosus GG, Lactobacillus gasseri, Lactobacillus fermentum NWS29, Lactobacillus casei
NWP08, Lactobacillus rhamnosus NWP13, and Lactobacillus salivarius PM-A0006 have shown significant
benefits in mouse models of allergic asthma [13,16–18]. In addition, a recent study demonstrated that
Bifidobacterium lactis inhibits PM2.5-induced lung inflammation in mice [19]. Additionally, L. rhamnosus
and B. breve can reduce the activation of human macrophages caused by cigarette smoke [20].

Recently, epidemiological studies revealed that PM, including DEPM, exacerbated asthma [21,22].
Therefore, it is important to determine effective and preventative strategies to avoid exacerbations in
individuals with asthma who are constantly exposed to serious air pollution. Previous studies have
evaluated the efficacy of probiotics in models of classic ovalbumin (OVA)-induced asthma [17,23,24].
However, it is still unclear whether probiotics are beneficial in managing DEPM exacerbations
in animal models of asthma. In a preliminary study examining the anti-inflammatory effects of
probiotics, we found three probiotics (Lactobacillus plantarum GREEN CROSS Wellbeing (GCWB)1001,
Pediococcus acidilactici GCWB1085, and Lactobacillus rhamnosus GCWB1156, isolated from Korean kimchi)
that exert a suppressive effect on tumor necrosis factor (TNF)-α and nitric oxide production in vitro.
Therefore, in this study, we assessed the anti-inflammatory and anti-asthmatic effects of L. plantarum
GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156, isolated from Korean kimchi
(fermented napa cabbage), in allergic responses induced by DEPM.

2. Results

2.1. L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156 are Safe
Probiotic Strains

To evaluate whether L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus
GCWB1156 are safe for probiotic use, we performed a hemolysis test using E. coli American Type
Culture Collection (ATCC)25922, Staphylococcus aureus ATCC12600, and Enterococcus faecalis ATCC19433
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as controls. L. plantarum GCWB1001, P. acidilactici GCWB1085, L. rhamnosus GCWB1156, and E. faecalis
ATCC19433 did not have gamma hemolysis activity (Table 1). In contrast, E. coli ATCC25922 and
S. aureus ATCC12600 showed alpha and beta hemolysis activities. The results demonstrated that
L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156 are safe to use
as probiotics.

Table 1. Hemolytic activity of different probiotic strains.

Strain
Positive Negative

Alpha Beta Gamma

Control
Escherichia coli ATCC25922 O

Staphylococcus aureus ATCC12600 O
Enterococcus faecalis ATCC19433 O

Test Lactobacillus plantarum GCWB1001 O

Pediococcus acidilactici GCWB1085 O

Lactobacillus rhamnosus GCWB1156 O

ATCC: American Type Culture Collection; GCWB: GREEN CROSS Wellbeing.

2.2. L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156 Decrease the Weight
of the Spleen and Lungs in a DEPM-Exacerbated Mouse Model of Asthma

The DEPM-exacerbated mouse model of asthma is summarized in Figure 1A. DEPM or OVA
treatment did not have a significant effect on body or liver weight in mice (Figure 1B,C). The weight of
the spleen and the lungs were slightly increased in mice that received OVA compared with the control
group. L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156 administration
reduced the weights of the spleen and lungs (Figure 1D,E). The increases in total spleen and lung
weight were inhibited by Synatura, a positive control, compared with mice that received OVA alone or
OVA plus DEPM.

2.3. Administration of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156
Alleviated the Inflammatory Cell Infiltration Exacerbated by DEPM Exposure

Since inflammatory cell infiltration into the airways is a characteristic of allergic airway disorders,
we evaluated the effects of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus
GCWB1156 on inflammatory cell infiltration in bronchoalveolar lavage fluid (BALF). The cellular
profile of BALF was investigated 24 h after the last intranasal injection (Figure 2). The combination
of OVA plus DEPM stimulation significantly increased the number of macrophages, neutrophils,
eosinophils, and lymphocytes compared with the control group and the OVA only group. Treatment
with L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156 also significantly
decreased the numbers of macrophages, neutrophils, eosinophils, and lymphocytes in the BALF
compared with mice stimulated with OVA plus DEPM (Figure 2). Synatura as a positive control also
inhibited inflammatory cell infiltration compared with the OVA only group and the OVA plus DEPM
group. These results suggest that L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus
GCWB1156 inhibit lung inflammation in an OVA-induced DEPM-exacerbated mouse model of asthma.
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Figure 1. The effects of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus 
GCWB1156 on organ weight in a mouse model of asthma exacerbated by diesel exhaust particulate 
matter (DEPM). (A) A DEPM-exacerbated mouse model of asthma and lactic acid bacteria treatment 
was established. Mice were given probiotics daily from days 0 to 20. Mice were sensitized with 
ovalbumin (OVA) on days 0 and 12. Nasal challenge with OVA was initiated on days 19 and 20. After 
the last OVA challenge on day 20, mice were given an extra intranasal administration of DEPM 
solution three times over a 3-h interval. Mice were sacrificed on day 21, and tissue was collected for 
experimental analysis. (B–D) The effects of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. 
rhamnosus GCWB1156 on the weights of the body (B), liver (C), spleen (D), and lungs (E) of mice 
challenged with OVA plus DEPM. Organs were collected and washed with phosphate buffered saline. 
The OVA-induced organ weight was measured using a portable balance (Voyager® Pro, OHAUS). 
Synatura was used as a positive control. Data are expressed as means ± standard deviation (SD; n = 
8). # p < 0.001 compared with the control group. * p < 0.001 compared with the OVA plus DEPM group. 
CON: control; cfu: colony forming units. 

Figure 1. The effects of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156
on organ weight in a mouse model of asthma exacerbated by diesel exhaust particulate matter (DEPM).
(A) A DEPM-exacerbated mouse model of asthma and lactic acid bacteria treatment was established.
Mice were given probiotics daily from days 0 to 20. Mice were sensitized with ovalbumin (OVA) on
days 0 and 12. Nasal challenge with OVA was initiated on days 19 and 20. After the last OVA challenge
on day 20, mice were given an extra intranasal administration of DEPM solution three times over a 3-h
interval. Mice were sacrificed on day 21, and tissue was collected for experimental analysis. (B–D) The
effects of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156 on the weights
of the body (B), liver (C), spleen (D), and lungs (E) of mice challenged with OVA plus DEPM. Organs
were collected and washed with phosphate buffered saline. The OVA-induced organ weight was
measured using a portable balance (Voyager® Pro, OHAUS). Synatura was used as a positive control.
Data are expressed as means ± standard deviation (SD; n = 8). # p < 0.001 compared with the control
group. * p < 0.001 compared with the OVA plus DEPM group. CON: control; cfu: colony forming units.
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Figure 2. The effects of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156
on the cellular profile of bronchoalveolar lavage fluid (BALF) (A–E). Cell counts in BALF were obtained
from all groups. The total cells and inflammatory cells (macrophages, neutrophils, eosinophils,
and lymphocytes) were counted (× 104) in millimeters by morphometric evaluations of cytospin
preparations. At least 200 cells were examined in each cytospin. Synatura was used as a positive control.
Data are expressed as means ± SD (n = 8). # p < 0.001 compared with the control group. ## p < 0.001
compared with the OVA group. * p < 0.001 compared with the OVA plus DEPM group.

2.4. Administration of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156
Inhibited DEPM-induced Exacerbation of Inflammatory Cytokines and Chemokines in BALF

To investigate the effects of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus
GCWB1156 on lung inflammation induced by OVA and exacerbated by DEPM, the levels of
proinflammatory cytokines and chemokines in BALF were measured 24 h after the final instillation.
As shown in Table 2, the levels of IL-4 and IL-13 (Th2-related cytokines) were significantly increased,
whereas the level of interferon gamma (IFN-γ, a Th1-related cytokine) was decreased in the BALF of
mice that received OVA compared with the control group. Furthermore, mice stimulated with OVA
plus DEPM had significantly higher levels of proinflammatory cytokines (TNF-α, IL-1β, and IL-6) and
chemokines (including monocyte chemoattractant protein-1 (MCP-1)) compared with both the control
group and the OVA only group. A higher dose of L. plantarum GCWB1001, P. acidilactici GCWB1085,
and L. rhamnosus GCWB1156 decreased the levels of TNF-α, IL-1β, IL-4, IL-6, IL-13, and MCP-1,
but increased the levels of IFN-γ in BALF (Table 2). Similar effects were observed with Synatura.
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Table 2. The effects of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156
on cytokine and chemokine levels in a diesel exhaust particulate matter (DEPM)-exacerbated mouse
model of asthma.

Group TNF-α IL-6 IL-1β IL-4 IL-13 MCP-1 IFN-γ

OVA+
DEPM+

CON 68 ± 3.1 19 ± 0.4 283 ± 24 12 ± 0.2 282 ± 73 120 ± 14 149 ± 17
OVA 562 ± 41 # 169 ± 26 # 610 ± 40 # 14.7 ± 0.8 # 2009 ± 307 # 745 ± 58 # 89 ± 8.1 #

OVA+DEPM 1381 ± 312 ## 1028 ± 52 ## 1028 ± 52 ## 14.2 ± 0.6 # 4498 ± 994 ## 755 ± 105 ## 81 ± 8.8 #

GCWB1001-low 884 ± 63 * 429 ± 88 * 889 ± 41 * 13.5 ± 0.4 2690 ± 438 * 507 ± 49 * 100 ± 7.3 *
GCWB1001-high 743 ± 29 * 119 ± 19 * 795 ± 61 * 12.6 ± 0.3 * 1795 ± 152 * 377 ± 29 * 139 ± 13 *
GCWB1085-low 994 ± 148 * 461 ± 74 * 919 ± 51 * 13.4 ± 0.3 ** 2693 ± 360 * 581 ± 48 * 97 ± 7.9 *
GCWB1085-high 800 ± 46 * 150 ± 23 * 829 ± 43 * 12.7 ± 0.2 * 2193 ± 221 * 436 ± 41 * 115 ± 8.5 *
GCWB1156-low 915 ± 56 * 475 ± 120 * 892 ± 36 * 13.0 ± 0.3 * 2600 ± 431 * 504 ± 36 * 95 ± 5.2 *
GCWB1156-high 841 ± 51 * 155 ± 23 * 829 ± 37 * 12.6 ± 0.3 * 1922 ± 319 * 379 ± 23 * 120 ± 9.5 *

Synatura
(200 mg/kg) 714 ± 33 * 87 ± 11 * 784 ± 53 * 12.5 ± 0.2 * 1722 ± 266 * 336 ± 37 * 130 ± 11 *

BALF was collected 24 h after the last airway challenge. The levels of cytokines in BALF were measured by
enzyme-linked immunosorbent assay. Synatura was used as a positive control. Data are expressed as means ± SD
(n = 8). # p < 0.001 compared with the control group. ## p < 0.001 compared with the OVA group. * p < 0.001
compared with the OVA plus DEPM group. ** p < 0.01 compared with the OVA plus DEPM group. TNF: tumor
necrosis factor; IL: interleukin; IFN: interferon; MCP: monocyte chemoattractant protein.

2.5. Administration of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156
Inhibited the IgE Level Increased by OVA Plus DEPM in BALF and Serum

To investigate the effects of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus
GCWB1156 on lung inflammation induced by OVA and exacerbated by DEPM, OVA-specific IgE levels
in BALF and serum were measured by enzyme-linked immunosorbent assay (ELISA). As shown in
Figure 3, the levels of OVA-specific IgE in BALF and serum were increased in the OVA-treated group
compared with the control group. In contrast, treatment with L. plantarum GCWB1001, P. acidilactici
GCWB1085, and L. rhamnosus GCWB1156 decreased OVA-specific IgE levels in BALF and serum
compared with the untreated OVA-induced group in a dose-dependent manner. We observed similar
effects with Synatura.
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Figure 3. The effects of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156
on ovalbumin (OVA)-specific immunoglobulin E (IgE) levels in bronchoalveolar lavage fluid (BALF)
and serum. The OVA-specific IgE levels in BALF (A) and serum (B) were analyzed by ELISA. Synatura
was used as a positive control. Data are expressed as means ± SD (n = 8). # p < 0.001 compared with
the control group. ## p < 0.001 compared with the OVA group. * p < 0.001 compared with the OVA
plus diesel exhaust particulate matter (DEPM) group.

2.6. The Effects of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156 on the
Inflammatory Response and Mucus Production in Lungs Caused by DEPM

To evaluate the effects of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus
GCWB1156 on lung inflammation and mucus production induced by OVA and exacerbated by DEPM,
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lung pathology was examined in the mice (Figure 4). Asthmatic lungs of mice treated with OVA alone
or OVA plus DEPM had a higher infiltration of inflammatory cells in peribronchiolar and perivascular
lesions compared with the control group (Figure 4A,C). Oral administration of L. plantarum GCWB1001,
P. acidilactici GCWB1085, and L. rhamnosus GCWB1156 decreased the level of inflammatory cell
infiltration, as analyzed by hematoxylin and eosin (H&E) staining (Figure 4A,C). Figure 4B and D show
the bronchus in the lungs stained with alcian blue/periodic acid–Schiff (PAS). No pathologic alterations
were found in the lungs of the control mice. Lungs from mice that received OVA or OVA plus DEPM
exhibited an overproduction of mucus with goblet cell hyperplasia, as measured by PAS staining
(Figure 4B,D). They also had higher goblet cell proliferation and mucus hypersecretion compared with
control mice (Figure 4B,D). Oral administration of L. plantarum GCWB1001, P. acidilactici GCWB1085,
and L. rhamnosus GCWB1156 inhibited goblet cell hyperplasia and mucus hypersecretion compared
with untreated OVA-induced mice (Figure 4B,D). These pathological changes were slightly alleviated
by Synatura treatment.Life 2020, 10, x FOR PEER REVIEW 8 of 16 
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Figure 4. The effects of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156
on histopathological changes in a diesel exhaust particulate matter (DEPM)-exacerbated mouse model
of asthma. Lung tissues were collected and fixed in 10% formaldehyde. Thin sections (4 um) were
cut and stained with (A) hematoxylin and eosin (H&E) or (B) alcian blue/periodic acid–Schiff (PAS).
Inflammatory cell infiltration (C) and mucus production (D) in lung tissues were scored as described in
the Materials and Methods section. Synatura was used as a positive control. Data are expressed as
means ± SD (n = 8). # p < 0.001 compared with the control group. ## p < 0.001 compared with the OVA
group. * p < 0.001 compared with the OVA plus DEPM group. Magnification: 200×.
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2.7. The Effects of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156 on
Caspase-3 Activity, Total Collagen Level, and Matrix Metalloproteinase (MMP)-9 Activity in Lungs Treated
with DEPM

The DEPM-induced increase in inflammatory activity has been correlated to the oxidative stress
response [25]. We tested the effects of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus
GCWB1156 on the activity of caspase-3 in the DEPM-exacerbated mouse model of asthma. Mice that
received OVA or OVA plus DEPM showed higher caspase-3 activity compared with the control mice.
Mice treated with L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156
showed significantly lower caspase-3 activity compared with untreated mice (Figure 5A).Life 2020, 10, x FOR PEER REVIEW 9 of 16 
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Figure 5. The effects of L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156
on ovalbumin (OVA)-induced oxidative stress and lung tissue remodeling. (A) Caspase-3 activity
was detected in tissue lysates using a fluorescence kit. (B) The level of lung collagen was measured
using a Sircol collagen assay kit. (C) matrix metalloproteinase (MMP)-9 activity in bronchoalveolar
lavage fluid (BALF) was analyzed by gelatin zymography. The results shown were obtained from
three independent experiments. RFU: Relative fluorescence units. # p < 0.001 compared with the
control group. ## p < 0.001 compared with the OVA group. * p < 0.001 compared with the OVA plus
DEPM group.

In chronic asthma, various cytokines promote airway epithelial cell proliferation and secrete
polymorphic factors. These factors act synergistically on smooth muscle cells and subcutaneous
fibroblasts to induce airway epithelial fibrosis, airway remodeling, and underground membrane
thickness. Therefore, we assessed the total lung collagen level in the DEPM-exacerbated mouse model
of asthma.

Mice treated with OVA alone or OVA plus DEPM had a higher total lung collagen level (Figure 5B).
Following treatment with L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus
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GCWB1156, the level of peribronchial fibrosis was significantly reduced. Numerous studies have
shown that MMP-9 is involved in asthma and is associated with the gradual remodeling of the airway
walls [26,27]. In this study, MMP-9 expression was significantly higher in the lung tissues of mice
challenged with OVA (Figure 5C). This exacerbation was greater in mice exposed to both DEPM and
OVA compared with OVA only. Mice treated with L. plantarum GCWB1001, P. acidilactici GCWB1085,
L. rhamnosus GCWB1156, or Synatura had significantly lower MMP-9 activity compared with untreated
mice stimulated with OVA plus DEPM (Figure 5C). These results suggest that L. plantarum GCWB1001,
P. acidilactici GCWB1085, and L. rhamnosus GCWB1156 help restore the architecture of airway and lung
tissue in asthmatic mice.

3. Discussion

The usefulness of naturally derived anti-asthmatic agents to treat patients with severe allergic
asthma have recently gained attention [28,29]. Therefore, probiotics have been suggested as new agents
for asthma therapy or as alternative medicine. In this study, we evaluated the effects of three orally
administered lactic acid bacterial strains in a mouse model of asthma. More specifically, L. plantarum
GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156 alleviated the elevated airway
inflammation and airway remodeling attributed to DEPM exposure in an OVA-induced mouse model
of asthma.

The use of probiotics as a therapy requires careful consideration with regard to hemolytic activity
and the potential to transfer antibiotic resistance genes. Probiotic microorganisms should not cause
hemolysis or gelatin liquefaction in the host. In this study, L. plantarum GCWB1001, P. acidilactici
GCWB1085, and L. rhamnosus GCWB1156 (all non-pathogenic Gram-positive bacteria) did not exert
a hemolytic effect on cells. Further studies are needed to determine whether antibiotic resistance
genes can cause acquired resistance at the gene level using polymerase chain reaction or whole
genome sequencing.

Inflammation is associated with the pathogenesis of various diseases. It is considered a pivotal
factor in the development and progression of asthma. Asthma is typically characterized by an imbalance
between Th1 and Th2 immune responses, with a predominant shift towards Th2 reactions [6,30].
Previous studies have shown that L. rhamnosus GG induces Th1-predominant reactions during allergen
sensitization, maintains the balance between Th1 and Th2 immune responses, and inhibits the
production of IgE and Th2 cytokines from allergens [19,31]. Liu et al. and Wang et al. evaluated
the anti-allergic effects of L. plantarum K37 and L. paracasei L9 on allergic responses and airway
hyperresponsiveness. They found that K37 and L9 effectively reduced allergic responses in BALB/c
mice with OVA-induced asthma by shifting towards a Th1-predominant response [21,32]. During
homeostatic periods, gut microbiota and T cells within the gut mucosa engaged in profitable crosstalk,
which can shape the systemic immune response of the individual [33]. T cell receptors are reactive to
microbiota-derived antigens that are necessary for the adequate maturation of the immune system and to
ensure proper colonization of the gut lumen [33]. Previous studies have shown that Lactobacillus reuteri
attenuated allergic inflammation induced by house dust mites in mice and modulated gut microbes [34].
This study showed that oral administration of L. plantarum GCWB1001, P. acidilactici GCWB1085,
and L. rhamnosus GCWB1156 can suppress IgE levels in BALF or serum. The probiotics also reduced the
levels of TNF-α, IL-1β, IL-6, and MCP-1. Moreover, the probiotics attenuated macrophage, eosinophil,
lymphocyte, and neutrophil infiltration in the lungs.

Oxidative stress also causes structural changes in asthmatic airways [35,36]. In the progression of
asthma, goblet cell hyperplasia increases epithelial damage via endogenous and exogenous reactive
oxygen species (ROS) [37,38]. Oxidative stress also enhances hypertrophy and proliferation of smooth
muscle cells in the pulmonary vasculature [39]. Oxidative stress can be stimulated by polycyclic aromatic
hydrocarbons and metals, which play an important role in causing allergic airway disease [26,39,40].
Polycyclic aromatic hydrocarbons and metals are thought to be the most harmful compounds in
DEPM. Cumulative evidence suggests that ROS-mediated oxidative stress caused by DEPM plays a
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central role in the pathogenesis of allergic asthma [25]. Powerful antioxidants not only prevent the
development of structural changes in the airways, but also mitigate established airway remodeling.
In this study, L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus GCWB1156 decreased
caspase-3 activity in the OVA-induced airway inflammatory reaction. Synatura was demonstrated to
be efficacious in decreasing cough and sputum in patients with acute upper respiratory infection and
chronic inflammatory bronchitis in a phase III clinical trial conducted in 2010 (National Clinical Trial
(NCT)01151202). Synatura was approved by the Korean Ministry of Food and Drug Safety in March
2011 for treating cough and sputum due to bronchitis. In addition, Synatura improved the quality of
life in patients with chronic bronchitis-type chronic obstructive pulmonary disease, and significantly
reduced fibrinogen levels [41].

There is increasing information on the availability and functionality of probiotics. The beneficial
effects of probiotics are achieved via various mechanisms. It was reported that heat-killed and live
L. rhamnosus GG have anti-inflammatory effects, and that some bacterial components of heat-killed
L. rhamnosus GG were also effective [42]. The antioxidant effects of these probiotics have also been
reported. For example, L. acidophilus 606 and Lactobacillus gasseri SBT2055 exhibited anti-oxidative
effects in vitro [43,44]. In addition, in mice fed a high-fat diet, the oral administration of L. plantarum
FC225 increased superoxide dismutase and glutathione peroxidase activities, while decreasing the
malondialdehyde level, which is an indicator of oxidative stress [45].

Airway wall remodeling is characterized by hyperplasia, goblet cell proliferation, and collagen
deposition [26,27]. MMPs are expressed in the airway during periods of airway remodeling [27].
Our results showed that mice treated with L. plantarum GCWB1001, P. acidilactici GCWB1085,
and L. rhamnosus GCWB1156 exhibited attenuated airway inflammation, mucus production, collagen
levels, and MMP-9 activity. In recent studies, particulate matter has been shown to induce new cellular
and molecular mediators such as Th17 cells and IL-17A in the lungs of exposed mice [46]. IL-17A
has been discovered to play an important role in more severe asthma phenotypes [47]. Thus, it is
critical to find effective preventive strategies for those diagnosed with pre-existing asthma who are
also consistently exposed to serious air pollution. However, the mechanism has not yet been identified,
and further studies should be conducted to explore the therapeutic effects and side effects.

In conclusion, L. plantarum GCWB1001, P. acidilactici GCWB1085, and L. rhamnosus treatment
in mice with asthma showed significant efficacy in preventing lung inflammation exacerbated by
DEPM administration.

4. Materials and Methods

4.1. Chemicals and Reagents

ELISA kits for TNF-α, IL-1β, IL-4, IL-6, IL-13, IFN-γ, and MCP-1 were purchased from R&D
Systems (Minneapolis, MN, USA). The Sircol Collagen Assay kit was purchased from Biocolor Ltd.,
(Belfast, Northern Ireland). The Caspase-3 Activity Assay Kit was obtained from Cell Signaling
Technology (Beverly, MA, USA). The OVA-specific-IgE ELISA kit and diesel particulate matter NIST®

SRM® 2975 were obtained from Sigma-Aldrich (St. Louis, MO, USA). All kits were used according to
the manufacturers’ protocols. All chemicals were of the highest commercially available grade.

4.2. Preparation of DEPM Suspensions

The National Institute of Standard and Technology standard reference material (SRM 2975)
was purchased from Sigma-Aldrich. SRM 2975 is DEPM collected from a diesel-powered industrial
forklift. A detailed description of the particles can be viewed at the National Institute of Standard and
Technology. The DEPM stock solution (1 mg/mL) was suspended in sterile phosphate-buffered saline
(PBS; Life Technologies, Carlsbad, CA, USA) and sonicated for 2 min in an ice bath using a sonicator
(Sibata; OGAWA SEIKI, Tokyo, Japan) to minimize particulate aggregation.
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4.3. Preparation of Lactic Acid Bacteria

Lactobacillus plantarum GCWB1001, Pediococcus acidilactici GCWB1085, and Lactobacillus rhamnosus
GCWB1156 were isolated from Korean kimchi (fermented napa cabbage) and filed by GREEN CROSS
Wellbeing (GCWB) (Seongnam, Korea). Lactobacillus plantarum GCWB1001, Pediococcus acidilactici
GCWB1085, and Lactobacillus rhamnosus GCWB1156 were deposited in the Korea Culture Center of
Microorganisms (KCCM) under registration numbers KCCM12698P (GCWB1001), KCCM12699P
(GCWB1085), and KCCM12700P (GCWB1156). The strains were cultured in De Man, Rogosa,
and Sharpe (MRS) broth (Sigma-Aldrich) under anaerobic conditions at 37 ◦C for 24 h. The bacterial
cells in the stationary phase were centrifuged at 8000× g for 20 min at 4 ◦C. The cell pellet was washed
twice with sterile PBS and adjusted to the appropriate density for in vivo experiments.

4.4. Measurement of Cell Viability

The quantity of live GCWB1001, GCWB1085, and GCWB1156 (1 × 1011 CFU/g freeze-dried
lactobacilli) were quantified using 10-fold serial dilutions and the plate-count method established
by the Ministry of Food and Drug Safety. Cell density during culturing in either the batch culture
was analyzed by real-time measurements of optical density at 660 nm (G10S UV-Vis; Scinco Co.,
Gangnam, Korea).

4.5. Establishment of a DEPM-Exacerbated Mouse Model of Asthma and Probiotic Treatment

Mice were acclimatized for at least 1 week prior to the experiments. Six-week-old male BALB/c
mice (20 ± 2 g) were obtained from Samtako (Osan, Korea) and housed in a room with controlled
temperature (22 ± 2 ◦C) and humidity (50 ± 5%) under a 12 h light/dark cycle with free access
to food and water. The mice used in this study were handled in accordance with the Guidelines
for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health
(NIH publication no. 85–23, 1996). All experimental procedures were approved by the Committee
on Ethics of Animal Experiments of the International University of Korea (ethics no. IUK-2019-10-2).
The mouse model was based on a classic 21-day OVA-sensitized and challenged mouse model of
asthma, followed by the intranasal administration of the DEPM-extracted solution [19] (Figure 1A).
Seven days after acclimatization, mice were divided into three groups (n = 8 per group): PBS-sensitized
and challenged control group, OVA-sensitized and challenged group (OVA group), and OVA plus
DEPM group. All groups except for the control group were intraperitoneally injected with 200 µL
aluminum hydroxide (Al(OH)3) and saline (1:1) containing 100 µg OVA (Sigma-Aldrich, Grade V) on
day 0 and 12. The control group received Al(OH)3 and saline. On days 19 and 20, the control group
and other groups were challenged with either 50 µL saline or the same dose of OVA (50 µg/50 µL
per mouse) by intranasal instillation. After the last OVA challenge on day 20, mice in the OVA plus
DEPM group were given an extra intranasal administration of 50 µL DEPM solution (400 µg/50 µL per
mouse) three times over a 3 h interval. The control and OVA group were given an extra intranasal
administration of 50 µL PBS three times over a 3 h interval. All mice were anesthetized with urethane
for intraperitoneal injections. Based on the OVA-induced DEPM-exacerbated mouse model of asthma,
mice were fed either L. plantarum GCWB1001 (1 × 107, 1 × 109 cfu/head), P. acidilactici GCWB1085
(1 × 107, 1 × 109 cfu/head), L. rhamnosus GCWB1156 (1 × 107, 1 × 109 cfu/head), Synatura (200 mg/kg),
or the same volume of PBS by gavage from the day of first sensitization (day 0) until the endpoint, over
20 days during sensitization (Figure 1). Synatura was used as a positive control. Synatura (AGNPP709)
was developed by a South Korean pharmaceutical company (Ahn-Gook Pharmaceuticals Co., Ltd.),
and formulated with a dried 30% ethanolic extract of Hedera helix L. (ivy; Lamiaceae) leaves and a dried
water-saturated butanolic extract of the Coptis chinensis Franch (Ranunculaceae) rhizome (3:1, w/w) [48].
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4.6. BALF Collection and Analysis of Cell Composition

BALF was collected immediately from mice following euthanasia by cervical dislocation,
as described previously [49]. BALF was collected by flushing 1 mL PBS into the lung via the trachea
immediately after sacrifice. Approximately 0.8 mL BALF was recovered after five lavages. BALF was
placed on ice and centrifuged at 400× g for 5 min at 4 ◦C. The supernatants were collected to measure
cytokine levels. The pellets suspended in PBS were used to assess cell composition. Total cell numbers
were counted using a cytospin. Differential cell counts of macrophages, eosinophils, neutrophils,
and lymphocytes were performed following staining with Giemsa solution (Sigma-Aldrich). Cells were
analyzed according to general leukocyte morphology, and 200 cells were analyzed in each of four
random locations.

4.7. Measurement of Hemolytic Activity

Lactic acid bacterial strains were grown in MRS broth culture overnight and streaked on blood
agar plates (Sigma-Aldrich). They were then incubated at 37 ◦C for 72 h. Plates were observed for
the formation of either clear zones (β-hemolysis), green hemolytic zones (α-hemolysis), or no zone
(γ-hemolysis) around the Lactobacillus and Pediococcus colonies. A hemolysis test using the following
bacteria with known hemolytic activity was performed as a control: E. coli ATCC25922, S. aureus
ATCC12600, and E. faecalis ATCC19433.

4.8. Measurement of the Total Lung Collagen Level and Caspase-3 Activity

The total lung collagen level was determined using the Sircol Collagen Assay Kit (Biocolor Ltd.,
Belfast, Northern Ireland) according to the manufacturer’s protocols. The Caspase-3 Activity Assay
Kit (Cell Signaling Technology, Beverly, MA, USA), a fluorescent assay that detects the activity of
caspase-3 in tissue lysates, was used to measure caspase activity. The supernatants were collected and
incubated with Ac-Asp-Glu-Val-Asp-7-Amino-4-methylcoumarin (Ac-DEVD-AMC) as a substrate at
37 ◦C. During the assay, activated caspase-3 cleaves this substrate between DEVD and AMC, generating
highly fluorescent AMC, which is detected using a fluorescence reader at an excitation wavelength of
380 nm and an emission wavelength of 420–460 nm.

4.9. Histological Examination of Lung Tissue

Left lung lobes were excised and fixed in 4% paraformaldehyde for 24 h. The fixed lungs were
dehydrated, paraffin-embedded, and sectioned at a thickness of 4 µm. The embedded tissue was
then stained with H&E and alcian blue/PAS. Morphology and inflammation were analyzed under a
light microscope (Zeiss Inc., Germany). Pulmonary histopathological changes were assessed using
a five-point scoring system by three independent examiners. Sections were scored as follows: 0,
no inflammatory cells; 1, minimal accumulation of inflammatory cells; 2, moderate accumulation
of inflammatory cells; 3, severe accumulation of inflammatory cells; 4, extreme accumulation of
inflammatory cells. Infiltrated goblet cells were assessed on a five-point scoring system by three
independent examiners. Sections were scored as follows: 0, no goblet cells; 1, minimal infiltration
of goblet cells; 2, moderate infiltration of goblet cells; 3, severe infiltration of goblet cells; 4, extreme
infiltration of goblet cells [50].

4.10. ELISA

The concentrations of TNF-α, IL-1β, IL-4, IL-6, IL-13, IFN-γ, MCP-1, and IgE in BALF or serum were
analyzed using DuoSet ELISA kits according to the manufacturer’s instructions. Each concentration
was calculated using a linear regression equation based on the standard absorbance values. The optical
density was measured at 450 nm using a Bio-Rad ELISA reader.
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4.11. Enzymatic Activity of MMP-9 by Gelatin Zymography

The enzymatic activity of MMP-9 was analyzed by gelatin zymography. BALF from mice treated
with lactic acid bacteria was electrophoresed on an 8% SDS–PAGE gel containing 0.2% gelatin. Gels
were washed twice with washing buffer (50 mM Tris–HCl, pH 7.5, 100 mM NaCl, 2.5% Triton X-100),
briefly rinsed in washing buffer without Triton X-100, and then incubated with incubation buffer
(50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 10 mM CaCl2, 0.02% NaN3) at 37 ◦C. After incubation,
the gel was stained with 0.25% Coomassie Brilliant Blue G250 (Sigma-Aldrich) and then de-stained.
MMP activity was represented by a clear zone of gelatin digestion.

4.12. Statistical Analysis

Results are expressed as means ± standard deviation (SD) of triplicate experiments. Data from
the animal study are expressed as means ± SD (n = 8). Mean differences were evaluated by analysis of
variance followed by Dunnett’s post hoc test, and p values < 0.05 were considered statistically significant.
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AHR Airway hyperresponsiveness
B(a)P Benzo(a)pyrene
BALF Bronchoalveolar lavage fluid
DEPM Diesel exhaust particulate matter
ELISA Enzyme-linked immunosorbent assay
LAB Lactic acid bacteria
OVA Ovalbumin
PAHs Polycyclic aromatic hydrocarbons
PM Particulate matter
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