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Forsythia suspensa Ethanolic Extract
Alleviates Mycoplasma pneumoniae-induced
Lung Inflammation via Inhibition of NF-xkB
Signaling
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Abstract

Background/Objectives: Mycoplasma pneumoniae is a significant contributor to respiratory tract infections, notably com-
munity-acquired pneumonia (CAP), bronchitis, and exacerbations of chronic lung diseases. Its epidemiology varies across
regions and time periods, and while often presenting as a mild illness known as “walking pneumonia,” it can be severe in
high-risk populations, with mortality reaching 30% in some cases. The increasing emergence of antibiotic-resistant M. pneu-
moniae strains presents a significant challenge, highlighting the need for deeper insights into its pathogenicity to develop more
effective treatment strategies.

Materials and Methods: BALB/c mice were challenged with M. pneumoniae and administered with an ethanolic extract of
Forsythia suspensa ethanolic extract (FSEE). Survival rate and pulmonary index inhibitory rate were assessed. Nitric oxide,
myeloperoxidase, C-reactive protein, and immunoglobulin M levels were measured. Total cell counts and M. pneumoniae
deoxyribonucleic acid (DNA) content were quantified. Anti-inflammatory potential was evaluated through cytokine mea-
surements. Regulatory effects on inflammation-associated signaling pathways were examined by assessing extracellular
signal-regulated protein kinases 1/2 (ERK1/2), c-Jun N-terminal protein kinase 1/2 (JNK1/2), and nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) expression levels.

Results: FSEE treatment significantly improved survival rates and reduced pulmonary index scores. It effectively attenuated
excessive immune responses induced by M. pneumoniae infection, leading to a marked reduction in total cell count and M.
pneumoniae DNA content. Pro-inflammatory cytokines and NF-xB levels were downregulated, while JNK1/2 expression was
notably enhanced following FSEE treatment.

Conclusion: These findings indicate that FSEE mitigates M. pneumoniae-induced lung inflammation by modulating immune
responses and inflammatory mediators, suggesting its potential as a therapeutic agent for M. pneumoniae-associated pneumonia.
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reach as high as 14 cases per 1,000, with mortality rates reach-
ing 0.7/1,000 people per year (Wahl et al., 2020). Globally,
CAP accounts for approximately 4 million deaths annually,

Introduction

Community-acquired pneumonia (CAP) stands as a foremost
global pandemic concern, representing the leading infectious
cause of death worldwide despite advancements in prevention
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and treatment (Alshahwan et al., 2019; Ferreira-Coimbra
et al., 2020; Regunath & Oba, 2024). It places a significant
burden on healthcare systems due to high hospitalization rates,
which can reach up to 50% of cases (Almirall et al., 2017).
While CAP affects all age groups, young children, the elderly,
and immunocompromised individuals face particularly poor
outcomes (Chen et al., 2021). The incidence among adults can
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contributing to 7% of the total annual mortality rate (Bai & Li,
2021). Mortality rates can escalate to 10% among inpatients
and surpass 30% in those requiring critical care and respira-
tory support (Chaudhry et al., 2016; Morley et al., 2017).

Mycoplasma pneumoniae frequently leads to CAP, espe-
cially among younger individuals, including children and
teenagers, accounting for a substantial percentage of pediatric
pneumonia cases (10%—40%) (Atkinson & Waites, 2014;
Rueda et al., 2022). While often causing mild, self-limiting
respiratory infections, M. pneumoniae can also lead to severe
complications, including refractory pneumonia requiring
hospitalization, especially in school-aged children, where it is
related to lobar pneumonia and complications like pleural
effusion (Upadhyay & Singh, 2024; Wood et al., 2017). It is
recognized as a factor in exacerbating chronic lung diseases,
and though often termed “walking pneumonia” due to its
milder presentation, mortality can reach up to 30% in some
populations, particularly the elderly (Miyashita, 2022;
Poddighe, 2018). Pathogenesis involves multiple mecha-
nisms, including direct damage to cells, inflammation, and
nutrient depletion (He et al., 2016; Hu et al., 2022). Notably,
macrolide resistance may complicate treatment (Li et al.,
2024; Meyer Sauteur et al., 2014).

The primary treatments for M. pneumoniae infections
involve antibiotics like macrolides, tetracyclines, and fluoro-
quinolones, which target protein or deoxyribonucleic acid
(DNA) synthesis as a result of the bacterium’s absence of a
cell wall, rendering beta-lactams and glycopeptides ineffec-
tive (Wang et al., 2024). Macrolides, particularly azithromy-
cin, are often preferred for their in vitro activity (Waites et al.,
2017). However, these antibiotics can cause significant side
effects, including gastrointestinal issues, hepatotoxicity, and
photosensitivity, especially with prolonged use (Chinese
Experts Cystic Fibrosis Consensus Committee et al., 2023;
Lenz et al., 2021). In individuals with pre-existing lung con-
ditions, several factors raise significant concerns: the possi-
bility of adverse drug interactions, the buildup of toxic effects
from medications, and the increased susceptibility to antibi-
otic-related issues such as Clostridioides difficile infections
and disturbances to the delicate balance of microorganisms in
the respiratory system (Lessa et al., 2015). To manage symp-
toms, slow disease advancement, and reduce the recurrence
of infections, long-term approaches might involve a combi-
nation of antibiotics alongside bronchodilators and cortico-
steroids. However, extended antibiotic use elevates the risk of
both antibiotic resistance and the development of unwanted
side effects (Guo, Jin, et al., 2024; Kim et al., 2022).

With growing interest in plant-derived treatments,
researchers are exploring phytochemicals for their potential
in combating various diseases, including lung disorders (Patel
& Sharma, 2021). The World Health Organization (WHO)
reports that approximately 88% of countries utilize herbal
remedies within traditional medicine practices. Furthermore,
natural products constitute more than 40% of pharmaceutical
formulations and provide essential healthcare for 70%-95%

of the population in developing nations (Singh et al., 2010;
WHO, 2023). Since herbal medicines are rich in alkaloids,
flavonoids, terpenoids, and other compounds, they can serve
as alternatives or complements to conventional antibiotics.
Previous studies also reported that the pharmaceutical proper-
ties of medicinal plants like Glycyrrhiza glabra, Hyssopus
officinalis, Allium sativum, and so on possess a traditional
application in addressing respiratory conditions such as pneu-
monia, cough, and asthma (Hanifah et al., 2023).

Forsythia suspensa is one such herbal medicinal plant, a
member of the Forsythia genus within the Oleaceae family
(Wang et al., 2018), which is commonly utilized in Traditional
Chinese Medicine to address conditions such as fever, the
common cold caused by viruses, gonorrhea, and ulcers (Han
et al., 2021; Li & Chen, 2005). F. suspensa is also used clini-
cally for various inflammation-related ailments, including
wind—heat-induced colds, scabies, ulcers, and mastitis (Xia
et al., 2016). In this research, we elucidate the potency F. sus-
pensa extract in ameliorating M. pneumoniae-induced pneu-
monia in a mouse model.

Materials and Methods

Chemicals

The primary chemicals and reagents utilized in this study
were procured from Sigma—Aldrich, USA. The kits for the
biochemical marker estimations were obtained from Thermo
Fisher Scientific, USA; Elabscience, USA; NovaTeinBio,
USA; MyBiosource, USA; and Cusabio, USA, respectively.

F. suspensa Extract Preparation

F. suspensa samples were ground into coarse powder and
mixed with a tenfold volume of 75% ethanol, followed by
ultrasonication for 1 h. After ultrasonication, the mixture was
allowed to sit for 24 h and then filtered four times using
Whatman filter paper. The resulting filtrate was lyophilized
and reconstituted to create a stock solution at a concentration
of 1,000 mg/mL, which was subsequently diluted with dis-
tilled water.

Cultivation of Mycoplasma Pneumoniae (MP)

The MP, FH strain (ATCC 15531) was cultivated in a modi-
fied mycoplasma medium consisting of PPLO broth, horse
serum, and 25% yeast extract. This medium was supple-
mented with penicillin G at a concentration of 200 U/mL,
thallium acetate at 0.025%, glucose at 1%, and phenol red at
0.002%, adjusted to a pH of 7.8. The culture was incubated at
37°C in an atmosphere of 5% CO, for 7 days. The concentra-
tion of MP was assessed using the color-change unit (CCU)
method, resulting in a determination of 108 CCU/mL (Yoon
etal., 2017).
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Experimental Animals

Six-week-old male BALB/c mice, weighing approximately
20-25 g, were kept in an environmentally controlled animal
housing facility (temperature: 20°C + 2°C, humidity: 50% =+
10%). The research adhered to the International Standards for
the care and use of animals.

Treatment Regimen

The mice were allocated into four groups: the normal control
group, the MP-challenged group, the MP-challenged group
treated with F. suspensa extract, and the MP-challenged group
treated with the standard drug azithromycin. All groups, except
for the normal control group, were intranasally infected with
100 pL of the pathogen per mouse over two consecutive days.
In the groups receiving F. suspensa extract and azithromycin,
the MP-infected mice were administered 200 mg/kg of F. sus-
pensa extract and 100 mg/kg of azithromycin, respectively, for
3 days, starting on the day of infection. Mice in the control
group were given an equivalent volume of distilled water. On
treatment day 4, the animals were euthanized, and blood sam-
ples and lung tissue were collected for further analysis.

Assessment Pulmonary Index

The body weight (BW) as well as the lung weight (LW) of the
experimental animals were recorded. This data was used to cal-
culate the pulmonary index (PI) and the inhibitory rate of pul-
monary indices (IRPI). The formulas used were as follows:

PI=(LW/BW) x 100

IRPI = (LW of MP challenged — LW of MP challenged +
Drug treated)/

(LW of MP challenged — LW of control) x 100

Assessment of Survival Percentage

The experimental animals were observed daily for 10 days
following MP infection, monitoring for any signs of morbid-
ity and mortality. The percentage of survival was calculated
using the formula

Survival percentage = No. of animals survived/Total no. of
animals x 100

Assessment of MP-induced Immune Response

Total nitric oxide levels in the experimental animals were
detected using the Nitric oxide assay kit procured from
Thermo Fisher Scientific, USA. The conversion of nitrate to
nitrite by nitrate reductase was measured with the Griess reac-
tion at 540 nm. Myeloperoxidase levels were quantified using
the myeloperoxidase assay kit procured from Elabscience,
USA. The reduction of hydrogen peroxide by myeloperoxi-
dase was quantified with o-dianisidine at 460 nm.

Quantification of C-reactive Protein (CRP) and
MP-immunoglobulin M (IgM) Levels

Sensitive markers of pneumonia, CRP and the levels of
MP-induced IgM antibodies were quantified in the experi-
mental animals using the enzyme-linked immunosorbent
assay (ELISA) technique. CRP levels were quantified with
Sigma—Aldrich ELISA kit and the IgM levels were quantified
with the Mouse MP IgM ELISA kit procured from
NovaTeinBio, USA. The assay was performed as per the
guidelines provided in the kit manuals.

Measurement of Bronchoalveolar Lavage Fluid
(BALF) Total Cell Count

To obtain BALF from the experimental and control groups,
30 mL aliquots of saline were administered into the right middle
lobe of each mouse. Following the instillation, BALF was col-
lected, and the procedure was repeated thrice. Collected BALF
was subsequently processed by centrifugation at 4,500 rpm for
10 min to separate the cell pellets from the lavage fluid. The
total cell count in the resulting samples was determined using a
hemocytometer in conjunction with an optical microscope.

Quantification of MP-DNA

Lung tissue homogenates were prepared from the experimental
mice using the homogenizing buffer and subsequently incu-
bated in DNA extraction buffer at 37°C for 10 min. Following
incubation, the mixture was centrifuged at 13,000 rpm for 5
min at 4°C to facilitate DNA extraction from the samples. The
concentration of MP-DNA in the DNA samples was quantified
using the polymerase chain reaction technique.

Assessment of Inflammation

The levels of inflammatory stimulators triggered by MP
infection and the attenuating potency of F. suspensa extract
were assessed by quantifying the levels of interleukins (IL),
tumor necrosis factor (TNF)-a, and transforming growth fac-
tor (TGF)-B levels in the experimental animals. ELISA kits
procured from Abcam, USA, were utilized to quantify IL-1,
IL-6, and IL-8. TNF-a and TGF-$ were quantified using the
ELISA kits procured from MyBiosource, USA. The guide-
lines provided in the manual of the kit were followed to per-
form the experiments, and the concentration of inflammatory
stimulators was measured with the standard curve plot.

Assessment of NF-xB Signaling

Extracellular signal-regulated protein kinases 1/2 (ERK1/2),
c-Jun N-terminal protein kinase 1/2 (JNK1/2), and nuclear fac-
tor kappa-light-chain-enhancer of activated B cells (NF-kB)
levels in the experimental animals were measured to determine
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the role of F. suspensa extract against M. pneumoniae-triggered
NF-kB signaling. ERK1/2, JNK1/2, and NF-kB ELISA Kkits
obtained from Cusabio, USA, were utilized for the quantifica-
tion. The final absorbance of the test samples and standards
was measured at 450 nm using an ELISA microplate reader.

Statistical Analysis

All data were subjected to statistical analysis using SPSS ver-
sion 18.0. The results are expressed as triplicate measure-
ments’ mean + standard deviation (SD). Group comparisons
were performed using one-way analysis of variance
(ANOVA), followed by Dunnett’s test to evaluate differences
between the groups. A threshold of p < .05 was established to
determine statistical significance.

Results

Forsythia suspensa Ethanolic Extract (FSEE)
Attenuated Pulmonary Index in MP-challenged
Animals

Figure 1 illustrates the pulmonary index and the inhibitory
rate of the pulmonary index measured in the experimental
animals. Infection with M. pneumoniae increased the levels
of pulmonary index to 1.7 = 0.00006, which was only 0.6 +
0.00003 in the normal control rats. Treatment with FSEE and
the standard drug azithromycin significantly reduced the pul-
monary index to 1.3 £ 0.00004 and 0.8 + 0.00004, respec-
tively. The inhibitory rate of the pulmonary index was
significantly enhanced with treatment with FSEE and azithro-
mycin in the mycoplasma-infected animals.

FSEE Enhanced the Survival Rate of MP-
challenged Animals

The number of days the mice infected with mycoplasma sur-
vived and the experimental animals’ survival percentage were

noted, and the results were tabulated in Figure 2. The survival
percentage and the days were severely reduced in the
untreated mycoplasma-infected animals; only 38 + 0.3% of
animals survived for 4.8 + 0.02 days. Whereas treatment with
FSEE and azithromycin increased the survival percentage of
animals to 72% = 0.4% and 87% =+ 0.5%, respectively, the
survival days were extended to 8.1 £ 0.04 and 9.6 + 0.05
days, respectively.

FSEE Inhibited Uncontrolled Immune Response
Triggered in MP-challenged Animals

The attenuating effect of FSEE against immune response trig-
gered by mycoplasma infection was measured via quantify-
ing the sensitive markers NO and MPO levels in the
experimental animals (Figure 3). The control animals exhib-
ited 127 + 0.04 umol/g of nitric oxide and 27 + 0.5 U/g of
MPO, whereas with mycoplasma infection, both the NO and
MPO levels were enhanced to 325 +0.02 pmol/g and 44 £ 0.7
Ul/g, respectively. Treatment with FSEE and azithromycin
decreased the NO levels to 295 + 0.02 umol/g and 210 + 0.02
pmol/g and MPO levels 38 + 0.4 U/g and 32 + 0.06 U/g,
respectively

FSEE Suppressed CRP and MP-IgM Levels in MP-
challenged Animals

CRPand MP IgM levels were quantified in the MP-challenged
animals treated with FSEE, and the results are depicted in
Figure 4. Treatment with FSEE and azithromycin reduced the
CRP levels to 38 + 0.004 and 28 + 0.005, and the MP-IgM
levels were decreased to 152 + 0.02 and 148 + 0.01, respec-
tively, whereas the animals challenged with MP alone exhib-
ited 59 + 0.006 of CRP and 162 + 0.03 of MP-IgM. Control
animals exhibited 21 + 0.003 of CRP and 141 + 0.04 of
MP-IgM levels
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Figure 1. Forsythia suspensa Ethanolic Extract (FSEE) Attenuated the Pulmonary Index in Mycoplasma pneumoniae (MP)-challenged Animals.

Note: Pulmonary index and inhibitory rate of pulmonary index were measured in control, MP challenged, MP challenged + FSEE treated, and MP
challenged + azithromycin-treated animals. One-way analysis of variance, followed by Dunnett’s test, was conducted to evaluate differences between the
groups. A threshold of p < .05 was established to determine statistical significance.
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Figure 2. Forsythia suspensa Ethanolic Extract (FSEE) Enhanced the Survival Rate of Mycoplasma pneumoniae (MP)-challenged Animals.

Note: Survival percentage and survival days were measured in control, MP challenged, MP challenged + FSEE treated and MP challenged + azithromycin-
treated animals. One-way analysis of variance, followed by Dunnett’s test, was conducted to evaluate differences between the groups. A threshold
of p < .05 was established to determine statistical significance.
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Figure 3. Forsythia suspensa Ethanolic Extract (FSEE) Inhibited the Uncontrolled Immune Response Triggered in Mycoplasma pneumoniae
(MP)-challenged Animals.

Note: Nitric oxide and myeloperoxidase levels were quantified in control, MP challenged, MP challenged + FSEE treated, and MP challenged +
azithromycin-treated animals. One-way analysis of variance, followed by Dunnett’s test, was conducted to evaluate differences between the groups. A
threshold of p < .05 was established to determine statistical significance.
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Figure 4. Forsythia suspensa Extract Suppressed C-reactive Protein (CRP) and Mycoplasma pneumoniae (MP)-immunoglobulin M (IgM)
Levels in MP-challenged Animals.

Note: C-reactive protein and Mycoplasma pneumonia IgM levels were quantified in control, MP challenged, MP challenged + FSEE treated, and MP
challenged + azithromycin-treated animals. One-way analysis of variance, followed by Dunnett’s test, was conducted to evaluate differences between the
groups. A threshold of p < .05 was established to determine statistical significance.
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FSEE Reduced the Total Cell Count in the BALF of
MP-challenged Animals

Figure SA depicts the total cell count in the BALF of
MP-challenged and FSEE-treated animals. Treatment with
FSEE decreased the total cell count in BALF to 37 + 0.003
pg/mL, whereas it is 48 + 0.005 pg/mL in mycoplasma alone
challenged animals. The control and azithromycin-treated
animals exhibited 29 + 0.003 and 34 + 0.004 ug/mL,
respectively.

FSEE Reduced MP-DNA Content in MP-
challenged Animals

Figure 5B depicts the MP-DNA content in MP-challenged
untreated and FSEE-treated animals. FSEE treatment
decreased the MP-DNA content to 6.3 + 0.0006, whereas the
MP challenged, untreated animals exhibited 7.8 = 0.0006 of
MP-DNA content. Treatment with the standard drug azithro-
mycin reduced the MP-DNA content levels to 5.8 £ 0.0005.

FSEE Attenuated Inflammation in MP-challenged
Animals

Inflammatory stimulatory triggered by mycoplasma infection
and the attenuating effect of FSEE in experimental animals
were measured, and the results are illustrated in Figure 6.
Infection with mycoplasma elevated the IL levels in experi-
mental animals. IL-1, IL-6, and IL-8 levels were significantly
enhanced with mycoplasma infection. Treatment with both
FSEE and azithromycin decreased the levels of ILs in
MP-challenged mice. IL-1, IL-6, and IL-8 levels were signifi-
cantly decreased in FSEE and azithromycin-treated animals

compared to the mycoplasma-challenged untreated animals.
TNF-a and TGF-B levels were also increased with MP infec-
tion compared to TGF-f; the TNF-a levels were significantly
increased. FSEE and azithromycin-treated animals showed
significantly reduced levels of TNF-a and TGF-B compared
to the MP-challenged untreated animals.

FSEE Inhibited NF-xB Signaling in MP-challenged
Animals

Figure 7 represents the ERK1/2, JNK 1/2, and NF-«xB levels
in the MP challenged, untreated, and FSEE-treated animals.
ERK1/2 and NF-«B were elevated to 4.6 + 0.00008 and 4.4 +
0.00007 units, respectively, compared to the control animals,
which exhibited 2.1 + 0.00003 units of ERK1/2 and 2.1 +
0.00004 units of NF-kB. FSEE and azithromycin treatment
reduced the levels of ERK1/2 to 3.4 + 0.00004 and 2.7 +
0.0008 units, and NF-kB to 3.8 + 0.00006 and 3.2 &+ 0.00002
units, respectively. INK 1/2 levels were significantly elevated
with FSEE and azithromycin treatment to 0.8 = 0.00006, 1.3
+ 0.00002 units compared to the MP-challenged untreated
animals, which showed 0.7 = 0.00005 units. Control animals
exhibited 1.4 = 0.00003 units of JNK1/2.

Discussion

M. pneumoniae infection contributes to 10%—40% of CAP
within the pediatric age group (Kutty et al., 2019). While
typically manifesting as a transient condition characterized
by mild respiratory manifestations, including a distinctive
paroxysmal, non-productive cough with limited mucoid or
mucopurulent expectoration, a subset of cases (0.5%—-2.0%)
progresses to severe pneumonia. This condition is associated
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Figure 5. Forsythia suspensa Ethanolic Extract (FSEE) Reduced Total Cell Count and Mycoplasma pneumoniae (MP)-deoxyribonucleic

Acid (DNA) Content of MP-challenged Animals.

Note: Total cell count in BALF and MP-DNA content were quantified in control, MP challenged, MP challenged + FSEE treated, and MP challenged +
azithromycin-treated animals. One-way analysis of variance, followed by Dunnett’s test, was conducted to evaluate differences between the groups. A

threshold of p < .05 was established to determine statistical significance.
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Figure 6. Forsythia suspensa Ethanolic Extract (FSEE) Attenuated Inflammation in Mycoplasma pneumoniae (MP)-challenged Animals.

Note: Inflammatory stimulants—interleukins (IL)-1, IL-6, IL-8, tumor necrosis factor-a, and transforming growth factor-f—were quantified in control,
MP challenged, MP challenged + FSEE treated and MP challenged + azithromycin-treated animals. One-way analysis of variance, followed by Dunnett’s
test, was conducted to evaluate differences between the groups. A threshold of p < .05 was established to determine statistical significance.

Units

ERK1/2 o
2.0+
6 * sk
*ok 1.5 <
I 4 k| *
£ 1.0+
=}
2 -
0.5+
0 T T T T 0.0 1 1 L] 1
GroupI Group II Group III Group IV GroupI Group II Group III Group IV
NF-«xB
6=
*
%
4= e e
3
=
=}
2=
0

I L} L] 1
GroupI Group II Group III Group IV

Figure 7. Forsythia suspensa Ethanolic Extract (FSEE) Inhibited Nuclear Factor Kappa-light-chain-enhancer of Activated B Cells (NF-kB)
Signaling in Mycoplasma pneumoniae (MP)-challenged Animals.

Note: Extracellular signal-regulated protein kinases 1/2, c-Jun N-terminal protein kinase /2, and nuclear factor kappa-light-chain-enhancer of activated B cells
were quantified in control, MP challenged, MP challenged + FSEE treated, and MP challenged + azithromycin-treated animals. One-way analysis of variance,
followed by Dunnett’s test, was conducted to evaluate differences between the groups. A threshold of p < .05 was established to determine statistical significance.
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with significant morbidity, including severe breathing diffi-
culties and a related critical lung condition, posing a threat to
patient survival (Izumikawa, 2016; Lee et al., 2021). The
pathogenesis of M. pneumoniae involves complex interac-
tions between bacterial virulence factors, host immune
responses, and subsequent respiratory tissue damage
(Esposito et al., 2021). The organism employs specialized
adhesions and cytoadherence proteins to facilitate attachment
to and invasion of respiratory epithelial cells, leading to cel-
lular injury and disease progression (Chen et al., 2020; Guo,
Gu, et al., 2024).

The absence of a cell wall contributes to M. pneumoniae
exhibiting resistance to antibiotics that inhibit cell wall synthe-
sis, but it remains susceptible to quinolones, tetracyclines, and
macrolides (Ding et al., 2024). Macrolides are typically the ini-
tial management strategy for M. pneumoniae pneumonia in
children (Pereyre et al., 2012). However, the emergence and
increasing prevalence of macrolide-resistant M. pneumoniae
strains limit treatment options and potentially require the use of
less effective or more toxic agents, especially in the therapeutic
strategies for chronic lung conditions (Jiang et al., 2024; Yin
et al., 2017). This resistance, along with the complications
associated with macrolide use, necessitates exploring alterna-
tive treatment strategies (Dou et al., 2020). In the present study,
we elucidated the potency of F. suspensa extract in ameliorat-
ing M. pneumoniae-induced pneumonia. Over 200 phytochem-
icals have been reported from F. suspensa, and few have been
proven to exhibit anti-inflammatory properties (Feng et al.,
2018). Consequently, F. suspensa is frequently employed in the
clinical practice of traditional Chinese medicine to treat diverse
inflammation-related conditions (Xia et al., 2016).

FSEE administration had significantly reduced the pulmo-
nary index and increased the inhibitory rate of pulmonary
index in the MP-challenged mice. The survival percentage
and survival rate were also enhanced with FSEE treatment,
which signifies that FSEE had rendered a potent ameliorating
effect against the M. pneumoniae-induced lung inflammation.
Myeloperoxidase, a protein highly expressed in neutrophils
and monocytes, is critical for immune surveillance and host
defense (Huang et al., 2025). Stored within granules, this
hemeprotein is released from activated leukocytes into extra-
cellular and phagolysosomal spaces. Utilizing hydrogen per-
oxide produced during the respiratory burst, MPO generates
cytotoxic oxidants and diffusible radical species (Fan et al.,
2024). Recent findings indicate that inflammatory-immune
cells, particularly through heme peroxidases like MPO, can
catalyze the oxidation of nitric oxide into more reactive nitro-
gen species, thereby promoting protein nitration (Zhao et al.,
2021). While nitric oxide typically functions as a signaling
molecule under normal physiological conditions, its produc-
tion can become excessive during pathological states such as
atherosclerosis, asthma, and other inflammatory conditions
(Wolak et al., 2024). Infection with M. pneumoniae in murine
model considerably enhanced the levels of both nitric oxide
and myeloperoxidase. In contrast, treatment with FSEE

suppressed the immune response triggered by pneumonia
infection, as evidenced with decreased levels of nitric oxide
and myeloperoxidase.

Medical concerns include the impact of M. pneumoniae
infections on extrapulmonary systems in children. MP adheres
to respiratory cilia via the P1 protein, replicates within the
respiratory epithelium, and triggers the release of pro-inflam-
matory cytokines like IL-6 and CRP, resulting in acute cellular
inflammation and airway damage (Atkinson & Waites, 2014).
The most common and reliable serological method for diag-
nosing severe MP infection is the detection of MP-specific IgM
titers. Studies indicate that MP load and MP-specific IgM titers
correlate with pathological features in MP pneumonia
(Poddighe, 2018). Notably, MP-specific IgM has been linked
to extrapulmonary symptoms, potentially indicating height-
ened immune activation in affected patients (Choo et al., 2022).
FSEE administration in M. pneumoniae challenged animals
attenuated the levels of CRP and MP-IgM antibodies, proving
its efficacy against inhibiting extrapulmonary infection induced
by M. pneumoniae. The decrease in total cell counts and
MP-DNA content in FSEE-treated mice further confirmed the
alleviating potency of FSEE against pneumonia infection.

M. pneumoniae infection primarily affects the airway epi-
thelium, leading to epithelial damage and the release of
inflammatory cytokines. As the initial barrier against envi-
ronmental pathogens, the airway epithelium relies on various
signaling mechanisms to regulate immune responses (Chang
et al., 2022). One key pathway involved is the activation of
NF-«xB following MP infection. NF-kB, a crucial regulator of
inflammation, is usually bound to its inhibitor, I-xB, within
the cytoplasm. When MP lipoproteins interact with toll-like
receptors, [-kB undergoes phosphorylation and degradation,
allowing NF-kB to translocate into the nucleus and stimulate
the pro-inflammatory genes contributing to airway inflamma-
tion (Yang et al., 2024).

Studies have shown that the NF-kB signaling pathway is
vital in regulating inflammatory responses within lung tissues
(Guo, Gu, et al., 2024). Certain cytokines, including TNF-a,
IL-1B, IL-8, and IL-6, contribute to the overactivation of
NF-kB (Chen et al., 2015, 2022; Shi et al., 2017). IL-6, a
major pro-inflammatory cytokine, is produced by Th2 cells,
fibroblasts, and macrophages and is known to amplify inflam-
matory responses. Elevated IL-6 levels have been observed in
children with CAP (Odeh & Simecka, 2016). TNF-a and
IL-1 are primarily released during the initial phase of inflam-
mation, where they increase vascular endothelial permeabil-
ity and stimulate the production and release of additional
cytokines (Jiang et al., 2016). Additionally, IL-8 is primarily
produced by the airway epithelium and is associated with
several lung diseases due to its elevated levels in inflamma-
tory conditions (Russell et al., 2024). Treatment with FSEE in
M. pneumoniae challenged animals exhibited significantly
decreased levels of NF-«xB, IL-1, IL-6, IL-8, and TNF-a.
FSEE treatment inhibited NF-kB-dependent lung inflamma-
tion in M. pneumoniae challenged animals.
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The sustained NF-kB activation in bronchial epithelial cells,
mediated by ERK1/2 activity, has been linked with chronic
pulmonary inflammation. This phenomenon is observed in
patients with a homozygous Z mutation in alphal-anti-trypsin,
a genetic condition that leads to early-onset emphysema (van’t
Wout et al., 2014). In individuals with respiratory diseases like
pneumonia, increased levels of TGF-f1 were detected in bron-
chial tissue samples (Wang et al., 2025). In our study, M. pneu-
moniae infection increased the NF-kB activation, which may
be mediated due to ERK1/2, which is significantly increased
with pneumonia infection. It also increased the levels of TGF-
B1, which is reported to be increased in the bronchial samples
of asthmatic patients. FSEE treatment attenuated the ERK1/2,
TGF-B1, and increased the JNK1/2 levels in the mycoplasma
challenged animals, which eventually prevented pulmonary
inflammation in M. pneumoniae-infected animals.

Conclusion

In summary, FSEE exhibits significant therapeutic potential
against M. pneumoniae-induced pneumonia by improving
survival rates and mitigating lung inflammation. Its effective-
ness is attributed to its ability to regulate immune responses,
lower pro-inflammatory cytokine levels, and reduce bacterial
load. By downregulating NF-kB, enhancing JNK1/2 expres-
sion, and suppressing excessive immune activation, FSEE
emerges as a promising candidate for treating M. pneumoniae-
associated pneumonia. Further in-depth molecular studies are
necessary to fully understand the therapeutic potential of
FSEE against M. pneumoniae-induced pneumonia.
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