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Abstract Background: Pneumonia has become a leading cause of death due to its high morbidity

rates worldwide. Pneumonia is caused by the bacterium Mycoplasma pneumoniae (MP), which is a

prominent airway pathogen. MP infection is usually self-limiting, but an alarming increase in cases

has recently developed into refractory, severe, and even fatal pneumonia.

Objective: The objective of the current work was to study the anti-inflammatory and antioxidant

properties of bakuchiol in ameliorating MP-induced pneumonia in mice.

Methodology: BALB/c mice were challenged with MP (100 ml) via nasal drops for 2 days to

induce pneumonia, and bakuchiol (25 mg/kg) was given concurrently to the mice for 3 days. There-

after, measurements of lung weight, MPO, and NO concentrations were done. The corresponding

kits were used to analyze the GSH, SOD, and MDA concentrations. The DNA contents of MP

were assessed by PCR, and the total cells in BALF were counted. The corresponding kits were used

to measure NF-jB levels and examine the inflammatory cytokine levels in the BALF samples. The

lung histopathology was assessed to identify the histological changes.

Results: In pneumonia-induced mice, the lung weight was significantly reduced after treatment

with 25 mg/kg of bakuchiol. The bakuchiol treatment exhibited an effective antioxidant and

anti-inflammatory properties on the pneumonia mice. Bakuchiol also lowered the NF-jB level

and attenuated histological alterations in the lungs of pneumonia-induced mice. Conclusion: In

summary, our findings exhibited that bakuchiol significantly reduced inflammation induced by

MP in a mouse model of pneumonia. As a result, it has potential as a future salutary agent for

the pneumonia treatment.
� 2023 The Author. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Pneumonia is an acute lung disease with severe symptoms. Pneumonia

can be caused by a variety of factors, the most common of which is

microbial infection. Choking on food, inhaling hydrocarbons, swallow-

ing a foreign object, having too much stomach acid, or having an aller-

gic reaction are some of the common causes of pneumonia. About 4

million children die each year from pneumonia, making it the major

infectious cause of child mortality worldwide, particularly in underde-

veloped nations (Miyashita, 2022). Mycoplasma pneumoniae (MP), a

frequent pathogen of pneumonia in children and adolescents, is respon-

sible for 10 to 40% of incidences. It is capable of causing not just pneu-

monia but also a wide range of extra-pulmonary and systemic

consequences (Rueda et al., 2022). MP infection is usually self-

limiting, but an alarming increase in cases has recently developed into

refractory, severe, and even fatal pneumonia. Symptoms of MP infec-

tion include a recurrent fever, a dry cough, a headache, and a sore

throat. A prolonged dry cough or a cough with significant phlegm is

the most common respiratory symptom of MP infection (Megumi

et al., 2020). Recently, there has been a progressive rise in the frequency

of severe pneumonia, especially in younger patients. The pathophysiol-

ogy ofMP pneumonia is not fully understood. The initial attachment of

MP occurs on the airway epithelial cell surface. Due to the lack of a cell

wall, the MP membrane is able to make direct contact with its host and

engage in membrane-to-membrane exchanges (Essandoh et al., 2016).

The pathogenesis of MP involves intracellular colonization, adher-

ence to host cells, and rupture of cell membranes, all of which can injure

alveoli and alter the structure of epithelial cells, impairing lung function

(Tsai et al., 2021). The etiology of MP infection is generally associated

with an imbalanced immune-inflammatory response following infec-

tion. In response to MP infection, airway epithelial cells release a array

of inflammatory cytokines, including TNF-a, which recruit other

immune cells and cause inflammation, remodeling of the airway,

obstruction of airflow, and a decrease in lung activity (Lai et al.,

2019). Dysregulation of cytokines such as TNF-a, IL-6, and IL-10 con-

tributes to the pathogenesis of severe pneumonia by activating systemic

inflammation (Gao et al., 2015). IL-6, TNF-a, and IL-10 are major

inflammatory mediators that have been shown to be secreted in

response to MP infection. These cytokines recruit inflammatory cells,

linking the adaptive and intrinsic immune responses (Sun et al.,

2020). It was known that the immune reaction has a dual effect in many

different types of infections, acting both as an early-stage antibacterial

agent and as a long-lasting agent that damages tissue (Yu et al., 2018).

Treatment with glucocorticoids and immunoglobulins has been

shown to be effective in suppressing inflammatory responses and alle-

viating clinical symptoms in patients with refractory MP pneumonia,

supporting the idea that immune inflammatory damage plays a pivotal

function in the progression of MP pneumonia (Shan et al., 2017). The

most frequently prescribed drug for MP pneumonia is azithromycin, a

member of a class of drugs known as macrolides. Azithromycin is

effective against a wide variety of bacteria and yeast infections; how-

ever, it might cause gastrointestinal distress in children when used

for an extended period of time. Treatment for pneumonia is compli-

cated and ineffective for a variety of reasons, including mixed infection

and mycoplasma colonization (Izumikawa et al., 2014). Hence, the

need for novel and effective medications with fewer side effects has

emerged in recent times for the successful treatment of pneumonia.

Bakuchiol is a phenolic monoterpene compound obtained from the

seeds of Psoralea corylifolia (Leguminosae). It has been shown that

bakuchiol has a wide variety of biological properties, including antiox-

idant (Seo et al., 2013), anti-inflammatory (Lim et al., 2019), antidia-

betic (Xin et al., 2019), anti-aging (Chaudhuri and Bojanowski,

2014), and anticancer (Li et al., 2017) properties. Bakuchiol treatment

may also reduce oxidative stress, edema, and inflammation in sepsis-

induced mice (Zhang et al., 2017). Additionally, bakuchiol may lessen

myocardial ischemia–reperfusion damage (Feng et al., 2016). Apart

from these effects, the ameliorative effects of bakuchiol against
mycoplasmal pneumonia remain to be explored. Hence, the current

study sought to discover the protective effects of bakuchiol against

MP-induced pneumonia in mice.

2. Materials and methods

2.1. Chemicals

Bakuchiol, azithromycin, and other chemicals were purchased

from Sigma-Aldrich, USA. The corresponding assay kits for
biochemical markers were attained from Thermofisher, USA.

2.2. Animals

4–6 weeks aged BALB/c mice were used in the current work.
The mice used in the investigation were housed in hygienic

polypropylene cabins. Throughout the experiment, mice were
kept in a organized milieu with a temperature of 23 ± 5 �C,
air moisture of 50%-60%, and a light/dark series of 12 h. Dur-
ing the course of the study, the mice were allowed to access the

pellet food and distilled water. Before beginning trials, the
mice were acclimated to the laboratory environment for one
week. All the animal experiments were approved by the insti-

tutional animal ethical committee.

2.3. Experimental groups

A total of 24 mice were divided evenly among four groups.
Group I served as a non-treated control group. Mice in Group
II were given 100 ml of MP in their nostrils twice daily for two

days to induce pneumonia. Group III mice were given an MP
exposure to induce pneumonia, and bakuchiol (25 mg/kg) was
given to them via oral gavage route concurrently for three
days. Mice in group IV were given an MP while also receiving

three days of treatment with azithromycin (100 mg/kg). After
all of the treatments were completed, the mice were anes-
thetized and sacrificed. The blood and lung tissues were then

collected for biochemical analysis.

2.4. Quantification of myeloperoxidase (MPO) and nitric oxide
(NO) levels

When the lungs were taken from the test mice, they were
homogenized with buffer and centrifuged at 10,000 rpm for
10 min at 4�Celsius. The supernatant was then used to measure

NO concentration andMPO activity using the kits in the guide-
lines specified by the manufacturers (Thermofisher, USA).

2.5. Determination of oxidative and antioxidant biomarkers

Using the corresponding assay kits in agreement with the man-
ufacturer’s recommendations, the malondialdehyde (MDA),

glutathione (GSH), and superoxide dismutase (SOD) concen-
trations in the lung tissue homogenate of both control and
treated mice were examined (Biocompare, USA).

2.6. Collection of BALF and total cell count

By injecting 30 ml aliquots of saline into the right middle lobe

of the mice used in the experiment and control groups, the
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BALF was obtained. The cell pellets were then separated from
the collected BALF by immediately centrifuging it at 6000 rpm
for 5 min. The total cells in the samples was then enumerated

using a hemocytometer and a optical microscope.

2.7. Detection of MP DNA amount

Homogenates of lung tissue were taken from the experimental
mice and placed into the DNA extraction buffer for 10 min at
37 �C. Finally, DNA was extracted from the samples by cen-

trifuging the solution at 13,000 rpm for 5 min at 4 �C. After
that, the PCR method was used to analyze how much MP
DNA was in each sample (Williamson et al., 1992).

2.8. Quantification of pro-inflammatory cytokines

The contents of inflammatory biomarkers were examined in
the obtained BALF from the control and treated animals.

Using the corresponding assay kits and the manufacturer’s
specified procedures, the status of IL-1, IL-6, IL-8, TNF-a,
and TGF in animal BALF was measured (Thermofisher Scien-

tific, USA).

2.9. Detection of NF-jB levels

According to the manufacturer’s instructions, we used the kit
to determine the amount of NF-jB in the lung tissue homoge-
nate of both control and treated mice (Thermofisher, USA).

2.10. Statistical analysis

The outcomes were analyzed statistically using SPSS software,
and the findings was reported as the mean ± SD of triplicates.

One-way ANOVA and Tukey’s post hoc assay were employed
to assess the values and p < 0.05 was fixed as statistical
significance.

3. Results

3.1. Bakuchiol decreases lung weight, MPO, and NO

concentrations in the pneumonia-induced mice

The MPO activity, NO, and lung weight index of control and
MP-induced pneumonia mice are shown in Fig. 1. Compared
to controls, the MP-infected pneumonia mice revealed a signif-

icant increase in lung weight, NO levels, and MPO activity.
After receiving 25 mg/kg of bakuchiol, pneumonia mice
showed a significant decrease in lung weight, MPO, and NO
concentrations. Similar decreases were also observed in the

azithromycin-treated pneumonia mice.

3.2. Bakuchiol increases antioxidants while decreasing the MDA
level in the lung tissues of pneumonia-induced mice

The results of bakuchiol on MDA, GSH, and SOD levels in
pneumonia mice are exhibited in Fig. 2. The pneumonia mice

had a considerably increased MDA content and decreased
GSH and SOD concentrations than the control. Bakuchiol
at a dose of 25 mg/kg remarkably reduced the MDA and
boosted the GSH and SOD concentrations in the mice with
pneumonia. Azithromycin, a standard drug, also reduced

MDA and boosted GSH and SOD in pneumonia-induced
mice.

3.3. Bakuchiol decreases the DNA amount and total cells in the
lung tissues of pneumonia-induced mice

The total cell count and DNA content of the MP in the

untreated and treated mice are shown in Fig. 3. Mice with
pneumonia induced by MP had a striking elevation in the total
cell numbers and the quantity of DNA in their lung tissues.

The treatment with 25 mg/kg of bakuchiol remarkably
depleted both the total cells and the amount of MP DNA in
the lungs. Both the DNA amount and total cells in the lung tis-
sues were reduced by the azithromycin treatment, which cor-

roborated the effects of bakuchiol.

3.4. Bakuchiol decreases the levels of inflammatory cytokines in
the BALF of pneumonia-induced mice

The effects of bakuchiol administration on the levels of inflam-
matory markers in the BALF of both control and treated mice

are shown in Fig. 4. BALF levels of IL-6, IL-1, IL-8, TGF, and
TNF-a were dramatically elevated in pneumonia mice com-
pared to controls. Meanwhile, BALF from pneumonia mice
administered with 25 mg/kg of bakuchiol showed a significant

decrease in these cytokine levels. The activity of bakuchiol was
supported by the results of azithromycin, which show that the
status of these cytokines in the MP-infected pneumonia mice

was also remarkably depleted after the azithromycin treatment
(Fig. 4).

3.5. Bakuchiol treatment decreases the NF-jB expression in the
lung tissues of pneumonia-induced mice

Fig. 5 shows the relative amount of NF-jB in mice with and

without MP-induced pneumonia. When compared to controls,
the NF-jB expression in the lungs of the mice exposed to
pneumonia showed a significant increase. While, the treatment
of 25 mg/kg of bakuchiol significantly reduced NF-jB levels in

mice with pneumonia. A similar reduction in NF-jB level was
also seen in the pneumonia mice when treated with azithromy-
cin, which supports the activity of bakuchiol.

3.6. Bakuchiol improves the lung histopathology

The differences between the lung histology of control and trea-

ted animals are shown in Fig. 6. The lungs of the control mice
had typical alveolar patterns without any lesions or inflamma-
tory symptoms. The enhanced inflammatory cell infiltrations,

thickening of alveolar walls, and constricted bronchial tubes
in the lungs were seen in mice that had developed pneumonia.
The treatment with bakuchiol significantly reduced the indica-
tions of hyperemia, congested bronchial tubes, and inflamma-

tory cell infiltration in the pneumonia mice (Fig. 6). Treatment
with azithromycin also significantly attenuated the lung tissue
histological changes in pneumonia-induced mice.



Fig. 1 Effect of bakuchiol on the lung weight, NO concentration, and MPO activity in the pneumonia-induced mice. The results were shown

as the mean ± SD of three independent tests. One-way ANOVA and Tukey’s post hoc test were used for statistical analysis of the data.

An asterisk (#) denotes a significant difference (p < 0.01) from the control group, while a (*) denotes a significant difference (p < 0.05)

from pneumonia mice. Note. Group I. Control mice; Group II. Pneumonia-induced mice; Group III. Pneumonia + Bakuchiol (25 mg/

kg)-treated mice; Group IV. Pneumonia + Standard drug azithromycin (100 mg/kg)-treated mice.

Fig. 2 Effect of bakuchiol on the antioxidants and MDA level in the lung tissues of pneumonia-induced mice. The results were shown as the

mean ± SD of three independent tests. One-way ANOVA and Tukey’s post hoc test were used for statistical analysis of the data. An

asterisk (#) denotes a significant difference (p < 0.01) from the control group, while a (*) denotes a significant difference (p < 0.05) from

pneumonia mice. Note. Group I. Control mice; Group II. Pneumonia-induced mice; Group III. Pneumonia + Bakuchiol (25 mg/kg)-

treated mice; Group IV. Pneumonia + Standard drug azithromycin (100 mg/kg)-treated mice.
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Fig. 3 Effect of bakuchiol on the total cells and DNA amount in the lung tissues of pneumonia-induced mice. The results were shown as the

mean ± SD of three independent tests. One-way ANOVA and Tukey’s post hoc test were used for statistical analysis of the data. An

asterisk (#) denotes a significant difference (p < 0.01) from the control group, while a (*) denotes a significant difference (p < 0.05) from

pneumonia mice. Note. Group I. Control mice; Group II. Pneumonia-induced mice; Group III. Pneumonia + Bakuchiol (25 mg/kg)-

treated mice; Group IV. Pneumonia + Standard drug azithromycin (100 mg/kg)-treated mice.

Fig. 4 Effect of bakuchiol on the levels of inflammatory cytokines in the BALF of pneumonia-induced mice. The results were shown as the

mean ± SD of three independent tests. One-way ANOVA and Tukey’s post hoc test were used for statistical analysis of the data. An

asterisk (#) denotes a significant difference (p < 0.01) from the control group, while a (*) denotes a significant difference (p < 0.05) from

pneumonia mice. Note. Group I. Control mice; Group II. Pneumonia-induced mice; Group III. Pneumonia + Bakuchiol (25 mg/kg)-

treated mice; Group IV. Pneumonia + Standard drug azithromycin (100 mg/kg)-treated mice.
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4. Discussion

MP is one of the common bacterial species that can cause life-

threatening pneumonia. The clinical presentation of an infec-
tion caused by this bacterium is slow-progressing tracheobron-
chitis accompanied by a dry cough and agitation. This

bacterium can cause acute pneumonia as well as less severe epi-
sodes of pharyngitis and tracheobronchitis (Becker et al.,
2015). The clinical manifestations of MP infection range from
asymptomatic infection to lethal pneumonia. Children and

young adults are more vulnerable to MP, which can lead to
acute bronchitis, community-acquired pneumonia (CAP),
and acute asthma (Maselli et al., 2018). In the airway epithe-

lium, MP can multiply, aggregate, and release inflammatory
factors and chemotactic mediators, and even take part in the
inflammatory process and immune response, all of which can

lead to chronic airway inflammation and hyperresponsiveness
(Narita, 2016). Inflammation is a crucial part of the innate
immune system because it helps protect the body against exter-

nal pathogens. Inflammation caused by the host’s immune
mechanisms is a major factor in the pathogenesis of MP infec-
tion and its clinical manifestations (Waites et al., 2008; Naik

et al., 2021). Inflammation involves many different types of
inflammatory cells, and the removal of MP from the lungs is
mostly dependent on macrophages rather than neutrophils

(Lai et al., 2010). The outcomes of the current work exhibited
an increased total cell count in the lungs of the pneumonia
mice, which proves the severe inflammatory cell influx and
infiltrations into the lungs. Interestingly, the pneumonia mice

treated with bakuchiol effectively depleted the total cells in
the lung tissues, demonstrating its anti-inflammatory effects.

Inflammation of the respiratory system is often caused by

cytokine production in the airway epithelial cells. Increased
inflammatory responses to pathogen invasion can harm the



Fig. 5 Effect of bakuchiol on the NF-jB expression in the lung

tissues of pneumonia-induced mice The results were shown as the

mean ± SD of three independent tests. One-way ANOVA and

Tukey’s post hoc test were used for statistical analysis of the data.

An asterisk (#) denotes a significant difference (p < 0.01) from the

control group, while a (*) denotes a significant difference

(p < 0.05) from pneumonia mice. Note. Group I. Control mice;

Group II. Pneumonia-induced mice; Group III. Pneumo-

nia + Bakuchiol (25 mg/kg)-treated mice; Group IV. Pneumo-

nia + Standard drug azithromycin (100 mg/kg)-treated mice.
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lungs, leading to poor clinical results in pneumonia (Dolinay

et al., 2012; Theerthagiri et al., 2019 Sep 27). Upon exposure
to MP antigen or live MP, bronchial epithelial cells produce
Fig. 6 Effect of bakuchiol on the lung histopathology of pneumonia-ind

and there are no symptoms of inflammation or lesions. Group II. Grea

constricted bronchial tubes were observed in the lung tissues of MP-i

bakuchiol significantly decreased the histological changes in the lung

lungs were substantially suppressed by standard drug azithromycin tr
inflammatory cytokines, which subsequently chemoattract
and activate neutrophils. The pathogenesis of pneumonia relies
on an inflammatory response triggered by an imbalance

between pro- and anti-inflammatory cytokines (Shi et al.,
2017). The secretion of pro-inflammatory mediators and the
formation of pulmonary fibrosis are increasingly linked to

MP-induced pneumonia symptoms (Kurai et al., 2013).
Increased secretion of TNF-a, IL-6, and other chemokines at
the infection site, as well as leukocyte aggregation (mostly neu-

trophils), can cause lung injuries and pulmonary fibrosis
caused by MP infection (Lin et al., 2018). IL-8 is an influential
cytokine that is linked to the onset and persistence of inflam-
mation. Human IL-8 is predominantly secreted by the epithe-

lium lining the airways, and its expression is correlated with
the pathogenesis of pneumonia (Wang et al., 2018). Serum
IL-6 levels were found to be significantly higher in MP-

infected patients, making it a useful predictor of therapy out-
comes (Tian et al., 2020). The pneumonia mice showed a sig-
nificant increase in IL-1, IL-6, IL-8, TNF-a, and TGF levels

in the current study. Meanwhile, bakuchiol treatment signifi-
cantly reduced the status of these cytokines in pneumonia
mice. The activity of bakuchiol was corroborated by the results

of the standard drug azithromycin, which supports the anti-
inflammatory effects of bakuchiol. An earlier study done by
Zhang et al. (Zhang et al., 2021 Aug) found that baicalin treat-
ment effectively reduced the inflammatory cytokine levels in

the pneumonia mice. These findings corroborated the current
uced mice. Group I. Alveolar structures in control mice are normal,

ter inflammatory cell infiltrations, thickening of alveolar walls, and

nfected pneumonia mice. Group III. Treatment with 25 mg/kg of

tissues of pneumonia mice. Group IV. Histological changes in the

eatment.
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findings and supported the anti-inflammatory role of
bakuchiol.

The mediators released by the accumulating leukocytes at

the site of inflammation have a significant influence on the
onset and regulation of inflammation. MPO is a common neu-
trophil hemoprotein believed to play a pivotal function in

mediating host defense mechanisms (Nussbaum et al., 2013).
Lung MPO accumulation has the potential to modulate the
redox-sensitive signaling that regulates inflammatory mecha-

nisms, such as the catabolism of NO. Furthermore, the high
MPO concentration may result in oxidative stress and cell
injury (KubalaL et al., 2013). The outcomes of the present
work unveiled that the pneumonia mice showed a drastic

increase in the concentrations of MPO and NO than the con-
trol. The bakuchiol treatment significantly reduced MPO and
NO concentrations in pneumonia mice, which is similar to

the results of azithromycin treatment.
The airways are vulnerable to oxidative attack, the severity

of which is determined by the body’s ability to counter or

upregulate the defensive ROS scavenging mechanisms
(Theerthagiri et al., 2021). Even though the lungs have anti-
oxidants like GSH and SOD to defend against damage from

inhaled ROS, their activities can be compromised (Comhair
et al., 2000). GSH is a powerful intracellular antioxidant with
a wide range of roles in regulating cellular redox homeostasis.
The epithelium lining of the respiratory tract has been

observed to have higher GSH concentrations than those seen
in plasma. In addition, the lungs have specialized proteins,
including peroxiredoxins, thiodoxins, glutaredoxins, haeme

oxygenases, and reductases, which all work together to defend
against oxidative damage (Domej et al., 2014). The outcomes
of this work demonstrated the considerable reduction in

SOD and GSH concentrations while increased levels of
MDA in the pneumonia mice. Interestingly, the bakuchiol
treatment remarkably improved the SOD and GSH concentra-

tions and diminished the MDA concentration in the pneumo-
nia mice. These outcomes support the antioxidant properties
of bakuchiol. Fu et al. (Fu et al., 2022 Apr) have found that
the treatment with geraniol showed an antioxidant property

by considerably boosting the antioxidants in the pneumonia
mice. These findings are in line with the present results of the
bakuchiol treatment and support its antioxidant properties in

the pneumonia mice.
The pro-inflammatory effects of pneumonia require NF-jB

activation. The lipoprotein subunits of MP are capable of rec-

ognizing toll-like receptors and triggering NF-jB activation
(Shimizu et al., 2008). In bronchial epithelial cells, MP has
been shown to trigger the NF-jB pathway, which in turn
increases inflammation (Chmura et al., 2008). The protective

inflammatory genes are expressed in conjunction when NF-
jB is activated (Andrades et al., 2011). Reducing the inflam-
matory response is hypothesized to have a protective effect

on the lungs. It was reported that the stimulation of NF-jB
in airway epithelial cells is especially critical for regulating
inflammatory reactions, which can occur in a variety of lung

cell types (Sadikot et al., 2006). It is becoming clear that the
lung epithelium is an important site where NF-jB is stimulated
due to the several pathogens in the airways. Multiple microbial

and host-derived factors have been reported to stimulate NF-
jB in epithelial cells (Poynter et al., 2003). Reports have
revealed a tight connection between NF-jB signaling and lung
disorders, including acute lung damage (Gu et al., 2020; Arora
et al., 2019). In the current work, we observed that the pneu-
monia mice revealed increased NF-jB expression in the lungs.

However, the bakuchiol administration considerably reduced
the NF-jB expression in the lungs of the pneumonia mice,
which supports its anti-inflammatory roles. The previous

report found a decrease in NF-jB expression in the pneumonia
mice after treatment with morusin (Chen et al., 2019). These
findings supported the current findings of the bakuchiol treat-

ment, which also reduced NF-jB expression in the pneumonia
mice.

5. Conclusion

In summary, our findings exhibited that bakuchiol successfully reduced

inflammation and oxidative stress induced by MP in a mouse model of

pneumonia. Antioxidant levels were significantly increased after treat-

ment with bakuchiol, whereas inflammatory biomarkers were signifi-

cantly reduced, and histological alterations were improved in the

pneumonia mice. This proposes that bakuchiol may be a talented salu-

tary agent to treat the pneumonia. Nevertheless, more studies are

required to fully understand the processes through which bakuchiol

exerts its therapeutic effects against pneumonia.
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