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ABSTRACT

Acute lung injury (ALI) or its more severe form, acute respiratory distress syndrome, is a life-threatening disease closely associated with an imbalance of M1/M2
macrophage polarization. However, current therapeutic strategies for ALI are controversial due to their side effects, restricted administration routes, or poor targeted
delivery. The development of herbal medicine has uncovered numerous anti-inflammatory compounds potentially beneficial for ALI therapy. One such compound is
the bergapten, a coumarin, which has been isolated from Ficus simplicissima Lour. However, it’s been used as an anti-cancer drug and it’s effects on ALI remain
unexplored. The poor solubility and biodistribution of bergapten heavily limit its application. In this timely report, we developed a bioactive and lung-targeting lipid-
nanomedicine by integrating bergapten and DPPC liposome, named as Ber-lipo. A comprehensive series of in vitro experiments confirmed the anti-inflammatory
effects of Ber-lipo and its protective roles in maintaining the homeostasis of macrophage polarization and epithelial-endothelial integrity. In a lipopolysaccharide
(LPS)-induced ALI mouse model, Ber-lipo can target inflamed lungs and significantly improve lung edema, tissue injury, and pulmonary function, relieve body weight
loss, pulmonary permeability, and proinflammatory status, and especially maintain a balance of M1/M2 macrophage polarization. Furthermore, RNA sequencing
analysis showed Ber-lipo’s potential in effectively treating inflammatory lung diseases such as pneumonia, inhibiting proinflammatory signals, and altering the
transcriptome of M1/M2 macrophages-associated genes in lung tissues. Molecular docking and Western blot analyses validated that Ber-lipo suppressed the acti-
vation of the TLR4/MyD88/NF-kB signaling axis responsible for ALI progression. In conclusion, this study demonstrates for the first time that new inhalable
nanomedicine (Ber-lipo) can target inflamed lungs and ameliorates ALI by reprogramming macrophage polarization to an anti-inflammatory state via inactivating the
TLR4/MyD88/NF-kB pathway, hence providing a promising strategy for enhanced ALI therapy in the clinic.

1. Introduction

Acute lung injury (ALI) or its more severe form, acute respiratory
distress syndrome, is a life-threatening clinical condition characterized
by features such as an imbalance of M1/M2 macrophage polarization
[1-3]. In general, ALI progression can be divided into three stages:
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uncontrolled inflammation, increased permeability of air-blood barriers,
and impairment of pulmonary function and structure [4,5]. With a
mortality rate of up to 40%, ALI is one of the deadliest diseases [6,7].
However, there are few effective strategies for ALI therapy in the clinic.
Current pharmacological therapies mainly rely on the use of glucocor-
ticoids such as dexamethasone, which often accompany multiple side
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effects including immune system imbalance, coagulation disorders, and
osteoporosis [8-10]. Therefore, there is an urgent need to develop novel
effective drugs for ALI treatment in the clinic.

As herbal medicine developing, plentiful natural anti-inflammatory
compounds have been isolated from herbs, potentially beneficial for
ALI therapy [11,12]. Bergapten (5-Methoxypsoralen), a natural
coumarin, is mainly found in Ficus simplicissina Lour. According to
current literature, bergapten possesses significant anti-cancer, anti-in-
flammatory, and immunomodulatory properties [13-15]. However, the
effects of bergapten on treating ALI remain unknown. The insolubility
and poor biodistribution of bergapten also present partial obstacles for
its clinical application, necessitating the development of a carrier for its
delivery.

In recent years, various systems, such as liposomes (Lipo), nano-
particles, and micelles, have shown potential for treating ALI/ARDS due
to their good biodistribution, targeting capabilities, or surface modifi-
ability [16-19]. However, there are also concerns about certain carriers
because of their toxicity, difficulty in degradation, or low delivery effi-
ciency [20,21]. For instance, chitosan nanoparticles are prone to
aggravate lung edema [21]. In the clinic, Lipo system has been approved
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as a drug carrier by the Food and Drug Administration (FDA). Lipo not
only protects drugs from enzymatic degradation before reaching the
target sites but also maintains drug stability, reduces drug toxicity, and
increases drug solubility for enhanced therapeutic effects [22-24]. In
this study, we combined bergapten with Lipo based on dipalmitoyl
phosphatidylcholine (DPPC), which is an endogenous saturated phos-
pholipid molecule and a main component of pulmonary surfactants,
capable of assisting drug delivery to the lungs [25].

Bergapten was intercalated into the phospholipid bilayers of DPPC
Lipo to form a bioactive lipid-nanomedicine (Ber-lipo) for ALI therapy
(Scheme 1). Ber-lipo demonstrated good stability, biodistribution, and
biocompatibility in vitro and in vivo. Additionally, Ber-lipo ameliorated
multiple ALI phenotypes in mice, such as lung edema, proinflammatory
status, lung damage, pulmonary dysfunction, and lung permeability.
Further, Ber-lipo maintained the homeostasis of macrophage polariza-
tion by reducing proinflammatory Ml-type and increasing anti-
inflammatory M2-type, which can facilitate a series of ALI phenotypes
[26]. Mechanistically, Ber-lipo suppressed the activation of the
TLR4/MyD88/NF-kB signaling pathway. Taken together, this study is
the first to demonstrate that lung-targeted Ber-lipo alleviates ALI via
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Scheme 1. Development of bioactive and lung-targeted Ber-lipo for enhanced murine ALI therapy through maintaining the homeostasis of macrophage polar-
ization via inhibiting the activation of the TLR4/MyD88/NF-kB signaling pathway.
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TLR4/MyD88/NF-kB-mediated macrophage polarization, hence
providing a promising candidate strategy for ALI treatment in the clinic.

2. Results and discussion
2.1. Synthesis and characterization of ber-lipo

Bergapten, isolated from Ficus simplicissima Lour, has demonstrated
anti-cancer and anti-inflammatory properties but suffers from poor
solubility in water. In order to address this limitation, a lipid-
nanomedicine based on bergapten (referred to as Ber-lipo) was devel-
oped, in which the drug was intercalated into lung-targeted DPPC Lipo
[27,28]. Transmission electron microscopy (TEM) analysis revealed that
both Lipo and Ber-lipo exhibited a uniform spherical morphology with a
diameter of approximately 115 nm (Fig. 1A). To confirm this observa-
tion, dynamic light scattering was employed to determine their size
distributions. Consistent with the TEM results, the average particle size
of Lipo and Ber-lipo were measured to be 111.2 nm and 116.1 nm,
respectively (Fig. 1B). Subsequently, electrophoretic light scattering was
utilized to measure the zeta potentials of these formulations when
diluted in water at room temperature. As depicted in Fig. 1C, the zeta
potentials of Lipo and Ber-lipo were found to be —9 mV and —7 mV,
respectively, indicating that bergapten had an opposite charge to Lipo,
which was favorable for their binding. To assess the stability of Lipo and
Ber-lipo, their size distributions were monitored over a period of 7 d, and
it was found that they consistently fluctuated around 110 nm (Fig. 1D).
Similarly, their polydispersity index ranged from 0.15 to 0.22 over the
consecutive 7 d (Fig. 1E). Thus, it was concluded that the nanosized
Ber-lipo formulations remained stable in water for at least 7 d.

Further, Lipo’s biodistribution was evaluated in RAW264.7 cells
with or without LPS stimulation. Hydrophobic compound Dil
(40726ES10, Yeasen, Shanghai, China) was utilized to label Lipo
(Dil@lipo) by the same fabrication process as that of Ber-lipo. Cells were
incubated with free Dil or Dil@lipo for 4 h. As shown in Fig. 1F, free Dil
(red) only existed in cytoplasm of partial cells where its distributions
were uneven; differently, Dil@lipo entered into all cells’ cytoplasm with
very uniform distributions; LPS stimulation couldn’t change their bio-
distribution pattern. Likewise, bergapten is also a hydrophobic com-
pound with poor biodistribution, which may be overcome by integrated
in Lipo (Ber-lipo).

Drug delivery efficiency of lung tissues has been essential for ALI
treatment. To further assess the lung-targeting property of Ber-lipo in
ALI mice, hydrophobic Dir, a near infrared fluorescent dye used for in
vivo imaging system (IVIS; AniView Kirin, BLT, China) [29], was inter-
calated in Lipo (Dir@lipo) by the same way as that of bergapten. The
distributions of Dir and Dir@lipo in main organs were observed with
IVIS at1 h, 4 h, and 24 h after intraperitoneal injection of them (Fig. 1G).
Results showed that after 1 h, the distribution of Dir@lipo in all organs
was obviously more than that of free Dir, where fluorescence mainly
existed in livers and lungs probably due to liver metabolism and
lung-targeting (Fig. 1H), respectively [30]. With time going, Dir@lipo
accumulated more and more in lungs rather than in livers, exhibiting an
incremental increase in the fluorescent ratio of lung to liver (Fig. 11-K).
Besides, significantly stronger fluorescent intensity was found in the
blood of the Dir@lipo group as compared to the free Dir treatment
(Fig. 1L), indicating that Dir@lipo had good stability, distribution, and
biocompatibility in blood.

For drug delivery systems targeting lung, there are many affecting
factors, such as surface charge, size, interaction with pulmonary sur-
factants, responsiveness to the microenvironment, and surface modifi-
cations [21]. Firstly, lung-targeting Lipo can be categorized into three
types according to various surface charges determined by the lipid head
groups: a) Neutral Lipo can be internalized by most lung cells; b) Anionic
Lipo with negative potentials are prone to be phagocyted by alveolar
macrophages; c) Cationic Lipo possess positive potentials and are pref-
erentially taken up by infiltrated neutrophils in the lung [31,32].
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Besides, it seems nanocarriers with positive potential are more benefi-
cial for lung accumulation such as DOTAP Lipo, but they are more toxic.
This toxicity can be reduced by incorporating DPPC, a strategy that
balances efficacy and safety in lung-targeted drug delivery [21,33,34].

Secondly, an increase in nanoparticle size tends to enhance the
accumulation of drugs in the lungs [21]. However, for pharmaceutical
applications, particularly those involving parenteral administration,
nanoparticles of smaller size (<100 nm) are more advantageous [32].
The size of Lipo can range from 20 to approximately 1000 nm. To strike
a balance between lung accumulation and pharmacological effects, the
size of Lipo can be flexibly adjusted through various techniques, such as
sonication, extrusion, homogenization, and microfluidic methods [32].
Thus, optimizing the size of Ber-lipo is crucial for augmenting it’s
therapeutic effects on ALI in future studies.

Thirdly, Pulmonary surfactants especially phosphatidylcholine (PC;
e.g., DPPC and DOPC) can be utilized in Lipo to facilitate drug delivery
to the alveoli [21,28]. Finally, passive targeting delivery can be realized
through microenvironment (ROS, pH, and inflammation)-responsive
nanocarriers due to enhanced lung permeability during ALL On the
contrary, surface modification (e.g., antibodies) can assist drugs in
active targeting specific cells in lung [21]. Based on these strategies, it is
of great significance to optimize Ber-lipo’s lung targeting property in the
future for improving its therapeutic effects.

Altogether, this finding established a reliable method for delivering
therapeutic agents such as bergapten to the inflamed lungs by using
DPPC Lipo as a carrier, which is very important for ALI targeted therapy.

2.2. Good biocompatibility of ber-lipo in vitro and in vivo

To evaluate the biocompatibility of Ber-lipo in vitro, RAW264.7 and
human umbilical vein endothelial cells (HUVECs) were utilized. The
cells were treated with Lipo, bergapten, or Ber-lipo for 12 or 24 h.
Subsequently, CCK-8, live/dead staining, and cytoskeleton staining were
performed to evaluate the cytotoxicity of the drugs. The results from the
CCK-8 assay showed that cell viability in the bergapten (2.5—40 uM) and
Ber-lipo (2.5—40 pM) groups was similar to that of the control in both
RAW264.7 and HUVECs (Fig. 2A & B). However, we also found 80 pM of
bergapten but not Ber-lipo cause 24% of HUVECs to die (Fig. 2B),
indicating Lipo obviously mitigated bergapten’s cytotoxicity. As re-
ported, bioactive molecules, such as bergapten, are potential drugs, but
they are also potent toxins, which can be weakened by some nanoscale
delivery systems (namely nanoantidotes) [35,36]. Thus, Lipo might be a
potential nanoantidote as a detoxification delivery system for those toxic
drugs.

Based on aforementioned results, 40 pM bergapten and 40 pM Ber-
lipo were used for live/dead and cytoskeleton staining. The live/dead
staining showed that there were almost 100% live cells (Calcein AM,
green) and very few dead cells (propidium iodide, red), and there was no
disruption of the cytoskeleton (Phalloidin, green) in HUVECs (Fig. 2C &
D), demonstrating good biocompatibility of Ber-lipo in vitro.

For the assessment of the drugs’ biocompatibility in vivo, a hemolysis
assay and haematoxylin-eosin (HE) staining were performed. Hemolysis
is a crucial indicator to assess the hemocompatibility of drugs, as it is
related to the occurrence and progression of numerous diseases [37].
The hemolysis ratio of different concentrations of bergapten and
Ber-lipo (5-80 pM) was evaluated, and it was observed that the drug
treatment and negative control groups exhibited very light color (indi-
cating low hemolysis) as opposed to the deep color (indicating high
hemolysis) in the positive control. The hemolysis ratio was quantified
using a microplate reader, and the values were lower than 5% in the
drug intervention groups (Fig. 2E), indicating little hemolysis. Further-
more, to assess the safety of the drugs on main organs in LPS-induced
ALI mice, HE staining was employed. The results showed no signifi-
cant histopathological changes in the heart, kidney, liver, and spleen
tissues among all groups (Fig. 2F). In conclusion, the good biocompat-
ibility of Ber-lipo was successfully confirmed in vivo.
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Fig. 1. The characterization of Ber-lipo. (A) Morphology of the Lipo and Ber-lipo visualized using TEM. Scale bar, 200 nm. (B) Size distributions of the Lipo and
Ber-lipo analyzed by dynamic light scattering method. (C) Surface zeta potentials of the Lipo and Ber-lipo diluted in water at room temperature tested by elec-
trophoretic light scattering method. (D) Size stability of the Lipo and Ber-lipo when stored in water over a period of 7 d. (E) Polydispersity index of the Lipo and Ber-
lipo in water within consecutive 7 d. (F) The biodistribution of Dil/Dil@lipo in RAW264.7 cells with or without LPS stimulation imaged by confocal microscope
(LSM710, Zeiss, Germany). Scale bar, 20 pm. (G) Schematic illustration of the biodistribution of Dir/Dir@lipo in ALI mice observed under IVIS. (H-L): (H) In vivo
biodistribution of Dir@lipo and Dir in main organs at different time periods after intraperitoneal injection of them via IVIS imaging. H, heart. Li, liver. S, spleen. Lu,
lung. K, kidney. (I) Statistical analysis of fluorescent intensity ratio of lung to liver for each group (n = 3). (J-L) Statistical analysis of fluorescence intensity in the

livers, lungs, and blood (n = 3). *P < 0.05.

The biosafety of Ber-lipo can largely be attributed to its liposomal
carrier composition. Lipo represents the earliest generation of nano-
medicine delivery system and has been applied in medicine for over 50
years [32]. As a versatile nanocarrier, it can encapsulate and deliver a
variety of medications, including hydrophilic, hydrophobic, and
amphiphilic drugs, to treat various diseases. Hitherto, plenty of lipo-
somal formulations have been approved for clinical use [32]. For
instance, Amikacin Liposome Inhalation Suspension (ALIS) is utilized for
lung infections, including ALI [28]. Thus, in this study, Lipo was selected
as the carrier for delivering bergapten. The main component of Ber-lipo
is DPPC, a pulmonary surfactant. DPPC not only assists bergapten to
target lung but also can replenish the intrinsic compounds of the
impaired pulmonary surfactants in inflamed lungs [20]. Given the
benefits of DPPC, it is also incorporated into many cationic liposomal
formulations to reduce their toxicity [33]. Collectively, these clinical
advantages and biosafety of Lipo make it as first choice to deliver ber-
gapten for ALI therapy.

2.3. Ber-lipo’s effects on maintaining the homeostasis of macrophage
polarization in vitro

The balance of M1/M2 macrophage polarization plays a crucial role
in the entire progression of ALI, including the regulation of inflamma-
tory status, rehabilitation of lung injury, and pulmonary barrier repair
[26]. In the acute phase of ALI, proinflammatory M1 macrophages
significantly increase and release inflammatory factors such as TNF-a,
IL-6, and IL-1p, leading to uncontrolled inflammation, lung damage, and
barrier disruption. In the late phase of ALI, anti-inflammatory M2
macrophages increase and produce anti-inflammatory cytokines (e.g.,
CCL22 and CCL24) to aid in lung recovery [38]. Therefore, maintaining
the homeostasis of M1/M2 macrophage polarization has been consid-
ered a promising strategy for treating ALI or other related diseases [39,
40].

To evaluate the effects of Ber-lipo on M1/M2 macrophage polariza-
tion, immunofluorescent staining, Western blot, flow cytometry, and
qRT-PCR were performed to assess the expression of M1- and M2-
associated markers in RAW264.7 cells. In the immunofluorescence
analysis, an increase in CD86 expression (indicative of M1 macrophage,
red) was observed post-LPS stimulation, which decreased following
treatment with bergapten or Ber-lipo. In contrast, CD163 expression
(indicative of M2 macrophage, red) demonstrated an opposite pattern
(Fig. 3A). Flow cytometry analysis further corroborated these findings,
revealing a decrease in the proportion of CD86" M1 macrophages
following drug treatments. Specifically, the proportion of CD86™ cells
was reduced to 4.03% with bergapten and 3.22% with Ber-lipo, both
markedly lower than the 8.11% observed in the model group.
Conversely, the proportion of CD163" M2 macrophages was 57.8% and
73.1% in the bergapten and Ber-lipo treatment groups, respectively,
significantly higher than in the model group (25.9%) (Fig. 3B & Fig. S1).

Furthermore, the protein and mRNA expressions of M1/M2-
associated genes were assessed using Western blot and qRT-PCR,
respectively. As shown in Fig. 3C & D, the results showed that the pro-
tein expression of CD86 was significantly upregulated in the model
group compared to the control, and this was reversed by the addition of
the drugs, with Ber-lipo showing greater efficacy than bergapten.
Conversely, the protein expression pattern of CD163 was opposite to
that of CD86. Additionally, the mRNA expressions of M1 markers (CD86
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and iNOS) and their released TNF-a, IL-6, and IL-1f were elevated by
LPS stimulation and then declined following treatments with bergapten
or Ber-lipo. On the contrary, the transcriptional levels of M2-associated
genes, CD206, CCL22, and CCL24, were found to be downregulated in
the model group when compared to the control group, which was
significantly rescued by Ber-lipo intervention (Fig. 3E-L).

In summary, Ber-lipo effectively maintained the balance of macro-
phage polarization by reducing M1 and increasing M2 for the transition
from a proinflammatory to an anti-inflammatory state in the LPS-
induced microenvironment in vitro. This suggests that Ber-lipo may
have beneficial effects against inflammatory diseases or tissue injury.

2.4. Protective effects of ber-lipo on epithelial and endothelial integrity in
yitro

In addition to the imbalance of macrophage polarization and un-
controlled inflammation, ALI is often initiated or aggravated by air-
blood barrier damage [41,42]. Maintaining the lung barrier is an
effective and important strategy for ALI treatment. Zonula occludens-1
(ZO-1), a peripheral membrane protein of tight junctions essential for
epithelial and endothelial integrity, is localized at the site of adhesion
junctions during early formation [43-45]. In this study, we utilized
HUVEC and MLE-12 cells to evaluate the protective effects of Ber-lipo on
endothelial and epithelial integrity by analyzing ZO-1 expression pat-
terns, respectively.

Immunofluorescent staining was conducted initially. The results in
Fig. 4A showed that ZO-1 protein (red) was significantly reduced,
ruptured, or irregularly arranged in the model group compared to the
control in both MLE-12 and HUVEC cells, indicating enhanced perme-
ability. Conversely, ZO-1 protein sealed intercellular spaces in the ber-
gapten and Ber-lipo treatment groups, indicating the restoration of
integrity. To accurately quantify ZO-1 expression, Western blot analysis
was performed in MLE-12 and HUVEC cells exposed to LPS stimulation.
From Fig. 4B, it was observed that ZO-1 expression was decreased in the
model group compared to the control in both cell types, and this
reduction was then reversed by the addition of the drugs, with Ber-lipo
showing greater efficacy compared to bergapten. These findings
revealed that Ber-lipo effectively repaired the disruption of epithelial
and endothelial barriers in vitro.

2.5. Protective effects of ber-lipo on LPS-induced ALI in mice

After confirming the effects of Ber-lipo on maintaining the homeo-
stasis of M1/M2 macrophages, inhibiting inflammation, and protecting
epithelial and endothelial integrity in vitro, we proceeded to verify Ber-
lipo’s therapeutic effects on an ALI model. ALI mice were established by
intratracheal injection of LPS (5 mg/kg) and then treated by inhalation
of bergapten and Ber-lipo for 3 d (Fig. 5A). Multiple ALI phenotypes
were tested, such as lung histopathology, body weight loss, lung edema,
inflammation, and lung permeability.

In the histopathological analysis (Fig. 5B), it was observed that the
model group exhibited noticeable inflammatory cell infiltration,
disruption of alveolar structure, and bloody exudation, which were
significantly alleviated by inhaled bergapten and Ber-lipo. Pathological
scores based on HE staining showed that Ber-lipo significantly amelio-
rated lung injury in LPS-induced ALI mice (Fig. 5C). Additionally, body
weight loss, a key index of numerous acute inflammatory diseases
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Fig. 3. Ber-lipo’s effects on maintaining balance between M1 and M2 macrophage polarization in vitro. (A) The distribution of CD86-marked M1 and CD163-
indicated M2 in RAW264.7 cells by immunofluorescent staining (red). Images were captured using 40 x oil immersion lens of confocal microscope. Scale bar, 20 pm.
(B) The proportion of CD86* M1 and CD163" M2 in RAW264.7 cells by flow cytometry. (C) Protein expression of CD86 and CD163 in RAW264.7 cells by Western
blot. (D) Quantification of protein bands by imageJ software (n = 3). (E-L) The normalized mRNA expressions of CD86, iNOS, CD206, IL-6, IL-1p, TNF-«, CCL22, and
CCL24 using qRT-PCR. Internal control, a-Tubulin. M1 phenotypic markers: CD86, iNOS, IL-6, IL-1p, and TNF-a. M2 phenotypic markers: CD163, CD206, CCL22, and
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and cell number in BALF (n = 3). (H-J) Pulmonary function of mice (n = 3). (K-N) The normalized mRNA expression of tight junction factors, ZO-1, VE-Cadherin,
Claudin 5, and E-Cadherin, by qRT-PCR (n = 3). Internal control, a-Tubulin. (O) The Protein expression of tight junction factors, ZO-1, VE-Cadherin, Claudin 5, and E-
Cadherin, by Western blot. (P) The normalized protein expressions calculated by using ImagelJ software (n = 3). Internal control, p-actin. (Q) The distribution of tight
junction proteins, ZO-1, endothelium-specific markers (VE-Cadherin and Claudin 5), and epithelium-specific marker (E-Cadherin), by immunofluorescent staining in
lung tissues. Images were magnified at 100 x . Scale bar, 100 pm *P < 0.05 vs Control. #P < 0.05 vs Model. {P < 0.05.
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Fig. 5. (continued).

including ALL, was significantly relieved by Ber-lipo, implying a gradual
recovery of ALI (Fig. 5D). The elevated lung index was also significantly
reversed by Ber-lipo treatment, indicating a reduction of LPS-induced
lung edema in ALI mice (Fig. 5E).

Moreover, the total protein concentration and total cell number in
the BALF of mice were increased in the model group and relieved by
inhalation of the drugs, suggesting that Ber-lipo mitigates LPS-induced
damage to lung barrier (Fig. 5F & G). Lung function indices, PenH,
TV/weight, and EF50, were measured using a noninvasive whole-body
plethysmography method and showed a restoration of pulmonary
function following treatment with Ber-lipo (Fig. 5SH-J).

Furthermore, since lung barrier damage is associated with lung
edema, lung inflammation, or lung injury displayed in ALI models [46,
471, Ber-lipo’s effects on protecting lung endothelial-epithelial integrity
were assessed in ALI mice. The expression patterns of endothelial barrier
markers (Claudin5 and VE-Cadherin), epithelial barrier marker
(E-Cadherin), and ZO-1 in lung tissues were analyzed using qRT-PCR,
Western blot, and immunofluorescent staining. As shown in Fig. 5K-P,
the mRNA and protein expressions of these markers were significantly
reduced in the model group compared to the control, and this reduction
was reversed in the drug treatment groups. Immunofluorescent staining
also revealed a rescue of the declined expressions of ZO-1, VE-Cadherin,
E-Cadherin, and Claudin 5 following treatment with Ber-lipo, indicating
the recovery of lung barrier integrity (Fig. 5Q). In addition, in RNA
sequencing (RNA-seq) analysis of lung tissues, cluster analysis of
epithelium- and endothelium-related factors were conducted and
further validated the protective effects of Ber-lipo on the lung barrier
and relief of lung injury in ALI models (Fig. S7).

In summary, Ber-lipo ameliorated LPS-induced murine ALI,
including relief of body weight loss, reduction of total protein and cell
number in BALF, improvement of pulmonary function, attenuation of
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lung injury, inhibitory effects on lung inflammation, and maintenance of
lung epithelial-endothelial integrity. These results indicate the potential
therapeutic benefits of Ber-lipo in the treatment of ALL

2.6. Ber-lipo’s effects on maintaining balance of macrophage polarization
in vivo

To validate Ber-lipo’s effects on maintaining the homeostasis of M1/
M2 macrophage polarization in vivo, we performed immunofluorescent
staining, Western blot, and qRT-PCR to analyze the expression patterns
of M1 and M2 phenotypic markers or cytokines released by them in lung
tissues.

Immunofluorescent staining results showed that proinflammatory
M1 markers, CD86 and iNOS, increased notably in the LPS-induced ALI
model and then declined following treatments with bergapten and Ber-
lipo, whereas anti-inflammatory M2 markers, CD206 and CD163,
exhibited the opposite pattern (Fig. 6A). Western blot analysis displayed
that CD86 protein was downregulated and CD163 protein significantly
elevated by inhalation of the drugs, with Ber-lipo showing greater effi-
cacy compared to bergapten (Fig. 6B-D).

Transcriptional expressions of M1-associated CD86 and iNOS were
downregulated in the bergapten and Ber-lipo treatment groups
compared to the model, while M2-associated CD206 and CD163 mRNA
changed in the opposite manner (Fig. 6E-H). Additionally, the mRNA
expressions of M1-released inflammatory factors (TNF-a, IL-6, and IL-
1p) and M2-released anti-inflammatory cytokines (CCL22 and CCL24)
were consistent with the changes of CD86/iNOS and CD206/CD163,
respectively, indicating the transition from a proinflammatory state to
an anti-inflammatory state in the pulmonary microenvironment (Fig. 61-
M).

In conclusion, Ber-lipo inhibited lung inflammation by resolving the
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Fig. 6. Ber-lipo maintained balance between M1 and M2 macrophage polarization in lungs of ALI mice. (A) The expression patterns and distributions of M1
(CD86 and iNOS) and M2 (CD163 and CD206) markers by immunofluorescent staining. Images were taken under 40 x oil immersion lens of confocal macroscope.
Scale bar, 50 pm. (B) Protein bands of CD86 (M1) and CD163 (M2) by Western blot. (C, D) Statistical analysis of proteins calculated by imageJ (n = 3). Internal
control, B-actin. (E-M) The normalized transcriptional expressions of M1-associated genes (CD86, iNOS, TNF-a, IL-6, and IL-1f8) and M2-associated ones (CD163,
CD206, CCL22, and CCL24) by qRT-PCR (n = 3). Internal control, a-Tubulin. *P < 0.05 vs Control. #P < 0.05 vs Model. {P < 0.05.
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imbalance between M1 and M2 macrophage polarization, which is
crucial for the amelioration of lung injury. These findings support the
potential therapeutic benefits of Ber-lipo in regulating macrophage po-
larization and alleviating lung inflammation in ALI

2.7. Overall therapeutic effects of ber-lipo on ALI by RNA-seq in vivo

As described above, Ber-lipo exhibited satisfactory effects on treating
ALI by regulating macrophage polarization, inhibiting inflammation,
and protecting lung epithelial-endothelial integrity in vitro and in vivo.
To further clarify Ber-lipo’s overall therapeutic effects, transcriptional
profiles of lung tissues were established using RNA-seq analysis.

The differentially expressed genes (DEGs) between the ALI model
and control (Fig. S2), Lipo and control (Fig. S3), model and bergapten
(Fig. S4), and model and Ber-lipo (Fig. S5) groups were intersected in a
Venn diagram, revealing 2103 shared DEGs (Fig. 7A). All shared DEGs
were clustered in a heatmap, showing that their mRNA levels in the
bergapten/Ber-lipo treatment groups resembled those in the control and
were opposite to those in the model and Lipo groups, suggesting reha-
bilitation of the inflamed lungs. Additionally, approximately three-
quarters of DEGs were upregulated in the model but downregulated
after the bergapten/Ber-lipo treatments, implying their close association
with ALI phenotypes (Fig. 7B).

The upregulated DEGs in the model were subjected to disease, GO,
KEGG, and reactome analyses, revealing enrichment in multiple in-
flammatory lung diseases (Fig. 7C), immune- and inflammation-related
GO terms (Fig. 7D), and proinflammatory KEGG pathways (Fig. 7E) and
reactomes (Fig. 7F), consistent with the experimental results. Further-
more, the downregulated DEGs in the model were found to be related to
thalassemia and hypertensive diseases (Fig. 7G), suggesting that ber-
gapten and Ber-lipo might not be suitable for patients with these
diseases.

Cluster analysis of M1 and M2 phenotype-associated transcripts in a
heatmap showed that inducible factors and markers of M1 were upre-
gulated in the model and downregulated after bergapten and Ber-lipo
treatments, while inducible factors and markers of M2 were upregu-
lated in the bergapten/Ber-lipo treatment groups and downregulated in
the model (Fig. 7H). Additionally, cluster analysis of key members in the
TLR-MyD88-NF-«B signaling pathway [48,49] revealed that all of them
were upregulated in the model/Lipo but downregulated in the other
three groups (Fig. 71), implying that Ber-lipo inhibits the activation of
this pathway.

To validate whether Ber-lipo offers advantages over bergapten alone,
a further analysis of the DEGs between bergapten and Ber-lipo treat-
ments was conducted. As shown in Fig. S6A-6B, a smaller subset of DEGs
were identified compared to those between model and Ber-lipo groups.
The DEGs that were upregulated following bergapten treatment showed
significant enrichment in multiple proinflammatory GO terms, signaling
pathways, and reactomes (Fig. S6C-6E). In contrast, the downregulated
DEGs were largely unrelate to proinflammatory terms (Fig. S6F-H),
supporting that Ber-lipo possesses advantages over free bergapten in
terms of anti-inflammatory properties.

Proinflammatory microenvironment is essential for inflammatory
disease progression and subsequent organic injury. In general, disease
with similar pathophysiological microenvironments may respond to
similar therapeutic strategies. Like ALI, ischemic stroke also accom-
panies with uncontrolled inflammation, excess ROS, injured endothelial
barrier, and macrophage activation [50,51]. As aforedescribed, Ber-lipo
has demonstrated promising effects in attenuating these pathological
factors, implying its potential for treating ischemic stroke. Additionally,
Zhang et al. developed a pH/glutathione dual-responsive poly (amino
acid) nanogel (NG/EDA) to target injury foci in brain to treat ischemic
stroke, thereby avoiding drug leakage and potential damage to heathy
tissues [50,51]. Thus, enhancing Ber-lipo’s responsiveness to patholog-
ical environment may further boost its bioavailability and mitigate
toxicity, thereby improving its therapeutic efficacy for inflammatory
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diseases beyond ALI such as ischemic stroke.

In conclusion, Ber-lipo demonstrated potential therapeutic effects on
various inflammatory diseases, including ALI, by downregulating mul-
tiple proinflammatory signaling pathways and maintaining the balance
between M1 and M2 polarization. The effects of Ber-lipo were found to
be superior to those of bergapten for ALI treatment, consistent with the
experimental results.

2.8. Mechanisms of ber-lipo ameliorating ALI

To further elucidate the mechanisms by which Ber-lipo treated ALI,
we investigated the activation of the classical proinflammatory TLR4/
MyD88/NF-kB signaling pathway in ALI progression. First, an in silico
molecular docking analysis was performed to explore the potential
interaction between bergapten and the key members in this pathway.
The analysis revealed strong binding activities between bergapten and
TLR4 (LPS receptor), MyD88, IxBa, and NF-kB p65(Fig. 8A).

Next, Western blot analysis was conducted for further validation in
lung tissues. The protein expression of TLR4, MyD88, as well as the
phosphorylation of IkBa and p65 were upregulated in the ALI model
group compared to the control; however, Ber-lipo treatment (signifi-
cantly better than free bergapten) reversed these upregulated proteins,
indicating inhibition of the activation of the TLR4/MyD88/NF-kB
signaling axis (Fig. 8B & C). Additionally, immunofluorescent staining
was performed to observe the distribution of NF-xB p65 in the nuclei of
RAW264.7 cells exposed to LPS. It was found that NF-kB p65 nuclear
translocation occurred in nearly 100% of cells after LPS treatment for 24
h, but bergapten/Ber-lipo treatments partially inhibited this phenome-
non, demonstrating the modulation of the NF-xB signaling pathway
(Fig. 8D).

It was revealed that Ber-lipo effectively suppressed the activation of
the TLR4/MyD88/NF-kB pathway, which may be a critical mechanism
by which Ber-lipo exerts its therapeutic effects on ALL This mechanism
involves the modulation of macrophage polarization and the repair of
the lung barrier. As reported, the activation of TLR4 signaling axis [52]
and the dysregulation of M1/M2 macrophage polarization [53] are both
factors that can exacerbate ALI and lung barrier damage, which further
supported our findings.

LPS is a common pathogenic factor from gram-negative bacteria and
is often used to induce inflammatory diseases such as ALI [54,55]. In ALI
progression, LPS is specifically recognized by TLR4, which then recruits
MyD88 to promote the phosphorylation and degradation of IkBa, trig-
gering NF-kB p65 nuclear translocation to initiate downstream inflam-
matory responses, such as the release of TNF-a, IL-1p, and IL-6. Ber-lipo
was found to negatively regulate the activation of the
TLR4/MyD88/NF-kB pathway (Fig. 9), revealing the mechanism by
which Ber-lipo attenuates ALI. Furthermore, since this pathway is
related to many other epidemic inflammatory diseases such as lung
fibrosis [56], it is speculated that Ber-lipo may also have beneficial ef-
fects on these conditions, which warrants further investigation in the
future.

3. Conclusion

In this study, a novel inhalable and lung-targeted lipid-nanomedicine
(Ber-lipo) was successfully developed for enhanced ALI therapy. Ber-lipo
showed clear advantages over free bergapten in terms of solubility in
water, biodistribution, and efficacy in targeted therapy against ALL In
vitro, Ber-lipo helped balance M1/M2 macrophage polarization, inhibi-
ted inflammation, and protected epithelial-endothelial integrity. In vivo,
Ber-lipo significantly ameliorated ALI phenotypes, including relief of
lung edema and inflammation, improvement of pulmonary function,
recovery of lung lesions, and repair of lung barrier.

In the pulmonary microenvironment, Ber-lipo reprogrammed M1/
M2 macrophage polarization to an anti-inflammatory state. At the
transcriptome level, Ber-lipo exhibited potential in treating
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Fig. 7. Ber-lipo’s overall effects on treating ALI by RNA-seq analysis of lung tissues. (A) The DEGs from different comparison groups intersected in a venn
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Fig. 9. The mechanism of Ber-lipo inhibiting the activation of TLR4/MyD88/NF-kB signaling pathway to restrain proinflammatory state. In brief, Ber-lipo inhibited
TLR4 (LPS receptor) expression, then reduced the recruitment of MyD88, and further suppressed the IkBu activation, thereby hijacking NF-kB p65 nuclear trans-

location to mitigate inflammatory response.

inflammatory lung diseases such as pneumonia by inhibiting multiple
proinflammatory signals and modulating M1/M2 macrophage-
associated genes’ expressions. Mechanically, molecular docking and
Western blot validated that Ber-lipo suppressed the activation of TLR4/
MyD88/NF-kB signaling axis responsible for ALI progression.

Considering the observed properties and effects of Ber-lipo in
inhibiting inflammation, repairing epithelial-endothelial barriers, and
orchestrating macrophage polarization, it is imperative to delve deeper
into its significance and broader implications. Notably, similar patho-
physiological microenvironments exist in a variety diseases, such as
sepsis, viral pneumonia, and ischemic stroke. The potential therapeutic
effects of Ber-lipo in treating these disorders deserve in-depth investi-
gation. In addition, Lipo containing pulmonary surfactants, such as
DPPC, demonstrates significant advantages on reducing drug toxicity
and enhancing lung-targeting capability. Thus, this drug delivery
strategy offers promising opportunities to overcome the obstacles
associated with numerous natural compounds, such as toxicity, water
insolubility, or poor lung-targeting, thereby potentially facilitating their
clinical practice.

Taken together, our findings demonstrate, for the first time, that new
Ber-lipo achieves satisfactory effects in treating ALI by maintaining the
homeostasis of macrophage polarization via the inactivation of the
TLR4/MyD88/NF-kB signaling pathway. This study provides an effec-
tive and promising strategy for the treatment of ALI/ARDS in the clinic.
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