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inflammation through inhibition of NF-kB
pathway
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Abstract

Introduction Acute lung injury (ALI) as one kind of acute pulmonary inflammatory disorder, manifests primarily

as damage to alveolar epithelial cells and microvascular endothelial cells. Activation of the complement system is

a common pathological mechanism in ALl induced by diverse factors, with the complement alternative pathway
assuming a pivotal role. Baicalin, a flavonoid derived from the root of Scutellaria baicalensis Georgi, exhibits noteworthy
biological activities. The present study attempted the interventional effects and underlying mechanisms of baicalin in
microangiopathy in ALl induced by complement alternative pathway activation.

Methods Activation of the complement alternative pathway by cobra venom factor (CVF). HMEC cells were
pretreated with baicalin and then exposed to complement activation products. The expression of inflammatory
mediators was detected by ELISA, and the intranuclear transcriptional activity of NF-kB was assessed by a dual
fluorescent kinase reporter gene assay kit. Before establishing the ALI mouse model, baicalin or PDTC was gavaged
for 7 d. CVF was injected into the tail vein to establish the ALI model. The levels of inflammatory mediators in BALF
and serum were determined by ELISA. HE staining and immunohistochemistry evaluated pathological changes,
complement activation product deposition, and NF-kB p65 phosphorylation in lung tissue.

Results Baicalin reduced complement alternative activation product-induced expression of HMEC cells adhesion
molecules (ICAM-1, VCAM-1, E-selectin) and cytokines (IL-6, TNF-a) as well as upregulation of NF-kB intranuclear
transcriptional activity. Baicalin intervention reduced the number of inflammatory cells and protein content in the
BALF and decreased the levels of IL-6, TNF-q, and ICAM-1 in serum and IL-6, TNF-q, ICAM-1, and P-selectin in BLAF.
In addition, baicalin attenuated inflammatory cell infiltration in the lung of ALl mice and reduced the deposition of
complement activation products (C5a, C5b-9) and phosphorylation of NF-kB p65 in lung tissue.
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Conclusion Baicalin relieves complement alternative pathway activation-induced lung inflammation by inhibition of

NF-kB pathway, delaying the progression of ALI

Keywords Baicalin, Acute lung injury, Complement alternative pathway, Microvascular endothelial cells,

Inflammation, NF-kB

Introduction

Acute lung injury (ALI) and its severe manifestation,
acute respiratory distress syndrome (ARDS), pose sig-
nificant challenges to human health. These conditions
are characterized by acute inflammation and micro-
vascular endothelial cell damage during the early stages
[1, 2]. ALI/ARDS encompasses a multifaceted etiology,
marked by rapid onset and a mortality rate of up to 40%
[3]. Presently, comprehensive therapeutic approaches
for ALI include mechanical ventilation, extracorporeal
membrane oxygenation, stem cell therapy, and pharma-
cotherapy [1]. However, clinical practice continues to
grapple with the dearth of efficacious therapeutic drugs
and modalities.

Both clinical and experimental investigations have
underscored the pivotal role of the complement system
in ALI pathogenesis [4—6]. In the initial phases of ALI,
the complement system takes center stage, with abnor-
mal or excessive activation serving as an initiating and
amplifying factor, culminating in inflammation and tissue
injury [7]. The complement system, an integral facet of
innate immunity, encompasses activation pathways com-
prising classical, alternative, and lectin pathways [8]. ALI
triggered by diverse factors invariably involves the acti-
vation of the complement system. Notably, the inflam-
matory response and microvascular endothelial cells
damage stemming from the activation of the comple-
ment alternative pathway play a paramount role in ALI
pathogenesis [9, 10]. Consequently, inhibition of inflam-
mation and tissue damage resulting from complement or
alternative pathway activation has emerged as a potential
therapeutic strategy for ALIL Based on this strategy, we
constructed a mouse model of CVF-activated comple-
ment alternative pathway-induced ALI [11].

CVF is a protein extracted from cobra venom and is
capable of selectively activating the complement alter-
native pathway. Its capacity to activate the complement
alternative pathway closely mirrors in vivo complement
activation under pathological conditions [12]. CVF read-
ily forms CVFmBb with factor B in serum, effectively
activating the complement alternative pathway and gen-
erating substantial quantities of C3a, C5a, and mem-
brane-attacking complex (MAC) [12]. CVF has gained
widespread utility as an experimental tool for elucidating
the role of the complement system in the pathogenesis of
various diseases including acute lung inflammation [11,
13]. Within this context, we employed our constructed
mouse model of CVF-activated complement alternative

pathway-induced ALI to identify bioactive agents, lead-
ing to the discovery of the protective effects of baicalin.

Baicalin, a primary bioactive compound isolated from
Scutellaria baicalensis, exhibits a diverse array of bio-
logical activities [14]. Baicalin has been shown to exhibit
a variety of pharmacological effects, including anti-
inflammatory [15], anti-apoptotic [16], antioxidant [17],
antidiabetic [18], anticancer [19], and antibacterial [20].
Previous studies have shown that baicalin effectively sup-
pressed inflammation in different models of lung injury
mediated by downregulating NF-«xB, TLR4, NLRP3, and
MAPK (p38, JNK, and ERK) signals [21-29]. Neverthe-
less, the role and mechanism of baicalin in ALI induced
by complement alternative pathway activation has not
been revealed and report. Meanwhile, our pre-screen-
ing revealed that baicalin has an intervention effect on
lung inflammation induced by complement alternative
pathway activation in mice. Hence, this study aimed to
comprehensively explore the interventional effects and
molecular mechanisms of action of baicalin on comple-
mentary alternative pathway activation-induced ALI in
mice, thereby deepening our understanding of the phar-
macological and anti-inflammatory effects of baicalin in
ALI treatment.

Materials and methods
Cell culture and animal feeding
Human microvascular endothelial cells (HMEC), gener-
ously provided by Dr. Yang Jin at the Kunming Institute
of Zoology, Chinese Academy of Sciences, were main-
tained in RPMI 1640 medium (Gibco, Waltham, USA).
The medium was supplemented with 10% fetal bovine
serum (FBS, Gibco, Waltham, USA) and 1% penicillin/
streptomycin, and the cells were cultured under condi-
tions of 37 °C, 5% CO,, and 100% humidity [30].
Kunming mice, weighing between 18 and 22 g and of
male sex, obtained from SPF Certification (No. 2012-
0011), were procured from the Experimental Animal
Center of the Third Military Medical University of the
Chinese People’s Liberation Army. Prior to the com-
mencement of experiments, the animals were provided
with standard rodent chow and water and were housed
in a controlled environment with a temperature regula-
tion system, following a 12-hour light and 12-hour dark
cycle, for a period of 5 days. All animal experiments com-
plied with the ARRIVE guidelines and were conducted
with strict adherence to protocols approved by the Lab-
oratory Animal Ethics Committee of Guizhou Medical



Li et al. BMC Complementary Medicine and Therapies (2024) 24:334

University (No. 201345). Mice were handled according to
internationally accepted principles for the care of labo-
ratory animals. Mice were anaesthetised by intraperito-
neal injection of sodium pentobarbital (50 mg/kg), and at
the end of the experiment, the mice were euthanized by
cervical dislocation, which resulted in immediate uncon-
sciousness and cessation of breathing.

Reagents

CVFE was prepared in-house according to established
laboratory procedures [31]. The myeloperoxidase (MPO)
kit was procured from Nanjing Jiancheng Bioengineer-
ing Institute (Nanjing, China). BCA protein assay kit was
procured from Beyotime Biotechnology Co., Ltd. (Shang-
hai, China). Pyrrolidine dithiocarbamate ammonium
(PDTC) was procured from Chengdu Elfa Biotechnology
Co., Ltd. (Chengdu, China). Baicalin was procured from
Beijing Solebaum Technology Co. Ltd. (Beijing, China).
Carboxymethylcellulose sodium (CMC-Na) was pro-
cured from Shanghai Aladdin Biochemical Technology
Corp. (Shanghai, China). Enzyme-linked immunosorbent
assay (ELISA) kits for quantification of mouse IL-6, TNF-
a, P-selectin, E-selectin, VCAM-1, and ICAM-1 were
procured from Boster Biological Technology Co., Ltd.
(Wuhan, China). The complement C5a polyclonal anti-
body was procured from Thermo Fisher Scientifi (Cat.
No. PA578891, Thermo Fisher Scientifi, Waltham, USA).
Rabbit polyclonal C5b-9 was procured from Abcam (Cat.
No. ab55811, Abcam, Cambridge, England). p-RELA/
NFkB p65 antibody (49.Ser 311) was procured from
Santa Cruz Biotechnology (Cat. No. sc-135769, Santa
Cruz, Dallas, USA).

In vitro study

Preparation of complement alternative pathway activation
products

The CVF incubation product, denoted as CVF-activated
complement (CAC) [11], was generated by combining
normal human serum (NHS) with CVF at a concentra-
tion of 6.5x10* U/L in equal proportions. The mixture
was subsequently incubated in a water bath at 37 °C for
a duration of 30 min. Inactivated normal human serum
(INHS) was used as a comparative control, following
the method outlined above, to prepare an incubation
product.

Adhesion molecule assay

HMEC were initially seeded in cell culture plates at a
density of 1.0x10* cells and incubated for 24 h. Subse-
quently, the cells were rinsed twice with warm serum-
free RPMI 1640 medium. A mixture of 50 puL of medium
and 10 pL of varying concentrations of baicalin (final
concentration 107%% 1071}, and 10712 M) was added to
pre-treat the cells for 2 h. Following this pre-treatment,
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40 pL of CAC incubation products were gently mixed
and added to the cells, followed by an incubation period
of 6 h. Following the incubation, the supernatant was
carefully collected and centrifuged. The resulting super-
natant was used for quantification of ICAM-1, VCAM-1,
and E-selectin, following the instructions provided with
the ELISA kit.

For reference, the NHS+CVF incubation products
were used as the model group (Model), whereas the
INHS+CVF incubation products served as the normal
control group (Control).

Cytokine assay

HMEC were seeded at a density of 2.0x10* cells in
96-well culture plates, each containing a total volume
of 200 pL. After an incubation period of 24 h, the cells
were washed twice with warmed serum-free RPMI 1640
medium. Subsequently, 100 pL of the medium and 20 pL
of baicalin at varying concentrations (final concentration
10719 1071}, and 107 '2 M) were added to pre-treat the
cells for 2 h. Following this pre-treatment, the incubation
products were combined with 80 pL of CAC, resulting in
a total volume of 200 pL. The cells were then incubated
for an additional 48 h. After incubation, the supernatant
of the culture medium was collected and centrifuged. The
subsequent steps involved the determination of IL-6 and
TNF-« levels, following the protocols provided with the
ELISA kit.

For reference, the model group (Model) utilized
NHS+CVF incubation products, while the normal con-
trol group (Control) employed INHS+CVF incubation
products.

NF-kB transcriptional activity assay

Cells were seeded into black 96-well plates at a density
of 1x10° cells/well and allowed to grow overnight. The
cells were then washed thrice with warm serum-free
RPMI 1640 medium. Subsequently, they were supple-
mented with 90 pL of RPMI 1640 containing 10% fetal
bovine serum and subjected to transfection following
the instructions outlined in the Liposome Transfection
Kit (Cat. No. C0526; Beyotime Biotechnology Co., Ltd.,
Shanghai, China). Each well received 10 pL of the trans-
fection mixture, comprising 88 ng of NF-kB expression
plasmid, 45 ng of an internal reference plasmid, and 0.2
pL of liposome reagent, and was incubated for 16 h. Fol-
lowing transfection, the supernatant was aspirated and
90 pL of RPMI 1640 medium, along with 10 pL of baicalin
at different concentrations or warm PBS, was added
and incubated for 2 h. Subsequently, 30 uL of the cell
supernatant was removed, replaced with 30 pL of CAC
stimulation, and incubated for an additional 4 h [30]. A
negative control was established using mixed incubates
of CVF and INHS.
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Fluorescence intensity was assessed using the Dual-
Luciferase Reporter Assay System (Cat. No. E1910,
Promega, USA), and the relative nuclear transcription
activity (Ra) was calculated using the following formula:

Ra = (R1treat/R2 treat) / (R1control/R2 control) x 100,

where R1 is the value of firefly luciferase, and R2 is the
value of Renilla luciferase.

In vivo study

Induction and treatment protocols for ALl in mice

Referring to the published literature, an ALI mouse model
was established, and the appropriate dose of baicalin and
PDTC administered was selected [21-30].Seventy-two
KM mice were randomly allocated into six groups, each
comprising 12 mice: control group (Control), CVF group
(Model), baicalin 200 mg/kg+CVF group (high-dose
baicalin), baicalin 100 mg/kg+CVF group (medium-
dose baicalin), baicalin 50 mg/kg+CVF group (low-dose
baicalin), and PDTC 100 mg/kg+CVF group (PDTC,
used as a positive control). To initiate the ALI model in
mice and specifically activate the complement alternative
pathway [11, 30], CVF (35 pg/kg body weight, dissolved
in sterile PBS with pH 7.4) was administered via tail vein
injection. Control mice received sterile PBS injections.
Preceding to model induction, the animals received oral
pretreatment with baicalin and PDTC, both of which
were prepared in 0.5% carboxymethylcellulose sodium
solution for 7 days. An equal volume of 0.5% carboxy-
methylcellulose sodium (CMC-Na) was administered to
the vehicle-treated control group. On the seventh day,
CVF (35 mg/kg) was administered via tail vein injection,
with an interval of 1 h post-administration (30 min after
administration in the PDTC group). The normal control
group received an equivalent volume of PBS via tail vein
injection. An hour following the CVF or PBS challenge,
the mice were anesthetized by intraperitoneal (i.p.) injec-
tion of pentobarbital sodium (50 mg/kg), and blood was
collected from the retro-orbital venous plexus. Subse-
quently, the mice were euthanized by cervical disloca-
tion, which resulted in immediate unconsciousness and
cessation of breathing. Finally, bronchoalveolar lavage
fluid (BALF), and lung tissues were collected from each
group for further analysis following established protocols
(Fig. 1) [11].
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Inflammatory cell counting and protein concentration
determination in BALF

The BALF was subjected to centrifugation at 2000 rpm
and 4 °C for a duration of 10 min, resulting in the pel-
leting of cells. The BALF supernatant was meticulously
mixed and the total protein concentration was assessed
using a BCA assay kit.

Simultaneously, cell pellets were reconstituted in ice-
cold PBS. Following the exclusion of non-viable cells
via trypan blue staining, the overall count of inflam-
matory cells in the BALF was determined using a
hemocytometer.

MPO assay and ELISA of BALF and serum
The superior and middle lobes of the right lung were har-
vested and subjected to homogenization to assess MPO
activity, which serves as an indicator of neutrophil accu-
mulation [32]. This analysis was conducted according to
the protocol outlined in the respective test kit.

In addition, serum levels of IL-6, TNF-a and ICAM-1,
and BAFL levels of IL-6, TNF-a, ICAM-1 and P-selectin
were detected using mouse ELISA kits.

Lung histopathology and immunohistochemical

Reference to previous methods [11, 30], the lower lobe
of the right lung was fixed in 4% paraformaldehyde,
dehydrated, embedded, and cut into approximately
5 pum-thick sections for histopathologic detection with
hematoxylin and eosin (H&E) staining, and the protein
examination of C5a, C5b-9 and phosphorylated NF-«B
p65 with immunohistochemical method.

Twelve paraffin sections were taken from the tissue
samples for H&E staining in each group. The morpho-
logical changes in the lung tissues of each group of mice
were observed and photographed under a light micro-
scope. The lung injury score was performed according to
the recommendations of the official American Thoracic
Society workshop report (Table 1) [33]. The inflamma-
tion of lung tissue was evaluated according to the degree
of infiltration of inflammatory cells. The scoring contents
included the following criteria: edema, inflammation,
alveolar dilation, proliferation and necrosis of alveolar
epithelial cells, and thickness of the alveolar wall. The
score range was 0—4 points (0, absence or very mild; 1, 2,

Tail vein injection

CVF 35 ng/kg

Pretreatment

= (Baicalin, 200, 100 and 50 mg/kg/day;
PDTC, 100 mg/kg/day; i.g./q.d.)

Oh I h

Histopathology of the lung tissue
Take samples
2h

Day 1 Seven days Day 7

K

+ = Detection Assay of BALF and serum

y ~ ). ychemistry of the g ussuc
Sacrifice Immunohistochemistry of the lung tissue

Fig. 1 Flowchart of the animal experimentation protocol. Experimental design to assess the effect of baicalin on ALl mice (n=12/group)
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Table 1 The scoring criteria for lung injury
Scoring Inflammation (per field) Edema Lveolar dilation/Thickness of the
alveolar wall/Proliferation and
necrosis of alveolar epithelial cells
0 absence absence absence
1 10 inflammatory cells 10% alveolar involvement mild
2 10-50 inflammatory cells 10-50% alveolar involvement moderat
3 50-70 inflammatory cells 50-70% alveolar involvement severe
4 Outweigh 70 inflammatory cells 70-100% alveolar involvement maximal
25000- 200- 5000+ .
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Fig. 2 Effects of different concentrations of baicalin on the adhesion molecule expression of HMEC induced by CAC. HMEC were pretreated with different

concentrations (107'°, 10~

", and 1072 M) for 2 h and then incubated with 30 L of the CAC product for 6 h. The levels of ICAM-1 (A), VCAM-1 (B), and E-

selectin (C) in the culture medium were determined using enzyme-linked immunosorbent assay (ELISA). Values represent the mean +SD (n=8). **P <0.01

compared with control group; P < 0.01 compared with model group

3 and 4 represented mild, moderate, severe and maximal,
respectively). Each slice was scored using three fields of
view and averaged.

Each group took 11-12 paraffin sections from the tis-
sue samples for immunohistochemistry. C5a (dilution
1:200, PA578891, Thermo, USA), C5b-9 (dilution 1:200,
ab55811, Abcam, UK) and phosphorylated NF-«B p65
(dilution 1:100, sc-135769, Santa Cruz, USA) primary
antibodies were used to detect lung tissue C5a, C5b-9
deposits and levels of phosphorylated NF-«B p65. A posi-
tive reaction was identified by brownish-yellow or brown
particles in the nucleus or cytoplasm, respectively. The
Cb5a, C5b-9, and NF-kB p65 phosphorylation was mea-
sured semi-quantitatively by detecting the total positive
area under the microscope with Image-Pro Plus image
analysis software.

Statistical analysis

Statistical analyses of the data were conducted using
the SPSS software (version 19.0). Data are presented as
meanztstandard deviation (SD). Differences between
groups were assessed using analysis of variance (one-
way ANOVA), followed by the least significant difference
(LSD) test for post-hoc comparisons of means. Signifi-
cance was defined as P<0.05 or P<0.01.

Results

Baicalin reduces the release of adhesion molecules in
HMEC induced by CAC

The expression of ICAM-1, VCAM-1, and E-selectin was
elevated following the stimulation of HMEC cells with
CAC in comparison to the control group. Conversely,
the expression of ICAM-1, VCAM-1, and E-selectin dis-
played a noteworthy and dose-dependent reduction upon
pretreatment with baicalin at concentrations of 1070
10!, and 10~ !> M (Fig. 2A, B, and C).

Baicalin inhibits the inflammatory mediator expressions of
HMEC induced by CAC

Following the stimulation of HMEC with CAC, the
expression of IL-6 and TNF-a was elevated in compari-
son to the control group. However, pretreatment with
baicalin at varying doses (107'°, 107!, and 107 !> M)
resulted in a notable and dose-dependent reduction in
the expression levels of IL-6 and TNF-« (Fig. 3A, B).

Effects of baicalin on the transcriptional activity of NF-kB
after exposure of HMEC to CAC

The nuclear transcriptional activity of NF-xB was sig-
nificantly upregulated following CAC stimulation of
HMEC. However, pretreatment with baicalin at various
concentrations (1071, 107!, and 107!2 M) exhibited a
noteworthy dose-dependent inhibitory effect on the aug-
mentation of NF-kB intranuclear transcriptional activity
induced by CAC (Fig. 4).
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Fig. 3 Effects of different concentrations of baicalin on the inflammatory mediator expression of HMEC induced by CAC. HMEC were pre-treated with
different concentrations (107'°,107"", and 1072 M) of baicalin for 2 h and then incubated with 30 pL of CAC for 48 h. IL-6 (A) and TNF-a (B levels in the
medium were determined by ELISA. Values represent the mean=SD (n=8). *P<0.01 compared with control group; *P<0.05 and #P<0.01 compared

with model group
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Fig. 4 Effect of baicalin with different concentrations on transcriptional activity of NF-kB after exposure of HMEC to CAC. HMEC were inoculated into
96-well plates overnight and then transfected with NF-kB expression plasmid and liposome reagents. The cells were then pretreated with different con-
centrations (107'%, 107", and 1072 M) for 2 h and incubated with 30 uL of CAC product for 4 h. Luciferase activity was measured using a dual luciferase
reporter gene assay system, and values represent the mean +SD (n=8). **P<0.01 compared with control group; P < 0.01 compared with model group

Baicalin reduces inflammatory cell extravasation, elevated
BALF protein levels and lung MPO activity in ALI mice
The concentration of proteins in BALF serves as a com-
mon indicator of pulmonary vascular permeability, which
is a crucial feature of ALI. Comparatively, the Model
group displayed significantly higher BALF protein con-
centrations than did the control group. Notably, pretreat-
ment with baicalin at doses of 200 mg/kg and 100 mg/kg,
along with PDTC, led to a significant reduction in protein
concentrations in BALF when compared to the model
group. However, no statistically significant difference was
observed with 50 mg/kg baicalin pretreatment (Fig. 5A).
Furthermore, we assessed the total leukocyte count and
lung MPO activity, an indicator of neutrophil infiltration,
in BALF [32]. The BALF of the model group exhibited a
substantial increase in total cells counts (Fig. 5B) and pul-
monary MPO activity (Fig. 5C) compared to the control
group, indicating the presence of inflammatory cells and

neutrophil recruitment in the lung. Notably, pretreat-
ment with baicalin (at doses of 200, 100, and 50 mg/kg)
or PDTC led to a significant reduction in both total cells
counts (Fig. 5B) and lung MPO activity (Fig. 5C) in BALF
after CVF challenge compared with the Model group.
These findings suggest that baicalin can mitigate pul-
monary edema and inflammation in a dose-dependent
manner in mice with complement alternative pathway
activation-mediated ALL

Effects of baicalin on inflammatory mediators and

adhesion molecules in BALF and serum of ALl mice

We measured IL-6, TNF-«a, and ICAM-1 levels in the
serum and IL-6, TNF-a, ICAM-1, and P-selectin in the
BALF using ELISA to evaluate the anti-inflammatory
effects of baicalin in CVF-induced ALI. The levels of
pro-inflammatory cytokines (TNF-«, IL-6) and adhe-
sion molecule (ICAM-1) in the serum of mice in the
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Fig. 6 Baicalin reduces the levels of inflammatory factors and adhesion molecules in serum and BALF of ALl mice. Mice were orally administered dif-
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P-selectin. Results are expressed as mean+SD (n=12). **P<0.01was compared with the control group; “P<0.05 and P < 0.01 were compared with the

model group

model group were significantly elevated compared with
those in the control group. Pretreatment with baicalin or
PDTC resulted in a substantial reduction in the levels of
pro-inflammatory cytokines (TNF-a, IL-6) and adhesion
molecule (ICAM-1) in the serum of mice following CVF
stimulation, compared to the Model group (Fig. 6A, B,
and C).

The levels of pro-inflammatory cytokines (TNF-a, IL-6)
and adhesion molecule (ICAM-1, P-selectin) in the BALF
of mice in the model group were significantly elevated
compared with those in the control group. Pretreatment
with baicalin or PDTC resulted in a substantial reduc-
tion in the levels of pro-inflammatory cytokines (TNF-a,
IL-6) and adhesion molecule (ICAM-1, P-selectin) in the

BALF of mice following CVF stimulation, compared to
the Model group (Fig. 6D, E, F, and G).

Baicalin attenuates lung tissue damage in ALI mice

We examined the impact of baicalin on lung histopatho-
logical changes in mice subjected to challenges involving
complement alternative pathway activation. The results
obtained from H&E staining revealed that lung injury
induced by complement alternative pathway activation
in mice was characterized by several features, including
alveolar septal thickening, proliferation and necrosis of
alveolar epithelial cells, and inflammatory cell infiltra-
tion. Remarkably, pretreatment with baicalin and PDTC
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substantially attenuated lung injury induced by comple-
ment alternative pathway activation (Fig. 7).

Baicalin inhibits CVF-induced deposition of complement
activation products in lung tissue

CVF is known for its specific induction of hyperactiva-
tion in the complement alternative pathway, resulting in
the generation of various complement activation prod-
ucts, including C5a and C5b-9. In our investigation, we
assessed the deposition of C5a and C5b-9 in lung tissue
to evaluate the activation of the complement alternative
pathway. Notably, there was a significant increase in the
deposition of C5a and C5b-9 in the lung of mice treated
with CVE. However, both the high and medium doses of
baicalin, as well as PDTC pretreatment, led to a reduc-
tion in C5a and C5b-9 deposition in the lung tissue when
compared to mice in the model group (Fig. 8).

Baicalin inhibits NF-kB p65 phosphorylation level in lung
tissues of ALI mice

Prior research has established that activation of the com-
plement alternative pathway by CVF leads to the phos-
phorylation of NF-kB p65 in mouse lung tissue [11, 30].

Control
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Consistent with these findings, our immunohistochemi-
cal analysis of lung tissue (Fig. 9) revealed an increase
in NF-kB p65 phosphorylation in the lung of mice in
the model group compared to the normal group. How-
ever, the levels of NF-kB p65 phosphorylation in the
lung of mice pretreated with baicalin at doses of 200 mg/
kg and 100 mg/kg were significantly lower than those in
the CVEF-stimulated group. Additionally, as a positive
control, PDTC (100 mg/kg) significantly reduced CVE-
induced NF-kB p65 phosphorylation.

Discussion

The hallmark of ALI pathobiology is unchecked inflam-
mation-driven alveolar-capillary barrier dysfunction
and diffuse alveolar damage; suppressing lung inflam-
mation can considerably reduce lung damage in several
ALI models [34-36]. Early in the pathogenesis of ALI,
the complement system is first activated, and its activa-
tion triggers an inflammatory response [4]. Notably, all
three complement activation pathways (classical pathway,
alternative pathway, and lectin pathway [37]) require the
involvement of an alternative pathway to induce tissue
injury in vivo, including acute lung inflammation [38]. In
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Fig. 7 Baicalin ameliorates complement alternative pathway activation-induced acute lung injury in mice. Mice were orally administered different con-
centrations (200, 100, and 50 mg/kg/day) of baicalin, PDTC (100 mg/kg/day), or vehicle for 7 days. CVF (35 pug/ kg) was then administered via the tail vein
for 1 h. Lung histopathology of mice (H&E staining): lung H&E staining (A) and the lung injury score (B). The original magnifications are x 100. Results are

expressed as the mean+SD (n=1

2).**P<0.01 was compared with the control group; #P<0.01 were compared with the model group
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the present study, baicalin had a significant intervention
effect on the inflammatory response of human micro-
vascular endothelial cells induced by the activation of
the complement alternative pathway and on the acute
inflammatory response of mouse lungs.

Previous studies have shown that baicalin effec-
tively suppressed inflammation in different models of

lung injury mediated by downregulating NF—«B signal
[21-29]. Shen et al. found that baicalin relieves LPS-
induced lung inflammation via the NF-xB and MAPK
pathways [21]. Peng et al. found that baicalin alleviated
APEC-induced acute lung injury in chicken by inhibiting
NF-«B pathway activation [22]. Long et al. also demon-
strated that baicalin alleviates LPS-induced ALI in mice
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via inhibiting TLR4/NF-kB pathway [28]. Our previous
study showed that inhibition of NF—«B p65 phosphoryla-
tion attenuates lung inflammation induced by activation
of the complement alternative pathway [11, 30]. Consis-
tent with other findings, our results showed that baicalin
significantly reduced the activation of NF-«xB p65. There-
fore, the mechanism by which baicalin attenuates the
inflammatory response induced by the activation of the
complement alternative pathway may be related to the
inhibition of NF-«B signaling activation.

A prominent feature of ALI is the increased perme-
ability of the alveolar-capillary barrier, allowing the influx
of proteins and inflammatory fluid rich in cells into the
alveolar lumen, ultimately impairing gas exchange [1, 39].
Endothelial permeability is a key aspect of ALI pathogen-
esis, and vascular endothelial cells express various com-
plement proteins, regulatory factors, and their receptors
[37, 40]. During acute lung inflammation, vascular endo-
thelial cells are the primary targets of complement system
activation, leading to endothelial injury, increased cap-
illary permeability, and influx of protein-rich fluid into
the alveolar space, fostering the formation of pulmonary
edema [38]. In the early stages of ALI, the complement
system becomes hyperactive, resulting in the deposition

of complement activation products on vascular endothe-
lial cells. This, in turn, induces cellular activation, lead-
ing to the expression of adhesion molecules (ICAM-1,
VCAM-1, P-selectin, and E-selectin) and release of cyto-
kines (TNF-a and IL-6) [11, 41]. Importantly, all these
proteins are regulated by the transcription factor NF-xB
[42].Given the pivotal role of microvascular endothe-
lial cells in ALI pathogenesis, we initially investigated
the influence of baicalin on the inflammatory responses
of these cells. We employed an in vitro model of HMEC
cells, in which complement alternative pathway activa-
tion induced an inflammatory response (Figs. 2 and 3).
Our findings indicate that baicalin significantly sup-
presses the expression of adhesion molecules (Fig. 2),
inflammatory factor (Fig. 3), and upregulates NF-«xB
nuclear transcriptional activity (Fig. 4) in HMEC cells
induced by complement alternative pathway activation.
These results suggest that baicalin effectively intervenes
in the inflammatory response of HMEC triggered by
complement alternative pathway activation, primarily
through the inhibition of NF-kB activation.

Activation of the complement system is a common
feature across various ALI models, and both experimen-
tal and clinical evidence underscores the crucial role of
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complement activation in ALI development [43, 44]. In
the early stages of ALI, excessive complement activa-
tion results in the generation of various products such
as C5a and the membrane attack complex C5b-9. These
products can either stimulate neutrophils to adhere
to the lung capillary endothelium or directly activate
endothelial cells, enhancing the upregulation of adhe-
sion molecules including ICAM-1, and P-selectin which
contributes to vascular endothelial cell injury [45, 46].
In our study, we induced ALI in mice by activating the
complement alternative pathway with CVF to explore the
impact of baicalin on lung inflammation resulting from
complement alternative pathway activation. Our results
showed that baicalin significantly inhibited the produc-
tion of IL-6, TNF-a, and ICAM-1 in the serum of CVF-
induced ALI mice, as well as the production of IL-6,
TNF-a, ICAM-1, and P-selectin in BLAF (Fig. 6). Fur-
thermore, baicalin reduced cell number and protein con-
tent in BALF and reduced MPO activity in the lung tissue
(Fig. 5). Baicalin also effectively ameliorated pathological
changes in the lung of ALI mice (Fig. 7).

NEF-«B plays a pivotal role as a master regulator of inflam-
mation, exerting control over every aspect from initiation
to resolution of the inflammatory response [47-49]. The

transcription factor NF-«B plays a crucial role in the acute
phase of inflammation by acting upstream of the synthesis
of proinflammatory mediators [50]. Under normal condi-
tions, NF-kB resides in the cytoplasm and binds IkBa. How-
ever, when cells encounter extracellular pro-inflammatory
cytokines, NF-kB is liberated from the cytoplasm and trans-
locates to the nucleus, leading to the expression of inflamma-
tory genes [11, 30]. Importantly, ALI/ARDS is characterized
by endothelial cell dysfunction, which is largely regulated
by NF-kB [51, 52]. The severity and lethality of ALI/ARDS
are notably associated with an NF-kB-mediated “cytokine
storm” [53, 54]. Upon activation of complement activation
products, vascular endothelial cells undergo NF-«B activa-
tion, causing translocation of NF-kB p65 to the nucleus. This
event triggers the transcription of adhesion proteins and
cytokines, initiating a potent pro-inflammatory cascade that
ultimately results in lung injury [55]. Our study revealed that
baicalin significantly inhibits NF-kB p65 phosphorylation in
mice lung with ALI induced by activation of the complement
alternative pathway. The results from animal experiments
further corroborate that baicalin’s protective effect against
inflammation induced by complement alternative pathway
activation in mouse lung is achieved through the inhibition
of NF-«B signaling activation.



Li et al. BMC Complementary Medicine and Therapies

PDTC serves as an effective inhibitor of NF-kB by
impeding IkB phosphorylation, preventing NF-kB trans-
location into the nucleus, and reducing downstream
cytokine expression [56, 57]. In our study, baicalin exhib-
ited a pattern of action similar to that of the NF-«xB
inhibitor PDTC. Both baicalin and PDTC significantly
restrained the release of inflammatory mediators and
levels of NF-«B p65 phosphorylation induced by comple-
ment alternative pathway activation in the lung of mice.
These results further validated that the protective effect
of baicalin against lung inflammation induced by com-
plement alternative pathway activation in mice operates
through the inhibition of NF-kB signaling activation.

In conclusion, this study showed that baicalin could
attenuate the inflammatory response of HMEC cells
induced by the activation of the complement alternative
pathway and had a significant intervention effect on the
lung inflammation caused by the activation of the com-
plement alternative pathway in ALI mice. Its core mecha-
nism of action was related to inhibiting the activation of
the NF-«B signaling pathway (Fig. 10).

Conclusion

In summary, our findings strongly indicate that baicalin is
a potent inhibitor of acute lung inflammation triggered by
the activation of the complement alternative pathway. Its
mechanism of action primarily involves the inhibition of the
NF-kB pathway. Baicalin is expected to be a promising can-
didate for the prevention of ALI as well as for prevention
complement-related inflammatory conditions and diseases.
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