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Background: Xuanfei Baidu Formula (XBF) is an effective traditional Chinese medicine (TCM) remedy for treating
coronavirus disease 2019 (COVID-19) in China. This herbal medicine has shown effects in reducing clinical
symptoms and shortening the average length of hospital stay for COVID-19 patients. Previous studies have
demonstrated that XBF alleviates acute lung injury (ALI) by regulating macrophage-mediated immune inflam-
mation, but the mechanisms of action remain elusive.

Purpose: This study aimed to evaluate the lung-protective and anti-inflammatory effects of XBF and its underlying
mechanisms.

Methods: Here, XBF’s effects were investigated in an ALI mouse model induced by inhalation of atomized lipo-
polysaccharide (LPS). Besides, the LPS-induced inflammation model in RAW264.7 cells was used to clarify the
underlying mechanisms of XBF against ALIL

Results: Our results showed that XBF treatment alleviated LPS-induced lung injury, as evidenced by reduced
histopathological changes, pulmonary alveoli permeability, fibrosis, and apoptosis in the lung tissues. In addi-
tion, inflammation was alleviated as shown by decreased levels of tumor necrosis factor (TNF)-a, interleukin (IL)-
6, IL-1p in serum and bronchoalveolar lavage fluid (BALF), and reduced white blood cell (WBC) count in BALF.
Furthermore, consistent with the in vivo assay, XBF inhibited LPS-induced inflammatory cytokines release and
pro-inflammatory polarization in RAW264.7 cells. Mechanistically, XBF increased mitochondrial fusion by
upregulating Mfn1 and attenuated NLRP3 inflammasome activation by repressing Casp11, respectively, to inhibit
NF-kB and MAPK pathways, thus repressing pro-inflammatory macrophage polarization.

Conclusion: In this study, we demonstrate that XBF exerts anti-ALI and -inflammatory effects by recovering
mitochondrial dynamics and reducing inflammasome activation, providing a biological illustration of the clinical
efficacy of XBF in treating COVID-19 patients.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-Cov-2)
caused an outbreak of atypical pneumonia at the end of 2019 and led to
a global pandemic with 456 million positive cases, including 6 million
deaths by March 2022. This virus is a new pathogen with strong infec-
tiousness and fast transmission speed, which has caused a significant

impact on human security and social stability (Chan et al., 2020; Wang
et al.,, 2020a). Furthermore, clinical studies have shown that
SARS-Cov-2 infection (namely coronavirus disease 2019, COVID-19)
causes severe respiratory illnesses, such as acute lung injury (ALI) and
systemic inflammatory response (Chen et al., 2020; Coronaviridae Study
Group of the International Committee on Taxonomy of 2020; Musa
et al., 2021). Indeed, inflammatory responses from infected cells may
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further promote the infiltration of immune cells into the pulmonary
interstitial and pulmonary alveoli, causing overproduction of
pro-inflammatory cytokines, known as cytokine storm, and finally,
leading to severe lung damage and multi-organ dysfunction (Grant et al.,
2021; Jose and Manuel, 2020; Li et al., 2022). So far, with the contin-
uous research and development of anti-COVID-19 drugs, several specific
drugs or vaccines are clinically available to treat the COVID-19 infec-
tion, such as Paxlovid, Sotrovimab, Tocilizumab, and Myancopharm
(Drozdzal et al., 2021). However, side effects from vaccines or drugs are
inevitable, causing failure in combating the COVID-19-induced cytokine
storm, a crucial reason for the high mortality of severe patients and
COVID-19-related sequelae (LaVergne et al., 2021). Therefore, the dis-
covery and development of effective agents for treating
COVID-19-induced cytokine storms are urgently needed.

Macrophage-mediated inflammation plays a critical role in the
pathogenesis of ALI (Kumar, 2020). Resting macrophages can differen-
tiate into pro-inflammatory M1 and anti-inflammatory M2 macrophages
(Sica et al., 2015), functioning as primary regulators of inflammation
induction and resolution (Ross et al., 2021). Rest macrophages undergo
pro-inflammation polarization in response to mild bacteria and virus
infections. Polarized macrophages secrete pro-inflammatory mediators
such as tumor necrosis factor (TNF)-a, interleukin (IL)-6, and IL-1p, thus
inducing host immune defense to clear bacteria and viruses. However,
severe bacteria and virus infections cause macrophage overactivation
and induce cytokine storms. Recent studies have also found that the
uptake of SARS-Cov-2 by M1 macrophages facilitates the release of
nucleic acids from virus particles and accelerates the viral replication
process (Lv et al., 2021; Sefik et al., 2022). Therefore, targeting
pro-inflammatory macrophage polarization is an attractive strategy for
treating COVID-19.

Several pre-clinical and clinical trials have confirmed the benefit of
traditional Chinese medicine (TCM) in treating COVID-19 (Wang et al.,
2020b; Wang and Yang, 2021). Xuanfei Baidu Formula (XBF) was
designed by Academician Boli Zhang and Professor Qingquan Liu and
approved as a first-line TCM formula for treating COVID-19 patients in
China. A pilot randomized clinical trial suggested that XBF showed ad-
vantages in compromising symptomatic transition from moderate to
severe disease states and improved COVID-19 patients’ clinical symp-
toms, including fever, cough, fatigue, and appetite (Pan et al., 2020).
Immunological detection also found that XBF combined with conven-
tional therapy could alleviate lung inflammation with the number of
lymphocytes and white blood cells increased (Li et al., 2021b; Xiong
et al., 2020). Recently, several studies reported that XBF reduced ALI by
regulating the  NF-xB-mediated cytokine production and
PD-1/IL17A-mediated neutrophils and macrophages infiltration in lung
tissue (Li et al., 2021b; Wang et al., 2022b; Zhao et al., 2021b). How-
ever, the detailed mechanisms of XBF in anti-inflammatory effects are
not fully understood.

This work detected XBF’s effects on the lipopolysaccharide (LPS)-
induced inflammation and lung injury mice model. XBF significantly
reduced the infiltration of macrophages in the lung tissue, showing an
excellent anti-inflammatory effect. We employed the in vitro LPS-
induced macrophage inflammation model to further reveal the mecha-
nism of action. XBF inhibited LPS-induced pro-inflammatory M1 po-
larization by repressing MAPK and NF-«xB pathways.

Materials and methods
Cell culture and reagents

The mice mononuclear macrophage RAW264.7 cells were purchased
from American Type Culture Collection (ATCC, USA). Cells were
cultured with Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-
12 (DMEM/F12, Gibco, USA) supplemented with 5% fetal bovine serum
(FBS, Gemini, USA) and 1% penicillin-streptomycin (Gibco, USA), and
maintained in a 5% CO; incubator at 37 °C. SR-18292 was obtained from
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MedChemExpress Technology (USA, Cat: HY-101491). XBF extract was
provided by State Key Laboratory of Component-based Chinese Medi-
cine (Tianjin) and dissolved in DMEM/F12 at 10 mg/ml as the stock
solution, which was then filtered using a 0.22-ym membrane for the
following experiments. We provided detail of XBF chemical composition
analysis in Supplementary file 1. LipoFiter 3.0™ Liposomal Transfection
reagents were purchased from Hanbio Biotechnology (Shanghai, China).

Cell viability assays

In each well of a 96-well plate, 1 x 10* RAW264.7 cells were seeded
with 200 pl serum-containing DMEM/F12 medium. Cells were used for
testing when they reached 40-50% confluence. 0, 0.25, 0.5, 0.75, 1, 2, 3
and 4 mg/ml XBF was incubated with cells for 24 h to evaluate cyto-
toxicity. CCK-8 Kit (Beyotime Biotechnology, China, Cat: C0038) was
used to measure cell viability. The viability percentage was calculated
using the formula below: (Asample-Ablank)/(Acontrol-Ablant) % 100%,
where A is the absorbance measured by a microplate reader (Molecular
Devices Instrument Inc., USA) under 490 nm.

Plasmid transfection

Cells were seeded in 6-well plates for 24 h. Plasmid DNA and Lip-
oFiter 3.0™ reagent were separately diluted in DMEM/F12 without
serum, mixed, and incubated for 20 min. Next, the combination of
plasmid and reagent was added to each well, mixed gently, and set in a
CO4 incubator at 37 °C for 12 h. Then, the fresh DMEM/F12 containing
5% FBS was replaced and continued with incubation for 12 h. To
determine the expression of Mfnl or Casp11 after transfection, we per-
formed quantitative real-time PCR (qQRT-PCR) to detect Mfnl or Casp11
mRNA expression levels.

RNA isolation and qRT-PCR

EASYspin reagent kit (Biomed Biotech, China, Cat: RA105-01) was
used to isolate total RNA according to the manufacturer’s protocol. Total
RNA quality and quantity were analyzed using a NanoDrop™ one
spectrophotometer (Thermo Scientific, Grand Island, NY, USA). An
iScript Reverse transcription supermix (Vazyme Biotech, China) was
used to synthesize first-strand cDNA from 1 pg total RNA. qRT-PCR
analysis was performed using Faststart Essential DNA Green Master
(Roche, Basel, Swit, Cat: 06402712001) on LightCycler96 Real-Time
PCR system (Roche). Primers were designed with Primer3Plus soft-
ware (Cambridge, USA). GAPDH was used as the reference gene. The
relative expression of mRNA was calculated by following the previous
literature (Na et al., 2017). qRT-PCR primer sequences are shown in
Supplementary Table 1.

Western blotting

Polyclonal peroxisome proliferator-activated receptor y coactivator
la (PGC-1a) antibody was purchased from Affinity Biosciences (Jiangsu,
China). Polyclonal Mfn1 antibody was purchased from ZEN-Biosciences
(Chengdu, Sichuan, China). Polyclonal p-IkKa (Thr23), p-NF-kB p65
(Ser529) antibodies, and Monoclonal Mfn2, IkKa, NF-kB p65 antibodies
were purchased from Abways Technology (Shanghai, China). Polyclonal
p-IxBa (Ser36), p-P38 (Thr180/Tyr182), p-Erk1/2 (Thr202/185), IxBa,
P38, Erkl/2, iNOS, and B-Actin antibodies were purchased from Diag
Bio-technology (Hangzhou, China). Cells were lysed in ice-cold RIPA
buffer (Beyotime Biotechnology, China, Cat: PO013K) supplemented
with protease inhibitors, and protein concentrations were measured by
bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, USA, Cat:
23228). An equal amount of total protein (30 pg) was separated by
SDS-PAGE and transferred to PVDF (polyvinylidene fluoride) mem-
brane (Millipore, USA). After blocking with 5% nonfat milk in 1 x TBST
at room temperature (RT) for 1 h, membranes were incubated with the
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Fig. 1. XBF attenuated LPS-induced acute lung injury in vivo. (A) Histological analysis of lung tissue sections was stained by hematoxylin and eosin (H&E staining,
the asterisks indicate alveolar collapse and arrows indicate inflammatory infiltration) (400 x). Scale bar = 50 pm, n = 6. (B) Right lung weight and lung index of each
group. (C) Fibrosis analysis of lung tissue sections was evaluated by Masson’s trichrome staining (100 x). Scale bar = 200 pm, n = 6. (D) The counts of WBC and
platelet in BALF were counted using a hemocytometer. (E) Cell apoptosis was detected by TUNEL staining (400 x). Scale bar = 50 pm, n = 6. (F-G) The expression of
IL-16, IL-6, and TNF-a in BALF and serum (n = 6). (H) The expression of macrophage markers F4/80 was determined by immunohistochemical (IHC) staining in lung
tissues (400 x). Scale bar = 50 pm, n = 6. (I) The percentage of neutrophils, lymphocytes, and monocytes in BALF was counted using a hemocytometer. Data are

presented as the mean =+ SE from 15 lung tissue samples of each group. *p < 0.05; **p < 0.0

compared with model group.

1; ###p < 0.001 compared with con group; *p < 0.05; **p < 0.01

primary antibody (Sources and Dilutions of primary antibodies are
shown in Supplementary Table 2) overnight at 4 °C. The membranes
were washed with TBST and incubated with a secondary antibody for 1 h
at RT. Then signals were captured using western lightning Plus-ECL
(PerkinElmer, USA, Cat: 203-19031) and iBright 1500 imaging System
(Invitrogen, USA). ImageJ 1.41 software (Bethesda, USA) was used for
western blot quantitative analysis. Original images of all western blot
data were provided in Supplementary file 2.

Evaluation of mitochondrial membrane potential (A¥m) and
Mitochondrial tracking

RAW264.7 cells were seeded in 6-well plates (2 x 10* cells per well)
and incubated overnight. Inflammation markers, such as IL-6 and IL-1f,
were significantly upregulated by 12 h LPS stimulation and maintained
at a high level during 24-72 h LPS stimulation (Liu et al., 2019).
Considering that, LPS (0.1 pg/ml) stimulation was first conducted for 12
h to induce inflammation model. Then, the XBF was added and incu-
bated for another 24 h to investigate XBF’s effects when inflammation
factors were maintained at high levels. Next, the cells were harvested
and washed with PBS. Then cells were stained with JC-1 to evaluate
mitochondrial membrane potential by following the manufacturer’s
instructions (Beyotime Biotechnology, Cat: C2006). After the same
treating procedures with the above AWm experiment, cells were washed
with ice-cold PBS and incubated with Mito-Tracker probes (100 nM) for
30 min at RT in the dark. Both experiments’ fluorescence intensities
were captured using ImageXpress Micro Confocal imaging system (BD
Pharmingen, USA).

Lactic acid (LA) and ATP measurements

LA and ATP levels were measured using LA (Cat: BC2235) or ATP
(Cat: S0026) assay kit (Solarbio life sciences, China) using the corre-
sponding manufacturer’s instructions.

LPS-induced ALI model

Eight-to-ten-week adult male ICR mice were purchased from Hang-
zhou Medical College and maintained in the specific-pathogen-free
(SPF) condition after breeding for several days. All methods applied in
this study were carried out in accordance with the ‘Principles of Labo-
ratory Animal Care of National Institutes of Health’ and ‘guidelines of
laboratory animal care committee of Xi’an Jiaotong University’ (Sup-
plementary file 3). Furthermore, all procedures are in line with the
Animal Welfare Act Regulations. The treatment of animals was the same
as in the previous paper (Fang et al., 2017). Briefly, the mice (n = 80)
were randomly divided into a control group (n = 16) and a model group
(n = 64). The model group was administered with the inhaled
atomized-LPS (2.5 mg/ml in saline) to induce ALIL. After LPS (Sigma,
Saint Louis, Missouri, Cat: L2880) administration for 3 d, the mice (n =
64) were randomly divided by weight into four groups: LPS group, LPS
plus high XBF concentration treatment (4.32 g/kg) group, LPS plus low
XBF concentration treatment (2.16 g/kg) group, and LPS plus Dexa-
methasone treatment (DXM, Aladdin Biotechnology, Shanghai, China,
Cat: D137736, 0.4 mg/kg) group (n = 16 per group). All drugs were
treated with gavage per day, while LPS and control groups were treated
with saline. After XBF or DXM administration for 14 d, the animals were

euthanized. For further analyses, we collected the bronchoalveolar
lavage fluid (BALF), blood, and lung tissues.

BALF collection and analysis

After the mice were euthanized, the thorax was opened, and ice-cold
PBS (0.3 ml) was instilled into the lung and withdrawn via tracheal
incision three times (Pastva et al., 2004). Next, the recovered BALF was
centrifuged (400 g, 20 min) at 4 °C. Then, the cell-free supernatants
were used for cytokine measurements by ELISA. The cell pellet was
suspended in 1 ml PBS used for cell proportion measurements by a fully
automatic blood analyzer (XT-2000i, Sysmex).

Engzyme-linked immunosorbent assay

ELISA kits were purchased from Jiangsu Meimian Industrial Co., Ltd
for measuring the levels of IL-1p (Cat: MM-0040M1), IL-6 (Cat: MM-
0163M1), and TNF-« (Cat: MM-0132M1) in BALF, serum, and cell cul-
ture medium. Total protein concentrations were determined using the
BCA protein assay kit (Pierce, USA, Cat: 23228).

Lung histological examination

The harvested lung tissues were fixed in 4% paraformaldehyde,
embedded in paraffin, and cut into 4-pm sections. Then, the sections
were stained with hematoxylin and eosin (H&E) according to the pre-
vious description (Na et al., 2017). Finally, morphological changes in
lung tissues were recorded by a microscope (DM4000, Leica
Biosystems).

Pulmonary fibrosis examination

Lung sections were stained using the Masson kit (Solarbio life sci-
ences, Cat: G1340). The blue or green signal indicated positive staining
for collagen, and the red indicated positive staining for muscle fibers.
Images were captured by a microscope DM4000 (Leica Biosystems).

TUNEL staining

Lung tissue samples were harvested and fixed in 10% formalin for 24
h. Fixed lung tissues were embedded in paraffin, and 5-pm sections were
used for TUNEL staining using the TUNEL assay kit (Beyotime
Biotechnology, Cat: C1098).

Immunohistochemistry

Formalin-fixed lung tissues were embedded and deparaffinized.
Hydrogen peroxide (3%) and 2% BSA were used for 30 min-blocking.
The slides were incubated overnight at 4 °C with F4/80 primary anti-
bodies (Affinity Biosciences, Cat: DF2789). Then, the slides were incu-
bated with anti-goat IgG secondary antibody for 60 min at RT. After
washing, slides were stained with 3,3-diaminobenzidine (DAB), washed
and counterstained with hematoxylin, dehydrated, and then mounted
with a coverslip. DM4000 microscope was used to capture images.
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Fig. 2. XBF attenuated LPS-induced inflammation in RAW264.7 cells. (A) qRT-PCR
cells upon treatment with XBF (2 and 3 mg/ml) for 24 h. (B) Concentration of IL-1f,

LPS (0.1 pg/ml)

determination of the mRNA expression of IL-14, IL-6, and TNF-a in RAW264.7
IL-6 and TNF-« in cell culture medium was examined by ELISA assay, and data

presented were normalized by the concentration of protein lysates. (C) RAW264.7 cells were treated with XBF (0.5, 1, 2, 3 and 4 mg/ml) for 24 h. Cell viability was
measured by the CCK-8 assay. (D-E) qRT-PCR determination of the mRNA expression of CD80, CD86, iNOS, CD163, CD206, and Arg-1 in RAW264.7 cells upon

treatment with XBF (2 and 3 mg/ml) for 24 h. (F) RAW264.7 cells were treated with
IkKa, IkBa, NF-xB, P38, and Erk were determined by western blotting. p-Actin was

XBF (2 and 3 mg/ml) for 24 h, the expression of both phosphorylated and total
used as an internal control. Data are presented as the mean + SE from three

independent experiments. *p < 0.05; **p < 0.01; *#*#p < 0.001 compared with untreated cells; *p < 0.05; **p < 0.01; ***p < 0.001 compared with LPS-treated cells.

Statistical analysis

All data are expressed as mean =+ standard error (SE) of at least three
independent experiments. The student t-test was used for comparing two
conditions, and one-way analysis of variance (ANOVA) with Tukey’s test
was used for multiple comparisons. All analyses were performed using
GraphPad Prism 5.0 (Graphpad Software, Inc., USA) with a p-value less

than 0.05 considered statistically significant.
Results
XBF attenuated LPS-induced ALI and inflammation in vivo

To evaluate the therapeutic action of XBF against endotoxin-induced
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Fig. 3. XBF inhibited IL-6 expression by inhibiting mitochondrial biosynthesis in RAW264.7 cells. (A) qRT-PCR determination of the mRNA expression of PGC-1a in
RAW264.7 cells upon treatment with LPS at indicated concentrations for 24 h. (B) Quantification of the mRNA of PGC-1a in RAW264.7 cells upon treatment with XBF
(2 and 3 mg/ml) for 24 h. (C) Western blotting analysis of the PGC-1a protein in RAW264.7 cells upon XBF (2 and 3 mg/ml) treatment for 24 h. p-Actin was used as
an internal control. (D) Increased mitochondrial biosynthesis upon treatment with LPS in RAW264.7 cells as determined by Mito-Tracker Green staining. Repre-
sentative fluorescence microscopy images are shown (400 x). Scale bar = 50 pm. (E-F) qRT-PCR determination of the mRNA expression of Tfam, Nrfl, Nrf2 (E), Atg5,
LC3B (F) in RAW264.7 cells upon treatment with LPS at indicated concentrations for 24 h. (G) Inhibition of mitochondrial biosynthesis upon treatment with XBF (2
mg/ml) for 24 h in RAW264.7 cells as determined by Mito-Tracker Green staining. Representative fluorescence microscopy images are shown (400 x). Scale bar = 50
pm. (H-I) Quantification of the mRNA of Atg5, LC3B (h), Tfam, Nrfl, Nrf2 (i) in RAW264.7 cells upon treatment with XBF (2 and 3 mg/ml) for 24 h. (J) Western
blotting analysis of PGC-1a proteins in RAW264.7 cells upon SR-18292 (20 pM) treatment for 24 h. f-Actin was used as an internal control. (K) RAW264.7 cells were
co-treated with LPS and SR-18292 for 24 h, the expression of PGC-1a and both phosphorylated and total IxkKa, IkBo, NF-kB, P38, and Erk were determined by western
blotting. p-Actin was used as an internal control. (L-M) RAW264.7 cells were co-treated with LPS and SR-18292 for 24 h, the expression of IL-1f, IL-6, TNF-a (1) and
iNOS, CD86 (m) mRNA were determined by qRT-PCR. Data are presented as the mean + SE from three independent experiments. “p < 0.05; *#p < 0.01; *## p <

0.001 compared with untreated cells; *p < 0.05; **p < 0.01; ***

*p < 0.001 compared with LPS-treated cells.

pneumonia, ALI was induced in mice with LPS exposure. Lung tissues,
BALF, and serum were collected for evaluation. As shown in Fig. 1A, B,
XBF treatment ameliorated LPS-induced interstitial edema, infiltration
of inflammatory cells, thickening of alveolar walls, and alveolar
collapse. Masson staining further showed that XBF treatment attenuated
LPS-induced collagen deposition in lung tissues (Fig. 1C). In addition,
the pulmonary alveoli permeability was evaluated based on cell counts
in BALF. As shown in Fig. 1D, treatment with high concentration XBF
exhibited comparable effects as DXM on decreasing the WBC and
platelet count, suggesting that XBF compromised LPS-induced
inflammation.

Cytokine-mediated inflammatory cell death is observed during bac-
terial or virus-associated ALI (Karki et al., 2021; Kumar, 2020).
Consistently, LPS inhalation significantly increased the apoptotic cell
proportion in lung tissues as characterized by TUNEL staining, while
XBF and DXM significantly reduced LPS-induced apoptotic cells
(Fig. 1E). Meanwhile, we observed that pro-inflammatory cytokines
IL-1B, IL-6, and TNF-a were elevated by LPS stimulation in the BALF and
serum while reduced by either XBF or DXM (Fig. 1F, G). Given that
inflammation is an apoptosis-triggering factor (Yang et al., 2015), we
analyzed the effect of XBF on the infiltration of inflammation-regulating
cells in lung tissues and observed a reduction of F4/80-positive macro-
phage cells (Fig. 1H). On the other hand, there was no significant change
in neutrophils, lymphocytes, and monocytes from BALF upon XBF
treatment on LPS-induced ALI mice (Fig. 1I).

These results indicate that XBF inhibits LPS-induced ALI and
inflammation in vivo, which may be related to macrophage infiltration
and macrophage-related regulation.

XBF attenuated LPS-induced pro-inflammatory macrophage polarization
through NF-«xB and MAPK pathways

To further understand how XBF inhibits inflammation through
macrophages, we employed the LPS-induced inflammation model in
RAW264.7 macrophage cells. Consistent with the in vivo observation
mentioned above, XBF treatment dose-dependently decreased IL-1, IL-
6, and TNF-a expression at both mRNA (Fig. 2A) and protein (Fig. 2B)
levels with no apparent toxicity (Fig. 2C).

Considering that macrophages can be polarized into pro-
inflammatory M1 or anti-inflammation M2 phenotypes (Liu et al.,
2014), we further analyzed the effect of XBF on M1 and M2 markers. M1
markers CD86 and iNOS were significantly decreased by XBF (Fig. 2D),
while M2 marker CD163 increased (Fig. 2E), supporting the inhibiting
role of XBF in pro-inflammatory polarization.

Previous studies have demonstrated that IkKo/IkBo/NF-kB and
MAPK play a vital role in the pro-inflammatory polarization of macro-
phages (Liu et al., 2020). Therefore, we next examined the effects of XBF
on these signaling pathways. As shown in Fig. 2F, XBF significantly
reduced LPS-induced phosphorylation of IkKa, IkBa, NF-kB, P38, and
Erk. These results suggest that XBF inhibits LPS-induced pro-in-
flammatory macrophage polarization by inhibiting IxKa/IkBa/NF-kB
and MAPK signaling pathways.

XBF reduced PGC-1a expression, leading to mitochondria mass loss but
not pro-inflammatory polarization

In addition to pro-inflammation macrophage polarization, we would
like to know whether other factors were involved in regulating inflam-
mation upon XBF treatment. Mitochondria have been well recognized as
a master regulator of inflammation (Galluzzi et al., 2012). To under-
stand whether XBF regulates mitochondria in inhibiting inflammation,
we analyzed XBF’s effects on mitochondrial function. LPS significantly
upregulated the mitochondria master regulator PGC-la (Halling and
Pilegaard, 2020) expression (Fig. 3A-C) and mitochondrial mass
(Fig. 3D). On the other hand, LPS inhibited the expression of Tfam, and
Nrf2, two critical factors for removing damaged mitochondria DNA
(Fig. 3E), suggesting that LPS induced the accumulation of damaged
mitochondria, which was further supported by the upregulation of
autophagy markers LC3B upon LPS treatment in RAW264.7 cells
(Fig. 3F). In combating LPS stimulation, XBF partially reversed PGC-1a
expression (Fig. 3B, C), mitochondrial mass (Fig. 3G), and autophagy
marker LC3B expression (Fig. 3H), but interestingly, XBF treatment did
not rescue the downregulated Tfam and Nrf2 expression upon LPS
stimulation (Fig. 3I). In addition, XBF significantly downregulated the
expression of Nrfl (Fig. 3I), though LPS did not affect its expression
(Fig. 3E). These results indicate that the main effect of XBF on mito-
chondria might rely on reducing PGC-1a expression.

SR-18292, a PGC-1la inhibitor (Fig. 3J, K), did not affect IL-1p and
TNF-a (Fig. 3L) but decreased IL-6 expression (Fig. 3L). Moreover, SR-
18292 did not affect LPS-induced IxK/IkB/NF-xB, P38, Erk activation,
and pro-inflammatory polarization (Fig. 3K, M). Given these, XBF
reduced PGC-1a expression, which is responsible for compromising
mitochondria biosynthesis but not pro-inflammatory polarization.

XBF-induced mitochondrial fusion inhibited M1 phenotype conversion by
targeting NF-xB pathway

Since the mitochondria synthesis is not the causal factor in
combating inflammation upon XBF treatment, we then investigated
mitochondria dynamics, including division, fusion, and cristae remod-
eling, which have been proposed as the main triggering factors for
inflammation (Geto et al., 2020). First, we analyzed the role of mito-
chondrial dynamics in the anti-inflammatory effect of XBF. LPS-treated
cells exhibited a  dramatic decrease in  mitochondria
division/fusion-related genes Drpl, Fisl, Opal, Mfnl, and Mfn2
(Fig. 4A). Among these, the mitochondria fusion regulator Mfnl and
Mfn2 were significantly and slightly upregulated by XBF, respectively
(Fig. 4B, C). In addition, XBF decreased the intensity of JC-1, a fluo-
rescent probe for measuring mitochondria membrane potential A¥m
(Fig. 4D), which is in line with the XBF’s effect on alleviating the
impairment of mitochondria dynamics.

The change in mitochondria dynamics, such as mitochondria fusion,
could promote the capacity of oxidative phosphorylation (OXPHOS)
(Bonnay et al., 2020), which is needed by M2 macrophages (Viola et al.,
2019). Following XBF’s role in regulating mitochondria dynamics, the
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Fig. 4. XBF inhibited TNF-a expression by increasing Mfnl-mediated mitochondria fusion in RAW264.7 cells. (A) qRT-PCR determination of the mRNA expression of
Opal, Mfnl, Mfn2, Drpl, and FisI in RAW264.7 cells upon treatment with LPS at indicated concentrations for 24 h. (B) qRT-PCR determination of the mRNA
expression of Opal, Mfnl, Mfn2, Drpl, and Fis1 in RAW264.7 cells upon treatment with XBF (2 and 3 mg/ml) for 24 h. (C) Western blotting analysis of Mfnl and
Mfn2 proteins in RAW264.7 cells upon XBF (2 and 3 mg/ml) treatment for 24 h . f-Actin was used as an internal control. (D) Increases of mitochondrial membrane
potential upon treatment with XBF (2 mg/ml) for 24 h in RAW264.7 cells as determined by JC-1 staining. Representative fluorescence microscopy images are shown
(200 x). Scale bar = 50 pm. (E) RAW264.7 cells were treated with XBF (2 and 3 mg/ml) for 24 h, the intracellular ATP and lactate levels were measured. (F-H) qRT-
PCR determination of the mRNA expression of Fasn, Srebp1 (f), mitochondrial complex I, II, III, V (g), Pparg, Cptla (h) in RAW264.7 cells upon treatment with XBF (2
and 3 mg/ml) for 24 h. (I-J) RAW264.7 cells were transfected with Mfn1 overexpression plasmid and treated with XBF (2 mg/ml) for 24 h, the expression of MfnI, IL-
1p, IL-6, TNF-a (i), and iNOS, CD86 (j) mRNA were determined by qRT-PCR. (K) RAW264.7 cells were transfected with Mfn1 overexpression plasmid and treated with
XBF (2 mg/ml) for 24 h, the expression of both phosphorylated and total IxkKa, IkBa, and NF-kB were determined by western blotting. f-Actin was used as an internal
control. Data are presented as the mean =+ SE from three independent experiments. “p < 0.05; *#p < 0.01; **#p < 0.001 compared with untreated cells; *p < 0.05;
’i*p < 0.01; ***p < 0.001 compared with LPS-treated cells; ©p < 0.05; ®@p < 0.01 compared with XBF-treated cells.

drug significantly reduced intracellular pyruvate (Fig. 4E) while
increasing ATP production, promoting the metabolic switch from
glycolysis to OXPHOS. Particularly, XBF significantly upregulated the
expression of fatty acid synthases, including Fasn and Srebp1 (Fig. 4F).
The transcriptional levels of electron transport chain (ETC) complex and
fatty acid oxidase-related genes, such as Cptla, and Pparg, were un-
changed upon XBF treatment in RAW264.7 cells (Fig. 4G, H), suggesting
the rate of OXPHOS is not significantly changed.

To examine whether activated Mfnl mediates inflammation inhibi-
tion by XBF in RAW264.7 cells, we co-treated cells with pcDNA3.1-Mfn1l
plasmid to overexpress Mfnl. Upon LPS stimulation, Mfnl-
overexpression and XBF downregulated TNF-a and M1 macrophage
marker CD86 expression (Fig. 4I). Synergistic inhibitory effect on
reducing TNF-a but not CD86 was observed by co-treatment (Fig. 4J).
Notably, the XBF and Mfnl-overexpression showed a synergistic inhib-
itory effect inhibiting the above-mentioned pro-inflammatory macro-
phage polarization pathway, IkK/IxB/NF-kB pathway (Fig. 4K). These
results suggest that XBF-induced mitochondrial fusion inhibits M1
phenotype conversion by targeting IkK/IkB/NF-kB pathway in
RAW264.7 cells.

XBF inhibited Casp11/NLRP3 inflammasome to target NF-xkB and MAPK
pathways

Besides mitochondria fusion, we searched for other upstream of NF-
kB and MAPK pathways repressed by XBF. Given those critical roles of
mitochondria in activating NLRP3 inflammasome (Liu et al., 2018), we
analyzed the effect of XBF on inflammasome activation and its effects on
NF-kB and MAPK pathways. Inflammasome sensor genes, Nlrp1, Nlrp3,
and Nlrc4, were significantly downregulated by XBF (Fig. 5A). The
caspase family is crucial for inflammasome activation (Man et al., 2017).
Of note, the expression of Caspll, a non-canonical NLRP3 inflamma-
some activator (Kayagaki et al., 2011), was downregulated by XBF
(Fig. 5B), suggesting that XBF may inhibit IL-1p synthesis and secretion
by inhibiting Casp11-dependent NLRP3 inflammasome activation.

Next, we examined the role of Casp11 in XBF inhibiting LPS-induced
inflammation. Indeed, we found that overexpression of Caspll signifi-
cantly increased the expression of IL-1f, iNOS, and CD86 mRNA
(Fig. 5C-E), suggesting that activation of Caspl1l promoted M1 polari-
zation in RAW264.7 cells. Furthermore, the overexpression of Caspl1
alleviated the inhibitory effect of XBF on M1 marker iNOS at the protein
levels (Fig. 5F). However, it did not reverse the inhibitory effect of XBF
on Caspl1, IL-1p, iNOS, and CD86 mRNA (Fig. 5D, E, G).

Furthermore, we analyzed the effect of Caspll overexpression on
NF-kB and MAPK signaling pathways. As shown in Fig. 5H, consistent
with the previous results, XBF significantly inhibited LPS-induced IxKo/
IkBa/NF-kB, P38, and Erk activation. At the same time, overexpression
of Caspll effectively reversed the inhibitory effects of XBF on IkKa/
IkBa/NF-kB, P38, and Erk. These results suggest that Casp11 inhibition
is responsible for XBF-inhibited pro-inflammatory response in
RAW264.7 cells.

Discussion

TCM has been established for thousands of years to treat diseases (Li
etal., 2021a). According to TCM theory, the pathological characteristics
of COVID-19 infection are summarized as "dampness, heat, toxin, defi-
ciency, and stasis" (Lyu et al., 2021). The XBF comprises 13 medicinal
herbs and natural materials (Wang et al., 2020b). Clinical trials prove
that XBF can prevent the transition from mild to severe symptoms
(Xiong et al., 2020; Zhao et al., 2021a). However, the underlying
mechanism by which XBF improves clinical symptoms in COVID-19
patients remains unknown.

Furthermore, although several studies have recently found that XBF
reduces ALI by regulating macrophage-mediated immune inflammation
in vitro or in vivo (Li et al., 2021b; Xiong et al., 2020), the exact mech-
anisms are still unclear. In the present study, we used the LPS-induced
ALI mouse model and in vitro inflammation model to explore the
mechanisms of XBF against ALI. As summarized in Fig. 6, our results
indicated that XBF suppressed LPS induced-inflammatory response by
correcting impaired mitochondrial dynamics and NLRP3 inflammasome
activation, thus compromising NF-kB and MAPK pathways to inhibit
pro-inflammatory cytokines polarization in RAW264.7 macrophage
cells. Unfortunately, we have yet to fully illustrate the active constitu-
ents of XBF due to its complex chemical components. The
UPLC-Q-TOF-MS/MS was used to analyze the tissue distribution of
Xuanfei Baidu granules in rats, and nine components were detected in
the lung tissue (Wang et al., 2022a). In addition, we found that five of
the above nine components (emodin, verbenalin, amygdalin, nar-
ingenin, naringin) could inhibit TNF-a, IL-1f, or IL-6 in the LPS-induced
macrophage inflammation model. Therefore, we speculated that these
constituents entering the lung tissue might be the active constituents of
XBF. However, more studies are needed to elucidate the active constit-
uents of XBF.

Numerous studies have revealed that mitochondria act as an
important intracellular signal platform for inflammatory responses by
producing reactive oxygen species (ROS) (Meyer et al., 2018). In
contrast, increased mitochondrial biogenesis contributes to the inflam-
mation resolution (Fontecha-Barriuso et al., 2019; Jehn et al., 2021).
Therefore, the role of mitochondrial biogenesis in inflammatory
response remains controversial. Excessive and uncontrolled production
of ROS leads to mitochondrial and tissue damage (Andrieux et al., 2021).
Zhong et al. (2018) also reported that inhibition of mtDNA synthesis by
TFAM knockout significantly reversed NLRP3-induced caspase-1 acti-
vation and IL-1p processing and inhibition of mtDNA synthesis abro-
gated NLRP3 inflammasome activation (Xian et al., 2021). In line with
our results, LPS induces mitochondrial biosynthesis and inhibits mtDNA
synthesis and replication, which leads to excessive accumulation of
damaged mitochondria and induces inflammation response (Chung
et al., 2019). It is noteworthy that XBF not only reduces the accumula-
tion of damaged mitochondria by inhibiting PGC-1a but also further
inhibits mtDNA synthesis and replication, suggesting that XBF inhibits
mitochondria-mediated inflammation upon acting on multiple targets.
In addition, we found that XBF inhibited IL-6 activation by inhibiting
PGC-1a, and the results were further verified by co-treatment with LPS
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Fig. 5. XBF inhibited IL-1p expression by inhibiting Casp11/NLRP3 inflammasome signaling pathway in RAW264.7 cells. (A-B) qRT-PCR determination of the mRNA
expression of Nirp1, Nlrp3, Nirc4 (A) and Caspl, Casp8, Casp11 (B) in RAW264.7 cells upon treatment with XBF (2 and 3 mg/ml) for 24 h. (C) RAW264.7 cells were
transfected with Caspl1 overexpression plasmid for 6 h, the expression of Caspl1 mRNA were determined by qRT-PCR. (D-E) RAW264.7 cells were transfected with
Caspll overexpression plasmid and treated with XBF (2 mg/ml) for 24 h, the expression of IL-1f (d), iNOS, CD86 (e) mRNA were determined by qRT-PCR. (F)
RAW264.7 cells were transfected with Caspl1 overexpression plasmid and treated with XBF (2 mg/ml) for 24 h, the expression of iNOS was determined by western
blotting. p-Actin was used as an internal control. (G) RAW264.7 cells were transfected with Caspl1 overexpression plasmid and treated with XBF (2 mg/ml) for 24 h,
the expression of Caspl1 mRNA was determined by qRT-PCR. (H) RAW264.7 cells were transfected with Casp11 overexpression plasmid and treated with XBF (2 mg/
ml) for 24 h, the expression of phosphorylated and total IxKa, IkBa, NF-kB, P38, and Erk were determined by western blotting. f-Actin was used as an internal control.
Data are presented as the mean + SE from three independent experiments. P < 0.05; **? < 0.01; *##P < 0.001 compared with untreated cells; *p < 0.05; **p < 0.01;
i**p < 0.001 compared with LPS-treated cells; ©p < 0.05; ©@p < 0.01; ®@€p < 0.001 compared with XBF-treated cells.
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Fig. 6. The protective effect of XBF on LPS-induced acute lung injury and the underlying mechanisms. XBF treatment significantly protected LPS-induced ALI by
inhibiting inflammation and apoptosis of lung epithelial cells, which was mediated by the inhibition of mitochondrial biosynthesis, activation of Mfn1l-mediated
mitochondria fusion, and inhibition of Caspl1-dependent non-classical inflammatory pathways.

and SR-18292. However, the effect is independent of the classical attenuates NAFLD-induced IL-6 and IFN-y secretion along with
inflammation pathway and macrophage polarization. In addition to SIRT-PGC-1a pathway inhibition (Shih et al., 2021). Therefore, the
SR18292, BAY87-2243, a HIF-1 « inhibitor, could affect the mitochon- detailed mechanism of XBF inhibiting IL-6 activation by inhibiting
dria biogenesis (Saki and Prakash, 2017). Thus, we would like to PGC-1a needs to be further studied.

investigate other vital proteins relevant to mitochondria biogenesis and In addition to biogenesis, mitochondrial quality is mainly regulated
whether they are involved in regulating XBF’s effects. by dynamics, including fusion and division, which are regulated by

Interestingly, Rowe et al. (2014) reported that PGC-la induced multiple proteins and enzymes, as exemplified with Drpl and Fis1 in the
phosphoproteinl (SPP1) secretion in C2C12 myotubes, which activated mitochondrial division, Mfnl and Mfn2 in the mitochondrial fusion
macrophages to express IL-6, but not TNF-a and IL-1f. Shih et al. also (Otera et al., 2013). The interplay of fission and fusion confers wide-
found that low molecular weight fucoidan and high stability fucoxanthin spread benefits on mitochondria. For example, efficient transport and
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oxidative phosphorylation increased the mitochondrial mass’s homog-
enization and facilitated the redistribution of mtDNA between damaged
and healthy mitochondrial (Chan, 2020). Yu et al. (2020) reported that
disruption of mitochondrial dynamics homeostasis by activating the
Stat2-Drpl pathway is necessary for LPS-induced pro-inflammatory
polarization in bone marrow-derived macrophages. This study found
that LPS had a dual inhibitory effect on mitochondrial fusion and divi-
sion in RAW264.7 cells. XBF upregulated the Mfnl protein level.
Treatment with either XBF or Mfnl overexpression inhibited TNF-a
activation and LPS-induced pro-inflammatory polarization. Our work
reveals that increasing the quality, rather than the number, of mito-
chondrial contributes to mitigating the LPS-induced inflammatory
response.

Metabolic reprogramming from OXPHOS to glycolysis is a critical
feature of macrophage polarization (Saha et al., 2017). Previous studies
have shown that LPS upregulates iNOS and NO expression and modifies
mitochondrial complexes I and IV, thereby inhibiting OXPHOS, deletion
of iNOS expression by RNAi inhibits LPS-induced pro-inflammatory
polarization and enhances OXPHOS (Bailey et al., 2019). Similarly, our
results have shown that LPS significantly inhibited the expression of
mitochondrial complex I-V, reduced intracellular ATP levels, and
increased lactic acid production. Recently, Bonnay et al. (2020) reported
the role of mitochondrial fusion in promoting the capacity of OXPHOS
and redistributing mtDNA between damaged and healthy mitochondria.
Therefore, we hypothesized that XBF inhibits LPS-induced inflammation
by regulating macrophage metabolic reprogramming. Unfortunately,
there was no significant effect of XBF on mitochondrial complex
expression and fatty acid oxidation, suggesting that XBF promotes
mitochondrial fusion and increases the number, but not the rate, of
OXPHOS. On the contrary, XBF significantly upregulated the expression
of fatty acid synthase, including FASN and SREBP1. Although lipid
droplets (LD) are thought to be organelles for fatty acid storage and
metabolism, Bosch et al. (2020) found that several host defense proteins
could be induced and assembled into complex clusters on LDs upon LPS
stimulation, and different immune proteins exert synergistic antimi-
crobial effects through different mechanisms. Therefore, whether
enhancing fatty acid synthesis and promoting LDs formation plays a role
in antibacterial and antiviral effects of XBF needs to be further
examined.

Conclusion

The present study demonstrates that XBF shows anti-inflammation
activity in LPS-induced RAW264.7 cells and mice via inhibiting NF-xB
and MAPK signaling pathways, thus suppressing pro-inflammatory po-
larization. Furthermore, mitochondrial biosynthesis, mitochondrial dy-
namics, and NLRP3 inflammasome are involved in XBF-induced
inflammation inhibition in RAW264.7 cells. Our results provide a
theoretical basis and biological illustration for XBF to improve patients’
clinical symptoms with COVID-19.
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