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Background: Sepsis-induced acute lung injury (ALI) is a critical clinical challenge with substantial mortality. While mitophagy
plays a pivotal role in ALI pathogenesis, the mechanisms underlying the involvement of nuclear receptor binding factor 2
(NRBF2), a key regulator of autophagy, in this process remain unexplored. Therefore, this study investigated whether NRBF2
regulates mitophagy by interacting with autophagy and beclin 1 regulator 1 (AMBRA1), thus influencing the progression of
sepsis-induced ALI.

Methods: The cecal ligation and puncture mouse sepsis model and lipopolysaccharide (LPS)-induced endothelial cell model of
ALI were used. NRBF2 expression was inhibited using lentiviral interference, and molecular biology and bioinformatics analyses
were performed to investigate the effect of NRBF2 on mitophagy and ALIL The STRING database was used to predict the NRBF2—
AMBRAL1 interaction, which was subsequently validated using NRBF2 mutants with specific domain deletions.

Results: NRBF2 expression was significantly upregulated in septic ALI models (p < 0.001). In vitro, NRBF2 knockdown sup-
pressed excessive LPS-induced mitophagy activation, improved mitochondrial function, and reduced the release of inflammatory
factors (p < 0.05). In addition, the autophagy inhibitor chloroquine and mitochondrial division inhibitor 1 reversed mitochon-
drial dysfunction caused by NRBF2 overexpression (p < 0.01). In vivo experiments further confirmed that NRBF2 knockdown
alleviated the pathological progression of sepsis-induced ALI (p < 0.05). Mechanistically, NRBF2 regulated mitophagy by inter-
acting with AMBRALI via its microtubule-interacting and trafficking domain (p < 0.05).

Conclusion: Our findings establish that NRBF2 exacerbates sepsis-induced ALI by promoting AMBRA1-dependent mitophagy,
highlighting NRBF?2 as a potential therapeutic target.
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Introduction Mitochondrial dysfunction, which impairs their func-
tion as cellular energy hubs and metabolic regulators, is
a key contributor to sepsis-induced ALI [7]. Mitophagy
is a selective form of autophagy that plays a crucial role
in maintaining mitochondrial homeostasis and cellular sur-
vival by clearing damaged or dysfunctional mitochondria
[8]. However, excessive mitophagy may worsen mitochon-
drial dysfunction and exacerbate inflammatory responses
and cell apoptosis, thereby promoting the progression of
ALI A previous study has documented abnormal expres-
sion of mitophagy-related proteins, such as LC3-II and
TOMM20, in a cecal ligation and puncture (CLP)—induced
sepsis model [9]. This finding suggests that mitophagy
dysfunction is an important mechanism underlying sepsis-
induced ALIL. However, the key regulatory molecules in-
volved in this process and their mechanisms of action re-
main unclear.

Sepsis is a life-threatening syndrome characterized
by organ dysfunction resulting from dysregulated host re-
sponses to infection [1]. The high incidence and mortality
rates of sepsis have become a major global public health
challenge [2]. Statistics show that millions of people world-
wide are affected by sepsis annually, with a mortality rate
as high as 22.5% [3]. The systemic inflammatory response
in sepsis can lead to multiorgan failure, with the lungs be-
ing among the earliest and most susceptible organs. This
response often manifests as acute lung injury (ALI), charac-
terized by diffuse alveolar damage, refractory hypoxemia,
and acute onset of respiratory distress [4]. Studies have
shown that 25% to 50% of patients with sepsis experience
ALI, with a mortality rate of 40% [5]. Currently, effective
treatment options specifically targeting sepsis-induced ALI
remain limited [6]. Therefore, a thorough understanding of
the pathogenesis of sepsis-induced ALI and the identifica-
tion of effective treatment strategies are critical.
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Nuclear receptor binding factor 2 (NRBF2) is a 34 kDa
protein widely distributed in the cytoplasm, nucleus, and
autophagosomes. This protein participates in the initiation
and progression of various diseases by positively regulat-
ing the autophagy initiation process [10]. A study has ob-
served that NRBF2 can regulate malignant proliferation and
drug resistance in tumor cells by activating the autophagy
pathway [11]. Furthermore, increasing evidence suggests
that the microtubule-interacting and trafficking (MIT) do-
main of NRBF2 plays a key role in autophagy regulation,
influencing its initiation by interacting with proteins such as
Atgl4L [12]. Bioinformatic analysis of the Gene Expres-
sion Omnibus (GEO) database revealed significantly ele-
vated NRBF2 expression in sepsis-induced ALI, suggest-
ing its potential importance in this condition. Nonetheless,
whether NRBF2, a positive regulator of autophagic initia-
tion, modulates mitophagy during sepsis-induced ALI re-
mains unknown.

Autophagy and beclin regulator 1 (AMBRAL) is a
highly conserved scaffolding protein in vertebrates. This
protein contains a WD40 domain and participates in the au-
tophagy signaling network [13]. AMBRAI regulates the
activation of mitophagy by interacting with key proteins
such as PTEN-induced kinase 1 (PINK1) and parkin [14].
STRING database predictions further suggest a potential in-
teraction between NRBF2 and AMBRAI, implying a col-
laborative role in mitophagy regulation. Therefore, this
study hypothesized that NRBF2 may bind to AMBRAL1 via
its MIT domain to coregulate excessive mitophagy, thereby
exacerbating the progression of sepsis-related ALI.

Based on the above background, this study aimed
to investigate whether NRBF2 regulates mitophagy by in-
teracting with AMBRA, thereby affecting sepsis-induced
ALI The intention was to provide a new theoretical founda-
tion and identify potential therapeutic targets for this con-
dition.

Materials and Methods

Animal Models and Grouping

A total of 54 C57BL/6J male mice aged 8—10 weeks
(body weight: 20-25 g) were purchased from Beijing SPF
Biotechnology Co., Ltd. The mice were housed in a spe-
cific pathogen free animal laboratory under controlled envi-
ronmental conditions (12-h light—dark cycle, 21 °C-26 °C,
30%—70% humidity) for 1 week. All animal experiments
were conducted according to the guidelines of the Ethics
Committee of Guizhou Medical University (2503016) and
adhered to the ethical standards for animal experimentation.

The sample size was determined using a priori power
analysis of pilot serum and tumor necrosis factor-alpha
(TNF-«) data (Cohen’s d = 1.45, G Power 3.1, t-test, o =
0.05 two-tailed, power = 0.8). Considering the exploratory
nature of this study, the inherent biological variability in
the CLP sepsis model, and the need for sufficient indepen-
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dent tissue samples for endpoint assays (e.g., lung wet/dry
weight ratio), the final sample size was conservatively set
ton=9 per group. Post-hoc analysis confirmed an achieved
power of 0.96, indicating that the study was adequately
powered.

The mice were numbered and randomly assigned to
groups using the Excel RAND function and then sorted in
ascending order to ensure unbiased allocation. The animals
were randomly assigned to two groups: Sham and Model,
each consisting of n = 9 mice. Sepsis was induced using
CLP. The mice were fasted for 12 h before surgery but
had free access to water. Anesthesia was induced by in-
traperitoneal injection of tribromoethanol (T709120, Mack-
lin, Shanghai, China) at a dose of 0.2 mL/20 g body weight
(equivalent to 400 mg/kg). First, 50% of the cecum was lig-
ated, followed by double puncture using an 18-gauge nee-
dle. The Sham surgery group underwent only the cecal ex-
posure. Postoperatively, warm saline was administered in-
traperitoneally for fluid resuscitation. The mice were mon-
itored twice daily. Of note, no analgesics or antibiotics
were administered in this study. The depth of anesthesia
was confirmed before surgery to ensure that the mice were
completely unresponsive to pain stimuli; therefore, no ad-
ditional analgesics were required during or after the proce-
dure. Antibiotics were withheld as the CLP model relies
on polymicrobial infection to induce systemic inflamma-
tion and sepsis. The use of antibiotics would interfere with
the natural progression of infection and inflammatory re-
sponses.

For the NRBF2 knockdown experiment, lentiviral par-
ticles carrying NRBF2 short hairpin RNA (shRNA) or
scrambled shRNA control were used. These particles were
produced using the commercial lentiviral vector pLVX—
shRNA2—copGFP-Puro (HG-VMHO0884, Onuo, Changsha,
China). The particles were injected into the model group
mice via the tail vein 4 weeks before the surgery. The
mice were randomly assigned to four groups: Sham, Model,
Model+sh-NC, and Model+sh-NRBF2, with n =9 mice per
group. The surgical procedure was the same as that for the
Model group. The mouse shRNA sequences are provided
in Supplementary File 1.

All mice were euthanized via inhalation of an over-
dose of carbon dioxide (CO;) in a standard euthanasia
chamber. Death was confirmed based on respiratory arrest
and lack of pedal reflex. Lung tissues were immediately
collected, weighed, and fixed in 4% paraformaldehyde for
subsequent analysis.

Cell Culture and Treatment

Primary human pulmonary microvascular endothelial
cells (HPMECs) were purchased from Shanghai Saibaikang
Biotechnology Co., Ltd. (HUM-iCell-a001, China). HP-
MECs were identified by immunofluorescence. The normal
human bronchial epithelial cell line BEAS-2B was obtained
from Shanghai Enzyme Research Biotechnology Co., Ltd.
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(CC-Y1066, China). BEAS-2B cells were authenticated
by short tandem repeat (STR) analysis. Both cell lines
tested negative for mycoplasma contamination. HPMECs
were cultured in a specialized culture medium (iCell Bio-
science, Shanghai, China), whereas BEAS-2B cells were
maintained in Dulbecco’s Modified Eagle Medium supple-
mented with 10% fetal bovine serum (10099141C, Gibco,
Grand Island, NY, USA) and 1% penicillin—streptomycin
(P1400, Solarbio, Beijing, China). All cells were cultured
at 37 °C in a humidified incubator with 5% CQO5. To estab-
lish a sepsis-induced ALI cell model, the cells were treated
with 1 pg/mL lipopolysaccharide (LPS; S1732-5mg, Bey-
otime, Shanghai, China) for 24 h.

In the interference experiment, NRBF2-specific
shRNA (sh-NRBF2) or the nontargeting control shRNA
(sh-NC) was cloned into the pLVX-shRNA2-copGFP-
Puro lentiviral vector (HG-VMHO0884, Onuo). The cells
were transfected at 60%—70% confluence in six-well plates.
The transfection complex was prepared by mixing 2.5 ng of
plasmid DNA with 4 pL of Lipofectamine 8000 transfec-
tion reagent (C0533, Beyotime) in a total volume of 125 pLL
of serum-free medium according to the manufacturer’s pro-
tocol. The mixture was incubated at room temperature for
15-20 min and then added evenly to each well. The empty
vector was transfected in parallel. After culturing for 24—
48 h, the cells were used for subsequent experiments. The
cells were categorized into the following groups: Con, LPS,
LPS+sh-NC, and LPS+sh-NRBF2.

In certain validation experiments, the NRBF2 gene
was overexpressed using the plasmid pCDNA3.1-EGFP
carrying the NRBF2 coding sequence (BR233, Feng Hui
Bio., Changsha, China), with 2.5 pg transfected per well.
The corresponding empty vector served as the overex-
pression negative control (OE-NC). Following transfec-
tion, the cells were pretreated with 100 pM chloroquine
(CQ; IC4440, Solarbio) for 30 min or 10 uM Mdivi-1
(MO0199, Sigma, St. Louis, MO, USA) for 2 h at 37 °C
before stimulation with 1 pg/mL LPS for 24 h. The con-
trol group received an equivalent volume of the vehicle
dimethyl sulfoxide (DMSO; 60313ES60, Yeasen, Shang-
hai, China). The cells were categorized into the follow-
ing groups: Con, LPS, LPS+OE-NC, LPS+NRBF2-OE,
LPS+CQ, and LPS+NRBF2-OE+CQ. The sequences for
human NRBF2 shRNA and the NRBF2 overexpression
construct are provided in Supplementary File 1.

Construction and Transfection of NRBF2
Domain-Deletion Mutants

The wild-type human NRBF2 (MYC-WT-NRBF2)
and its two domain-deletion mutants—lacking both the
MIT (MYC—deIMIT-NRBF2) and coiled-coil (MYC-
delCCD-NRBF2) domains—were custom-designed and
synthesized by Genecopoeia Inc. (Rockville, MD, USA)
based on the pcDNA3.1-MYC vector backbone. The amino
acid sequences of the deleted regions for both the MIT and

CCD domains are listed in Supplementary File 1. For
transient transfection, HPMECs were transfected with 2.5
ug of each plasmid using Lipofectamine 2000 (12566014,
Thermo Fisher Scientific, Waltham, MA, USA) following
the manufacturer’s protocol. The cells were harvested 48 h
post-transfection for analysis.

Hematoxylin and Eosin (H&E) Staining

The lung tissue was fixed with 4% paraformaldehyde,
embedded in paraffin, and sectioned at 4 pm. The lung
sections were dewaxed and rehydrated, then stained with
hematoxylin (G1004, Servicebio, Wuhan, China) for 5 min
and eosin (G1001, Servicebio) for 2 min. After dehydra-
tion, clearing, and mounting with a mounting medium, the
sections were examined under a microscope (DM500, Le-
ica, Wetzlar, Hesse, Germany) to determine the extent of
lung damage.

TermlInal Deoxynucleotidyl Transferase dUTP Nick
End Labeling (TUNEL) Staining

Mouse lung tissues were fixed in 4% paraformalde-
hyde, embedded in paraffin, and sectioned into 4 pm-thick
slices. After deparaffinization and rehydration, the sec-
tions were processed according to the instructions of the
TUNEL detection kit (G1501, Servicebio). First, the tis-
sue sections were treated with 20 pg/mL proteinase K at
37 °C for 20 min to expose DNA nicks. Subsequently, 50
pL of TUNEL reaction solution (containing terminal de-
oxynucleotidyl transferase enzyme and fluorescein isoth-
iocyanate deoxyuridine triphosphate) was applied to each
section, and the sections were incubated at 37 °C in the
dark for 1 h. Subsequently, the sections were washed four
times with phosphate-buffered saline (PBS), and the nuclei
were stained with 4/,6-diamidino-2-phenylindole (DAPI,
C1006, Beyotime) at room temperature for 8 min. Fi-
nally, the sections were mounted with an anti-fade mount-
ing medium. The slides were observed under a fluores-
cence microscope (BZ-X800, Keyence, Osaka, Japan), with
fluorescein isothiocyanate (FITC) green fluorescence indi-
cating apoptotic cells and DAPI blue fluorescence label-
ing all nuclei. Three nonoverlapping fields were randomly
selected for each section, and the percentage of TUNEL-
positive cells was calculated using the ImageJ software
(Version 1.48, National Institutes of Health, Bethesda, MD,
USA) as follows: TUNEL-positive cells (%) = (number
of TUNEL-positive cells / total number of DAPI-positive
cells) x 100%.

Lactate Dehydrogenase (LDH) Activity

After anesthetizing the mice, a plastic cannula was in-
serted into the trachea and secured with a 4-0 suture. One
milliliter of sterile saline was slowly injected, and the lungs
were gently compressed three times to obtain the bron-
choalveolar lavage fluid (BALF). The BALF sample was
centrifuged at 4 °C for 10 min, and the supernatant was
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Table 1. qRT-PCR primers.

Gene Forward sequence (5'-3") Reverse sequence (5'-3")
NRBF2 (Mouse) AGACTCCTGAAAGGCACAGC ATGTCCTCCGAGAGCTCCAT
NRBF?2 (Human) AGGACCCCTCAACCTGCATA ATACATGGCTCTGCTGGCTC

B-actin (Human/Mouse)

CTACTCCACTGTGGCTCTGGTG TTGTGGATGGCAGAAGCCTTGG

qRT-PCR, Quantitative real-time polymerase chain reaction; NRBF?2, nuclear receptor binding factor 2.

collected and stored at —80 °C. The total protein concen-
tration was subsequently measured using the bicinchoninic
acid (BCA) method, and LDH activity was detected accord-
ing to the instructions of the LDH assay kit (E-BC-K046-M,
Elabscience, Wuhan, China).

Lung Wet/Dry Weight Ratio Measurement

Lung tissue was collected from the right upper lobe of
each group of mice; the surface liquid was blotted dry with
filter paper, and the tissue was placed in a dry, peeled Ep-
pendorf tube. The wet weight was immediately measured
and recorded using an analytical balance. The samples were
then placed in a 60 °C vacuum oven for 72 h of drying, with
weights recorded every 24 h until two consecutive weigh-
ings showed no change, indicating a constant weight (lung
dry weight). Finally, the degree of pulmonary edema was
assessed by calculating the wet-to-dry weight ratio of the
lung tissue.

Enzyme-Linked Immunosorbent Assay (ELISA)

Mouse TNF-a (E-EL-M3063), mouse interleukin
(IL)-18 (E-EL-MO0037), and mouse IL-6 (E-EL-M0044)
ELISA kits (Elabscience) were used to determine the lev-
els of TNF-q, IL-153, and IL-6 in the serum. Supernatant
samples were collected and tested according to the kit in-
structions. Absorbance (optical density, OD) values were
measured using a microplate reader (Multiskan FC, Thermo
Fisher Scientific, Waltham, MA, USA).

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

gRT-PCR was used to assess NRBF2 expression lev-
els in HPMECs and lung tissues. First, RNA was ex-
tracted using TRIzol reagent (G3013, Servicebio) and then
reverse-transcribed into cDNA using the PrimeScript™ RT
kit (RR037Q, Takara, Japan). qRT-PCR experiments were
performed using TB Green® Premix Ex Taq™ I1 (RR820Q,
Takara), with -actin as the internal control. The relative
expression levels of the target genes were analyzed using
the 2~2AC method, with each sample tested in triplicate.
The primers used in qRT-PCR are furnished in Table 1.

Western Blotting (WB)

Total protein was extracted from cells and tissues
using the radioimmunoprecipitation assay (RIPA) buffer
(BL504A, Biosharp, Hefei, China). Protein concentra-
tion was determined using the BCA protein assay kit

(Biosharp). Subsequently, 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis was performed to sep-
arate the protein samples. The separated proteins were
transferred to a polyvinylidene fluoride membrane. The
membrane was incubated overnight at 4 °C with the fol-
lowing primary antibodies: anti-NRBF2 (1:1000 dilu-
tion, TP73269, Abmart, Shanghai, China), anti-TOM20
(1:1000 dilution, ab186735, Abcam, UK), anti-PINK1
(1:1000 dilution, 23274-1-AP, Proteintech), anti-parkin
(1:1000 dilution, ab77924, Abcam), anti-p62 (1:1000 dilu-
tion, ab109012, Abcam), anti-LC3 (1:1000 dilution, L8918,
Sigma), and anti-/3-actin (1:1000 dilution, ab8226, Abcam).
Then, horseradish peroxidase—conjugated immunoglobulin
G (1:5000 dilution, ab6721/ab6789, Abcam) was incubated
at 37 °C for 1 h for staining. Finally, the immunoreactive
bands were analyzed using ImageJ (Version 1.48, National
Institutes of Health).

Cell Counting Kit-8 (CCK-8)

Cells in the logarithmic growth phase were collected,
digested, and their concentration adjusted to 1 x 10%/mL.
The cell suspension was seeded into a 96-well plate with
three replicates per group and incubated at 37 °C and 5%
CO,. After 24 h, 10 pL of CCK-8 reagent (40203ES60,
Yeasen, China) was added to each well, and the cells were
cultured for an additional 1 h. The absorbance (OD value) at
450 nm was measured using a microplate reader (Multiskan
FC, Thermo Fisher Scientific) to assess cell viability.

Flow Cytometry

Log-phase cells were digested with 0.25% trypsin,
centrifuged at 1000 rpm, and resuspended in 1x bind-
ing buffer to adjust the cell concentration to 1-5 x 106
cells/mL.

Apoptosis was assessed using the Annexin V-FITC
Apoptosis Detection Kit (G1511, Servicebio). Then, 100
pL of the cell suspension was collected, and 5 pL of An-
nexin V-FITC and 5 pL of PI were added. The mixture was
incubated at room temperature for 10 min.

Mitochondrial reactive oxygen species (mtROS) lev-
els were determined using the MitoSOX™ Red mitochon-
drial superoxide indicator (M36009, Thermo Fisher Scien-
tific). According to the manufacturer’s instructions, an ap-
propriate amount of MitoSOX™ reagent was added to the
cells, mixed well, and incubated at room temperature for 30
min.
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Finally, the cells were analyzed using a flow cytometer
(NovoCyte, Agilent, USA).

Immunofluorescence (IF)

The cell samples were washed with PBS and fixed
with 4% paraformaldehyde. Subsequently, the samples
were placed in a 48-well plate, then permeabilized with
1% Triton X-100 and blocked with 200 uL of blocking
solution. For CD31 single staining, the cells were incu-
bated overnight at 4 °C with anti-CD31 (1:100 dilution,
11265-1-AP, Proteintech, Wuhan, China), washed with
PBS, and then incubated with CoraLite488-conjugated goat
anti-rabbit IgG (1:500 dilution, SA00013-2, Proteintech) at
room temperature in the dark for 1 h. For double staining,
the cells were incubated overnight at 4 °C with a mixture of
primary antibodies: anti-LC3B (1:100 dilution, K009582P,
Solarbio) and anti-COXIV (1:100 dilution, 66110-1-Ig,
Proteintech, Wuhan, China) or anti-NRBF2 (1:100 dilu-
tion, M09144-1, Boster, Wuhan, China) and anti-AMBRA1
(1:100 dilution, 13762-1-AP, Proteintech). After washing
with PBS, the cells were incubated with diluted solutions
of the corresponding secondary antibodies (FITC-goat anti-
rabbit IgG H&L [1:100 dilution, A0562, Beyotime] or Cy3-
labeled goat anti-mouse IgG [1:100 dilution, A0521, Bey-
otime]) and incubated at room temperature in the dark for 1
h. The nuclei were stained with DAPI (C1006, Beyotime),
washed with PBS, and mounted. Finally, images were ac-
quired and analyzed under a fluorescence microscope (BZ-
X800, Keyence). For quantitative analysis of LC3B, the
number of LC3B puncta per cell was counted using ImagelJ
(Version 1.48, National Institutes of Health), and the quan-
tification was based on LC3B puncta/cells. For quantita-
tive analysis of NRBF2, AMBRAT1, and COXIV, the mean
fluorescence intensity was measured using ImageJ (Version
1.48, National Institutes of Health).

For lung tissues, fresh samples were stored at —80
°C, embedded in optimal cutting temperature compound
(G6059, Servicebio), and sectioned at 8 um. The sections
were permeabilized with 0.2% Triton X-100 (P0096, Bey-
otime) for 15 min and blocked with 3% bovine serum albu-
min (A8010, Solarbio) for 30 min. The nuclei were stained
with DAPI (G1012, Servicebio) for 15 min. After mount-
ing, the sections were observed under a fluorescence mi-
croscope (BZ-X800, Keyence). Green fluorescent protein
fluorescence was used to trace lentiviral infection.

Mito-Tracker Staining

Mito-Tracker Red CMXRos (C1035, Beyotime) was
used to observe mitophagy. The Mito-Tracker stock solu-
tion was prepared in anhydrous DMSO according to the
instructions and then diluted with preheated cell culture
medium to obtain working solutions of 20-200 nM. When
the cell density reached 80%-90%, the original medium
in the culture dish was removed and the staining working
solution was added. The cells were incubated at 37 °C

with 5% CO-, protected from light, for 15-30 min. Af-
ter staining, the staining solution was removed and the cells
were washed with PBS. Finally, the cells were observed and
photographed under a fluorescence microscope (BZ-X800,
Keyence).

Detection of ATP

An appropriate volume of lysis buffer was added to
the cells. The cells were lysed on ice, then centrifuged at
12,000 rpm at 4 °C for 5 min to collect the supernatant. The
standard curve was prepared according to the instructions
of the Enhanced ATP Assay Kit (S0027, Beyotime). Sub-
sequently, an appropriate volume of ATP detection reagent
was diluted with the diluent at a 1:4 ratio to prepare the ATP
detection working solution. Finally, 100 puL of the ATP de-
tection working solution was added to the detection well or
tube, and the relative light units value was measured using a
chemiluminescence detector (Multiskan FC, Thermo Fisher
Scientific).

JC-1 Staining

Mitochondrial membrane potential was measured us-
ing JC-1 staining according to the instructions of the JC-
1 assay kit (C2006, Beyotime). When the cell density
reached 80%—-90%, the culture medium was removed and
the JC-1 staining working solution was added. The cells
were subsequently placed in a cell culture incubator for
20 min. After incubation, the supernatant was removed
and the cells were washed twice with 1x JC-1 staining
buffer. The stained cells were observed under a fluores-
cence microscope (IX73, Olympus, Tokyo, Japan) and pho-
tographed for record-keeping. For flow cytometry anal-
ysis, the stained cells were harvested, resuspended in 1x
JC-1 staining buffer, and analyzed using a flow cytometer
(NovoCyte, Agilent). The percentage of cells with depo-
larized mitochondrial membrane potential was determined
by determining the ratio of JC-1 monomers (green fluores-
cence) to aggregates (red fluorescence).

Co-Immunoprecipitation (Co-IP)

The protein—protein interaction between NRBF2 and
AMBRAI was validated using a Co-IP kit (P2179S, Bey-
otime). The cells were lysed in RIPA lysis buffer on ice for
30 min, and the supernatant was collected after centrifuga-
tion. Protein concentrations were measured using the BCA
method, and 500 pg of protein per sample was used for the
experiment. A portion of the supernatant was set aside as
the “input” control. The remaining supernatant was mixed
with 1 pg of anti-NRBF2 antibody (TP73269, Abmart) or
an equivalent amount of rabbit IgG (ab172730, Abcam) and
Protein A/G magnetic beads, then incubated overnight at 4
°C. The next day, the beads were washed three times with
prechilled RIPA buffer. Finally, 1x sodium dodecyl sul-
fate loading buffer was added, and the bound proteins were
eluted by heating at 95 °C for 5 min. The eluted samples
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were analyzed using WB with an anti-AMBRA1 antibody
(1:1000, 13762-1-AP, Proteintech) to detect the coprecipi-
tated proteins.

Bioinformatics Analysis

Bioinformatics analysis was performed to investi-
gate the expression characteristics and interaction relation-
ships of NRBF2 in sepsis. First, the sepsis model dataset
GSE269740 was downloaded from the GEO database, and
the GEO2R online tool was used to analyze NRBF2 ex-
pression differences between the CLP and control groups.
Subsequently, the STRING database (https://string-db.or
g/) was used to predict NRBF2-interacting proteins, re-
vealing a potential interaction between NRBF2 and AM-
BRAI. All analyses were performed using R software (ver-
sion4.2.1, R Core Team, Vienna, Austria) and related bioin-
formatics packages.

Statistical Analysis

All experimental data are presented as mean + stan-
dard deviation. Statistical analysis was performed using
GraphPad Prism 9.6 software (GraphPad Software, USA).
For comparisons between two groups, a two-tailed unpaired
Student’s #-test was used. For comparisons among three or
more groups, one-way analysis of variance was applied, fol-
lowed by Tukey’s test for post hoc multiple comparisons. p
< 0.05 was considered significant.

Results

NRBF?2 Expression Was Elevated in Sepsis-Induced
ALI

Analysis of the GEO database revealed significant
upregulation of NRBF2 expression in the CLP group
(Fig. 1A). To understand the role of NRBF2 in sepsis-
induced ALI, a mouse sepsis model was initially established
using the CLP method. The timeline of the animal ex-
periments is depicted in Fig. 1B. LDH activity in BALF
was significantly elevated in the Model group (Fig. 1C, p
< 0.01). H&E staining was performed to evaluate lung
tissue damage. No significant pathological changes were
observed in the Sham group. However, CLP induction
caused severe lung damage in mice, characterized by alve-
olar collapse, interstitial edema, thickened alveolar walls,
and massive inflammatory cell infiltration (Fig. 1D). Mea-
surement of lung wet weight/dry weight confirmed wors-
ening pulmonary edema in septic mice (Fig. 1E, p < 0.01).
In addition, ELISA revealed that the levels of the inflam-
matory factors TNF-a, IL-15, and IL-6 were significantly
elevated in the serum of CLP-induced mice (Fig. 1F, p <
0.001). Importantly, qRT-PCR and WB detection indicated
that NRBF2 expression was significantly upregulated in the
lung tissue of the Model group (Fig. 1G,H, p < 0.001).

To validate the above results in vitro, an ALI cell
model was constructed using LPS-induced HPMECs. The
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purity of primary HPMECs was confirmed using CD31 IF
staining (Supplementary Fig. 1). CCK-8 results showed
that cell viability was significantly reduced in the LPS
group, indicating that LPS successfully induced cell dam-
age (Fig. 11, p < 0.001). Moreover, flow cytometry analy-
sis revealed a significant increase in apoptosis rates in the
LPS group (Fig. 1J,K, p < 0.001). qRT-PCR and WB re-
sults further confirmed that NRBF2 expression was signifi-
cantly upregulated in LPS-induced cells, consistent with the
animal experiment results (Fig. 1L,M, p < 0.001). Collec-
tively, these findings establish that NRBF2 expression was
abnormally elevated in sepsis-induced ALI, suggesting its
potential role in disease pathogenesis.

NRBF2 Knockdown Inhibited Mitophagy and
Alleviated Mitochondrial Dysfunction

LPS-induced HPMECs were transfected with sh-
NC or sh-NRBF2. The efficiency of NRBF2 knock-
down in HPMECs was validated using qRT-PCR and WB,
which showed a significant reduction in NRBF2 expres-
sion with sh-NRBF2-1 and sh-NRBF2-2 (Supplementary
Fig. 2A,B, p < 0.01). Therefore, sh-NRBF2-2, which
exhibited higher knockdown efficiency, was selected for
subsequent experiments. Next, in the LPS-induced ALI
cell model, NRBF2 expression level was confirmed to be
further reduced after NRBF2 interference (Supplementary
Fig. 2C,D, p < 0.05). In functional assays, CCK-8 detec-
tion demonstrated that LPS-induced reduction in cell viabil-
ity was partially restored by NRBF2 knockdown (Fig. 2A,
p < 0.01). In addition, WB results revealed that LPS
induction decreased mitophagy markers Tom20 and p62,
increased PINK1 and parkin expression levels, and the
LC3-1I/LC3-I ratio. By contrast, sh-NRBF2 treatment re-
versed these changes, indicating that mitophagy was in-
hibited (Fig. 2B, Supplementary Fig. 2E, p < 0.05). IF
and Mito-Tracker staining further confirmed that NRBF2
knockdown reduced LC3B colocalization with mitochon-
dria and ameliorated mitochondrial morphological abnor-
malities (Fig. 2C,D, Supplementary Fig. 2FG, p <
0.001). Mitochondria are organelles essential for energy
metabolism, reactive oxygen species (ROS) production,
and cell proliferation [15]. Experiments showed that LPS
induction reduced the ATP synthesis rate (Fig. 2E), in-
creased mtROS levels (Fig. 2F), disrupted mitochondrial
membrane potential (Fig. 2G, Supplementary Fig. 2H),
and increased the cell apoptosis rate (Fig. 2H), whereas sh-
NRBF2 treatment reversed these trends (p < 0.001).

Parallel experiments conducted in human normal lung
epithelial cells (BEAS-2B) yielded consistent findings. The
knockdown efficiency of NRBF2 was successfully val-
idated in BEAS-2B cells, with sh-NRBF2-1 exhibiting
the highest efficiency among the two shRNA sequences
tested; therefore, it was selected for subsequent experi-
ments (Supplementary Fig. 3A,B, p < 0.001). NRBF2
knockdown reduced its own expression in BEAS-2B cells
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Fig. 1. Validation of NRBF2 expression in sepsis-induced ALI. The mouse sepsis model was constructed using CLP surgery. In
vivo experimental groups: Sham, Model. (A) GEO database analysis of NRBF2 expression in the CLP model. (B) Animal experiment
timeline. (C) The LDH assay kit was used to detect LDH activity in BALF. (D) Pathological changes in the mouse lung tissue were
observed using H&E staining. (E) Measurement of lung wet weight/dry weight (W/D) ratio. (F) ELISA was used to measure the levels
of TNF-a, IL-173, and IL-6 in the serum. (G,H) The expression level of NRBF2 in lung tissues was evaluated using qRT-PCR and WB.
LPS-induced ALI cell model in sepsis was established using HPMECs. In vitro experimental groups: Con, LPS. (I) The CCK-8 assay
was performed to assess cell viability. (J,K) The rate of cell apoptosis was evaluated using flow cytometry. (L,M) qRT-PCR and WB
were performed to assess the expression level of NRBF2. n =6 (C); n=3 (D-M). **p < 0.01, ***p < 0.001 vs. Sham or Con. NRBF2,
nuclear receptor binding factor 2; ALI, acute lung injury; CLP, cecal ligation and puncture; GEO, Gene Expression Omnibus; LDH,
Lactate dehydrogenase; BALF, bronchoalveolar lavage fluid; H&E, Hematoxylin and eosin; ELISA, Enzyme-linked immunosorbent
assay; TNF-q, tumor necrosis factor-alpha; IL, interleukin; qRT-PCR, Quantitative real-time polymerase chain reaction; WB, Western
blotting; LPS, lipopolysaccharide; HPMECs, human pulmonary microvascular endothelial cells; CCK-8, Cell counting kit-8.

and reversed LPS-induced alterations in mitophagy mark-
ers (Tom20, p62, PINK1, parkin, and LC3-II/T) (Fig. 3A,
Supplementary Fig. 3C-E, p < 0.01), reduced LC3B-
mitochondria colocalization (Fig. 3B, Supplementary Fig.
3F, p < 0.001), attenuated the rise in mtROS levels
(Fig. 3C, p < 0.001), mitigated mitochondrial membrane
potential disruption (Fig. 3D, p < 0.05), and reduced the in-

crease in apoptosis rate (Fig. 3E, p < 0.001). These results
indicate that NRBF2 knockdown effectively inhibited LPS-
induced excessive mitophagy and improved mitochondrial
dysfunction in both pulmonary endothelial and epithelial
cells.
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Fig. 2. Effects of NRBF2 knockdown on mitophagy and mitochondrial function in HPMECs. LPS-induced HPMECs were trans-
fected with sh-NC or sh-NRBF2. Experimental groups: Con, LPS, LPS+sh-NC, and LPS+sh-NRBF2. (A) CCK-8 was employed to test
cell viability. (B) WB was performed to assess the expression levels of Tom20, PINK1, parkin, p62, and LC3-II/LC3-1. (C) The colocal-
ization of LC3B with mitochondria was observed using IF. (D) Mito-Tracker staining was used to determine mitochondrial morphology.
(E) An enhanced ATP assay kit was applied to detect the ATP production rate. (F) mtROS was detected using flow cytometry. (G) JC-1
staining under fluorescence microscopy was performed to evaluate mitochondrial membrane potential. (H) The rate of cell apoptosis was
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Fig. 3. Effects of NRBF2 knockdown on mitophagy and mitochondrial function in BEAS-2B cells. LPS-induced BEAS-2B cells
were transfected with sh-NRBF2. Experimental groups: Con, LPS, LPS+sh-NC, and LPS+sh-NRBF2. (A) Protein levels of Tom?20,
PINK1, parkin, and p62 and the LC3-II/LC3-I ratio were assessed using WB. (B) Colocalization of LC3B with mitochondria was detected
using IF. (C-E) Flow cytometry was performed to assess mtROS, mitochondrial membrane potential, and apoptosis. n=3. * p < 0.05,
*** p < 0.001 vs. Con or LPS+sh-NC. BEAS-2B, Bronchial Epithelium transformed with Ad12-SV40 2B.

Autophagy and Mitophagy Inhibitors Reversed
Excessive Mitophagy and Mitochondrial Dysfunction
Induced by NRBF2 Overexpression

To further investigate the specific role of NRBF2-
driven mitophagy, LPS-induced HPMECs were transfected
with an NRBF2 overexpression plasmid and cotreated
with either the general autophagy inhibitor CQ or the mi-
tophagy inhibitor Mdivi-1. The overexpression efficiency
of NRBF2 was successfully validated (Supplementary

Fig. 4A,B). The results showed that CQ or Mdivi-1 treat-
ment significantly reduced both mRNA and protein expres-
sion levels of NRBF2 (Fig. 4A,B, p < 0.001). The CCK-8
assay demonstrated that NRBF2 overexpression decreased
cell viability, a reduction that could be reversed by cotreat-
ment with CQ or Mdivi-1 (Fig. 4C, p < 0.01). WB anal-
ysis revealed that NRBF2 overexpression downregulated
Tom20 and p62, upregulated PINK1 and parkin, and in-
creased the LC3-II/LC3-I ratio. These changes were re-
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versed by CQ or Mdivi-1 treatment (Fig. 4D, Supplemen-
tary Fig. 4C, p < 0.001). IF staining further confirmed that
CQ or Mdivi-1 treatment significantly reduced the colo-
calization of LC3B with mitochondria (Fig. 4E, Supple-
mentary Fig. 4D, p < 0.01). At the functional level,
NRBF2 overexpression significantly increased mtROS pro-
duction (Fig. 4F,G, p < 0.001), decreased ATP synthesis
(Fig. 4H, p < 0.001), reduced mitochondrial membrane po-
tential (Fig. 4LJ, p < 0.001), and increased cell apopto-
sis (Fig. 4K,L, p < 0.001). Combined treatment with CQ
or Mdivi-1 effectively reversed the aforementioned alter-
ations induced by NRBF2 overexpression (p < 0.001). To-
gether, these results indicate that both CQ and Mdivi-1 con-
sistently reversed the detrimental phenotypes induced by
NRBF2 overexpression, asserting that the pathogenic ef-
fects of NRBF?2 are specifically dependent on excessive mi-

tophagy.

NRBF?2 Regulated Mitophagy by Interacting With
AMBRA1 via the MIT Domain

To elucidate the molecular mechanism by which
NRBF2 regulates mitophagy, plasmids with deletions in
the MIT or CCD regions of NRBF2 were constructed and
transfected into HPMECs. Prediction using the STRING
database revealed a potential interaction between NRBF2
and AMBRAL (Fig. 5A). IF and Co-IP experiments con-
firmed the colocalization and direct interaction between
NRBF2 and AMBRAI1 (Fig. 5B,C, Supplementary Fig.
5A,p < 0.001). WB results showed that, compared with the
LPS+WT-NRBF2 group, MIT domain deletion increased
the expression of mitophagy-related proteins Tom20 and
p62, decreased the expression of PINK 1 and parkin, and re-
duced the LC3-II/LC3-I ratio (p < 0.05). By contrast, dele-
tion of the CCD region had no significant effect (Fig. 5D).
In addition, IF analysis revealed that MIT deficiency led to
decreased LC3B green fluorescence intensity and reduced
large-area overlaps in the colocalization region (Fig. 5E,
Supplementary Fig. 5B, p < 0.01). Flow cytometry
showed that the deletion of the MIT region also reduced the
apoptosis rate (Fig. 5F, p < 0.001). These results suggest
that NRBF2 interacts with AMBRAI via its MIT region,
thereby regulating mitophagy.

Interfering With NRBF2 Expression Alleviated
Sepsis-Induced ALI In Vivo

Based on the results of prior cell-based experiments,
this study further validated the alleviating effect of NRBF2
expression interference on sepsis-induced ALI at the animal
level. Initially, the infection and knockdown efficiency of
lentivirus-mediated NRBF2 were verified. Lentiviral parti-
cles containing NRBF?2 interference plasmids (sh-NRBF2-
1 and sh-NRBF2-2) or empty vector plasmid (sh-NC) were
injected into model mice via the tail vein. Lung tissues were
collected after CLP modeling for detection. The experi-
mental timeline is illustrated in Fig. 6A. IF results showed
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that FITC-positive signals were observed in the lung tis-
sues of mice in all groups, confirming successful lentiviral
infection (Supplementary Fig. 6A). qRT-PCR and WB re-
sults showed that the mRNA and protein expression levels
of NRBF?2 in lung tissues were significantly reduced in both
the sh-NRBF2-1 and sh-NRBF2-2 groups compared with
the sh-NC group (Supplementary Fig. 6B,C, p < 0.001).
Of these, the downregulation was more pronounced in the
Model+sh-NRBF2-1 group; therefore, the sh-NRBF2-1 se-
quence was selected for subsequent experiments.

Based on this finding, the effect of NRBF2 knock-
down on sepsis-induced ALI was further investigated.
Compared with the Model+sh-NC group, the mice in the
Model+sh-NRBF2 group exhibited reduced LDH activ-
ity in BALF and decreased lung wet/dry weight ratio
(Fig. 6B,C, p < 0.05). H&E staining results indicated that
compared with the Model+sh-NC group, NRBF2 knock-
down ameliorated structural damage to the lung tissue, de-
creased inflammatory cell infiltration, and reduced bleed-
ing levels caused by CLP surgery (Fig. 6D). ELISA indi-
cated that sh-NRBF2 treatment significantly reduced the
increase in TNF-a, IL-13, and IL-6 levels in the serum
of CLP-induced mice (Fig. 6E, p < 0.001). In addition,
gRT-PCR and WB confirmed that NRBF2 knockdown sup-
pressed NRBF2 expression (Fig. 6F,G, p < 0.05). Fur-
thermore, WB results showed that CLP induction signif-
icantly decreased the mitophagy markers Tom20 and p62
and increased PINK1 and parkin expression levels and
the LC3-II/LC3-I ratio. However, this effect was signifi-
cantly reversed when the mice were treated with sh-NRBF2
(Fig. 6H,I, p < 0.001). TUNEL assay revealed increased
apoptosis rates in the Model group. Nonetheless, NRBF2
knockdown reversed this result (Fig. 6J, p < 0.01). In
summary, these data suggest that interfering with NRBF2
expression alleviates sepsis-induced ALI by inhibiting au-

tophagy.
Discussion

Sepsis is a life-threatening systemic inflammatory
syndrome caused by a dysregulated host response to in-
fection. Sepsis has long been a focus of medical research,
particularly owing to the high incidence and mortality of
sepsis-induced ALI [16]. Despite significant progress in
recent years in understanding sepsis and its complications,
the specific mechanisms underlying ALI and effective treat-
ment strategies remain unclear. Hence, this study focused
on the role of NRBF2 in sepsis-induced ALI, revealing, via
in vitro and in vivo experiments, its key role in regulat-
ing mitophagy and thereby alleviating disease progression.
This research provides new insights into the pathogenesis of
sepsis-induced ALI and offers a foundation for developing
novel therapeutic strategies.

NRBF2, a positive regulator of autophagy initiation,
has been reported to play a significant role in tumorigenesis
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Fig. 4. The effect of autophagy and mitophagy inhibitors on excessive mitophagy and mitochondrial dysfunction induced by
NRBF2 overexpression. Experimental groups: LPS+OE-NC, LPS+NRBF2-OE, LPS+NRBF2-OE+CQ, and LPS+NRBF2-OE+Mdivi-
1. (A,B) The mRNA and protein expression levels of NRBF2 were assessed using qRT-PCR and WB. (C) CCK-8 was utilized to assess
cell viability. (D) WB was performed to determine the expression levels of Tom20, PINK1, parkin, p62, and LC3-II/LC3-1. (E) The
colocalization of LC3B with mitochondria was evaluated using IF. (F,G) Flow cytometry was employed to detect mtROS. (H) ATP
production rate was confirmed using an enhanced ATP assay kit. (I,J) JC-1 staining was performed and analyzed using flow cytometry
to examine mitochondrial membrane potential. (K,L) The apoptosis rate was measured using flow cytometry. n=3. ** p < 0.01, *** p
< 0.001 vs. LPS+OE-NC or LPS+NRBF2-OE. OE-NC, overexpression negative control; CQ, chloroquine.
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Fig. 6. The effect of interfering with NRBF2 expression on ALI in sepsis. Experimental groups: Sham, Model, Model+sh-NC,
and Model+sh-NRBF2. (A) Animal experiment timeline. (B) The LDH assay kit was utilized to detect LDH activity in BALF. (C)
Measurement of the lung wet weight/dry weight ratio. (D) H&E staining was performed to assess the pathological changes in the mouse
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and neurological diseases [17,18]. This study reports for the
first time that NRBF?2 is significantly upregulated in both in
vivo and in vitro models of sepsis-induced ALI. This upreg-
ulation, consistent with GEO database analysis, suggests a
potential pathogenic role for NRBF2 in this condition. Kim
et al. [10] identified that NRBF2-mediated excessive au-
tophagy can induce malignant proliferation and radiation
resistance in glioblastoma. However, another study has re-
ported that the activation of NRBF2 can reduce neuroin-
flammation and oxidative stress induced by subarachnoid
hemorrhage, thereby preventing early brain injury follow-
ing subarachnoid hemorrhage [19]. This discrepancy in-
dicates that NRBF2 may play dual roles in different dis-
ease contexts. Our study found that NRBF2 knockdown
significantly improved the pathological features of sepsis-
associated ALI. Therefore, NRBF2 may be a key regulatory
molecule in sepsis-associated ALI, and its function may be
highly correlated with autophagy.

Mitophagy is a key mechanism regulating sepsis-
associated ALI as it protects against tissue damage by re-
moving damaged mitochondria [20]. However, excessive
activation of this process can exacerbate tissue injury [21].
The PINK 1/parkin pathway is a classic mitophagy pathway
[22]. A study has shown that under stimulatory conditions,
PINK1 accumulates on the outer mitochondrial membrane
and recruits parkin, which then ubiquitilates substrate pro-
teins such as p62, thereby promoting the formation of au-
tophagosomes. Finally, autophagosomes engulf damaged
mitochondria via LC3 interaction, thereby completing mi-
tophagy [23]. A previous study has documented that LPS
can activate the PINK 1/parkin pathway in ALI, leading to
excessive mitophagy and lung injury [24]. Consistent with
this observation, our study demonstrated that interfering
with NRBF2 expression can inhibit the activation of the
PINK1/parkin pathway, alleviate LPS-induced excessive
mitophagy activation, and improve mitochondrial function.
In addition, a bidirectional crosstalk exists between mi-
tophagy, oxidative stress, and inflammatory responses. Ox-
idative stress and inflammation can impair autophagic flux,
resulting in the accumulation of damaged proteins and or-
ganelles, including mitochondria. Damaged mitochondria,
in turn, release large amounts of ROS, thereby exacerbat-
ing oxidative stress, activating toll-like receptors, and in-
tensifying inflammatory responses, forming a vicious cy-
cle that worsens sepsis-induced ALI [25,26]. The results
of this study indicate that interfering with NRBF2 expres-
sion can suppress the release of inflammatory factors and
mtROS. Nevertheless, the precise interrelationship among
mitophagy, inflammation, and oxidative stress warrants
further investigation.

In terms of molecular mechanisms, this study has, for
the first time, revealed the specific mechanism by which
NRBF2 interacts with AMBRAI to regulate mitophagy.
NRBF2 contains two distinct domains: an N-terminal MIT
domain and a CCD domain [27]. The MIT domain of
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NRBF2 has been shown to play a crucial role in autophagy,
whereas the CCD domain is nonessential [28]. The ex-
periments in this study confirmed that deletion of the MIT
domain disrupts NRBF2 binding to AMBRAI, thereby in-
hibiting downstream mitophagy. This finding not only clar-
ifies the specific molecular mechanism by which NRBF2
regulates mitophagy but also suggests that AMBRAI, an
autophagy-regulating protein, acts as a downstream target
of NRBF2, influencing the activation and regulation of the
autophagy signaling pathway and thereby playing a cru-
cial role in sepsis-associated ALI. Similarly, in Wen et al.’s
study [29], the AMBRA 1-lysosome signaling pathway was
observed to play a key role in small cell lung cancer. There-
fore, developing specific inhibitors targeting the NRBF2—
AMBRALI interaction may provide a theoretical basis for
new therapeutic strategies for sepsis-associated ALI.

This study revealed the key role of NRBF2 in reg-
ulating mitophagy in sepsis-induced ALI; however, cer-
tain limitations exist. First, CQ, a lysosomotropic agent
that broadly inhibits autophagy at late stages, was primarily
used. Although complementary data with Mdivi-1 support
our conclusions, future studies employing more specific
genetic interventions (e.g., knockdown of core mitophagy
genes) would strengthen the causal link between NRBF2
and mitophagy in this model. Second, the specific regula-
tory mechanisms underlying NRBF2 upregulation in sep-
sis remain unclear, and future studies should employ tran-
scriptomics and other technologies to investigate further.
Third, this study used pulmonary microvascular endothelial
cells, but sepsis-induced ALI involves multiple cell types,
including alveolar epithelial cells and macrophages. Future
studies should establish coculture systems that more closely
mimic the in vivo microenvironment. Finally, sepsis often
leads to multiorgan dysfunction, and it remains to be inves-
tigated whether NRBF2 plays a similar role in damage to
other organs.

Conclusion

In summary, this study confirms that NRBF2 is sig-
nificantly upregulated in sepsis-induced ALI and interacts
with AMBRAI1 via its MIT domain to jointly regulate mi-
tophagy. Interfering with NRBF2 expression can inhibit ex-
cessive mitophagy activation, improve mitochondrial func-
tion, and reduce lung tissue damage and inflammatory re-
sponses, thereby alleviating the pathological progression
of sepsis-induced ALI. Therefore, this study suggests that
NRBF?2 is a potential therapeutic target for sepsis-induced
ALI, providing direction for future research and treatment.
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