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Allergic asthma significantly impacts individuals' quality of life and work. This study aimed to investigate the
specific mechanisms by which GLCCI1 regulated mitochondrial dysfunction in allergic asthma mice. In an
ovalbumin (OVA)-induced allergic asthma mouse model, mitochondrial dysfunction in airway epithelium was
observed, characterized by reduced ATP production, decreased mtDNA copy number, ROS accumulation, and
mitophagy activation (upregulated PINK1/OPTN). In vitro experiments confirmed that OVA stimulation
impaired mitochondrial membrane potential, exacerbated oxidative stress, and reduced cell viability in bronchial
epithelial cells (BECs). Moreover, GLCCI1 regulated DYRK1A/FAM117B and KEAP1/NRF2 axis while inhibiting
NRF2 ubiquitination degradation. Mechanistically, GLCCI1 overexpression reversed OVA-induced mitochondrial
dysfunction by activating NRF2 signaling pathway via enhancing DYRK1A/FAM117B. In allergic asthma mice,
GLCCI1 overexpression improved airway hyperresponsiveness, reduced inflammatory infiltration, restored
alveolar structure, and decreased IL-4/IL-5/IL-13 levels. In summary, GLCCI1 ameliorated mitochondrial
dysfunction in allergic asthma mice via the DYRK1A/FAM117B/NRF2 pathway, offering a potential therapeutic
target for allergic asthma.

1. Introduction mitochondrial dysfunction [5,6]. Bronchial epithelial cells (BECs),

serving as the primary interface between the body and the environment,

Asthma affects over 330 million individuals globally throughout
their educational and professional lives, with exacerbations imposing a
significant burden on productivity [1]. Allergic asthma is the most
prevalent phenotype of asthma, characterized by sensitization to
inhaled allergens that results in asthma symptoms and airway inflam-
mation [2]. The management of allergic asthma encompasses environ-
mental control measures, allergen immunotherapy, and corticosteroids
[3]. Given the rapid advancements in immunology, molecular biology,
and biotechnology, elucidating the specific pathogenesis of allergic
asthma is crucial for the development of novel biological therapies
aimed at treating this condition [4].

Studies have indicated that allergic asthma is linked to

are crucial in the context of allergic asthma [7,8]. Mabalirajan et al.
have demonstrated that ovalbumin (OVA) leads to mitochondrial
dysfunction in BECs of experimental mice with allergic asthma [9]. The
loss of nuclear factor erythroid 2-related factor 2 (NRF2) is known to
induce mitochondrial dysfunction [10]. Furthermore, research has
shown decreased levels of NRF2 in BECs exhibiting mitochondrial
dysfunction [11]. In atherosclerotic mice, the activation of the Kelch-
like ECH-associated protein 1 (KEAP1)/NRF2 pathway has been found
to enhance mitochondrial function and inhibit macrophage ferroptosis
[12]. Although these studies confirm the significant role of the NRF2
pathway in mitigating mitochondrial dysfunction, the upstream mech-
anisms that regulate the NRF2 pathway in allergic asthma remain
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unclear.

Glucocorticoid Induced 1 (GLCCI1) is a candidate factor implicated
in the regulation of thymic T cell apoptosis [13]. Literature reports
indicate that the mRNA expression levels of GLCCI1 and NRF2 in pa-
tients with severe asthma are significantly lower than those in patients
with non-severe asthma [14]. Previous studies have demonstrated that
GLCCI1 mitigates collagen deposition and airway hyperresponsiveness
in OVA-induced asthma mouse models [15]. Moreover, overexpression
of GLCCI1 has been shown to decrease apoptosis and mitochondrial
swelling of retinal ganglion cells in a high glucose environment [16].
However, the relationship between GLCCI1 and mitochondrial
dysfunction remains unexplored.

Emerging evidence demonstrates that dual-specificity tyrosine
phosphorylation-regulated kinase 1 A (DYRK1A) inhibition induces
mitochondrial dysfunction and endoplasmic reticulum stress, thereby
promoting autophagic cell death in cancer models [17]. Moreover,
DYRKI1A overexpression has been shown to activate the NRF2 signaling
pathway in murine liver tissues [18]. Notably, a recent study elucidates
that family with sequence similarity 117, member B (FAM117B)
competitively binds to KEAP1, thereby reducing NRF2 ubiquitination
and activating the KEAP1/NRF2 signaling axis [19]. Through compre-
hensive STRING database analysis, we further identified documented
protein-protein interactions between GLCCI1 and DYRK1A [20], as well
as between DYRK1A and FAM117B [21]. Consequently, we hypothe-
sized that GLCCI1 might regulate NRF2 through DYRK1A/FAM117B,
potentially influencing mitochondrial dysfunction in BECs in allergic
asthma models.

This study developed animal and cell models to investigate the
specific mechanism by which GLCCI1 impacts the progression of allergic
asthma. The results indicated that GLCCI1 alleviated mitochondrial
dysfunction in allergic asthma mice by activating the NRF2 pathway
through regulation of the DYRK1A/FAM117B axis. These findings
offered new insights into the pathogenesis of allergic asthma.

2. Materials and methods
2.1. Animals

The Balb/c mice (aged 6 week) (Spiff Biotechnology Co., LTD, Bei-
jing, China) were housed in the breeding environment of the Specific
Pathogen Free (SPF) grade standard, keeping constant temperature
(21-23 °C) and constant humidity (60-65 %). The animals were pro-
vided with standard laboratory chow and sterile water ad libitum.
Following a one-week acclimatization period, all experimental proced-
ures were initiated in accordance with the institutional guidelines
approved by the Ethics Committee of Second Affiliated Hospital of
Nanchang University.

2.2. Allergic asthma mouse model

Mice were randomly divided into a Control (CON) group and an OVA
group. To construct an allergic asthma model, mice were sensitized to
OVA through intraperitoneal injection of 0.2 mL of physiological saline
solution containing 50 pg of OVA (Macklin, Shanghai, China) and 2 mg
of aluminum hydroxide (Biodragon, Suzhou, Jiangsu, China) on days 0,
7, and 14. Between days 21 and 27, OVA-sensitized mice were exposed
to aerosolized 5 % OVA using a nebulizer for 30 min once daily. Mice in
the CON group received intraperitoneal injections and nebulization with
normal saline according to the same schedule but did not receive OVA
treatment. To investigate the role of GLCCI1 in allergic asthma mouse
models, mice were further divided into the OVA+LV-NC group and the
OVA+LV-GLCCI1 group. On day 18 of the OVA sensitization protocol,
LV-NC or LV-GLCCI1 lentivirus was administered to mice via intra-
tracheal instillation, while all other procedures for establishing the
allergic asthma model were performed as previously described. After
assessing the airway hyperresponsiveness of the mice in each group,
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they were euthanized under anesthesia. Subsequently, lung tissues were
collected for further analysis.

2.3. Assessment of airway hyperresponsiveness

Twenty-four hours following model establishment, the airway
hyperresponsiveness of mice in each group was quantitatively assessed
using the Fine Pointe Resistance and Compliance system (DSI BuxcoE-
lectronics, USA). Briefly, after the trachea of anesthetized mice was
incised and intubated, the mice were placed in the chamber and the
tracheal tube was connected to the ventilator. Various doses of meth-
acholine (Sigma-Aldrich, Saint Louis, MO, USA) were administered to
record the transpulmonary resistance (RL) and dynamic lung compli-
ance (Cdyn) of the mice in each group.

2.4. Hematoxylin eosin (H&E) staining

Lung tissue samples fixed in 4 % paraformaldehyde underwent
standard histological processing, including graded ethanol dehydration,
xylene clearing, and paraffin embedding. Using a rotary microtome, we
obtained 4-pm thick serial sections from intact tissue blocks. After dry-
ing, sections were deparaffinized. Following distilled water rinses, tissue
sections were successively stained with hematoxylin (Servicebio,
Wuhan, Hubei, China) for 5 min and eosin (Servicebio) for 5 s. After
being washed with distilled water again, sections were dehydrated and
sealed. Subsequently, the staining of the lung tissue was observed with a
microscope.

2.5. Cell and culture

The human BECs (BEAS-2B cell line) was purchased from Shanghai
Enzyme Research Biotechnology (Shanghai, China). The cells were
cultured in Dulbecco's Modified Eagle Medium (DMEM) (Servicebio)
containing 10 % fetal bovine serum (Gibco, Waltham, MA, USA) and 1 %
penicillin/streptomycin (Solarbio, Beijing, China). Cells were routinely
cultured at 37 °C and 5 % CO. To simulate BECs in allergic asthma
models, BECs cells were incubated with 5 pg/mL OVA for 24 h to
establish an OVA-stimulated cell model.

2.6. Cell transfection

BECs were cultured until the number of cells had increased by about
70 %-80 % in 24-well culture plates, and the previous medium of the
cultured cells was removed. After washing the cells twice with PBS, the
cells were cultured overnight in a new medium. Subsequently, 2 pL of
virus at a concentration of 1 x 10”9 PFU/mL was added to each well to
transfect BECs. Following a 24-h incubation at 37 °C in 5 % COg, the
virus-containing culture medium was discarded and replaced with fresh
complete culture medium. To investigate the role of GLCCI1 in OVA-
stimulated BECs, cells were transfected with various constructs,
including NC, GLCCI1-OE, sh-NC, sh-GLCCI1, GLCCI1-OE + sh-NC,
GLCCI1-OE + sh-DYRK1A, and GLCCI1-OE + sh-FAM117B, after which
OVA stimulation was performed as previously described.

2.7. Cell counting kit-8 (CCK-8) assay

Cell viability of BECs/AECs was evaluated using the CCK-8 assay.
Cells were seeded in 96-well plates and allowed to adhere. Following the
manufacturer's instructions for the CCK-8 kit (Yeasen, Shanghai, China),
10 pL of CCK-8 solution was added to each well and incubated for an
appropriate duration. The absorbance was measured at a wavelength of
450 nm using a microplate analyzer (Thermo Fisher Scientific, Waltham,
MA, USA).
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2.8. Measurement of oxygen consumption rate (OCR)

OCR was measured using the Seahorse XF Cell Mitochondria Stress
Test Kit (Agilent, Santa Clara, CA, USA). BECs were seeded in Sea-
horse XF24 cell culture plates and incubated overnight in a cell culture
incubator maintained at 37 °C with 5 % CO,. Prior to measuring OCR,
the probe card was hydrated using XF Calibration Solution in a COy-free
incubator. Following the kit's instructions, a detection solution with a
pH of 7.4 was prepared, and the OCR of BECs was subsequently
measured.

2.9. Determination of reactive oxygen species (ROS) level

Dihydroethidium (DHE) (Beyotime, Shanghai, China) was employed
to assess ROS level in lung tissue. Following the manufacturer's in-
structions, tissue sections were incubated with a 5 pM DHE solution for
30 min at 37 °C. After washing with PBS two times, the fluorescence
intensity in the tissue was observed using a fluorescence microscope.
The 2,7-dichlorofluorescein diacetate (DCFH-DA) fluorescent probe
(Beyotime) was utilized to measure ROS level in BECs. The digested
BECs were seeded in a 48-well plate and cultured in a 37 °C incubator for
24 h. After removing the cell culture medium, 200 pL of diluted DCFH-
DA was added to each well according to the manufacturer's instructions.
Subsequently, the cells were incubated in an incubator at 37 °C with 5 %
CO4, for 30 min. Following three washes with PBS, images were captured
and analyzed under a fluorescence microscope.

2.10. Evaluation of mitochondrial membrane potential

Mitochondrial membrane potential was assessed using the JC-1
mitochondrial membrane potential detection kit (Beyotime). JC-1 is a
cationic dye that accumulates in mitochondria, forming red fluorescent
aggregates in healthy cells but remaining as green fluorescent monomers
when membrane potential is decreased. Briefly, cell suspensions of BECs
were seeded in 48-well plates and cultured at 37 °C and 5 % CO».
Subsequently, the JC-1 working solution was prepared according to the
manufacturer's instructions to evaluate the mitochondrial membrane
potential of BECs subjected to various treatments. Finally, observations
and images were captured using a fluorescence microscope.

2.11. Detection of ATP and relevant antioxidant enzymes

ATP content detection kit (Solarbio), superoxide dismutase (SOD)
activity assay kit (Solarbio), catalase assay kit (Solarbio) and reduced
glutathione/oxidized glutathione (GSH/GSSG) assay kit (Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China) were used to detect the
levels of ATP, SOD, GSH/GSSG in BECs and lung tissues following the
manufacturer's instructions.

2.12. Immunohistochemistry (IHC)

After deparaffinization and rehydration, tissue slides were treated
with 100 pL endogenous peroxidase blockers for 10 min. Then, the slides
were incubated with polyclonal primary antibody against GLCCI1
(A14675, 1:200; Abclonal, Beijing, China), NRF2 (RM8594, 1:200;
Biodragon), FAM117B (21768-1-AP, 1:200; Proteintech, Wuhan, Hubei,
China), and DYRK1A (PA5-14490, 1:200; Thermo Fisher Scientific)
overnight at 4 °C. The tissue slides were treated with Universal IHC kit
(PV-6000, Zhongshan Golden Bridge, Beijing, China). Sections were
stained with a DAB kit (Servicebio) followed by DAPI. Finally, the
protein staining was observed under microscope.

2.13. Immunofluorescence (IF)

BECs were permeated with 0.5 % Trion X-100 for 10 min and closed
with 3 % bovine serum albumin (BSA) for 30 min. Then, the cells were
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incubated with primary antibody against DYRK1A (H00001859-M01,
Thermo Fisher Scientific), GLCCI1 (PA5-109769, Thermo Fisher Sci-
entific), FAM117B (21768-1-AP, Proteintech) and KEAP1 (60027-1-Ig,
Proteintech) overnight at 4 °C. After rinsing with PBS, sections were
incubated with Cy3-conjugated Goat Anti-Mouse IgG (A0521, Beyotime)
and FITC-conjugated Goat Anti-Rabbit IgG (A0562, Beyotime) for 1 h at
37 °C away from light. After staining the nucleus with DAPI, the
expression and co-localization of DYRK1A/GLCCI1, DYRK1A/FAM117B
and FAM117B/KEAP1 were observed by fluorescence microscopy.

2.14. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted by TRIzol reagent (Invitrogen, Waltham,
MA, USA) following the manufacturer's protocol. Total RNA was
reversely transcribed into cDNA using PrimeScript RT reagent Kit
(Takara, Tokyo, Japan). The expression level of GLCCI1, DYRK1A, and
NRF2 in each group was quantified using qRT-PCR kit (Takara), with
GAPDH as the internal control. After each reaction was repeated three
times, the data were analyzed using 2T method. The primers used in
gqRT-PCR were listed in Table 1.

2.15. Evaluation of mitochondrial DNA (mtDNA) copy number

PCR was employed to evaluate mtDNA copy number, following the
methodology outlined in a previous study [22]. Total DNA was extracted
using a mitochondrial DNA extraction kit (Phygene, Fuzhou, Fujian,
China). Subsequently, mtDNA quantification was performed using the
Mouse Mitochondrial DNA Copy Number Assay Kit (Detroit R&D,
Detroit, Michigan, USA). Finally, real time PCR was utilized to measure
the mtDNA copy number.

2.16. Western blotting (WB)

RIPA lysis buffer (Thermo Fisher Scientific) was utilized to lyse the
tissues or cells. After being detected with a bicinchoninic acid (BCA) kit
(Biosharp, Guangzhou, Guangdong, China), the obtained proteins were
separated by SDS-PAGE before transferred onto polyvinylidene fluoride
(PVDF) membranes (Millipore, Billerica, MA, USA). Membranes were
blocked by BSA (5 %) for 1 h at room temperature and then cultured
with primary antibodies against GLCCI1 (BD-PB1103, 1:1000; Bio-
dragon), mitochondrial transcription factor A (TFAM) (22586-1-AP,
1:1000; Proteintech), PTEN-induced putative kinase 1 (PINK1)
(23274-1-AP, 1:1000; Proteintech), optineurin (OPTN) (10837-1-AP,
1:1000; Proteintech), DYRK1A (ab259869, 1:1000; Abcam, Cambridge,
MA, USA), p-DYRK1A (AF3507, 1:1000; Affinity, Golden, CO, USA),
FAM117B (21768-1-AP, 1:1000; Proteintech), NRF2 (CY5136, 1:1000;
Abways, Beijing, China), Cleaved polymerase (Cleaved PARP) (9541,
1:1000; Cell signaling, Danvers, MA, USA), and f-tubulin (AB0039,
1:1000; Abways) at 4 °C overnight. After washing five times with TBST,
the membranes were incubated with HRP-conjugated goat anti-rabbit
secondary antibody (ab6721, 1:5000; Abcam) and HRP-conjugated
goat anti-mouse secondary antibody (ab6789, 1:5000; Abcam) for 2 h
at 37 °C. Finally, we detected the brightness of protein bands using
enhanced chemiluminescence (ECL) (Bio-rad, Shanghai, China).

2.17. Co-immunoprecipitation (Co-IP) and ubiquitination analysis

For Co-IP detection, an immunoprecipitation kit utilizing the Protein
A + G magnetic bead method (Beyotime) was employed. Protein sam-
ples were incubated overnight at 4 °C with antibodies against IgG,
DYRK1A, FAM117B, or KEAP1. Following this initial incubation,
washed magnetic beads were added to the sample solution and subse-
quently incubated at 4 °C for an additional 5 h. After five washes with
buffer, the precipitated proteins were collected for WB detection. For the
analysis of NRF2 ubiquitination, antibodies against NRF2 and Ubiquitin
(3936 T, 1:1000; Cell signaling) were used to incubate with the protein



Q. Xun et al.

Table 1
Primers of qRT-PCR.
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Gene Forward sequence (5-3")

Reverse sequence (5-3")

GLCCI1 Human

CGGACCTCTAGTACAATAAGGCG

AGGTGTCTGAGTAGCTTTGTCT

DYRK1A Human AAGAAGCGAAGACACCAACAG TTTCGTAACGATCCATCCACTTT
GLCCI1 Mouse TCAGACACCTAGTTGCTGGG ACTATGCCGACTACTTTGCTTG
DYRK1A Mouse GGGGACGATTCCAGTCATAAGA GGAGTCGATTTCATACCGATCC
NRF2 Human CACATCCAGTCAGAAACCAGTGG GGAATGTCTGCGCCAAAAGCTG
GAPDH Human/Mouse GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA

samples, with subsequent assays performed as described above.

2.18. Engyme-linked immunosorbent assay (ELISA)

ELISA detections were performed according to the instructions of
ELISA kits (Elabscience, Wuhan, Hubei, China) including interleukin-4
(IL-4) ELISA kit (E-EL-HO0101), interleukin-5 (IL-5) ELISA kit (E-EL-
H0191), and interleukin-13 (IL-13) ELISA kit (E-EL-H0104).

2.19. Cycloheximide chase assay

To assess the degradation of NRF2, a Cycloheximide chase assay was
performed. BECs in Model+NC or Model+GLCCI1-OE groups were
treated with ActinomycinD (S8964, Selleck, Houston, TX, USA). Cell
lysates were collected at 0, 15, 30, 45, and 60 mins after ActinomycinD
treatment. Subsequently, the NRF2 levels in cell lysates obtained at
different time periods were detected by WB.

2.20. Statistical analysis

All experiments were performed with three independent biological
replicates. Within each biological replicate, triplicate measurements
were performed and averaged. Data were analyzed by GraphPad Prism
8.0 (La Jolla, CA, USA) and expressed as mean + standard deviation.
Two-tailed Student's t-test were used for comparing two variables. One-
way ANOVA test was used for multiple variable comparison. P < 0.05
was considered as a significant difference.

3. Results

3.1. OVA induced mitochondrial dysfunction in airway epithelium of
allergic asthma mice

In an OVA-induced allergic asthma mouse model, we observed
significantly elevated RL and Cdyn, indicating increased airway hyper-
responsiveness (Fig. 1A). H&E staining results confirmed the shedding of
BECs, infiltration of inflammatory cells, smooth muscle proliferation,
and thickening of alveolar septa in the lung tissue of the allergic asthma
mouse model, validating successful model establishment (Fig. 1B-C).
ELISA results demonstrated that OVA induction increased IL-4, IL-5, and
IL-13 levels in the mouse lung tissue, suggesting elevated inflammation
(Fig. 1D). OVA induction resulted in a decrease in ATP production and
mtDNA copy number in mouse lung tissue (Fig. 1E-F). Furthermore,
downregulation of TFAM accompanied by upregulation of PINK1 and
OPTN were observed in allergic asthma mouse model lung tissues,
suggesting mitophagy activation (Fig. 1G). The allergic asthma mouse
model exhibited elevated ROS level, along with reduced SOD activity
and GSH/GSSG ratio, as assessed by oxidative stress evaluation (Fig. 1H,
S1A-B). These findings confirmed that OVA induced mitochondrial
dysfunction in mouse lung tissue. Subsequently, in vitro experiments
demonstrated that OVA induction significantly decreased the cell
viability of BECs and caused mitochondrial swelling and deformation
(Fig. 1I-J). Compared to the Control group, OVA-stimulated BECs
showed decreased mitochondrial membrane potential, OCR, ATP levels,
and mtDNA copy number, indicating mitochondrial dysfunction

(Fig. 1K-N). WB analysis indicated that OVA induction led to a decrease
in TFAM level and an increase in PINK1 and OPTN levels in the mito-
chondria of BECs, suggesting mitochondrial damage and mitophagy
activation (Fig. 10). Oxidative stress evaluation further validated that in
OVA-stimulated BECs presented increased ROS and decreased antioxi-
dant capacity (SOD, catalase activity, and GSH/GSSG ratio) (Fig. 1P,
S1C-E). Collectively, these in vivo and in vitro research data provided
compelling evidence that OVA induced mitochondrial dysfunction of
airway epithelium.

3.2. GLCCI1 overexpression activated DYRK1A/FAM117B and KEAP1/
NRF2 signaling pathways

Through qRT-PCR, WB, and IHC, we observed a significant reduction
in both the mRNA and protein levels of GLCCI1 in the allergic asthma
mouse model lung tissues (Fig. 2A-D, S4A). Bioinformatic analysis using
the STRING database predicted a novel protein-protein interaction be-
tween GLCCI1 and DYRKI1A (Fig. 2E), which we experimentally vali-
dated through Co-IP assays (Fig. 2F). Notably, OVA stimulation
attenuated the interaction of DYRK1A and GLCCI1 in BECs (Fig. 2G). IF
assays further demonstrated that OVA stimulation inhibited the
expression and co-localization of DYRK1A and GLCCI1 (Fig. 2H).
Moreover, both the mRNA and protein levels of DYRK1A and GLCCI1
were reduced in OVA-stimulated BECs (Fig. 2I-L). The results from qRT-
PCR and IHC analyses corroborated that OVA induction led to a decrease
in DYRK1A expression levels in mouse lung tissue (Fig. 2M-N, S4A).
Thus, OVA treatment inhibited the expression and interaction of GLCCI1
and DYRK1A in the lung tissue of allergic asthma mouse models.

To further investigate the downstream signaling mechanism, we
employed STRING database analysis which identified FAM117B as a
novel DYRK1A-interacting partner (Fig. 3A). Co-IP assays validated the
binding of DYRK1A to FAM117B, FAM117B to KEAP1, and KEAP1 to
NRF2 (Figs. 3B-D). Following this, GLCCI1-OE were transfected to BECs
(Fig. S3A-B). The results from IF assays indicated that GLCCI1-OE
enhanced the expression and co-localization of DYRKIA and
FAM117B, as well as FAM117B and KEAP1 in OVA-stimulated BECs
(Fig. S2A-B). Additionally, GLCCI1-OE resulted in increased protein
levels of GLCCI1, DYRK1A, p-DYRK1A, and FAM117B in these cells
(Fig. 3E). qRT-PCR and WB confirmed that GLCCI1 overexpression did
not alter NRF2 mRNA levels in OVA-stimulated BECs (Fig. 3F), while
significantly elevating NRF2 protein level (Fig. 3G). To determine the
mechanism by which GLCCI1 regulates NRF2 protein levels, OVA-
stimulated cells were transfected with sh-GLCCI1 (Fig. S3C-D), fol-
lowed by treatment with or without the proteasome inhibitor MG132.
MG132 rescued the GLCCI1-knockdown-induced reduction of NRF2
(Fig. 3H). Cycloheximide chase assays further showed that GLCCI1
overexpression extended the half-life of NRF2 (Fig. 3I). Moreover,
ubiquitination assays confirmed that GLCCI1 overexpression markedly
reduced ubiquitination of NRF2 (Fig. 3J). These findings demonstrated
that GLCCI1 suppressed ubiquitin-dependent degradation of NRF2. In
summary, GLCCI1 regulated the DYRK1A/FAM117B and KEAP1/NRF2
signaling pathways in OVA-induced allergic asthma.
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Fig. 1. OVA induction affected mitochondrial function of mouse airway epithelium. (A) RL and Cdyn of mice were measured 24 h after modeling to evaluate airway
hyperresponsiveness. (B—C) The effects of OVA induction on mouse lung tissues were assessed using H&E staining. (D) The levels of IL-4, IL-5, and IL-13 were
evaluated by ELISA detection. (E) An ATP assay kit was employed to measure ATP level in mouse lung tissues. (F) The mtDNA copy number in mouse lung tissue was
evaluated through PCR detection. (G) WB was utilized to quantify the levels of TFAM, PINK1, and OPTN in the mitochondria. (H) ROS level in mouse lung tissue were
assessed via a DHE assay. (I) The effect of OVA induction on the cell viability of BECs was evaluated using CCK-8 assay. (J) Electron microscopy was employed to
observe the ultrastructure of BECs mitochondria. (K) The effect of OVA induction on the mitochondrial membrane potential of BECs was analyzed using a JC-1
mitochondrial membrane potential detection kit. (L-M) Kit detections were performed to evaluate the OCR and ATP levels of BECs. (N) The mtDNA copy number
of BECs was measured through PCR detection. (O) WB detection was employed to quantify the expression levels of TFAM, PINK1, and OPTN in the mitochondria of
BECs. (P) ROS level in BECs was measured using a ROS detection kit. *p < 0.05, **p < 0.01, ***p < 0.001 vs CON/ Control. Data represent mean =+ SD of three
biological replicates, with each replicate containing three technical measurements.



Q. Xun et al. Cellular Signalling 134 (2025) 111929

A B C

is CON i CON

OVA e OVA
§ oe 4?‘ ® 8
£ O o) g 3
<510 T S50 T -
Ca ok S
38 GLCCH1 MM www= 58kDa O § Q
oa wkok [oR-3 piid 8
2805 ' 2 305 o
E B-tubulin (N NP 50kDa =
o &

D E F G S0
&0
150 CON (RN
g OVA P GLCCI == 58kDa
g T - 4 —?‘ IP:GLCCI1
2 100 o - *1\ DYRK1A s 90kDa
E ; ® ST
3 = e W' S GLCCI1 ™= ~  58kDa
- 71 T-@"  DYRKIA e == goip, B-tubulin == == 50kDa
q>, f)‘_’ DYRK1A Input
I ’ ) DYRK1A w= = 90kDa
GLoCH gy W S9kDa B-tubulin weww=e  50kDa

GLCClI1 DYRK1A
= 1501 Control Model
5
c
§ 100 T T T
o\
e
g * %
= *% * %
o 507 = T T
2
K
& T 13 T
DYRK1A GLCCI1 DYRK1A-GLCCIM

I J K

15 Control Model
1.5 Control Model 1.5 Control Model

Control  Model
DYRKTA ‘e s—— 90kDa
B-tubulin G 50kDa

Relative DYRK1A mRNA
expression

Relative DYRK1A protein
expression
Relative GLCCI1 mRNA
expression

L Control Model M N

GLCCl1 W === 55D,

CON
. 15 CON ova
B-tubulin NN G 50kDa 3 ovA : CON OVA o
E 15 E ‘ : g 2 T
8 28 10 L 8%
& c X8 B
-5 = g
5g0 £ g £ 40
9 g ek 3 3 05 ek °
0206 g g 20
2 ] H
& ® 4 ok
& o0 0.0 o
Control Model

Fig. 2. OVA treatment influenced the expression and interaction of GLCCI1 and DYRK1A in lung tissue of allergic asthma mouse model. (A-D) The mRNA and protein
levels of GLCCI1 in mouse lung tissue were evaluated using QRT-PCR, WB, and IHC. (E) To identify potential interacting proteins with GLCCI1, a screening was
conducted utilizing the STRING database. (F-G) Co-IP assays were performed to confirm the interaction between DYRK1A and GLCCI1. (H) IF detection was
employed to examine the expression and localization of DYRK1A and GLCCI1 in BECs. (I-L) qRT-PCR and WB were applied to assess the mRNA and protein levels of
both DYRK1A and GLCCI1 in BECs. (M-N) The expression levels of DYRK1A in mouse lung tissue were measured through qRT-PCR and IHC detections. *p It; 0.05, **p

< 0.01, ***p < 0.001 vs CON/ Control. Data represent mean + SD of three biological replicates, with each replicate containing three technical measurements.

3.3. GLCCI1 overexpression ameliorated mitochondrial dysfunction via GLCCI1 level (Fig. 4A-B), confirming DYRK1A as a downstream effector

the DYRK1A/FAM117B/NRF2 axis in OVA-stimulated BECs of GLCCI1. GLCCI1 overexpression also increased mitochondrial mem-

brane potential, OCR, mtDNA copy number and TFAM levels while

WB and qRT-PCR showed that GLCCI1-OE significantly upregulated decreasing PINK1 and OPTN levels in OVA-treated BECs, which were
DYRKI1A expression, while sh-DYRK1A did not significantly affect partily abolished by sh-DYRK1A (Fig. 4C-F).
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Fig. 3. Overexpression of GLCCI1 affected DYRK1A/FAM117B and KEAP1/NRF2 signaling pathways as well as NRF2 ubiquitination. (A) A screening of proteins that
may interact with DYRK1A was conducted using the STRING database. (B—D) Co-IP assays were performed to confirm the interactions between DYRK1A and
FAM117B, FAM117B and KEAP1, and KEAP1 and NRF2. (E) WB analysis was utilized to evaluate the effects of GLCCI1-OE on the protein expression levels of GLCCI1,
DYRK1A, p-DYRK1A, and FAM117B. (F-G) qRT-PCR and WB were conducted to assess the effects of GLCCI1-OE on NRF2 mRNA and protein levels. (H) The effect of
proteasome inhibitor MG132 on the reduction of NRF2 protein level by sh-GLCCI1 was assessed by WB. (I) Cycloheximide chase assay was performed to determine
the impact of GLCCI1-OE on the degradation half-life of NRF2 protein. (J) The influence of GLCCI1-OE on NRF2 ubiquitination was observed by IP assay. *p < 0.05,
**p < 0.01, ***p < 0.001 vs Model+NC/ Model+sh-NC/ Model+sh-NC + MG132. ns represents no significant difference. Data represent mean + SD of three

biological replicates, with each replicate containing three technical measurements.

To further elucidate the role of GLCCI1/DYRK1A/FAM117B in OVA-
induced allergic asthma, sh-DYRK1A or sh-FAM117B were constructed,
and their transfection efficiency in BECs was validated (Fig. S3E-H). WB
confirmed that in OVA-stimulated BECs, sh-DYRK1A or sh-FAM117B
attenuated the GLCCI1-OE-induced upregulation of NRF2 levels and
the decrease in Cleaved PARP levels (Fig. 5A-B). Notably, in OVA-
stimulated BECs with GLCCI1-OE, sh-DYRK1A resulted in a significant
reduction in FAM117B levels, whereas sh-FAM117B did not significantly
affect DYRK1A levels, indicating that FAM117B acted downstream of
DYRKI1A. In addition, IP assay revealed that sh-FAM117B or sh-DYRK1A
counteracted the inhibition of NRF2 ubiquitination mediated by
GLCCI1-OE (Fig. 5C). Functionally, in OVA-stimulated BECs, GLCCI1-
OE led to the increase of ATP level, SOD activity, catalase activity,
and GSH/GSSG ratio and the decrease of ROS level, which was reversed
by sh-FAM117B or sh-DYRK1A (Fig. 5D-I). Results from the CCK-8 assay
further revealed that sh-FAM117B or sh-DYRK1A impeded the GLCCI1-

OE-induced restoration of cell viability in OVA-stimulated BECs
(Fig. 5J). Collectively, these results demonstrated that GLCCI1 preserved
mitochondrial function in allergic asthma through the DYRK1A/
FAM117B/NRF2 pathway.

3.4. GLCCII1 overexpression rescued mitochondrial function and
attenuated airway remodeling in allergic asthma

To investigate the role of GLCCI1 in regulating mitochondrial
dysfunction in allergic asthma, BECs were transfected with GLCCI1-OE
or sh-GLCCI1 prior to OVA treatment (Fig. S3A-D). qRT-PCR and WB
analysis demonstrated that GLCCI1-OE resulted in a significant increase
in GLCCI1 level, while sh-GLCCI1 led to a marked decrease in GLCCI1
level in OVA-treated BECs (Fig. 6A-B). Kit detections revealed that
GLCCI1-OE elevated mitochondrial membrane potential, ATP, and OCR
levels, whereas sh-GLCCI1 exhibited the opposite effects (Fig. 6C-F).
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Fig. 4. GLCCI1 overexpression affected mitochondrial function via regulating DYRK1A. (A-B) qRT-PCR and WB analysis were employed to assess the levels of
GLCCI1 and DYRK1A in BECs. (C) The JC-1 mitochondrial membrane potential detection kit was utilized to analyze the impact of GLCCI1-OE or GLCCI1-OE
combined with sh-DYRK1A on the mitochondrial membrane potential of BECs. (D) The effects of GLCCI1-OE or GLCCI1-OE combined with sh-DYRK1A on the
OCR level of BECs were assessed using a detection kit. (E) PCR assay was performed to measure the influence of GLCCI1-OE or GLCCI1-OE combined with sh-DYRK1A
on mtDNA copy number in BECs. (F) WB detection was used to observe the expression levels of TFAM, PINK, and OPTN in the mitochondria of BECs. *p < 0.05, **p <
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Moreover, GLCCI1-OE and sh-GLCCI1 showed opposite directions in
regulating mtDNA copy number, TFAM, PINK1, OPTN level, ROS level,
SOD activity, catalase activity, and GSH/GSSG ratio (Fig. 6G-N). The
CCK-8 assay indicated that GLCCI1-OE significantly enhanced the
viability of OVA-stimulated BECs, whereas sh-GLCCI1 reduced cell
viability (Fig. 60). Thus, GLCCI1 played a critical role in the regulation
of mitochondrial dysfunction in OVA-stimulated BECs.

In allergic asthma mouse models, GLCCI1 overexpression resulted in
increased levels of GLCCI1 mRNA and protein in lung tissues (Fig. 7A-B).
IHC findings demonstrated that GLCCI1 overexpression caused upre-
gulation of GLCCI1, DYRK1A, FAM117B and NRF2 in the lung tissue of
allergic mice (Fig. 7C, S4B). Additionally, GLCCI1 overexpression led to
elevated ATP level, mtDNA copy number, and TFAM level in lung tissue,
while reducing the expression levels of PINK1 and OPTN (Fig. 7D-F).
Results from kit detections indicated that overexpression of GLCCI1 also

caused a decrease in ROS level, alongside an increase in SOD activity
and GSH/GSSG ratio in lung tissue (Fig. 7G-I). H&E staining revealed
that, compared to the OVA+LV-NC group, the lung tissues exhibited
reduced shedding BECs, thinner alveolar septa, and decreased inflam-
matory cell infiltration in the OVA+LV-GLCCI1 group (Fig. 7J). ELISA
results demonstrated that GLCCI1 overexpression markedly decreased
IL-4, IL-5, and IL-13 levels in the lung tissue of allergic asthma mice,
suggesting reduced inflammation (Fig. 7K). In addition, GLCCI1 over-
expression caused the reduction of RL and Cdyn, demonstrating its po-
tential to improve airway hyperresponsiveness in the allergic asthma
mouse model (Fig. 7L). In consequence, GLCCI1 played a regulatory role
in mitochondrial dysfunction and airway remodeling in allergic asthma
mouse models.
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Fig. 5. GLCCI1 overexpression had influence on the mitochondrial function of BECs by modulating NRF2 ubiquitination through DYRK1A/FAM117B. (A-B) WB
analysis was employed to assess the protein levels of DYRK1A, FAM117B, NRF2, and Cleaved PARP in BECs. (C) IP assay was conducted to investigate the regulation
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replicates, with each replicate containing three technical measurements.

4. Discussion

Allergic diseases are recognized by the World Health Organization as
one of the three major health challenges that require prevention and
control in the 21st century [23]. The high recurrence rate of allergic
asthma causes significant suffering and imposes a substantial economic
burden on patients [4]. Consequently, it is becoming increasingly
important for physicians and scientists to elucidate the pathogenesis of
allergic asthma. This study presented a novel molecular mechanism
involving GLCCI1, which regulated mitochondrial function in allergic
asthma. Specifically, GLCCI1 modulated mitochondrial dysfunction
through DYRK1A/FAM117B/NRF2, thereby inhibiting the development
of allergic asthma.

Mice represent an ideal model organism for studying allergic asthma
owing to their well-defined immune system and genetic manipulability
[24]. In our study, the OVA-induced allergic asthma mouse model
recapitulated key clinical features, including pronounced airway
hyperresponsiveness [25], and characteristic pathological alterations in

the bronchial epithelium. As the primary barrier against environmental
insults, the airway epithelium undergoes significant structural and
functional impairments in asthma, manifesting as epithelial shedding,
barrier dysfunction, and pronounced inflammatory infiltration [26,27].
Our experimental model successfully reproduced these hallmark fea-
tures, confirming its validity for mechanistic investigations. Impor-
tantly, research highlights the central role of BEC mitochondria in
asthma pathogenesis, with mitochondrial dysfunction being regulated
through complex cellular signaling networks [28,29]. Mitochondrial
dysfunction in allergic asthma is characterized by alterations in mito-
chondrial membrane potential, ATP level, ROS level, mtDNA copy
number, TFAM, and PINK1 [29]. This study confirmed that OVA in-
duction led to a decrease in mitochondrial membrane potential, ATP
level, mtDNA copy number and TFAM, alongside an increase in ROS
level and PINK1 in BECs. Notably, GLCCI1-OE and sh-GLCCI1 exhibited
opposing effects on these mitochondrial function indicators. Addition-
ally, GLCCI1-OE demonstrated a beneficial impact on the recovery of
mitochondrial function. Therefore, GLCCI1 appeared to ameliorate
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Fig. 6. GLCCI1 regulated mitochondrial dysfunction in OVA-stimulated BECs. (A-B) qRT-PCR and WB analyses were conducted to evaluate the expression levels of
GLCCI1 in OVA-stimulated BECs. (C) The impact of GLCCI1-OE or sh-GLCCI1 on mitochondrial membrane potential was assessed using the JC-1 mitochondrial
membrane potential detection kit. (D—F) The kit assay was employed to evaluate the effects of GLCCI1-OE or sh-GLCCI1 on OCR and ATP levels in OVA-stimulated
BECs. (G) The influence of GLCCI1-OE or sh-GLCCI1 on mtDNA copy number in OVA-stimulated BECs was analyzed through PCR detection. (H—I) WB analysis was
performed to measure the expression levels of TFAM, PINK1, and OPTN in OVA-stimulated BECs. (J-N) The effects of GLCCI1-OE or sh-GLCCI1 on ROS levels, SOD
activity, catalase activity, and GSH/GSSG ratio were evaluated using the kit assays. (O) CCK-8 assay was utilized to observe the effects of GLCCI1-OE or sh-GLCCI1 on
the cell viability of OVA-stimulated BECs. *p < 0.05, **p < 0.01, ***p < 0.001 vs Model+NC/ Model+sh-NC. Data represent mean + SD of three biological replicates,

with each replicate containing three technical measurements.

mitochondrial dysfunction in the lung tissue of allergic asthmatic mice.

In various disease contexts, the activation of the KEAP1/NRF2
signaling pathway has been shown to improve mitochondrial dysfunc-
tion [12,30,31]. Besides, sesamin has been found to increase NRF2 levels
and reduce airway inflammation in asthma by modulating mitophagy
and mitochondrial apoptosis [32]. Research conducted by Ravindra
demonstrates that artesunate significantly elevates NRF2 levels and
activates the KEAP1/NRF2 pathway, contributing to the alleviation of
allergic asthma [33]. However, there remains a gap in the investigation
of the upstream regulatory mechanisms governing the KEAP1/NRF2

10

signaling pathway specifically in the context of allergic asthma. More-
over, GLCCI1 and FAM117B have been identified as interacting proteins
of DYRK1A [34]. Utilizing the STRING database [20,21] and Co-IP
detection, we further demonstrated the binding interactions between
DYRK1A and FAM117B, FAM117B and KEAP1, as well as KEAP1 and
NRF2. Moreover, this study confirmed that GLCCI1 overexpression
activated the NRF2 signaling pathway and ameliorated mitochondrial
dysfunction by promoting DYRK1A/FAM117B. These findings are
consistent with previously reported roles of DYRK1A and FAM117B in
activating the NRF2 signaling pathway in other disease models [18,19].
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Fig. 7. Overexpression of GLCCI1 influenced mitochondrial function and airway remodeling in allergic asthma mouse models. (A-B) qRT-PCR and WB analyses were
conducted to assess the impact of LV-GLCCI1 on GLCCI1 expression levels in the lung tissue of allergic asthma mouse models. (C) The effect of LV-GLCCI1 on the
expression of GLCCI1, DYRK1A, FAM117B and NRF2 in allergic asthma mice was observed by IHC assay. (D) A kit assay was employed to evaluate the effect of LV-
GLCCI1 on ATP levels in the lung tissue. (E) PCR detection was utilized to analyze the influence of LV-GLCCI1 on mtDNA copy number in the lung tissue. (F) WB
analysis was performed to measure the expression levels of TFAM, PINK1, and OPTN in the mitochondria of lung tissue. (G-I) The effects of LV-GLCCI1 on ROS levels,
SOD activity, and GSH/GSSG ratio in lung tissue were assessed using kit detection methods. (J) H&E staining was applied to observe the pathological changes in lung
tissue resulting from LV-GLCCI1 treatment in allergic asthma mouse models. (K) The levels of IL-4, IL-5, and IL-13 were evaluated by ELISA detection. (L) RL and

Cdyn were measured 24 h post-modeling to evaluate the impact of LV-GLCCI1 on airway hyperresponsiveness in allergic asthma mouse models.

*p < 0.05, **p <

0.01, ***p < 0.001 vs OVA+LV-NC. Data represent mean + SD of three biological replicates, with each replicate containing three technical measurements.

Notably, our study represents the first elucidation of the molecular
mechanism by which GLCCI1 regulates the NRF2 signaling pathway in
allergic asthma.

In diabetic nephropathy models, NRF2 activation has been shown to
ameliorate renal tubular injury by upregulating PINK1-mediated auto-
phagy [35]. In contrast, our allergic asthma model demonstrated sup-
pressed NRF2 signaling alongside elevated levels of autophagy-related
proteins PINK1 and OPTN. These findings are consistent with
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established literature showing NRF2 downregulation in OVA-induced
asthma [36] and PINK1 upregulation during allergic airway inflamma-
tion [37,38]. These opposing patterns suggest allergic inflammation
may involve impaired NRF2 signaling coupled with compensatory
mitophagy activation. Future studies should investigate the precise
relationship between NRF2 signaling and mitophagy in allergic asthma
to determine whether NRF2 suppression creates permissive conditions
for aberrant mitophagy activation, which would significantly advance



Q. Xun et al.

our understanding of NRF2's multifaceted roles in maintaining bronchial
epithelial mitochondrial homeostasis during inflammatory diseases.

This study provided new insights into the pathogenesis of allergic
asthma and novel therapeutic targets aimed at improving mitochondrial
function. However, several critical questions remain unresolved. The
research utilized OVA-induced allergic asthma mice to simulate mito-
chondrial conditions during disease onset. The mitochondrial dysfunc-
tion is known to influence asthma severity [29]. The conclusions of this
study will require further validation in varying severities mouse models
and different species models to ascertain their scientific and clinical
significance. Additionally, studies demonstrate that the kinase DYRK1A
regulates mitochondrial structure and function by phosphorylating
TOM?70, thereby modulating its interaction with the TOM core complex
[39,40]. have NRF2's critical role in promoting mitochondrial biogen-
esis has been established [41,42], while reduced mitochondrial oxida-
tive stress has been shown to influence TOM70 expression [43]. Notably,
recent work reveals that cepharanthine disrupts mitochondrial function
by inhibiting TOM70, consequently suppressing NRF2-driven ferropto-
sis in colorectal cancer cells [44]. Future investigations elucidating how
DYRK1A-dependent NRF2 activation potentially affects mitochondrial
proteins (including TOM70) could provide deeper mechanistic insights
and therapeutic opportunities for allergic asthma.

5. Conclusion

This study utilized animal and cell models to elucidate the specific
mechanisms by which GLCCI1 regulated mitochondrial dysfunction in
allergic asthma. Specifically, GLCCI1 overexpression activated NRF2
signaling pathway via DYRK1A/FAM117B, thereby restoring mito-
chondrial function of allergic asthma mice. While the conclusions drawn
from this study warrant further validation across a broader range of
allergic asthma models, the findings offered valuable insights into the
pathogenesis of allergic asthma and highlight potential new therapeutic
targets.
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